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Abstract

The growing importance of nanomaterials toward the detection of neurotransmitter
molecules has been chronicled in this review. Neurotransmitters (NTs) are chemicals
that serve as messengers in synaptic transmission and are key players in brain functions.
Abnormal levels of NTs are associated with numerous psychotic and neurodegenerative
diseases. Therefore, their sensitive and robust detection is of great significance in
clinical diagnostics. For more than three decades, electrochemical sensors have made a
mark toward clinical detection of NTs. The superiority of these electrochemical sensors
lies in their ability to enable sensitive, simple, rapid, and selective determination of
analyte molecules while remaining relatively inexpensive. Additionally, these sensors
are capable of being integrated in robust, portable, and miniaturized devices to establish
point-of-care diagnostic platforms. Nanomaterials have emerged as promising materials
with significant implications for electrochemical sensing due to their inherent capability
to achieve high surface coverage, superior sensitivity, and rapid response in addition to
simple device architecture and miniaturization. Considering the enormous significance
of the levels of NTs in biological systems and the advances in sensing ushered in with
the integration of nanotechnology in electrochemistry, the analysis of NTs by
employing nanomaterials as interface materials in various matrices has emerged as an
active area of research. This review explores the advancements made in the field of
electrochemical sensors for the sensitive and selective determination of NTs which have
been described in the past two decades with a distinctive focus on extremely innovative
attribut,es introduced by nanotechnology.
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Introduction

The brain is the most complex organ in a vertebrate’s body and presents a very
challenging and exciting environment for sensing of small molecules called
neurotransmitters (NTs).(1) Neurotransmitters are endogenous molecules which act as
chemical messengers and are involved in the neurotransmission between neurons. They
play a vital role in brain development, learning, memory, mood, sleep, consciousness,
blood pressure, and heart rate.(2—6) Neurotransmitter disease is an umbrella term that
defines disorders arising due to the discrepancy or imbalance in the metabolism,
synthesis, and catabolism of neurotransmitters. Diseases such as Alzheimer’s,
Parkinson’s, dementia, epilepsy, Segawa disease, bipolar disorder, autism, and autism
spectrum disorder involve an imbalance in the levels of neurotransmitters that affect
signal transduction between neurons.(7,8) This imbalance in the level of
neurotransmitters may be due to the consumption of alcohol and drugs, poor dietary
habits, genetic predisposition, intake of caffeine, or environmental factors.(9) The
environmental factors include consumption of heavy metal ions through water, where
increased deposits in the body could alter the functioning of neurons.(10)

Neurotransmitter disorders affect people at different age groups such as pediatric and
geriatric populations. Current techniques to detect neurotransmitter-based disorders
include MRI imaging, CT scans, and collection of cerebrospinal fluid (CSF) for the
measurement of homovanillic acid, neopterin, and BH4 (tetrahydrobiopterin) levels. All
these methods include expensive instrumentation, painful surgical procedures, and long
analysis time, and also require trained personnel to operate and analyze the
results.(11—15) In the context of detection and quantification of neurotransmitters,
several strategies have been employed. The conventional method for the detection and
quantification of neurotransmitters is microdialysis,(16) which is carried out by using a
semipermeable probe that is injected into the brain.(17) Apart from being invasive,
another disadvantage of microdialysis is that the technique exhibits low temporal
resolution,(1,18) and the withdrawal of the sample for analysis can cause severe damage
to the brain tissue.(19,20) Alternately, neurotransmitters can be suffused through the
probe for chemical analysis by techniques such as liquid chromatography that is again
interfaced with mass spectroscopy or fluorescence spectroscopy for the
detection.(8,18,21) Other detection strategies include electrophoresis(22) and optical
methods such as photoluminescence,(23) colorimetric analysis,(24) etc. However, all
these methods are limited by tedious analysis processes, long time requirement for
analysis, and requirement for skilled personnel to handle the high cost capital
equipment.(25) Development of strategies with improved accuracy and sensitivity of
measurement of low levels of these neurotransmitters will enable early diagnosis and
treatment of neurotransmitter disorders, thereby reducing the risk of irreversible
complications. Biosensors have been developed for quantification of these
neurotransmitters as biomarkers of brain disorders.
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There are three main types of biosensors depending on the type of transduction element
used. They are colorimetric, electrochemical, and piezoelectric sensors. Among these,
electrochemical sensors have demonstrated their ability to quantify and qualify the
neurotransmitters. They can also overcome the shortcomings of conventional
techniques through the employment of nanointerfaces.(2,26) Here in this review, we
focus on the detection of neurotransmitters using nanointerface-modified electrodes.
The advantages of the detection of neurotransmitters using nanomaterials include
excellent spatial resolution, high sensitivity, improved mass transport, quick electron
transfer, negligible surface fouling, and low background current.(2,26—28) The
nanointerfaced sensors display improved sensor characteristics such as rapid response,
low sample volume, and high sensitivity. Single nanomaterials have earlier been
explored as interface materials. Recently, combinations of these nanomaterials have
been used as hybrid interfaces(28—30) that serve to further enhance the sensing
properties in terms of sensitivity and help to increase the dynamic range of detection.
These parameters become invaluable in the field of clinical diagnostics. This review
covers the details of the functionality of neurotransmitters to fuel the research appetite
of readers focusing on the research and development of brain disorders. Recent
advances in nanomaterials that are used to develop electrodes with metallic and
polymeric substrates are critically reviewed, and their performance in terms of limit of
detection, response time, and stability are discussed. The underlying mechanism and
nanomaterial properties responsible for high sensitivity and fast response are
highlighted. Both electrochemical and enzyme immobilized biosensors are critically
reviewed for a range of biological fluids. Graphene, single- and multiwalled carbon
nanotubes, metal oxide nanoparticles, and metallic nanoparticles are predominantly
used in the fabrication of sensors for NTs and therefore are the focus for this review.
High aspect ratio, large surface area for catalytic activity, and a high chemical stability
once bonded with substrate material are characteristics sought and which make
nanostructures promising candidates for development of novel sensors for NTs.

Typical Neurotransmission Process
ARTICLE SECTIONS

Neurotransmission is a process of release of neurotransmitters from the axonal terminal
of one neuron (presynaptic neuron) to the dendritic terminal of another neuron
(postsynaptic neuron).(31) A similar process occurs in the opposite direction during
retrograde neurotransmission.(32) This means that the dendrites in the postsynaptic
neuron release the retrograde neurotransmitters to the axonal terminal of presynaptic
neurons.(33) The process of neurotransmission mainly depends on the amount of
neurotransmitter, release rate of neurotransmitter, connection between presynaptic
neurotransmitter and postsynaptic neurotransmitter receptor, as well as its
activity.(34)Figure 1 shows the process of neurotransmission between presynaptic and
postsynaptic neurons. When the action potential reaches the axonal terminal of
presynaptic neuron (step 1), it triggers the opening of the voltage-gated Caz channels
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(step 2). Through these channels, Caz enters the presynaptic neuron and activates the
synaptic  vesicles to release the neurotransmitters (step 3).(6,35) These
neurotransmitters are released through the pores into the synaptic cleft at the gap
junction  between the presynaptic and  postsynaptic  neurons  (Step
4).(31,36) Neurotransmitters bind to the neuroreceptors on dendrites of postsynaptic
neurons (step 5) and enter to trigger the signal in the postsynaptic neuron (step 6). The
binding of the neurotransmitter will influence the postsynaptic neuron by either
inducing excitation or inhibition of the action potential.

Typical Neurotransmission Process
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Figure 1. Schematic representation of the neurotransmission process occurring between
presynaptic and postsynaptic neurons.

Neurotransmitters and Their Electrochemical Detection
Strategie

Even though there are more than 100 messenger molecules identified in the
neurotransmission process, NTs can be classified into three major types based on their
structure, mode of action, and physiological function.(37) The NTs can be classified as
either direct or indirect based on their mode of action and as excitatory or inhibitory
based on their physiological function.(5) However, in this review, we have focused on
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NT classes based on their chemical structure and detailed the different electrochemical
strategies reported for their detection. On the basis of the chemical composition and
structure, NTs are classified as amines, amino acids, and gaseous
substances.(5,38) Dopamine, serotonin, histamine, epinephrine, norepinephrine, and
acetylcholine fall under biogenic amine category, whereas glutamate, gamma
aminobutyric acid (GABA), tyrosine, and glycine come under amino acid-based NTSs.
Finally, molecular and gaseous NTs found in the biological system are nitric oxide and
H.S.(9)Scheme 1 shows the classification of the NTs based on their structural
composition and the list of diseases associated with deregulation of these
NTs.(38,37,39) Several research groups have published review articles on the
electrochemical strategies for the detection of NTs(38.,40—47) using biological
materials and in vivo methods.(48) Though all these articles give some information on
the detection methods of NTs, in this review we have highlighted amine-based NTs and
their electrochemical detection methods that have been developed to date employing
nanomaterial interfaces. Biogenic amine NTs play a key role in regulating important
physiological processes spanning sleep to regulation of blood pressure. Their
deregulation contributes to the onset of various neurological disorders. Recently, a link
between acetylcholine dysregulation and COVID-19 has also been
postulated.(49) These indicate the importance of monitoring the levels of these
important classes of NTs which forms the focus of this review. A section on
simultaneous detection of these NTs has also been included that could be more relevant
for clinical diagnosis.

Name and chemical structure
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Scheme 1. Classification of Neurotransmitters Based on Chemical Composition and
Diseases Associated with Their Deregulation(38,37,39)
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Acetylcholine (ACh)

Acetylcholine (ACh) is the first identified neurotransmitter in the peripheral and central
nervous system. It plays a vital role in memory, learning, emotions, and movement and
also acts as a messenger from nerves to the muscles.(50) A decrease in the levels of
ACh leads to several neurological disorders such as Alzheimer’s disease, dementia,
schizophrenia, Myasthenia Gravis, and Parkinson’s disease etc., while increased levels
of ACh leads to a reduction in heart rate.(50) Quantification of acetylcholine levels
plays a crucial role in clinical applications to understand disease pathologies associated
with cholinergic transmission. The normal range of ACh in human blood lies between
0.2 and 1.31 umol/L.(51) A nonenzymatic sensor was developed using glassy carbon
electrode (GCE) modified with carbon dot-decorated nickel-aluminum layered double
hydroxides  (NiAlI-LDH) which displayed a high sensitivity toward
ACh.(52) Electrocatalytic oxidation of the enzyme acetylcholine esterase (AChE) was
performed on a carbon paste electrode modified with nickel oxide lichen-like
nanostructures and used as the working electrode for the sensing of ACh.(53) The
lichen-like nanostructures increase the electroactive area, which contributes to the noted
improved sensing performance.

Many research groups have worked on the simultaneous detection of acetylcholine and
choline (Ch), which is the precursor for the synthesis of ACh using acetylcholine
esterase and choline oxidase (ChOx) enzymes, respectively. Sequential biochemical
reactions of the working mechanism of the AChE/ChOx bienzyme sensor are shown
in Scheme 2.

Acetylcholine *  Choline + Acetate
H;0 |

{'D] Choling Oxidase

Betaine aldehyde + H;0,

H-0. + Betaine

Choline Oxidse

3

Scheme 2. Reactions Mediated by Acetylcholine Esterase and Choline Oxidase

Acetylcholine will be acted upon by AChE and ChOx in successive steps in the presence
of oxygen, resulting in the formation of H.O.. Depending on the magnitude of the
oxidation current of H.O,, the acetylcholine and choline levels can be quantified. In a
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typical bienzyme sensor, graphene oxide ionic liquid (GO-IL) was drop-casted on GCE
surface and dried to form a stable gel-like structure. Acetylcholine esterase and choline
oxidase were adsorbed on the surface of the GCE/GO-IL electrode and used as the
working electrode for the simultaneous detection of ACh and Ch.(54) In another report,
AChE and ChO immobilized on gold electrode modified with platinum nanoparticles
and metal organic framework were used for the simultaneous detection of acetylcholine
and choline in serum.(55) An even better detection limit was reported for AChE-ChOx
cross-linked with glutaraldenyde and bovine serum albumin on polypyrrole-
polynvinyln sulfonate (PPy-PVS) film.(56) In an interesting strategy, a platinum
electrode was modified with thiolated silica gel containing multiwalled carbon
nanotubes and ChOx followed by incorporation of gold nanoparticles (AuNps). On the
top of this layer, diallyl dimethylammonium chloride (PDDA) and AChE were coated
in a layer-by-layer assembly to optimize the AChE loading.(57) A shorter response time
of 4s was reported when a nanocomposite of carboxylated multiwalled carbon
nanotubes and zirconium nanoparticles was employed as depicted in Figure 2B.(29)

Figure 2. Preparation methods of different nanomaterials used for ACh detection (A)
copper cobaltite.(59) Reprinted with permission from ref (59). Copyright 2019
American Chemical Society. (B) Composite of multiwalled carbon nanotubes and
zirconium oxide nanoparticles.(29) Reprinted from ref (29). Copyright 2012, with
permission from Elsevier. (C) Reduced graphene oxide with iron oxide
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nanoparticles.(60) Reprinted from ref (60). Copyright 2017 with permission from
Elsevier. (D) Palladium and molybdenum disulfide nanoparticles.(61) Reprinted from
ref (61). Copyright 2019, with permission from Elsevier.

In a study employing a gold electrode, gold coated iron oxide nanoparticles
(Fe@Au Nps) were electrodeposited on the gold surface, which was then dipped into
chitosan solution, dried, and immersed in glutaraldehyde for cross-linking the polymer.
The AChE/ChO enzyme mix was then coimmobilized on this layer, and this electrode
was used as the working electrode. This sensor exhibited good stability over a period of
3 months.(58)

Apart from the nanointerfaces, different types of electrode materials have also been
explored for detection of ACh and Ch. Fluorine doped tin oxide electrode was modified
with a nanocomposite comprising of reduced graphene oxide (rGO), poly(3,4-
ethylenedioxythiophene) (PEDOT) and Fe.O; nanoparticles. AChE and ChOx enzymes
were immobilized on this modified electrode (Figure 2C) for sensing of acetylcholine
in  human serum.(60) Two-dimensional molybdenum disulfide nanoparticles
synthesized using a ball milling method were electrodeposited on a gold electrode.
Palladium nanoparticles were also electrodeposited on the modified gold electrode
(MoS,-Au-ET). Co-immobilization of AChE and ChOx was carried out after drop-
casting chitosan on Pd-MoS,-Au-ET (Figure 2D). This sensor was stable for about 90
days and exhibited a low detection limit of 1 nM, which is superior than earlier reports
for the quantification of these analytes.(61) Highly porous gold (HPG) was
electroplated over a platinum electrode followed by immobilization of AChE using
electrodeposition, and this electrode was used for sensing studies.(50) lon selective
electrodes made up of poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)
(PEDOT/PSS) were also used for electrochemical detection of ACh.(62) Screen printed
electrodes modified with magnetic core—shell manganese ferrite nanoparticles were
successfully employed for ACh detection in serum samples, which represents the next
dimension in electrochemical sensing.(63)Figure 2A depicts the scheme for the
synthesis of copper cobaltite nanoparticles (CCO NP) synthesized using copper nitrate
and cobalt nitrate as precursors. CCO NP were drop-casted on GCE electrode and
successfully employed for the detection of ACh with a wide linear range from 0.2 uM
to 3500 uM. The sensor reported a short response time of 4 s.(59) This sensor might be
a promising candidate for ACh quantification in clinical samples. A hybrid
nanointerface of MWCNTSs, MnQO,, and rGO was employed recently for the detection
of ACh in serum samples.(64)

From these studies, it can be concluded that metallic and carbon nanostructures
demonstrate promising results for the detection of ACh and Ch. The difference in the
linear range and sensitivity between the different nanostructures could be attributed to
the differences in the surface area-to-volume ratio, dimensions of the particles, surface
coverage, and nature of the nanointerface employed. Graphene enabled an extremely
low limit of detection (0.885 nmol/L) for ACh in 90 s. Metallic nanoparticle (gold,
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platinum, and copper cobaltite) based composites provided reliable results with limit of
detection in nanomolar concentrations within 3—4 s. Gold used as the electrode substrate
material or as interface coating provided good reliable performance over three to four
months. Beside metallic surfaces, polymeric substrates (e.g., poly pyrrole-polynvinyl
sulfonate (PPy-PVS) film) also provided a limit of detection at nanoscale
concentrations; however, their response time was long (200 s) compared to graphene
(90 s) and metallic nanoparticles (3—4 s). Drop casting, spin coating, and electroplating
have mostly been used for the fabrication of ACh sensors. For large area electronics,
screen printing is a suitable technique and commercially used in the printed and flexible
electronics industry.(49) For ACh sensors, screen printing has been shown to be able to
provide a relatively low limit of detection (20 nM). Metallic nanostructures have
emerged as preferential candidates for ACh detection with the combination of a fast
response time (3—4 s), low limit of detection (in nanorange), and excellent stability (3—
4 months).

Glutamate

Glutamate is the precursor of GABA and plays a vital role in the pathophysiology of
neurotransmitter disorders.(65) It is a nonessential amino acid and acts as an excitatory
neurotransmitter.(66) It is also used as a food additive and leads to “Chinese-restaurant
syndrome” presently referred to as the monosodium glutamate (MSG)
syndrome.(67) Glutamate is distributed throughout the central nervous system and
mediates several functions in the brain that involve learning and memory. It also plays
a major role in the formation of synapses. The concentration of glutamate in the nervous
system is large (5-15 mmol kg*) when compared to the extracellular fluids where the
concentration is in the micromolar range. Therefore, minute changes in the
concentration of the glutamate levels impact the nervous system and lead to
disturbances in the normal signaling pathways.(68) Dysregulated release of glutamate
leads to several neurological disorders such as Alzheimer’s disease, epilepsy,
Parkinson’s disease, and ischemia.(5) In the context of quantification of glutamate, the
use of the glutamate oxidase enzyme has been extensively investigated. The reaction
scheme involving glutamate oxidase on glutamate is shown in Scheme 3.

2

Glutamate oxidase -
1 Glutamate + 0 * o — Ketoglutarate + NH; + H.0

<J b HZ «

Scheme 3. Reaction Scheme Involving the Transformation of Glutamate to -
Ketoglutarate by Glutamate Oxidase
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Rahman et al. in 2005 reported the measurements of glutamate in vivo. The work
employed the conducting polymer 5, 2':5'2"-terthiophene-3'-carboxylic acid
nanoparticles deposited on a platinum microelectrode. The glutamate levels were
measured using cyclic voltammetry at high scan rates. The nanostructured polymer
layer resulted in high surface area available for enzyme immobilization by making
covalent bonding. This enabled a low limit of detection (0.1 uM) with a 10 s response
time. This developed sensor was successfully employed for the measurement of
extracellular glutamate levels in the corneal section of rat brain.(69) In a similar
strategy, poly-o-phenylenediamine modified platinum wire microelectrode was utilized
for thein vivo quantification of glutamate levels in brain tissue. Poly-o-
phenylenediamine was electrodeposited on the Pt wire microelectrode, which served as
a permselective membrane. Later, the enzyme glutamate oxidase, which is selective for
glutamate, was entrapped in a chitosan polymer matrix, and ascorbate oxidase
immobilized in the outer layer was used as the working electrode for quantification of
glutamate. The sensor performance was evaluated using an amperometry technique for
the detection of glutamate levels in vivo with a quick response of 2 s, and the achieved
limit of detection was nanomolar.(20) Similarly, platinum microelectrode coated with
poly(phenylenediamine) (PPD) was investigated for glutamate detection in rat brain and
displayed stability for a period of 150 days.(4) Among the various types of
nanointerfaces, carbon-based nanostructures have been extensively employed for
glutamate detection. Single-walled carbon nanotubes functionalized with ferrocene
were reported for the detection of L-glutamate with a detection limit of 1 uM.(70) A
carbon fiber microelectrode coated with nafion and carbon nanotubes was employed for
monitoring glutamate release in rat brain.(71) Multiwalled carbon nanotubes and gold
nanoparticles were electrodeposited over a chitosan-coated Au electrode followed by
immobilization of glutamate oxidase. The sensor was employed successfully for
glutamate analysis in serum samples collected from epilepsy patients.(72) Another
approach employed a pencil graphite electrode modified with ZnO nanorods and
polypyrrole followed by immobilization of glutamate oxidase, which was found to be
effective in the detection of glutamate for 100 measurements.(73) Detection of
glutamate in a hypoxic environment has also gained significance as it is now established
that glutamate levels are modulated in response to hypoxia. A hybrid nanointerface of
ceria and titanium nanoparticles was investigated for glutamate analysis in
cerebrospinal fluid as well as in the brain of Sprague—Dawley rats. In this study, a
platinum microelectrode was modified with chitosan-ceria-titania nanocomposite, and
then the enzyme glutamate oxidase was immobilized as shown in Figure 3A. This
sensor exhibited a response time of 2 s in oxygenated conditions and 5 s in
deoxygenated conditions.(74) Electrochemiluminescence sensor using a hybrid
interface of carboxylated multiwalled carbon nanotubes and graphene was also reported
for glutamate sensing (Figure 3B).(75)
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Figure 3. Utilization of (A) hybrid interface consisting of ceria and titanium
nanoparticles.(74) Reprinted from ref (74). Copyright 2014 with permission from
Elsevier. (B) Multiwalled carbon nanotubes with reduced graphene
oxide.(75) Republished with permission of Royal Society of Chemistry from
ref (75) permission conveyed through Copyright Clearance Center, Inc. (C) Carbon
nanoelectrodes.(76) Republished with permission of Royal Society of Chemistry, from
ref (76), permission conveyed through Copyright Clearance Center, Inc. (D) Carbon
fiber microelectrode.(77) Reprinted with permission from ref (77). Copyright 2019
American Chemical Society, for the successful detection of glutamate.

As shown in Figure 3C, enzyme-modified carbon nanoelectrodes were used for the
intracellular detection of glutamate in astrocytes.(76) The ultrasmall dimensions and
tapered tip of the electrode enables penetration through the cell membrane with no
permanent damage to the cells. Similarly, a carbon microfiber electrode coated with
gold nanoparticles and glutamate oxidase was reported for the amperometric detection
of glutamate levels based on H.O, release(77) (Figure 3D). Using a similar strategy, a
carbon fiber electrode modified with Prussian blue (PB), poly-o-phenylenediamine (p-
oPD), and polyethylenimine (PEI) was cross-linked with glutamate oxidase, and
glutaraldehyde was successfully employed for the determination of glutamate
levels.(78)
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Gholizadeh et al. have reported the fabrication of a glutamate biosensor based on
vertically aligned carbon nanotubes forming a nanoelectrode array (VACNT-NEA)
developed using photolithography. This sensor exhibited two linear ranges of 0.1-20
uM and 20-300 uM with superior sensitivity.(79) Glutamate displays a high affinity
toward H,O,. On the basis of this property, Isoaho et al. have reported a glutamate
biosensor using carbon nanofibers grown on amorphous carbon. Glutamate oxidase was
then immobilized using N-(3-(dimethylamino)propyl)-N’-ethylcarbodiimide and N-
hydroxysuccinimide (EDC-NHS) cross-linking. This sensor reported a rapid response
of 0.5 s and was successfully employed for glutamate detection in glial cells.(80)

Amperometric detection of glutamate levels in brain terminals called synaptosomes as
well as in blood has been reported.(81) A disposable biosensor based on platinum
nanoparticles electrodeposited on gold nanowire for simultaneous detection of
glutamate and H,O, has been reported by Mamum Jamal et al.(82) A human
microelectrode array prototype was successfully used for real time monitoring of
glutamate levels in Rhesus monkeys.(83)

There are several research groups actively involved in the development of sensor
devices that use ultramicro- or nanoelectrodes for in vivo detection of glutamate. Hybrid
sensors composed of carbon nanostructures (single walled and multiwalled nanotubes
and graphene) are predominantly reported in the literature for glutamate detection.
Conducting polymer-based nanostructures also have demonstrated excellent limit of
detection (0.2-1.6 uM) and fast response time (1-2 S). There has been an exponential
increase in the demand for glutamate sensing systems because of their emerging clinical
importance in diagnosis and understanding neuronal diseases, and therefore,
opportunities still exist toward development of glutamate sensors with superior sensing
performance as point-of-care diagnostic devices.

Dopamine

Dopamine is a catecholamine, and its levels are related to the biodegradation of
tyrosine.(84) As a neuromodulator, it plays a crucial role in learning, sleep, cognition,
neuronal plasticity, and movement.(85) Dopamine is classified under monoamines and
acts as a precursor of adrenaline and noradrenaline. Its abnormal levels are related to
several neurotransmitter disorders, namely, Tourette syndrome, Alzheimer’s disease,
psychosis, Parkinson’s disease, Huntington’s disease, senile dementia, and
schizophrenia.(86,87) Dopamine has been reported as a clinical biomarker in many
neurotransmitter disorders, and hence the measurement of dopamine levels is of great
clinical importance.(23) There have been several reports on electrochemical dopamine
sensors employing nanointerfaces. A carbon fiber microelectrode (CFME) was
employed for thein vivo detection of dopamine. The CFME was modified with
Ti0,/CeO, nanocomposite dispersed in chitosan, and then the enzyme tyrosinase was
electrostatically coupled with the amino group of chitosan. The sensor was successfully
employed for monitoring dopamine levels in rat brain for a period of 2 h.(88) As the
diameter of the microelectrode was around 100 um, in vivo detection was possible with
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this implantable enzyme-based biosensor. However, the stability of the sensor reduced
over time, and 87% loss of function was experienced after 1 week. This was improved
by depositing ceria-based metal oxides, and the biosensor response was increased to
90% in 1 week. In another study, microelectrodes made up of carbon nanotube modified
yarn (CNTYM) were reported for the detection of dopamine levels. The laser-treated
CNTYM was employed as the working electrode (CNTYME) using a fast scan cyclic
voltammetry technique. The unmodified CNTYME showed a low background current
of 86 + 6 nA, while the laser-treated CNTYME exhibited a higher background current
of 161 £ 18 nA, which represents a 1.9 + 0.2 fold improvement in the analytical
performance of the laser-treated CNTYME for the detection of dopamine levels with a
limit of detection of 13 + 2 nM.(89) Nonenzymatic sensors have also been explored for
guantification of dopamine because enzymatic sensors pose challenges in
immobilization of the enzyme without loss of function and are more expensive.
Bimetallic nanospheres comprised of a palladium-silver alloy coated with polypyrrole
(Pa—Ag NSps-PPy) were employed for nonenzymatic electrochemical detection of
dopamine levels.(90) Bowling-alley-like hollow arrays made up of self-assembled Au—
Ag nanocomposites were functionalized with L-cysteine (Cys—Au@Ag BMNPs). This
composite was coated on a glassy carbon electrode and used as the working electrode
for nonenzymatic detection of dopamine (Figure 4A).(91) Polypyrrole-silver-
polyvinylpyrrolidone has also been employed for nonenzymatic detection of
dopamine.(92) Recently, a wearable electrochemical sensor was developed by Qing et
al. using poly(vinylalanine) nanofibers and polypyrrole nanofiber networks
(Figure 4B). The sensor was based on a field effective transistor-based electrochemical
mechanism.(93) One of the challenges in nonenzymatic sensors is ensuring their
selectivity and specificity toward dopamine. In this context, the enzymatic sensors
exhibit superiority over their nonenzymatic counterparts; however, as with any
biosensor, stability is still challenging for biosensors due to loss of enzymes and coated
layer interface. Therefore, the repeatability is only achieved for a few measurements
and up to few days.

Fabrication of nanoscale sensors is challenging, and nonuniformity in the fabricated
sensor sensing sites is common. Therefore, investigations focused primarily on the
nanoscale fabrication technique are crucial. Screen printing allows fabrication of
multimaterial sensors for simultaneous detection of multiple species. In a study, screen-
printed carbon electrode modified with poly(3,4-ethylenedioxythiophene)-PEDOT and
graphene oxide ink was employed for the detection of dopamine along with other
molecules such as uric acid, ascorbic acid, and nitrite encountered in the biological
system (Figure 4C).(94) For dopamine, the achieved limit of detection for screen
printed electrode was 30 nM, which is comparable to sensor electrodes fabricated
through direct drop-casted or electrospinning methods. Core—shell nanostructures
comprising multiwalled carbon nanotubes and graphene oxide nanoribbons have also
been successfully implemented for the detection of dopamine along with ascorbic acid
and uric acid.(95) Hollow microspheres fabricated using two different conducting
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polymers, namely, poly(3,4-ethylenedioxythiophene) and poly(N-methylpyrrole) were
also employed for dopamine detection.(96) A nanoweb made up of 3D carbon
nanotubes was used for electrochemical dopamine detection in the range of 1-20
uM.(97) In another strategy, methylene blue (MB) was electropolymerized on reduced
graphene oxide (EGO) and doped with dopamine. This dopamine-grafted poly MB-
EGO composite was employed for dopamine detection.(98) Cylindrical-shaped gold
nanoelectrode arrays (CAUNE) have been reported for successful electrochemical
detection of dopamine levels in SH-SY5Y cells. This human cell line was derived from
SK-N-SH cell line and has been widely reported for the expression of dopaminergic
markers.(99)
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Figure 4. Schematic representations of the preparation strategies of (A) hollow arrays
of self-assembled Au—Ag nanoparticles(91) Reprinted with permission from ref (91).
Copyright 2019 American Chemical Society. (B) Polyaniline—silver- polypyrrole
nanofibers.(93) Reprinted with permission from ref (93). Copyright 2019 American
Chemical Society. (C) Graphene oxide nanoribbons.(94) Reprinted with permission
from ref (94). Copyright 2019 American Chemical Society for electrochemical
detection of dopamine.
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In a recent study, Ag@C core—shell nanostructures were synthesized by a hydrothermal
method using glucose and AgNO:; as precursors. Then, HAuCI, was added to the above
solution, and the mixture was heated in an oil bath at 100 °C for about 20 min. The
mixture was centrifuged to obtain Ag@C/Au nanostructures. This composite was
mixed with chitosan, drop-casted on the GCE surface, and used as the working electrode
postdrying at room temperature (Figure 5D). The Ag@C/Au composite sensor
promoted electrochemical oxidation and reduction of dopamine thereby demonstrating
not only high sensitivity but also high selectivity in the presence of other species. This
sensor exhibited a low detection limit of 0.21 uM and remained stable up to 14
days.(103) Selectivity was also examined by Chang et al. by using a glassy carbon
electrode modified with functionalized carbon nanotubes and polyaniline composite for
dopamine detection.(104) The composite demonstrated excellent electrochemical
reactivity toward the oxidation of dopamine and hence provided very high selectivity
in the presence of ascorbic acid and uric acid. In another study, MoS, nanosheets loaded
with bimetallic platinum-nickel nanoparticles have been reported for the simultaneous
detection of dopamine and uric acid in urine samples. Because of the high surface area
and excellent electrochemical characteristics, the limit of detection PtNi@MoS2/GCE
was 0.1 uM for dopamine.(105) Other metallic nanoparticles such as tungsten trioxide
(WQ:.),(106) iron oxide,(107) and CuO nanoparticles(108) have also been employed for
electrochemical quantification of dopamine. Recently, a comparative study was
performed with three different metal oxide (MO) nanoparticles where the
electrocatalytic behavior of NiO, ZnO, and Fe;O, nanoparticles was analyzed with and
without polyaniline (PANI). This study provided experimental evidence to prove that
the PANI-MO composite exhibited better electrocatalytic behavior than the MO alone.
PANI with nickel oxide nanoparticles exhibited excellent electrical conductivity and
diffusion controlled electrocatalysis of dopamine on the PANI-NiO.(109)Figure 5B
shows a two-dimensional copper-based metalorganic framework (Cu-MOF) that was
loaded with gold nanoparticles (Au Nps). The resultant conductive poly(xanthurenic
acid) p(XA) was successfully employed for electrochemical dopamine sensing.(101) As
shown in Figure 5C, a screen-printed electrode modified with graphite and gelatin x
was also investigated for dopamine sensing in the presence of ascorbic acid and uric
acid in serum as well as urine samples.(102) Reduced graphene oxide supported with
bimetallic core—shell nanoparticles of Au@Pd was successfully prepared (Eigure 5A)
and used for dopamine sensing in phosphate buffered
saline.(100) Graphene,(110,111) porphyrin-functionalized graphene,(112) graphene-
platinum nanocomposites,(113) and graphene-palladium nanoparticles(114) have also
been reported for dopamine detection. The lowest limit of detection was achieved at 80
nM, and a 10 s response time was recorded. The authors demonstrated that graphene
composite with well dispersed Pt nanoparticles resulted in a high oxidation rate for
dopamine.(113) P-doped graphene was demonstrated to exhibit better loading capacity
of metal nanoparticles such as Au Nps.(115) Indium tin oxide (ITO) electrode modified
with porous graphene oxide and gold nanoparticles was successfully employed for
dopamine sensing.(116) The limit of detection for graphene composite based dopamine
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sensors was 0.2 nM(109) to 30 nM.(113) The results from these studies indicate that
graphene is an excellent candidate for the fabrication of nanosensors for dopamine. A
low-cost flexible thin film device using carbon screen printed electrodes was reported
recently with a low detection limit of 50 pM toward dopamine.(117) Though a plethora
of efforts have been directed toward the development of dopamine sensors, a scope
exists for further improvement in the sensing range and an extension of the period of
use of these sensors for real-time monitoring of dopamine levels in biological systems
to become clinically relevant.
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Figure 5. (A) Au@Pd-rGO nanoparticles.(100) Republished with permission of Royal
Society of Chemistry, from ref (100), permission conveyed through Copyright
Clearance Center, Inc. (B) Cu based MoFs with Au nanoparticles.(101) Reprinted from
ref (101). Copyright 2019, with permission from Elsevier. (C) Graphite.(102) Reprinted
from ref (102). Copyright 2017 with permission from Elsevier. (D) Ag@C coreshell-
nano composites.(103) Reprinted from ref (103). Copyright 2019 with permission from
Elsevier for dopamine analysis.

Serotonin
5-Hydroxytryptamine (serotonin, 5-HT) is an important biogenic monoamine
neurotransmitter as well as neuromodulator(118) that plays a major role in several
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physical, biological, and psychological processes. Alterations in the secretion levels of
serotonin leads to sleep disorders, anxiety, eating disorders, depression, and infantile
autism, and also affects muscle contraction and endocrine
regulation.(119) Nonenzymatic electrochemical detection of serotonin in both in
vitro and in vivo conditions has been reported in the literature. Incorporation of
nanointerfaces has been found to be beneficial in extending the detection range and
sensitivity, and reducing the response time. Graphene oxide grafted with poly(lactic
acid) and palladium nanoparticles (G-g-PLA-Pd) coated on glassy carbon electrode was
successfully employed for the electrochemical detection of serotonin in a 0.1 M
phosphate buffer solution. This sensor exhibited a good linear range from 0.1 to 100
uM, and a low limit of detection (80 nM) was achieved. For uniform distribution of GO
throughout the organic media, treatment with 1,4-butanediol (BD) resulted in
introducing an anchoring OH site, and the subsequent polymerization was performed to
produce GO-g-PLA composites.(120) A glassy carbon electrode was modified with
reduced graphene oxide and PANI, then coated with gold nanoparticle-embedded
molecularly imprinted polymers (AuNPs@MIPs) (Figure 6A) to enhance the selectivity
toward serotonin with a very low limit of detection (11.7 nmol/L).(121) A ternary
nanocomposite made up of silver, polypyrrole, and copper oxide (Ag/PPy/Cu,0)
prepared by a sonochemical method was used for the detection of serotonin in human
serum samples with a 0.1 M phosphate buffer solution as a supporting
electrolyte(122) (Figure 6C). A three-dimensional structure of gold and polypyrrole
nanoparticles (AuUNPs@PPyNPs) was electrodeposited on a screen-printed electrode
using a multipulse amperometry technique.(123)
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Figure 6. Strategies employed for the detection of serotonin using (A) reduced graphene
oxide-Au nano composite.(121) Reprinted from ref (121). Copyright 2014 with
permission from Elsevier. (B) Carbon nanotubes.(132) Reprinted from
ref (132) Springer Nature and licensed under CC BY 4.0. (C) Ternary nanocomposite
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of Ag/Ppy, Cu.0.(122) Reprinted from ref (122). Copyright 2018 with permission from
Elsevier.

Electrochemical reduction is a very popular technique for reducing graphene to obtain
reduced graphene oxide. Electrochemically synthesized reduced graphene oxide (rGO)
followed by electrodeposition of cobalt oxide nanoparticles (Co,0.) was used for
fabrication of the sensing element. The RGO-Co,0, nanocomposite exhibited a 4.1 fold
increased response toward serotonin.(124) This sensor reported the selective detection
of serotonin in the presence of potential interferents such as ascorbic acid and dopamine.
This work becomes significant because the redox potentials of dopamine and serotonin
are very close to each other, and hence there is a possibility of erroneous values obtained
from samples containing both molecules. In this context, serotonin detection in the
presence of dopamine and ascorbic acid has been reported by using different graphene
based composite materials, which includes graphene oxide, thiolated graphene oxides -
GO-SH and GO-S-(CH.,).-SH, graphene oxides reduced using hydrazine and ammonia
(RGO1), hydrazine (RGO2), hydroxylamine and ammonia (RGO3). Among all the six
types of graphene materials, RGO1 showed a fast response time and better sensitivity
in the range of 1-36 uM.(125) Sadanandhan et al. used a silver patterned reduced
graphene oxide (PEDOTNTs/rGO/AgNPs) on a glassy carbon surface for selective
detection of serotonin in the presence of tyrosine, ascorbic acid, and
dopamine.(126) Similarly, the efficacy of different metal oxide nanoparticles such as
NiO, ZnO, Fe;O, and their conjugated hybrid interface with multiwalled carbon
nanotubes (MWCNT) was evaluated. Among all the six interfaces evaluated for the
sensing of serotonin in the presence of ascorbic acid and serotonin, MWCNT/NiO
exhibited better performance in terms of fast electron transfer and a low limit of
detection.(127) A different strategy of competitive adsorption of dopamine was
proposed for selective determination of serotonin by Jing-Ming et al.(128) Serotonin
was simultaneously detected along with another amino acid levodopa by the differential
pulse voltammetry technique using multiwalled carbon nanotubes and chitosan as
interface material on the surface of the glassy carbon electrode.(129) In an interesting
choice of materials, electro-polymerization of poly(bromocresol green) on a glassy
carbon electrode was carried out followed by drop-casting of a Fe;O—MWCNT
composite. This modified electrode was used for the detection of serotonin in the
presence of dopamine.(130) Another research group also used an MWCNT—chitosan
composite for the modification of a glassy carbon electrode that was successfully
employed for the detection of serotonin in the presence of dopamine and ascorbic
acid.(131) Real time monitoring of serotonin levels in Wistar rats was performed using
an acupuncture needle modified with a PEDOT-CNT composite by Yu-Tao Li et al.
(Figure 6B).(132) From these studies, it can be concluded that multiwalled carbon
nanotube (MWCNT) composite-based systems exhibit a very low limit of detection (<1
nM) due to a faster electron transfer process. As MWCNT are chemically stable in
composites, the stability of the sensors over multiple measurements and extended
periods (e.g., up to several months) should be systematically investigated. Though, the



https://doi.org/10.1021/acschemneuro.0c00355
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
https://pubs.acs.org/doi/full/10.1021/acschemneuro.0c00355#fig6
https://pubs.acs.org/doi/full/10.1021/acschemneuro.0c00355#fig6
javascript:void(0);

Manuscript version: 20 November 2020
ACS Publications, ACS Chem. Neurosci.
https://doi.org/10.1021/acschemneuro.0c00355

progress in the electrochemical detection of serotonin is very impressive, the response
times required for the detection of this neurotransmitter reported thus far remains long.
Thus, there exists a need for the development of new strategies for rapid detection of
this neurotransmitter.

Histamine

Histidine, a monoamine is the precursor of histamine, which is neither a catecholamine
nor an indoleamine. Histamine performs a dual role as a neurotransmitter as well as
neuromodulator, and it regulates the release of other neurotransmitters such as ACh, EP
(epinephrine), and NEP (nor-epinephrine).(118) It is produced mainly in the mast cells
and basophiles and also in tissues and the brain. Histamine produced in the mast cells
is called as mast-histamine, and if it is produced in other tissues and brain, then it is
referred as non-mast-histamine.(133) Histamine regularly stimulates different types of
postsynaptic receptors, which are related to bone marrow, muscles, gastric cells, and
brain. It is mainly associated with the immune system to act against pathogens and also
plays arole in influencing temperature and blood pressure variations. It is also identified
to play a key role in sleep and wakefulness.(134) Neuronal histamine tends to display a
diurnal rhythmic pattern with high histamine levels found during the waking period and
low histamine levels produced during the sleep period.(135) It also plays a vital role in
regulating microglial function. Microglia exposure to histamine will lead to pro-
inflammatory conditions.(136)Figure 7 depicts the physiological role of histamine.
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Figure 7. Pathophysiology of histamine in neurons and its role in mast cell (images
drawn using Biorender.com).

Despite its importance, histamine has not been given due attention as a biomarker for
neurological disorders when compared to the other biogenic amines. This may be
because of its moderate action in neurotransmission. Alterations in the release of
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histamine levels lead to several neurological disorders such as schizophrenia,
amyotrophic lateral sclerosis, and health for scombroid poisoning characterized by
different symptoms such as diarrhea, headache, vomiting, nausea, itching, red rash, etc.
Histamine poisoning or scombroid poisoning has been reported by several
researchers.(137) A large percentage of the electrochemical sensors developed for the
detection of histamine are reported for the analysis of scombroid
poisoning.(137,138.,147—151,139—146) Several histamine sensors have been reported
for detection of fish freshness. However, there are very few reports of electrochemical
sensors for histamine detection in the brain as a neurotransmitter molecule or in cells.
A carbon fiber microelectrode-based sensor has been successfully employed to detect
both histamine and 5-hydroxytryptamine from mast cells. It was demonstrated that at
the individual cell level, histamine could be detected with a detection limit as low as
1.4 uM.(152) Similarly, a carbon-based electrode was modified using a gel comprising
a blend of an osmium compound and poly(vinylpyridine) along with the enzyme
mixture of histamine oxidase and horseradish peroxidase. The enzyme-based sensor
reported a detection limit of 23 nM and stability over 2 weeks. The sensor was used for
real-time determination of histamine released from mast cells.(153) A hybrid
nanointerface comprising graphene nanoribbons and silver nanoparticles deposited on
pyrolytic graphite electrode was reported to catalyze the oxidation of histamine with
high efficiency. The sensor exhibited a detection limit of 49 nM and two linear ranges
between 1 and 50 and 60-500 uM of histamine. The sensor exhibited good recovery
values greater than 99% from blood plasma samples indicating its promise for clinical
applications. A combination of graphene with silver nanoparticles resulted in a very
high surface area available for the catalytic activity of this sensing material surface.
Hence, the sensor demonstrated an excellent detection limit with good stability for 24
days and 30 scan repetitions.(141) A composite of multiwalled carbon nanotubes and a
nickel-benzetricarboxylate metal-organic framework was coated on the surface of a
glassy carbon electrode. This sensor detected histamine with a detection limit of 0.41
uM in spiked human urine samples.(154) Carbon paste electrode incorporating
molecularly imprinted polymethacrylic acid specific for histamine was used to quantify
histamine between 0.1 and 7 nM with a detection limit of 74 pM, the lowest value
reported so far. The sensor exhibited a high degree of specificity toward histamine in
spiked serum samples containing other neurotransmitters such as serotonin and
dopamine.(150) Boron-doped diamond electrodes were employed for amperometric
recording of signals due to histamine release from ECL cells that was not affected by
the presence of other neurotransmitters.(155) However, the potential used for the
measurements was 1.3 V, which may cause fouling of the electrode as well as produce
signals from other electroactive species that may be present in the sample that increases
the risk of erroneous results. Fast scan cyclic voltammetry was employed for
determination of histamine release in rat premammillary cells post stimulation of the
forebrain bundle.(156) In an interesting strategy, the enzyme methylamine
dehydrogenase was engineered to replace phenylalanine residue in the alpha subunit by
alanine using site-directed mutagenesis. The engineered enzyme was immobilized on a
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polypyrrole film coated electrode and used for the determination of histamine. Though
this sensor did not employ any nanointerface, the engineered enzyme exhibited a 4-fold
increase in the sensitivity of the sensor toward histamine, thereby opening up new
avenues for the use of engineered biomolecules for improving the histamine sensor
performance.(145) It has been recently reported that during the electrochemical
detection of histamine generally carried out at potentials exceeding 1 V, a one-electron
transfer occurs from the imidazole ring of histamine resulting in the formation of a
radical. This radical undergoes subsequent electropolymerization under the influence of
the applied potential resulting in electrode fouling. This presents a huge challenge in
the determination of histamine. It has been suggested that use of Nafion and similar
coatings on the electrode could serve to avoid electrode fouling.(157) The limited
literature on histamine determination toward diagnosis of neuronal disorders clearly
indicates the existence of an enormous opportunity for the application of
electrochemical histamine sensors toward quantification of histamine as a
neurotransmitter, especially for real-time monitoring.

Epinephrine (EP)

This neurotransmitter is also called the “fight or flight hormone” or “adrenaline” and
raises the glucose levels.(158) Normal levels of adrenaline in blood are at the nanomolar
levels. This molecule has been unfortunately been misused in sports to enhance
performance of athletes. As a result, the World Anti-Doping Agency (WADA) has
banned the consumption of EP during competitive games. A change in the levels of this
neurotransmitter leads to several brain disorders such as schizophrenia, cerebral
malaises, and Parkinsonism. It has many uses in disease treatment. It can be used to
enhance the heart beat rate and can be employed in the management of bronchitis,
bronchial asthma, allergies, and emphysema. It also can be used as blood coagulation
promoter and constrictor of blood vessels on skin and mucous membranes for
immediate control of bleeding. It decreases the absorption of local anesthetics into the
bloodstream leading to reduced toxicity, reduction of surgical blood loss, and prolonged
medical action. However, the major setback for the electrochemical detection of
epinephrine is that it can undergo oxidation easily, with the occurrence of an irreversible
redox reaction as well as interference from ascorbic acid during its detection.(159) To
overcome these limitations, Tsele et al. have performed the electrochemical studies
using TiO,- and RuO.-doped polyaniline films on multiwalled carbon nanotubes to
evaluate EP in pharmaceutical samples.(158) In another study, a detection limit of 30
nM of epinephrine was reported by employing functionalized multiwalled carbon
nanotubes with the biocompatible polymer chitosan that was drop-casted on a glassy
carbon electrode for epinephrine analysis using the differential pulse voltammetric
technique.(159) Similarly, brilliant cresyl blue electrochemically polymerized on a
graphene coated glassy carbon electrode (Figure 8A) was employed for EP detection in
pharmaceutical samples.(160) Palladium nanoparticles electrodeposited on a glassy
carbon electrode was used to quantify EP in the presence of ascorbic acid.(161) The
electrooxidation Kkinetics of EP was improved using a mercaptopropionic acid/gold
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nanoparticles/cystamine modified gold electrode when compared to the bare gold
electrode as well as gold nanoparticles and cystamine modified electrodes. A linear
range of 0.1-700 uM and 0.1-800 uM was reported for the 2D and 3D template of the
electrode modification respectively(162) in the presence of the potential interferents
ascorbic acid and uric acid. Different electrochemical methods, namely, differential
pulse voltammetry, linear sweep voltammetry, and chronoamperometry, performed
using nanoporous gold thin films prepared by sputter and electrochemical deposition
techniques were also employed for EP detection (Figure 8C). Comparing to bulk Au
electrodes, nanoporous Au electrodes demonstrated excellent electrocatalytic behavior
toward epinephrine electrooxidation and enabled irreversible oxidation of EP, thus
resulting in lower detection limits (2.43 uM) and excellent stability over a month.(163)

Figure 8. Role of (A) graphene.(160) Reprinted from ref (160). Copyright 2016 with
permission from Elsevier. (B) MXene-graphite nanocomposite.(164) Reprinted with
permission from ref (164). Copyright 2019 American Chemical Society. (C)
Nanoporous gold thin films.(163) Reprinted from ref (163). Copyright 2016 with
permission from Elsevier. (D) Graphene quantum dots.(165) Reprinted from ref (165).
Copyright 2018 with permission from Elsevier in the electrochemical detection of
epinephrine.

A carbon paste electrode modified with multiwalled carbon nanotubes was used to
evaluate epinephrine in the presence of ascorbic acid and uric acid.(166) A low
detection limit of 0.34 nM was reported by using hybrid nanointerface of graphene
oxide consisting of TiO,-Au nanoclusters.(167) Mesoporous carbon was also employed
for epinephrine analysis in the presence of uric acid.(168) Graphene oxide-ZnO
nanorods were cast on screen-printed electrodes and used for epinephrine detection in
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0.1 M PBS at pH 7.(169) Recently, a MXene-graphite composite paste electrode was
reported for epinephrine analysis (Figure 8B). MXenes are two-dimensional structures
of transition metal carbides or nitrides. Two linear ranges between 0.02 and 10 uM and
10-100 uM were reported for this sensor in 0.2 M phosphate buffer solution of pH
7.4.(164) Graphene quantum dots and chitosan admixture were drop cast on a carbon
paste electrode (Figure 8D) and employed for the analysis of epinephrine with a limit
of detection of 0.3 nM.(165) Chemically reduced graphene oxide nanosheets were also
reported in recent times for the electrochemical detection of EP in biological serum
samples.(170) As EP has been used in medical practice as an emergency medicine,
development of robust and selective detection of EP represents a huge prospect in
clinical practice.

Norepinephrine (NEP)

Norepinephrine is one of the most important catecholamine neurotransmitters, which
mediates several functions in human body. Because of its action on pupil dilation, heart
rate, and blood pressure, WADA has prohibited the usage of the norepinephrine by
athletes.(171) NEP plays a vital role in several functions like learning, memory, and the
sleep—wake cycle. Norepinephrine activity has been reported in several neurological
disorders that includes Alzheimer’s disease, Parkinson’s disease, hyperactivity, and
schizophrenia.(172,173) The major role of NEP is in the conversion of glycogen to
glucose in the liver, which helps to increase the energy production by converting fats to
fatty acids.(174) The methods so far developed for the detection of the NEP are flow
injection analysis,(175,176) high performance liquid chromatography
(HPLC),(177) spectrophotometry,(178) chemiluminescence,(179) gas
chromatography,(180) and fluorometry.(181) But all these methods are very expensive
and time-consuming. These drawbacks can be overcome by the usage of
electrochemical biosensors for the selective determination of NEP. Recently, Kunda et
al. have reported an enzymeless sensor for the detection of NEP using MoO; nanowires
with a short response time of 2 s(173) (Figure 9A). Molecularly imprinted (MIP)
sensors have also attracted considerable interest in the field of electrochemistry. Apart
from metal and metal oxides, carbon nanotubes have been used for fast and rapid
electron transfer and to achieve excess surface coverage. The combination of MIP and
carbon nanotubes was utilized for the NEP sensing by modifying the glassy carbon
electrode. This sensor exhibited a good linear range from 99 nM to 15 uM with a
detection limit of 33 nM.(182) Interference of epinephrine, uric acid, and ascorbic acid
plays a major role in the sensitive determination of NEP. Xinying et al. have
successfully reported the detection of NEP in the presence of these interferent molecules
in NEP injection.(183) A reduced graphene oxide-manganese oxide CRGO-
MnO, nanoparticles-modified electrode was used for the simultaneous detection of NEP
and acetaminophen at pH 7 in urine and pharmaceutical samples.(184) A screen-printed
carbon electrode was modified with Co;0. nanoparticles was successfully tested for the
detection of NEP in both serum and urine samples.(185) Another research group had a
modified glassy carbon electrode with a graphene sheet and gold nanoparticles. This
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electrode was investigated for the analysis of NEP in the presence of high
concentrations of ascorbic acid.(186) Carbon paste electrode modified with
ZrO, nanoparticles (ZONMCPE)(187) 2,2'-[1,2 buthanediylbis (nitriloethylidyne)]-bis-
hydroquinone (BH) and a TiO, nanoparticles modified carbon paste electrode
(BHTME)(188) were used for the simultaneous determination of NEP, folic acid, and
acetaminophen. A glassy carbon electrode drop-cast with carbon coated nickel
magnetic nanoparticles (C-Ni) were employed for NEP determination.(189) Gold
nanoparticles electrodeposited on DNA were also explored for the determination of
NEP in the presence of high volumes of ascorbic acid, which is a common interferant
in biological samples.(190)xFeMoO., nanorods synthesized using a hydrothermal
method were employed for the analysis of NEP in the concentration ranges of 1-200
uM with a rapid response time of 3 s.(191) In an interesting strategy, hematoxylin was
electrochemically deposited on a glassy carbon electrode and employed for the analysis
of NEP and acetaminophen with a low detection limit of 0.14 uM(192) using
differential pulse voltammetry. Similarly, a glassy carbon electrode modified with
poly(cresol red) was successfully used for NEP detection at pH 3 with a low detection
limit of 0.2 uM(193) in the presence of the potential interferent ascorbic acid. Similarly,
carbon nanotubes, magnetic cobalt ferrite (FCos) nanoparticles,(194) and
graphene(195) were also utilized for NEP quantification. Recent research reveals that
there is a link between stress levels, depression, and NEP. It may be possible to detect
and treat depression based on NEP levels. With emergence of new roles of NEP in the
biological system, refinement of its quantification strategies is required for meeting the
clinical demand.
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Figure 9. Detection of NE using(A) MoO; nanoparticles.(173) Reprinted from
ref (173). Copyright 2017 with permission from Elsevier. (B) Palladium
nanoparticles.(196) Reprinted from ref (196). Copyright 2015 with permission from
Elsevier.
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Gamma Aminobutyric Acid (GABA)

There are other neurotransmitters such as gamma aminobutryric acid (GABA), an
inhibitory neurotransmitter synthesized from glutamate and found in the central nervous
system. GABA is known to cause hyperpolarization by causing an efflux of potassium
ions or influx of anions into the neuronal cells.(197) It plays a regulatory role in the
development, proliferation, migration, and differentiation of neurons as well as
influences extension of neuritis. Deregulation of GABA signaling has been associated
with neurological disorders such as epilepsy, Parkinson’s, and Huntington’s diseases.
Quantification of GABA through electrochemical methods is a challenge owing to its
nonredox active nature. The monomer 5-fluorouracil-N-acetylacrylamide and cross-
linker ethylene glycol dimethacrylate were used to develop a molecularly imprinted
polymer system specific for GABA and deposited over a multiwalled carbon nanotube
deposited pencil graphite electrode. The sensor exhibited a linear range between 0.75
and 205 ng/mL for GABA in human serum and cerebrospinal fluid
samples.(198) Recently, a new technique called nano-ITIES (nanointerface between
two immiscible electrolyte solutions) was reported for quantification of GABA. The
system used a dibenzo-18-crown-6 ionophore, which exhibits a strong affinity for
cationic species to generate a current due to potential-driven ion transfer across the
pipet-electrolyte interface. GABA possesses no net charge at neutral pH where it exists
as a zwitterion. To transform GABA to a cationic species, octanoic acid was introduced
to reduce pH enabling detection of GABA. The detection range of GABA was 0.25-1
mM using this method.(199) There still exist possibilities to fine-tune this strategy to
achieve a higher sensitivity and wider detection ranges. In another interesting strategy,
an array comprising two sensors: one for glutamate using the enzyme glutamate oxidase
as the sensing element (sensor 1) and the other site using the enzyme mix GABase
containing y-aminobutyric acid aminotransferase (GABGT), succinic semialdehyde
dehydrogenase (SSDH) and glutamate oxidase (sensor 2) were used. The end product
at both working electrodes was H,O., which generated the signal. The signal from sensor
1 was solely due to glutamate present in the sample, while the signal generated at the
sensor 2 was due to the combination of glutamate and GABA. Subtraction of the two
signals corresponded to the signal proportional to the GABA in the
sample.(46) Considering the need for portable point-of-care devices for quantification
of GABA, concerted efforts toward harnessing the advantages of nanointerfaces along
with smart strategies for electrochemical detection are required.

Table 1 summarizes the different electrochemical strategies that have been reported in
the past two decades for the quantification of different neurotransmitters. It is evident
that despite the volume of reports, opportunities still exist to develop sensors with
improved performance in the context of neurotransmitter analysis.
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Table 1. Electrochemical Strategies Reported in the Past Two Decades for the

Quantification of Different Neurotransmittersa
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IM = immobilization, PPD: poly(phenylenediamine, PB = Prussian Blue, CFE = carbon
fiber electrode, AsOx = ascorbate oxide, GluOx = glutamate oxidase, GO-IL = graphene
oxide-ionic liquid, AD = adsorption, CL = cross-linking, EN = entrapment, CI =
coimmobilization, MOF = metal-organic framework, MWCNT = multiwalled carbon
nanotubes, AuNP = gold nanoparticles, PDDA = polydiallyldimethyl ammonium
chloride, HPG = highly porous gold, SPB = sodium phosphate buffer, MCSNP =
magnetic core shell nanoparticles, GIDH = glutamate dehydrogenase, VACNT-NEA =
vertically aligned carbon nanotube—nanoelectrode array, CNF = carbon nanofiber,
CHIT = chitosan, EB = electrostatic binding, EGO-PMB = electrochemically reduced
graphene oxide-poly methylene blue, IMWCNTSs = functionalized multiwalled carbon
nanotubes, PANI = polyaniline, PtNi = platinum-nickel nanoparticles, MoS, =
molybdenum sulfide nano sheets, GR/GLN = graphite-gelatin, Cu-TCCP = Cu-tetrakis
(4-carboxyphenyl) porphyrin (TCPP), AuNps = gold nanoparticles, p(XA) =
poly(xanthurenic acid), RGO = reduced graphene oxide, Au@Pd = gold—palladium
core shell nanoparticles, G-g-PLA-pd = graphene oxide-poly lactic acid-palladium
nanoparticles, EPPGS = edge plane pyrolytic graphite sensor, fTMWCNT =
functionalized multi walled carbon nanotubes, PBCB = poly brilliant cresyl blue, ATO
= antimony doped tin oxide, MIP = molecularly imprinted polymers, ZONMCPE =
carbon paste electrode modified with ZrO, nanoparticles, BHTME = buthanediylbis
(nitriloethylidyne)]-bis-hydroquinone (BH) and TiO, nanoparticles modified carbon
paste electrode, C—Ni = carbon coated nickel magnetic nanoparticles, CRGO-MnO, =
reduced graphene oxide—manganese oxide, FCog = ferrite cobalt nanoparticles, GS =
graphene sheet, GNPS = gold nanoparticles.

Simultaneous Analysis of NTs

Each of the neurotransmitter discussed above has a different pathophysiological role in
each of the brain disorders. In most of the diseases, several NTs play vital roles. So
simultaneous measurement of these NTs at the same site is clinically relevant to
understand the disease mechanism, pathophysiology,(37) as well as effective diagnosis.
Single NT measurement and quantification may not be sufficient for early and accurate
diagnosis, and to treat the disease conditions.(21,200) Considerable effects have been
made by several research groups for simultaneous analysis of the NTs, which is very
challenging when compared to the single NT detection. Differential pulse voltammetry
has been the extensively investigated technique for simultaneous analysis of
NTs.(200,201) A few research groups have employed square wave voltammetry
also.(202) Several combinations of NTs such as dopamine and EP,(25) dopamine and
serotonin(119) have been reported using multiwalled carbon nanotubes as the interface
material in the presence of the common interferents such as uric acid and ascorbic acid.
Using the same interface, dopamine and epinephrine were individually detected in
pharmaceutical samples.(203) The same combination of NTs was also measured using
silver nanoparticles in serum samples.(200) There are reports of simultaneous
measurement of dopamine and serotonin using carbon nanotubes intercalated graphite
electrodes,(204) carbon nanotubes,(205) carbon microeletrodes,(206) polypyrrole-gold
nanocluster,(207) gold nanoparticles(116) and graphene oxide-porphyrin.(208) The
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combination of EP and NEP have been detected using pyrolytic graphite,(209) iron
oxide(210) while reports are available on the simultaneous detection of NEP and
serotonin using carbon nanotubes,(211) multiwalled carbon nanotubes, and zinc oxide
as a hybrid nanointerface.(202) EP, NEP, and dopamine have been simultaneous
determined using an interface of palladium nanoparticles.(212) Other combinations of
NTs that have been detected include serotonin and histamine using boron doped
diamond electrodes,(213) and ACh and dopamine using a Cu@Cu,O-mesoporous
carbon composite.(214) Gold nanoclusters with a carbon ionic liquid crystal was
recently reported for the simultaneous analysis of dopamine, EP, and NEP along with
anti-Parkinson’s drugs.(215) Many brain disorders exhibit different pathophysiological
manifestations, but they also share interconnected signaling pathways with each other
based on the levels of the different NT molecules. Even a subtle shift from the tightly
regulated NT levels can result in a neuronal disorder. Hence, there is an unmet
requirement for the development of efficient methods for the simultaneous analysis of
different combinations of NTs.

Direct measurement of NTs in vivo currently remains a challenge for the clinicians.
Though evolution of different generations of electrochemical biosensors has resulted in
improved detection limits with very quick response times, the size of the electrode probe
Is a critical factor inin vivo measurements. Fabrication of miniaturized electrodes
without compromising the sensing characteristics is a challenge. The movement of the
test subject during the measurement can lead to difficulties in estimation of the NT
concentrations due to movement-associated artifacts. Another factor influencing in
vivo measurements is the variations in NT levels in different extracellular and
intracellular fluids, serum, as well as in neurons. Though several attempts toward design
of implantable sensors for direct measurement of NTs have been reported by some
research groups, the probe size remains a stumbling block. Currently, concerted efforts
are underway across the globe to develop ultrasmall probes that can be implantable
inside the brain for continuous monitoring of NTs, which can transform the clinical
diagnosis scenario in the coming years.

Conclusions and Future Perspectives

Dysregulation of neurotransmitter levels have been implicated in many neurological
diseases. Quantification of neurotransmitter levels, therefore, assumes clinical
significance. Though several strategies exist for quantification of neurotransmitters, the
need of the hour is to develop sensors with high sensitivity, wide detection range, and
rapid response time. This review focuses mainly on the electrochemical detection of
neurotransmitters by utilizing nanomaterials as interfaces. The information given in this
article is comprehensively arranged after thorough and careful consideration of articles
published in peer review journals for the detection of neurotransmitters over the past
two decades. Several combinations of nanoparticles have been employed as interface
materials to aid rapid electron transfer at the electrode—electrolyte interface as well as
to serve as high surface area immobilization matrices for the enzymes. Both enzymatic
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and nonenzymatic approaches have been reported using bothin vitroand in
vivo experiments. We have focused on the analysis of individual NTs as analyte
molecules by using different interface materials. In addition, a short discussion about
simultaneous detection of NTs or multiple NT detection strategies is also presented.
Even though an enormous number of sensors have been reported for NT analysis
employing nanomaterial interfaces, there is a need to design new strategies with hybrid
interface materials for rapid, sensitive, and selective determination of NTs in small
sample volumes. However, disposable platforms and lab-on-a-chip options that could
operate with minimal sample volume are yet to be realized in the context of
neurotransmitter detection. Another facet that remains relatively unexplored is the
possibility of development of a panel that can probe multiple neurotransmitters
simultaneously for effective analysis. Electrochemical biosensors have significant
applications due to their low-cost and portability, and they can be integrated into hand-
held devices, which can be deployed on-site and extended for possible real-time analysis
in a forthcoming era. Concerted efforts to harness the potential of nanoparticles with
nanofabrication strategies integrated with the electrochemical detection platform can
offer the way forward in neurotransmitter-based diagnostics. Stability and reliability
still limit the performance of electrochemical sensors for determination of
neurotransmitters. Especially in the case of biosensors, the enzyme-immobilized
surface tends to degrade over time, which results in a reduction in sensor performance.
Systematic studies focused on long-term stability would be useful in providing further
required information about implementation of nanomaterials for NT sensors. The
electrochemical detection strategies developed so far using nanomaterials clearly have
shown beneficial improvements in the sensing characteristics and therefore have
immense potential for use in clinics for the diagnosis and monitoring of neurological
disorders.
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