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Abstract: Neurotransmitters (NTs) play a crucial role in regulating the behavioral and physiolog-
ical functions of the nervous system. Imbalances in the concentrations of NT have been directly
linked to various neurological diseases (e.g., Parkinson’s, Huntington’s, and Alzheimer’s disease),
in addition to multiple psychotic disorders such as schizophrenia, depression, dementia, and other
neurodegenerative disorders. Hence, the rapid and real-time monitoring of the NTs is of utmost
importance in comprehending neurological functions and identifying disorders. Among different
sensing techniques, electrochemical biosensors have garnered significant interest due to their ability
to deliver fast results, compatibility for miniaturization and portability, high sensitivity, and good
controllability. Furthermore, the utilization of enzymes as recognition elements in biosensing design
has garnered renewed attention due to their unique advantages of catalytic biorecognition coupled
with simultaneous signal amplification. This review paper primarily focuses on covering the recent
advances in enzymatic electrochemical biosensors for the detection of NTs, encompassing the impor-
tance of electrochemical sensors, electrode materials, and electroanalytical techniques. Moreover, we
shed light on the applications of enzyme-based biosensors for NTs detection in complex matrices
and in vivo monitoring. Despite the numerous advantages of enzymatic biosensors, there are still
challenges that need to be addressed, which are thoroughly discussed in this paper. Finally, this
review also presents an outlook on future perspectives and opportunities for the development of
enzyme-based electrochemical biosensors for NTs detection.

Keywords: electrochemical biosensors; neurotransmitters; enzymes; tyrosinase; laccase;
acetylcholinesterase-choline

1. Introduction

The demand for efficient and prompt diagnosis of human diseases is rapidly escalating
to better manage and control them. The growing human population is contributing to
the increasing number of patients with various diseases and disorders [1]. Additionally,
society is experiencing new health challenges associated with ecological contamination,
resulting in sickness stresses, disease susceptibility, and well-being syndromes. However,
the lengthy and complicated analysis procedures require the processing of large volumes of
samples, which may result in economic losses and fatalities. The functioning of the human
brain, responsible for consciousness and actions, depends on billions of neurons. Hence,
recent developments in neuroscience have contributed significantly to our understanding
of the brain and its activities. Neurotransmitters (NTs) act as chemical messengers between
neurons and play a crucial role in ensuring the human brain functions properly and
are essential in the diagnosis of certain diseases [2]. Additionally, NT fluctuations are
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responsible for many diseases, including Parkinson’s [3], Alzheimer’s [4], Huntington’s [5],
schizophrenia [6], epilepsy [7], glaucoma, thyroid hormone deficiency [8], and congestive
heart failure [9]. A list of key neurotransmitters is shown in Table 1 along with their
corresponding blood concentration values and diseases associated with abnormal levels.

Table 1. Common neurotransmitters, their concentration values in blood samples, and associated diseases.

Neurotransmitter Concentration Range
(Blood) Associated Diseases

Dopamine 10–480 pM Parkinson’s disease, epilepsy

Acetylcholine 7.6–9.7 nM Alzheimer’s disease, myasthenia gravis

Serotonin 0.6–1.6 µM Depression, anxiety disorders, migraines,
irritable bowel syndrome (IBS)

Epinephrine 20–460 pM Mood disorders, cardiovascular disorders

Norepinephrine 0.45–2.49 nM Post-traumatic stress disorder (PTSD), attention
deficit hyperactivity disorder (ADHD)

Glutamate 150–300 µM Schizophrenia

Hence, accurately detecting and monitoring NTs in real-world samples is essential
for advancing neurological research. While existing technologies can diagnose patients,
conventional analysis methods are time-consuming and require specialized laboratory pro-
fessionals. As there is an increasing demand for personalized medicine and point-of-care
approaches, there is an ultimate need for scientific diagnostic tools that are user-friendly,
rapid, and capable of miniaturization. As a result, researchers are focusing on improving
analytical techniques to meet these requirements. Nevertheless, the conventional in vitro
techniques utilized to measure NTs levels usually rely on chromatography analysis, such as
high efficiency liquid chromatography and gas chromatography [10], as well as mass spec-
trometry [11]. These methods are costly, time-consuming, need skilled analysts/specialists,
and are impractical for preclinical diagnosis of nervous system disorders in patients who
lack professional guidance [12]. Furthermore, the conventional analysis of NTs primarily
takes place in cerebrospinal fluid since this is where nearly all NTs are located and are
present in higher concentrations compared to other bodily fluids [13].

Currently, electrochemical biosensors dominate the market due to their prevalence
and wider availability. They are popular due to their portability, ease of use, and lower cost
compared to other biosensors. These features make them ideal for developing point-of-care
(POC) devices. These devices possess several advantages, including their high flexibility,
biocompatibility, light weight, low invasiveness, and affordability, which make them easy
to manufacture and install, whether externally on human skin or internally on soft tissue,
while still being connected to a system [14]. In recent years, enzymatic electrochemical
biosensors have emerged as a promising alternative for neurotransmitter detection due
to their high sensitivity, selectivity, and simplicity. Enzymatic electrochemical biosensors
are based on the principle of enzymatic catalysis and electrochemical transduction, al-
lowing for rapid and real-time detection of neurotransmitters with high accuracy [15].
Moreover, enzymatic biosensors can be easily integrated with microfluidic systems and
wearable devices, enabling continuous and non-invasive monitoring of neurotransmitter
dynamics in vivo. Given the significance of NTs biosensors, our group have published
recently a thorough summary of the latest developments in biosensors and their appli-
cations for in vivo monitoring [16]. In addition, we presented in another manuscript an
electrochemical biosensor specifically designed for catecholamines detection and discussed
the different strategies for enhancing the sensitivity and selectivity of these biosensors,
such as the use of nanomaterials and molecularly imprinted polymers [17]. On the other
hand, Ramirez et al. provided general views and a comparison of enzyme-based biosensor
modalities, their proposed trends, and reported applications [18]. Another comprehensive
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overview of biosensing approaches for in vivo screening of dopamine (DA) was presented
by Ferapontova [19].

While there are a significant number of review papers discussing NTs biosensors,
there is still a noticeable gap in the literature regarding enzymatic electrochemical moni-
toring of NTs. Furthermore, there is a particular need for emphasis on the utilization of
enzymatic biosensors in complex environments and for in vivo detection. Therefore, this
review provides a comprehensive overview covering the recent achievements and trends
in enzymatic electrochemical biosensors for neurotransmitter detection, with a focus on
dopamine, serotonin, norepinephrine, epinephrine, acetylcholine, and tyrosine. We begin
by discussing the significance of electrochemical biosensors in neurotransmitter detection
and the electrode materials and electroanalytical techniques associated with these sensors.
Next, we examine the applications of enzyme-based biosensors for neurotransmitter de-
tection in complex matrices, such as biological fluids, food, and environmental samples,
and discuss the various enzymatic electrochemical biosensors, including enzyme-modified
electrodes, nanostructured electrodes, and screen-printed electrodes. Additionally, we high-
light the challenges and limitations of these biosensors and strategies to overcome them.
Finally, we explore the application of enzyme-based biosensors for in vivo monitoring of
neurotransmitters, including the latest developments in biosensor design, fabrication, and
integration, such as microfluidic systems and wearable devices, for improved performance
and practical applications.

2. Electrochemical Biosensors
2.1. Significance of Electrochemical Sensors

Electrochemical sensors possess the capability of converting system chemical interac-
tions into exploitable electrical signals. These sensors have shown interest in wide-ranging
applications in various fields, including environmental monitoring [20,21], biological re-
search [22], and traffic management [23], making them increasingly popular as reliable
analytic tools and alternatives to other complex and traditional sensing techniques. Electro-
chemical biosensors have gained much attention as they provide a cost-effective sensing
tool with minimal training and expertise required compared to traditional sensing tech-
niques. Moreover, these sensors exhibit exceptional sensitivity, enabling swift analysis with
short response times, and perform at par with transducer microfabrication technology [24].
The constituents undergo a biological process that produces electrical signals [25,26]. As
illustrated in Figure 1, sensors typically rely on four essential components: (1) an analyte
support, (2) a bioreceptor, (3) a transducer, and (4) a measurement tool. Two crucial com-
ponents accurately detect and interpret the sample contents, the receptor networks that
interact with the analyte at the solid/liquid interface and the transducer that translates the
received information into appropriate electrical signals.
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2.2. Electrode Materials and Their Performances

Various electrode materials, including noble metals, carbon, and conductive polymers,
are accessible for the advancement of bio (chemical) sensors. Due to their remarkable
conductivity and superior electron transfer kinetics, noble metals such as platinum (Pt),
gold (Au), and silver (Ag) are frequently used. Furthermore, metal-based electrodes exhibit
a high level of stability and inertness. Gold is a highly favored material for biosensing
applications due to its compatibility for microfabrication and immobilization techniques,
and it can be used reliably in the range of −0.1 to 1.3 V [27]. One of the key advantages of
using Au is its ability to immobilize bioorganic materials, such as DNA, in a stable manner
while maintaining their bioactivity. This is particularly important in the development of
highly sensitive biosensors. On the other hand, Au is able to facilitate electron transfer
directly between redox centers and bulk electrode materials without the need for mediators.
This property makes gold an excellent material for electrochemical sensing. The high
stability of gold in terms of reactivity with other materials makes it a widely used material
for various applications. In addition, Au possesses a high interface energy that facilitates
the proximity of proteins and metals, thereby promoting effective electron transfer between
redox proteins and electrode surfaces [28].

Electrode-based indium tin oxide (ITO) has garnered significant attention due to its
cost-effectiveness, transparency, and ease of processing, making it a viable alternative to
noble metals. Furthermore, ITO offers a broader potential range compared to gold, spanning
from −0.4 to 1.9 V, albeit with a lower conductivity of 104 S cm−1 versus gold’s 107 S cm−1

and it is not stable in acidic environment [29]. Moreover, the electron transfer kinetics
of ITO are typically poorer compared to gold or glassy carbon. Carbon-based electrodes
comprise various materials classified based on the hybridization of carbon atoms. However,
graphite is composed of sp2 hybridized carbon atoms, ranging from simple graphene sheets
to highly oriented pyrolytic graphite (HOPG), whereas diamond contains sp3 hybridized
carbon atoms. Therefore, doped diamond structures like boron-doped diamond are widely
performed to enhance the diamond conductivity like boron-doped diamond. Glassy carbon
is another commonly used carbon material for electrode applications, as it can be processed
easily and has a broad potential range of use (−0.4 to 1.7 V). Although carbon electrodes
perform optimally when used with organic redox molecules, they are inherently reactive,
which creates a selectivity challenge in complex detection environments.

Electrodes comprised of conducting polymers such as polypyrrole (PPy), polyaniline
(PANI), and poly(3,4-ethylenedioxythiophene) (PEDOT) are commonly selected for their
mechanical flexibility and optical transparency. However, their electroactivity and conduc-
tivity are typically inferior to those made of carbon materials and noble metals, and they
may experience issues with long-term water stability [30]. Mercury, despite being the most
commonly used electrode material in polarography, has limited applications in biosensors
due to its inherent toxicity [31].

Advanced and novel materials for electrode fabrication and sensor construction are in
continuous demand for developing innovative technologies in this space. Among various
fabrication techniques, Chemical Vapor Deposition (CVD) is widely performed due to
the large area synthesis advantages, especially for carbon-based electrode materials [32].
CVD involves the deposition of a precursor gas onto a substrate, where the gas undergoes
chemical reactions and forms a solid film. This method allows for the controlled growth
of carbon materials with specific properties [33]. Besides noble metals and carbon-based
materials, conducting polymers can also be synthesized using the CVD technique. By
introducing gaseous monomers or precursors into a reactor and initiating polymerization,
conducting polymers like PPy or PANI can be deposited onto electrodes. In addition, laser
writing techniques have emerged as a promising method for electrode fabrication. These
techniques involve the use of laser beams to directly write or pattern electrodes on various
substrates [34]. Laser writing offers several advantages, including high precision, flexibility
in design, and the ability to create intricate electrode patterns. This technique allows for the
fabrication of custom-shaped electrodes with precise dimensions, enabling the optimization
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of electrode performance for specific biosensing applications. Laser writing can be applied
to a wide range of electrode materials, including noble metals, carbon-based materials, and
conducting polymers.

2.3. Electron Transfer Mechanisms

The analysis of electron transfer mechanisms is particularly important for the de-
velopment of biosensors, which rely on the detection of specific biomolecules to provide
information about biological systems. Two principal mechanisms of electron transfer are
available: indirect electron transfer (IET) and direct electron transfer (DET) as presented in
Figure 2 [35];
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• Direct Electron Transfer (DET): DET occurs when an electron is transferred directly
between an electrode and a redox-active molecule (such as a protein, enzyme, or other
biomolecule) without the need for any mediator. This mechanism is typically faster
than indirect electron transfer, as it avoids the need for a mediator, which can introduce
additional steps and slow down the reaction. In DET, the redox-active molecule must
be able to directly interact with the electrode surface, often through specific binding
interactions or through a suitable electronic pathway.

• Indirect Electron Transfer (IET): The process of IET in electrochemistry involves the
utilization of a mediator molecule to shuttle electrons between the electrode and the
redox-active molecule. The mediator molecule can accept electrons from the electrode
and transfer them to the redox-active molecule, or vice versa. This mechanism is
typically slower than DET, as it introduces an additional step and requires a mediator
molecule that must be carefully selected to match the redox properties of the target
molecule. Nevertheless, IET can be a valuable approach in situations where the redox-
active molecule is unable to interact directly with the electrode surface, or when the
redox reaction occurs at a considerable distance from the electrode.

2.4. Electroanalytical Techniques

Electrochemical sensors convert the information associated with the electrochemical
reactions (electrode–analyte) into an exploitable signal. They are mainly classified as amper-
ometric/voltammetric, potentiometric, and conductometric. Electrochemical transducers
are the most commonly used transducers in the construction of innovative biosensing
applications. Electrochemical analysis has advantages over other measurement systems in
terms of being rapid, simple, portable, and able to be easily miniaturized [36,37].
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Voltammetric techniques are a prevalent type of electrochemical analysis that involves
the application of a potential between a working electrode (WE) and a reference electrode
(RE), resulting in a measurable circulating current between the WE and the counter elec-
trode (CE). Typically, the voltammetric method relies on the measurement of a resulted
current of oxidation/reduction process at the electrode surface. The simplest form of
voltammetry involves the application of a constant potential and measuring the resulting
current over a specific time (amperometry) and integrating it over a period of time (coulom-
etry). Other advanced electroanalytical techniques, such as differential pulse voltammetry
(DPV) and square-wave voltammetry (SWV), can be applied through the variation of po-
tential over time for signal-to-noise ratio improvement or for the redox reaction analytical
measurement. Cyclic voltammetry (CV) is classified as voltammetric measurement which
is commonly utilized for the determination of reaction kinetics, diffusion characteristics, an-
alyte concentrations, and electrode dimensions, where the resulting current over the linear
applied potential range is directly proportional to the analyte bulk concentration [38–41].

2.4.1. Cyclic Voltammetry (CV)

Among the various electrochemical detection-based voltammetry measurements, CV
is the most performed technique due to its widespread use in examining the oxidation
and reduction potentials of the analyte, as well as in tracking reaction mass transfer.
The shape and position of peaks observed in the resulting CV curves can be used to
determine whether the response is a reversible or irreversible process. Furthermore, the
electrodeposition of material on the electrode surface can also be achieved using CV [42].
It is a very good technique for characterization and analysis. Slow-scan CV is commonly
performed with a scan rate below 100 mV/s for in vitro applications [43]. In a specific
study, NiO nanoparticles were employed by Jamal et al. [44] to determine the levels of
glutamate, achieving a sensitivity of 11 µA mM−1 cm−2 at a CV scan rate of 0.05 V/s, with
a limit of detection (LOD) of 272 µM. However, conventional CV’s slow time scale renders
it unsuitable for analyzing biological changes, leading to the emergence of fast-scan cyclic
voltammetry (FSCV) [45,46]. FSCV is capable of completing a single scan within a few
milliseconds due to its scan rates of several hundred V/s, typically around 400 V/s. Such a
feature makes it possible to detect rapid changes in neurotransmitter levels in the human
brain [47,48]. FSCV, in comparison to a traditional CV, boasts scan rates that are 1000 times
faster, typically operating at a speed of 400 V/s with a frequency of 10 Hz, thereby enabling
measurements with subsecond temporal resolution [49]. Despite its benefits, FSCV cannot
be used with larger conventional electrodes such as glassy carbon electrode (GCE), which
take a significant amount of time to stabilize the background current. Instead, FSCV works
best with carbon fiber (CF) microelectrodes due to their short time constant and background
current of several hundred nA [50].

2.4.2. Differential Pulse Voltammetry (DPV)

DPV is a sensitive analytical technique that involves the application of a linear ramp
potential with a series of voltage pulses to detect multiple NTs simultaneously. To do so, a
base potential is first selected, where no faradaic reaction occurs on the electrode, while
the base potential is then incremented by equal amounts between pulses. The current
measurements are taken immediately before and after each pulse to determine any changes
in NT levels [51]. This method offers a highly sensitive means of detecting NTs as well as
being able to detect multiple NTs by using a single pulse [52].

2.4.3. Square Wave Voltammetry (SWV)

To date, SWV is classified as one of the most advanced voltammetric methods widely
performed in fundamental studies and analytical applications for multiple compound
recognition, including pesticides, medicaments, biologically active substances, and many
more [53]. Compared with other voltammetric methods, SWV possesses the advantages of
a short analysis time, higher sensitivity, and a simple working set-up. Altogether, its great
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reduction of capacitance currents uplift it to be an attractive candidate for the quantification
of important components class of heavy metals, drugs, vitamins, and proteins [54]. Basi-
cally, SWV involves the application of a staircase-like ramp with square-shaped potential
pulses. Two equal potential pulses with opposite directions are applied at each ramp step,
completing a single potential cycle in SWV. SWV also shows appealing performance for
the detection and quantifications of NTs. Ma et al. [55] proposed a disposable SPE sensor
modified with multi-walled carbon nanotubes and Nickel(II) oxide (NiO/MWNTs) for
redox signal enhancement and background current improvement. The developed structure
displayed an enhanced response toward norepinephrine (NE) with a LOD of 0.05 µM mea-
sured at a concentration range of 0.75 µM to 30.0 µM. Similarly, Goyal et al. [56] used the
SWV to simultaneously detect adenosine and ATP using nanogold-modified ITO electrodes.
The detection mechanism relied on the catalytic properties of gold nanoparticles, which
facilitated adenosine oxidation and increased separation between the oxidation peaks of
adenosine and ATP, enabling simultaneous detection of both compounds. The reported
method displayed a LOD of 0.07 mM and 0.10 mM with a sensitivity of 22.9 nA mM−1 and
20.9 nA mM−1 for adenosine and ATP detection, respectively.

2.4.4. Amperometry

Clark introduced the first amperometry sensor that used an oxygen electrode, wherein
silver was oxidized, and a corresponding amount of oxygen was reduced into the water
via a gas-permeable membrane [57–59]. The amperometry technique involves measuring
current at a constant potential produced by electrochemical reactions of oxidation or
reduction of electroactive substances during a biochemical reaction. Amperometry sensors
enable the alteration of analyte concentration in their proximity, as the magnitude of the
current they measure is directly proportional to the concentration of the analyte. While a
steady state can be reached in these sensors, full equilibrium is typically not achieved. This
is commonly observed when utilizing a carbon-based working electrode and a reference
electrode acting as a counter electrode to maintain a consistent potential. This technique is
particularly effective in assessing the anti-interference capabilities of the sensor.

2.4.5. Chronoamperometry

Chronoamperometry measures the current response to a pulsed potential applied to
the WE compared to the RE [60]. Two general forms of chronoamperometric experiments
can be performed: single and double potential steps. The former involves applying
a forward potential and recording the corresponding current, while the latter involves
using the forward potential and returning it to the starting potential within a given time
period [61]. This technique is also useful in determining the anti-interference ability of the
analyte [62]. Lei et al. [63], used the chronoamperometric technique for epinephrine (EP)
detection based on a thin Ni6MnO8@C nanocomposite. The Ni6MnO8@C nanocomposite
was synthesized using hydrothermal and calcination processes, leading to a nanosheet
structure with an average thickness of 7–20 nm and a surface area of 254.26 m2g−1. The
developed epinephrine sensor showed high sensitivity to epinephrine within a linear range
of 0.01 to 800 µM and LOD of 3.33 nM. The selectivity was evaluated through possible
interfering substances such as glucose, lactose, folic acid, glycine, K+, Na+, and Cl−.

2.4.6. Chronocoulometry

Chronocoulometry involves measuring the adsorbed charge of electroactive species
over time [64]. Generally, chronocoulometry is used to determine diffusion coefficients
and for comprehending adsorption kinetics. This detection method finds wide applica-
tion in various fields, including the quantification of nucleotide molecules based on the
determination of the negative charge of the phosphate backbone in DNA strands through
the measurement of diffusion current generated by a positively charged redox probe [65].
In addition to nucleotidic molecule quantification, chronocoulometry is also used to de-
termine neurotransmitters in complex aqueous solutions. For example, Ortuño et al.
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suggested using a solvent polymeric membrane made of dibenzo-18-crown-6 (DB18C6) for
the determination of 2-phenylethylamine (PEA, central nervous system stimulant) using
chronocoulometry. The detection mechanism was based on the protonation of the DB18C6
membrane under the presence of PEA, whereas the LOD was reported between 1.7 and
2.7 µM using chronocoulometry [66].

2.4.7. Electrochemical Impedance Spectroscopy (EIS)

Impedance techniques refer to the resistance measurement created by a current flow at
a specific applied potential within a particular frequency range. Impedance represents the
vector quantity that comprises two independent scalar quantities, resistance and reactance,
denoted by Z [49]. In order to assess experimental results against an equivalent electrical
circuit, certain mathematical calculations are required. Electrochemical Impedance Spec-
troscopy (EIS) is a technique that can offer insights into multiple electrochemical properties
of a system, including mass transport, conductivity, reaction rates, as well as dielectric
constants, thus making EIS a useful tool for analyzing and interpreting experimental data.
Impedance can be visualized in two different ways: a Nyquist plot in a semicircular shape,
which describes the charge transfer process, or as a Bode plot. The Nyquist plot represents
impedance data in the complex plane, typically showing a semicircular shape, and is
used to analyze charge transfer processes and evaluate electrochemical properties. On
the other hand, a Bode plot displays impedance magnitude and phase angle as a func-
tion of frequency, providing insights into dominant processes and phenomena occurring
within the system. Together, these plots aid in understanding and interpreting impedance
measurements in various applications, ranging from electrochemical analyses to material
characterization and biosensing.

2.4.8. Potentiometric Techniques

Potentiometry is a technique that primarily involves measuring the potential difference
between two reference electrodes without the flow of current. The most commonly used
potentiometric sensors are ion-selective electrodes, which employ a membrane to generate
an ion-selective response (ISE), also used for detecting gases and biomolecules [67,68].
Chen et al. [69] utilized hydrophobic macrocycle Oxatub [4] arenes as a selective ionophore
in a potentiometric ISE for detecting acetylcholine. Accordingly, the suggested ionophores
exhibited outstanding stability, selectivity, and a lower limit of detection LOD of 100 nM.
Following the same principle, another established application named field-effect transis-
tors (FETs) is based on the measurement of the trapped ions at the gate electrode area.
However, there is some controversy regarding the validity of FET biosensors, especially in
nonpolarized interfaces like graphene/electrolyte interfaces. Therefore, to ensure that the
measurement results are not due to artifacts, it is essential to perform control experiments
that demonstrate the actual FET sensing of the analytes [70–72]. In view of this, Zhao
et al. [73] developed implantable aptamer–FET neuroprobes for neurotransmitter serotonin
monitoring based on aptamers coupled In2O3 surfaces. The resulting aptamer-FET neuro-
probes allowed for detection down to femtomolar levels of serotonin in brain tissue with
minimal biofouling.

2.4.9. Conductometric Techniques

The conductometric technique dedicated to biosensor applications is based on detect-
ing changes in conductance between a pair of metal electrodes in solution and investigated
in several biosensing applications [74,75]. For instance, Fabre et al. [76] suggested a con-
ductometric biosensor for dopamine detection using interdigitated microarray electrodes
coated with poly (aniline boronic acid). Under the binds of dopamine biomolecules to the
boronic acid groups, the conductivity of the polymer decreases, resulting in a noticeable
decrease in drain current at a constant offset potential. The developed dopamine biosensor
exhibits a LOD as low as 0.153× 10−7 M within a concentration range from 2.0× 10−5 M to
2.4 × 10−6 M and displays an interesting selectivity against ascorbic acid. Table 2 resumes



Chemosensors 2023, 11, 388 9 of 33

the different electrochemical techniques performances in term of sensitivity, selectivity,
response time, LOD, dynamic range, stability, and cost.

Table 2. Comparative analysis of performance parameters in electrochemical sensors.

Electrochemical Sensor Sensitivity Selectivity Response
Time

Detection
Limit

Dynamic
Range Stability Cost

Potentiometric Sensor High Moderate Fast Low Wide Good Low

Amperometric Sensor High Low Fast Very Low Narrow Good Moderate

Conductometric Sensor Moderate Moderate Moderate Moderate Moderate Good Low

Voltammetric Sensor High High Moderate Very Low Moderate Good High

Impedimetric Sensor Moderate High Slow Very Low Wide Excellent High

3. Applications of Enzyme-Based Biosensors for NTs Detection in Complex Matrix

Electrochemical enzyme-based sensors and biosensors have enabled the successful
detection of neurotransmitters in various biological samples including cerebrospinal fluid,
serum, blood, and urine. Additionally, recent research has demonstrated the feasibility
of conducting preliminary neurochemical tests on saliva and sweat samples using such
biosensors [77]. This suggests that biosensors could potentially serve as a valuable tool for
population screening and early identification of individuals who may be underdiagnosed
in the initial phases of neuro-diseases development [78]. The immobilization of enzymes is
a crucial aspect to consider when designing the biorecognition component of enzymatic
biosensors. Extensive literature has been reported related to enzyme immobilization
techniques, such as entrapment, covalence, adsorption, affinity, and cross-linking [35,79–81].
The ideal technique for enzyme immobilization is determined by several factors such as the
desired level of sensitivity, stability, reproducibility, and the specific application. In addition
to these factors, the level of difficulty associated with the immobilization process must also
be considered. The process of immobilizing enzymes poses several challenges, including
the need to preserve the enzyme’s biological activity and stability after being bound to
the surface, avoiding denaturation or conformational changes during immobilization, and
preventing enzyme desorption during use. Additionally, the immobilization process must
be carefully optimized to achieve high enzyme loading while maintaining optimal activity
and stability, and the choice of immobilization method may depend on factors such as the
application, enzyme properties, and the properties of the immobilization surface. Physically
entrapping enzymes in a biosensor, a process known as immobilization by entrapment,
is a simple and effective method. This approach allows for the simultaneous entrapment
of enzymes, intermediates, and additives in a single sensing layer without modifying the
biological element, thus preserving enzyme activity during immobilization.

Biosensors that use physically entrapped enzymes are typically valued for their im-
proved operational and storage stability. However, these sensors may have limitations
in terms of bioreceptor leaching and the potential for diffusion barriers to occur. Fur-
thermore, an optimal biosensor should be durable enough for long-term use. A variety
of techniques are available for immobilizing enzymes via entrapment, including carbon
pastes [82], sol-gel processes [83], clay-modified electrodes [84], electropolymerization [85],
and polysaccharide-based gels [86]. Immobilization by entrapment procedures are fre-
quently used for peroxidases, polyphenol oxidases, amino oxidases, and oxidoreduc-
tases [87]. Various approaches have also been explored to immobilize enzymes using
different nanomaterials [88–90]. Functionalized nanomaterials can increase the electroac-
tive surface area, leading to improved sensitivity and electron transfer kinetics, and can
also facilitate interactions between the electrode surface and the enzyme’s active center. We
have covered the enzymatic (tyrosinase-based, laccase-based, acetylcholinesterase-choline
based, glutamate oxidase-based, glucose oxidase-based, and other enzymes-based) electro-
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chemical biosensors for neurotransmitters detection by reviewing the relevant literature
and developments.

3.1. Tyrosinase-Based NTs Biosensors

Tyrosinase (Tyr) is an enzyme that catalyzes the oxidation of tyrosine to dopaquinone, a
compound that can be metabolized further to produce various neurotransmitters, including
norepinephrine, dopamine, and epinephrine. By measuring the amount of dopaquinone
produced by the tyrosinase reaction, the concentration of these neurotransmitters can
be indirectly determined. [91]. The Tyr enzyme-based biosensor holds great importance
in various fields due to its ability to accurately detect and monitor neurotransmitters
levels. Additionally, the inclusion of polymers and nanoparticles such as AuNPs with the
tyrosinase enzyme can enhance the sensitivity, stability, and reproducibility of the biosensor,
making it a highly effective and efficient tool for real-time monitoring.

In this context, Sethuraman et al. [92] have developed a biosensor for monitoring
dopamine using the tyrosinase enzyme, which can utilize both electrochemical and optical
signaling mechanisms. The biosensor was constructed by incorporating poly(thiophene-3-
boronic acid) and AuNPs with the tyrosinase enzyme, and its effectiveness was evaluated
using the differential pulse voltammetry technique. The developed biosensor demonstrated
a wide detection range of 50 nM to 30 µM, with a low LOD of about 20 nM. Alternatively, by
combining Tyr enzyme and nickel oxide nanoparticles (NiNPs), Roychoudhury et al. [93]
have developed an enzyme-based biosensor that can detect dopamine. A sol-gel method
and an ionic surfactant (sodium dodecyl sulfate) were used to synthesize controlled-sized
NiNPs. Tyr was then adsorbed onto the surface of NiNPs, and the enzyme-coated nanopar-
ticles were deposited onto a PET substrate coated with ITO. The reaction mechanism of the
electrochemical detection of dopamine is illustrated in Equation (1):

Dopamine
Tyrosinase−−−−−→
←
2e−

Dopamine− o− quinone + 2H+ (1)

The biosensor demonstrated good sensitivity of 60.2 nA/µM and a low LOD of
1.04 µM over a broad linear range of 2–100 µM. These results suggest that the biosensor
could be useful as a part of a point-of-care detection system.

A recent study has reported the immobilization of tyrosinase enzyme on the surface
of an indium-tin-oxide electrode modified with gold nanoparticles (AuNPs) and La2O3
nanostructures [94]. This novel approach resulted in improved long-term stability, repro-
ducibility, and a fast response time of less than 30 s. However, the detection limit for this
method was found to be in the micromolar range (0.258 µM), which is higher than previous
methods. Xie’s group [95] suggested the usage of the single-atom ruthenium catalytic
activity-based biomimetic enzyme for detecting both DA and AA. The enzyme-based
biomimetic biosensor was further utilized to detect the DA and uric acid (UA) in biological
serum within a LODs of 20 and 170 nM, respectively. Additionally, the developed structure
indicates good stability and a satisfying reproducibility and stability as detecting these
analytes. Fritea et al. designed two Tyr enzyme-based biosensors architectures for DA
detection through the combination the Tyr enzyme specificity with the enhanced sensitivity
achieved using layer-by-layer deposition of graphene oxide (GO)/β-cyclodextrin [96] and
reduced graphene oxide (rGO) /polyperrole (PPy)/β-cyclodextrin nanocomposite [97].
Both detection strategies demonstrated increased electroactive surface area and high per-
formance for DA detection, with sensitivities and LODs of 0.017 nA/µM and 3.9 µM [96],
and 0.012 nA/µM and 27 nM [97], respectively.

A biosensor was created by Kisner and coworkers [98] using ion-sensitive field effect
transistors with nanopores in the gates, allowing for highly selective and detectable sensing
of the neurotransmitter dopamine at micromolar concentrations. By immobilizing tyrosi-
nase onto the gates of the transistors, the researchers were able to change the acid-base
behavior on their surfaces. This change in behavior was likely due to the enzyme-catalyzed
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reactions that occurred on the gates of the transistors, which would have altered the chemi-
cal properties of the surface. The result of this immobilization was likely a functionalized
transistor that could detect dopamine or other similar molecules in a sample, potentially for
use in biosensors or other analytical applications. The biosensor demonstrated a linear re-
sponse to dopamine concentrations within the range of 10 µmol/L to 2 µmol/L, exhibiting
a sensitivity of 76 mV/log dopamine concentration, which falls within the physiological
range of dopamine released through synapses. Moreover, the sensor demonstrated an excel-
lent selectivity toward dopamine compared to GABA and glutamic acid, which presented
a crucial feature that has not been previously demonstrated in ISFETs.

A further biosensor approach has been developed to detect dopamine specifically, by
modifying a GCE with tyrosinase and multi-walled carbon nanotubes that has undergone
electrochemical pretreatment (tyrosinase/MWNT/GCE) [99]. In order to optimize the
performance of the biosensor, temperature, scan rate, and pH were investigated. Compared
to previously reported dopamine sensors that had undergone electrochemical pretreat-
ment, the suggested tyrosinase/MWNT/GCE biosensor exhibited a higher sensitivity of
1.323 mA M−1 cm−2 with LOD around 50 µM and a long-term stability with a 90% retained
signal after 30 days. Palomar and colleagues [100] utilized WS2 nanotubes functionalized
with carboxyl groups to immobilize tyrosinase and create an electrochemical biosensor for
dopamine detection (Figure 3a). Tyrosinase oxidized dopamine to dopamine-o-quinone,
which could be detected at a potential of −0.2 V. The sensitivity of the biosensor was
improved through the accumulation of dopamine facilitated by interactions between the
amine in dopamine and the carboxyl groups on the nanotubes. The resulting calibration
curve displayed two linear ranges, 0.5–10 µM and 10–40 µM, with the latter range exhibit-
ing lower sensitivity. These findings suggest that enzyme-based biosensors can benefit from
immobilization techniques while also emphasizing the importance of utilizing non-toxic
nanomaterials and eliminating potential interference in real-world samples.
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Figure 3. Tyrosinase-based NTs biosensors. (a) Functionalization step of tungsten disulfide modified
GCE for the detection of dopamine and catechol. Reproduced from Ref. [100], Copyright (2020), with
permission from the Royal Society of Chemistry. (b) Measurement setup and structural components
of the voltametric epinephrine biosensor based on multiwalled carbon nanotubes mediated tyrosinase.
Reprinted from Ref. [101], Copyright (2020), with permission from Elsevier. (c) Structural components
and detection mechanism of the developed tyrosinase biosensor made of poly (3,4 ethylenedioxythio-
phene) NPs decorated graphene quantum dots. Reprinted from Ref. [102], Copyright (2021), with
permission from Elsevier. (d) Schematic illustration of the modified Au working electrode and its
catecholase activity at the presence of dopamine and catechol. Reprinted from Ref. [103], Copyright
(2020), with permission from Elsevier. (e) Schematic description of norepinephrine measuring system
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based on Au/Cysteamine/Carbon dots/Tyrosinase enzyme structure. Reproduced under the terms of
the CC−BY license [104], Copyright 2020, The Authors, published by MDPI. (f) Schematic illustration
of the (Tyr@PANI/CNT/CNC) capacitive biosensor for dopamine quantification. Reprinted from
Ref. [105], Copyright (2020), with permission from John Wiley & Sons, Inc.

P. Gopal et al. reported a biosensor utilizing multi-walled carbon nanotubes (MWC-
NTs) which are physically adsorbed onto the electrode’s surface and tyrosinase enzyme
immobilization was reported to detect epinephrine (Figure 3b) [101]. The authors focused
on studying the electrochemical redox mechanism of epinephrine, noting two reduction
peaks at 0.181 V and −0.229 V during the reduction process. They also investigated
the impact of concentration on EP’s voltammetric behavior, discovering a positive lin-
ear correlation between peak currents and epinephrine concentrations. The proposed
approach exhibited excellent stability and selectivity, with an estimated LOD of 0.51 µM.
Additionally, Erkmen et al. [102] recently introduced a novel amperometric nanobiosen-
sor capable of detecting catechol, epinephrine, and norepinephrine simultaneously. The
nanobiosensor employed an immobilized tyrosinase enzyme on a platform composed of
poly(3,4-ethylenedioxythiophene) nanoparticles decorated with graphene quantum dots,
achieved through glutaraldehyde crosslinking (Figure 3c). The nanobiosensor exhibited a
wide detection range, specifically, 0.005–11 µM for catechol, 0.2–12 µM for epinephrine, and
0.1–2.5 µM for norepinephrine. Notably, the limits of detection for catechol, epinephrine,
and norepinephrine were determined to be 0.002 µM, 0.065 µM, and 0.035 µM, respectively.
In their research, Sýs [103] and colleagues explored the catalytic properties of the tyrosinase
enzyme through various immobilization methods (Figure 3d). Notably, they discovered
that covalently immobilizing the enzyme onto a gold support using a self-assembly process
significantly enhances its catecholase activity towards dopamine compared to physically
anchored enzyme. Furthermore, Baluta et al. [104] devised a compact biosensor that incor-
porated tyrosinase immobilization on a gold electrode, supplemented with a coating of
cysteamine and carbon nanoparticles (Figure 3e). This innovative biosensor exploited the
catalytic oxidation of norepinephrine (NE) to NE quinone, quantified through voltammetric
techniques like cyclic voltammetry and differential pulse voltammetry. Notably, the biosen-
sor demonstrated highly desirable attributes, encompassing a broad linear range spanning
from 1 to 200 µM, an impressive LOD of 196 nM, a limit of quantification of 312 nM, as
well as exceptional selectivity and sensitivity. Remarkably, the developed method proved
successful in determining NE concentrations in real sample analyses. In a recent investiga-
tion, researchers developed a disposable biosensor for rapid DA detection. The biosensor
employed the immobilization of tyrosinase on a polyaniline/carbon nanotubes/cellulose
nanocrystals (Tyr@PANI/CNTs/CNC) conductive film (Figure 3f) [105]. The synergistic
effect of the PANI/CNTs/CNC film acted as an excellent support for tyrosinase, effectively
enhancing the biocatalytic oxidation of DA to o-dopaquinone. Notably, the Tyr-based DA
biosensor exhibited a remarkable low LOD of 1.57 nM within a linear concentration range
of the biosensor spanned from 7 to 1000 mM, highlighting its potential for accurate and
sensitive dopamine detection.

In their study, Florescu and coworkers [106] presented a tyrosinase-based biosensor
that effectively detects dopamine. The biosensor features a gold electrode that has been
modified with a cobalt (II)-porphyrin film and cross-linked with tyrosinase, which serves
as an electrochemical mediator and enzyme support. To test the biosensor, DPV was
utilized, and the results showed enhanced selectivity toward DA in the presence of AA.
The biosensor demonstrated a consistent correlation between dopamine concentration
and the delivered signal with a sensitivity of 1.22 µA·cm−2·µM−1 and a low LOD of
0.43 µM recorded at a linear concentration range of 2–30 µM. When tested with dopamine
medication, the biosensor exhibited satisfactory performance confirmed by recovery rates
and relative standard deviation values below 5%. Additionally, the biosensor was found
to be suitable for use with real samples such as human urine and blood serum. The
incorporation of Prussian blue modified nickel oxide nanoparticles as an interface is a
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compelling approach due to Prussian blue’s electrocatalytic properties, which can improve
the biosensor’s sensitivity. Furthermore, the utilization of tyrosinase enzyme conjugates
as the sensing component is a widely used technique in biosensor development owing
to tyrosinase’s specificity for dopamine [107]. Tang and coworkers developed a sensing
platform based tyrosinase and carbon dot to detect dopamine with high precision and
discrimination [108]. The tyrosinase immobilized on MWCNT contributed to its long-
term stability. Additionally, the interference from ascorbic acid (AA), a major interfering
substance, was insignificant while monitoring 1 mM dopamine. Despite all the advantages
described in the aforementioned approaches, developing enzyme biosensors poses several
challenges, including identifying highly active enzymes and ensuring that the sensors are
sufficiently sensitive. To address these challenges, securing firm anchoring of the active
enzymes onto the semiconductor chip is crucial. Keeping the base film as thin as possible
is important to reduce response time and prolong the sensor’s lifespan. Additionally,
improvements are necessary to enhance the adaptability and stability of enzyme-based
biosensor approaches.

3.2. Laccase-Based NTs Biosensors

Laccase is a versatile enzyme that finds extensive use in biosensors for detecting
neurotransmitters. It achieves this by catalyzing the oxidation reactions of various neuro-
transmitters like dopamine, serotonin, and norepinephrine. The oxidation generates an
electric signal that is both measurable and quantifiable by the biosensor. Laccase-based
biosensors are highly advantageous owing to their high sensitivity, specificity, and stability,
thereby paving the way for their extensive application in the detection of neurotransmitters.
For this propose, Battista’s group [109] were able to create an organic electrochemical
transistor (OECT), which was seamlessly integrated into an e-textile through an additional
semiconducting polymer to a single cotton yarn. The transistor was then functionalized
with fungal laccase POXA1b for direct detection of Tyrosine. This type of biosensor holds
tremendous potential for non-invasive monitoring and prevention of various pathologies
in patients. The ability to detect Tyr in human physiological fluids is particularly signifi-
cant, as this amino acid is involved in multiple physiological processes and can aid in the
diagnosis and treatment of various conditions. In addition, this development in the field
of wearable technology and biosensors is promising and could potentially revolutionize
healthcare by improving patient outcomes.

By modifying carbon paper electrodes with molybdenum disulfide (MoS2) in flower-
shaped and ribbon-shaped morphologies, Govea and coworkers developed a new type of
amperometric dopamine biosensor based on laccase-based recognition [110] (Figure 4a).
Two distinct types of laccases (LacI and LacII) obtained from the Pycnoporus sanguineus
CS43 fungi were utilized as biorecognition elements, and their effectiveness was evalu-
ated in comparison to a commercially available laccase sourced from Trametes versicolor
(TvL). The sensing mechanism of the MoS2-Lactase electrode involves a series of electron
transfers. When dopamine is present along with oxygen, the enzyme catalyzes the oxida-
tion of dopamine, converting it into its corresponding dopamine-o-quinone (DOQ) form.
Subsequently, the DOQ species undergoes electrochemical reduction at the electrode’s
surface, leading to the regeneration of dopamine (DA) and the transfer of electrons to the
electrode. This electron transfer process results in the generation of an electrical current,
which serves as a measurable signal. Two linear detection ranges were observed for the
biosensors modified with MoS2-R and with all three enzymes, ranging from 0.1 to 0.5 µM
and from 1 to 5 µM. The LacII-based dopamine biosensor showed a remarkable sensitivity
of 340.3 nA/µM, and a LOD of 10 nM, recording the most superior values known for
dopamine detection using laccase enzyme. In a synthetic urine sample, the optimized
electrodes modified with LacII and TvL resulted in LODs below the average concentrations
of dopamine in real urine samples of 0.67 and 2.67 µM, respectively.
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Wu and coworkers developed an electrochemical sensor based on laccase and carbon
dots to detect dopamine (Figure 4b) [111]. During electrocatalytic oxidation of dopamine,
laccase has the ability to recognize and promote the electrocatalytic oxidation, while carbon
dots are used to immobilize laccase as well improve its electron transfer efficiency. By
performing EIS and DPV measurements on the modified electrode interface, it has been
found that the dopamine sensor has improved significantly in electrocatalytic activity,
exhibiting a low LOD of about 80 nM and an extensive linear range of 0.25 µM to 76.81 µM.
Furthermore, the sensor demonstrates excellent selectivity, allowing specific identification
of dopamine in the presence of other interferences. A practical demonstration of the
usefulness of this assay is provided by the analysis of dopamine in human serum.

Coelho et al. [112] have introduced an innovative sensing platform which utilized
laccase enzyme immobilized on the surface of GCE layered with MWCNTs (Figure 4c).
Laccase facilitates the oxidation of dopamine, resulting in the formation of dopamine
quinone as the primary product. Concurrently, molecular oxygen present in the solution is
reduced to water. Following the oxidation step, the dopamine-quinone species formed can
undergo electrochemical reduction on the biosensor surface at a potential of 0.23 V. This
reduction process leads to the regeneration of dopamine, completing the electron transfer
cycle. The developed biosensor has exhibited a linear correlation between peak current and
dopamine concentration, with a detection limit of 0.127 µM, as determined by SWV. The
biosensor has demonstrated excellent selectivity despite interference from substances such
as ascorbic acid, uric acid, and related phenolic compounds. It has been successfully used
to detect dopamine in pharmaceutical injections as well as synthetic biological samples.
In terms of operational stability, the biosensor demonstrated good intraday and interday
repeatability, as well as long-term storage capability. Furthermore, the biosensor was used
to determine spironolactone indirectly through the use of the analytical signal of dopamine,
which presented a LOD of 0.94 mg/L and satisfactory results were reported for commercial
pharmaceutical samples analysis.

Decarli et al. developed a novel biosensor by combining graphite, imidazolium zwitte-
rionic surfactants, halloysite nanotubes, and laccase [113]. This biosensor was constructed
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on a carbon paste electrode and exhibited promising outcomes owing to its rapid electronic
charge transfer and low capacitance. Under optimal conditions, the SWV method was used
to determine the level of dopamine within a linear range of 0.99 to 67.8 µM. The limit of
detection was found to be 0.252 µM. Additionally, the biosensor was efficiently employed
to measure dopamine concentrations in pharmaceutical samples. Silva et al. showcased
the potential of utilizing poly(allylamine hydrochloride)-stabilized gold nanoparticles as
a support for laccase enzyme immobilization in the creation of biosensors for dopamine
detection [114]. The biosensor exhibited excellent performance features, such as a linear
range for dopamine ranging from 0.49 to 23.0 µM, a limit of detection of 0.26 µM, remark-
able selectivity and stability, and outstanding repeatability. Furthermore, the biosensor
was effectively implemented in the determination of dopamine levels in pharmaceutical
samples, and the findings were consistent with those obtained using a spectrophotometric
technique. Cesarino et al. [115] developed a biosensor by electrocodepositing a polymer
layer (polypyrrole), MWCNT, and laccase enzyme onto a platinum electrode surface. This
simple method yielded a biosensor that can detect dopamine at concentrations as low as
0.14 µM, making it suitable for tracking dopamine in urine samples. The approach also dis-
played excellent reproducibility (2.9%) and repeatability (1.7%). The consistency between
the results obtained by the biosensor and the conventional HPLC method confirmed the
effectiveness of this biosensing architecture. Hua et al. [116] created an electrochemical
nanoplatform for dopamine biosensing by immobilizing laccase onto an inclusion complex
of β-cyclodextrin and benzaldehyde. The inclusion complex was generated onto screen-
printed carbon electrodes modified with reduced graphene oxide to create a biosensor with
enhanced electron transfer rate and excellent conductivity. This biosensor established a
biocompatible microenvironment, which allowed laccase to preserve its bioactivity. The
electrochemical behavior of dopamine on the modified electrode was analyzed, and the
biosensor displayed impressive anti-interference capabilities for dopamine detection even
in the presence of ascorbic acid. It was demonstrated that the biosensing approach was
capable of detecting dopamine concentrations between 0.1 and 70 µM, with a high detec-
tion limit of 0.3 µM. Furthermore, this biosensor was used to measure dopamine levels in
human urine samples, suggesting that it could add value for a range of routine sensing
applications. Wang and colleagues developed a laccase biosensor for dopamine detection
using silica nanoparticles that were functionalized with phytic acid (SiO2-PA NPs) [117].
The biosensor’s electrochemical properties were thoroughly investigated, and the results
showed excellent electrocatalytic activity towards dopamine, ranging from 0.99 to 103 µM
and an impressively low detection limit of 0.26 µM. These favorable performances are
attributed to the biocompatibility and nano-effect of the SiO2-PA NPs. The researchers
successfully applied the biosensor to determine dopamine in both pharmaceutical samples
as well rabbit blood serum. Wardek et al. used a one-step soft plasma polymerization
process to prepare laccase-based biosensors [118]. The biosensor was developed by creating
a bio-recognition layer on a glassy carbon electrode modified with MWCNT, using corona
discharge of cold atmospheric plasma at near-room temperature. The researchers optimized
the biosensors for various parameters such as voltage value, corona discharge generation,
helium flow rate, and laccase solution flow rate. The use of the MWCNT interlayer resulted
in a significant increase in dopamine detection sensitivity up to 22.35 µA/µM within a
linear range of 0.1 µM to 6 µM.

Recently, two different detection strategies based on silole derivatives and
laccase/horseradish peroxidase-modified Pt and Au electrodes have shown an attrac-
tive sensing approach for neurotransmitters detection [119]. The developed structures were
based on laccase immobilization on a poly(2,6-bis(3,4-ethylenedioxythiophene)-4-methyl-
4-octyl-dithienosilole)-modified Pt electrode for serotonin (5-HT) detection, whereas for
DA detection, the Au electrode was functionalized with poly(2,6-bis(selenophen-2-yl)-
4-methyl-4-octyl-dithienosilole) and horseradish peroxidase (HRP). The functioning of
the biosensing mechanism depends on the conversion of neurotransmitters into quinone
derivatives through catalytic oxidation. Both approaches exhibited considerable sensitivity,
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registering values of 0.0369 and 0.0256 µA mM−1 cm−2 for serotonin and dopamine, respec-
tively. Furthermore, they achieved detection limits of approximately 48 nM and 73 nM for
serotonin and dopamine, respectively. Interestingly, this method was effective in detecting
neurotransmitters in a complex detection environment at the presence of L-cysteine, UA,
and AA as interfering compounds. Altogether, these results demonstrate the potential
of using silole derivatives and modified electrodes for developing highly sensitive and
selective biosensors for neurotransmitter detection. Tseng et al. [120] investigated various
electrochemical deposition processes for selective enzyme immobilization, utilizing con-
ducting polymers. The authors utilized chitosan as an agent for enzyme immobilization, in
combination with permselective polymers such as polypyrrole and Nafion. This approach
is particularly attractive due to the ease of controlling the film’s thickness and the possibility
of entrapping the enzyme in a single step.

Ohshiro et al. [121] introduced a novel design based on a laccase-linked mediator mod-
ified organic field-effect transistor (OFET) for dopamine levels monitoring in urine samples.
The working principle of the developed structure is illustrated in Figure 5a and involves
the usage of laccase enzyme-linked self-assembled monolayers to oxidize dopamine on the
surface of working electrode. The designed platform was able to selectively detect target
dopamine over interferents using an enzyme-linked self-assembled monolayers modified
extended electrode (Figure 5b). Spike and recovery tests were also conducted using a
diluted human urine sample. In real-life scenarios, the developed OFET biosensor could be
utilized for dopamine levels measurement with comparable precision to commercial urine
analysis equipment, as shown in Figure 5c.
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3.3. Acetylcholinesterase-Choline Based NTs Biosensors

Acetylcholinesterase (AChE) is a crucial enzyme in the nervous system responsible for
regulating the neurotransmitter acetylcholine (ACh). This neurotransmitter is responsible
for facilitating chemical communication between neurons at synapses located in the central
and peripheral nervous systems. ACh signaling is vital for various biological processes,
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including the regulation of neurotransmitter levels, activation of ligand-gated ion channels,
and modulation of neuronal firing patterns. When the hydrolysis and diffusion of ACh at
synapses are not properly regulated, it can lead to various neurological and physiological
disorders such as Alzheimer’s disease [122] and myasthenia gravis [123]. Furthermore,
altered levels of ACh have been observed in individuals with behavioral, learning, and
sleep disorders [124]. In the same framework, a biosensor for detecting acetylcholine
has been created using electrochemically polymerized polyaniline-polyvinylsulphonate
(PANI-PVS) film, onto which acetylcholinesterase-choline oxidase (AChE-ChOx) has been
immobilized. This novel amperometric biosensor operates through the enzymatic oxidation
of H2O2, allowing for the quantification of ACh within a linear range of 0.1 to 0.6 µM [125].
Akhtar et al. have developed a new microfluidic dual-electrode sensor for detecting
acetylcholine [126]. The sensor comprises of a pair of screen-printed carbon electrodes,
with one electrode (a) used for enzyme reaction and the other electrode (b) used for ACh
detection. The electrodes were modified by coating them with AuNPs and a porous
gold layer. Subsequently, they were electropolymerized with 2,2,5,2-terthiophene-3-(p-
benzoic acid) (pTTBA). Acetylcholinesterase was immobilized on the reaction electrode,
while choline oxidase and hydrazine were co-immobilized on the detection electrode. The
microfluidic channel structure was precisely designed to allow for the sequential enzymatic
reactions that generate H2O2, which was further reduced by hydrazine to generate an
analytical signal for detection. The developed sensor exhibits excellent sensitivity and
specificity for detecting ACh, with a wide dynamic range of 0.7 nM to 1.5 µM and a LOD
of 0.6 nM. Furthermore, the sensor was tested for ACh detection in human plasma analysis,
indicating its potential application for clinical diagnosis. However, further studies are
required to validate the performance of the sensor in real-world scenarios and to assess its
reliability and robustness.

Recently, a new technique was developed to detect acetylcholine using covalently
immobilized acetylcholinesterase and ChOx on mesoporous magnetite nanoparticles and
MWCNTs [127]. In this work, the enzymatic reaction between AChE and ChOx results in
the production of H2O2, which enables the detection of ACh. Amperometric measurements
were carried out for ACh detection based on modification of glassy carbon electrode with
Fe3O4NPs, MWCNTs, and chitosan as shown in Figure 6a. The biosensor was found to
have a LOD of 0.61 nM and two linear ranges from 0.02 to 0.11 µM and 0.11 to 1.87 µM.
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Figure 6. Acetylcholinesterase-based neurotransmitters biosensor: (a) Stepwise microfabrication of
the MWCNTs-Fe3O4NPs-CS/AChE-ChOx-based Ach biosensor. Reprinted from Ref. [127], Copy-
right (2017), with permission from Elsevier. (b) Graphical illustration of the developed acetylcholine
biosensor based on AChE/PNR/Fe2O3NP/GCE. Reprinted from Ref. [128], Copyright (2020), with
permission from Elsevier. (c) Commercial graphene field-effect transistor image and the schematic
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description of graphene channel functionalization for the development of acetylcholine biosensor.
Reprinted from Ref. [129], Copyright (2020), with permission from Elsevier. (d) Operating principle of
the AChE fuel cells’ microstructure made of hPG-coated Pt wire as anode and Pt wire as the cathode.
Reprinted from Ref. [130], Copyright (2017), with permission from Elsevier.

A further biosensor capable of detecting acetylcholine was developed by modifying
electrodes with Fe2O3 nanoparticles, acetylcholinesterase, and poly(neutral red) (PNR)
films in an acid-doped ethaline deep eutectic solvent (Figure 6b) [128]. The morphology
and electrochemistry of PNR films were found to be significantly impacted by the poly-
merization solution used. The biosensor achieved high sensitivity and rapid response time
by utilizing DPV. The reported LOD for acetylcholine was 1.04 µM, and the biosensor was
able to detect acetylcholine in synthetic urine.

Fenoy et al. [129] suggested a graphene-FET based enzymatic biosensor for acetyl-
choline detection in which electropolymerized layers were used for interfacial design
improvement of the reduced-graphene-oxide (rGO) FETs (Figure 6c). The developed
acetylcholinesterase-modified rGO FETs displayed as stable and reproducible with an
enhanced sensitivity compared to conventional designs. The enzymatic rGO FET biosensor
was able to selectively detect acetylcholine in aqueous media, with an estimated LOD
of 2.3 µM. Such high performances may suggest that electropolymerized layers offer an
auspicious biosensing approach for neurotransmitter detection. Later, a biosensor that
can detect ACh in human plasma without an external power source has been developed
(Figure 6d) [130]. The biosensor uses an immobilized acetylcholinesterase onto a highly
porous Au electrode. The developed system consists of a miniature flow-through membrane-
less fuel cell, where the enzymatic electrode serves as the anode, generating power in
response to varying Ach concentrations. The created sensor displayed a quick average
response time (3 min) with a LOD of 1 µM measured at a linear detection range of 0.24 to
1.9 µM [130].

3.4. Glutamate Oxidase-Based NTs Biosensors

Glutamate oxidase (GluOx) is an enzyme that catalyzes the oxidation of glutamate
to α-ketoglutarate, producing H2O2 as a byproduct. GluOx-based biosensors take advan-
tage of this enzymatic reaction to detect the presence and concentration of glutamate in
biological samples. In this context, a biosensor was created to detect glutamate using a
nanocomposite of thionine and single-walled carbon nanotubes as a mediator and en-
zyme immobilization matrix. The biosensor demonstrated a fast response time of only
5 s, achieved through electrocatalytic oxidation of reduced nicotinamide adenine dinu-
cleotide (NADH). The linear detection range of the biosensor was between 0.5 to 400 µM,
and a LOD of 0.1 µM, making it a highly sensitive device for detecting glutamate [131].
Carbon-based materials and polymeric films have become increasingly popular for the
development of biosensors in recent years. These materials have shown great promise
due to their unique physical and chemical properties, which can be tailored to meet the
specific requirements of different biosensing applications. Ammam’s team detected gluta-
mate by utilizing the high conductive performance of polypyrrole/multi-walled carbon
nanotube (PPy/MWCNT) nanocomposite on platinum working electrodes in combination
with the selectivity of glutamate oxidase. This approach showed great performance in
detecting glutamate with minimal interference from other substances, including acetic
acid, paracetamol, and uric acid, which was attributed to the presence of a selective PPy
membrane. The authors claimed a LOD of 0.3 µM for glutamate using this method [132].
The unique properties of Titania and Ceria nanoparticles make them promising materials
for biosensor development. Nanocomposite materials containing these nanoparticles have
shown potential for creating highly sensitive and accurate biosensors. This is achieved
by uniformly dispersing the nanoparticles within a semipermeable chitosan membrane.
In a recent study, a nanocomposite material containing Titania and Ceria nanoparticles
was co-immobilized with the GlOx enzyme onto the surface of Pt microelectrodes. Under
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oxygen-free conditions, amperometric measurements were conducted and the biosensor
demonstrated a LOD of 0.5 µM and a sensitivity of 395 pA/µM. The response time was
5 s [133]. In addition, the incorporation of enzymes into the electrode structure results in
nanocomposites that exhibit improved electrochemical performance, specifically height-
ened sensitivity and crucial selectivity. For this propose a biosensor with potential for use in
hypoxic conditions was demonstrated through preliminary in vivo glutamate monitoring
in the cortex of Sprague–Dawley rats during cerebral ischemia and reperfusion [134]. Later,
a combination of MWCNT and chitosan (CHIT) was utilized to create a nanocomposite,
which was then used to encapsulate glutamate dehydrogenase (GlDH) and the co-factor
nicotinamide adenine dinucleotide (NAD+). This encapsulated material was then deposited
onto a Meldola’s Blue (Mel B)-modified screen-printed carbon electrode. The transducer
used in this process was a reagentless glutamate biosensor, and the resulting biosensor
displayed a linear response in the range of 7.5 to 105 µM. The LOD was found to be 3 µM,
and the biosensor exhibited a sensitivity of 0.39 nA/ µM. The response time of the biosensor
was between 20–30 s (Figure 7) [134].
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(a) Schematic illustration of the layer-by-layer drop coating system. (b) Schematic outline of the
glutamate and the GLDH enzyme at the SPCE surface for the analytical signal generation. Reprinted
from Ref. [134], Copyright (2015), with permission from Elsevier.

Another highly sensitive sensor was developed for glutamate detection using a modi-
fied glassy carbon electrode. This sensor was constructed by immobilizing Ni-Pd/core-shell
NPs through thermal polymerization of acrylamide (AM). The NPs were immobilized us-
ing a polyacrylamide (PAM) film as a matrix, with the synthesized Ni-Pd/core-shell NPs
serving as electrocatalysts (Figure 8a) [135]. Pundir and Batra have created a new biosensor
for detecting glutamate using a combination of carboxylated MWCNTs, AuNPs, and CHIT
composite film electrodeposited onto an Au electrode. The biosensor employs covalent
immobilization of GlOx, resulting in an amperometric detection method [136]. Indeed,
Salazar et al. [137] demonstrated that a carbon fiber electrode modified with Prussian blue
(CFE/PB) can be used as a transducer in micro-biosensors to detect glutamate, instead of
the traditional Pt and Pt-Ir transducers (Figure 8b). The PB-modified CFE was found to
provide highly sensitive H2O2 detection at a low applied potential (0.0 V vs. SCE), and
effectively prevented biofouling and interference from other electroactive compounds. The
biosensor showed a high sensitivity for glutamate over a good linear range (up to 150 µM),
with excellent anti-interference properties and a low detection limit.

Recently, Yang et al. [138] developed an improved l-glutamate biosensor using en-
gineered glutamate oxidase and a chitin-binding domain as a molecular tether, which
was immobilized onto a Prussian blue modified screen-printed chip with the biopolymer
chitosan. This immobilization strategy, presented in Figure 8c, combined with entrapment
and oriented bio-affinity, resulted in a highly sensitive biosensor with a sensitivity of
53.4 µA mM−1 cm−2 and a linear range from 25 µM to 300 µM, and a LOD of 9 µM. Com-
pared to previous biosensors, this strategy led to a three-fold increase in sensitivity and
excellent stability over 14 days, retaining over 95% of the original current response. The
biosensor also demonstrated strong anti-interference ability and accurately measured l-
glutamate in complex environments. In the same context, an electrode with high sensitivity
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to glutamate was developed through a simple electrodeposition process onto platinum
wires. The incorporation of metal nanoparticles and rGO synergistically enhances electron
transfer and expands the electroactive surface areas, resulting in superior performance. Ad-
ditionally, chitosan demonstrates its efficacy in preserving the activity of glutamate oxidase
and securely attaching the enzyme to the electrode as presented in Figure 8d [139]. The
modification of the electrode resulted in outstanding electrocatalytic properties specifically
tailored for detecting glutamate. With an impressive detection limit of 41.33 nM and a linear
response spanning a physiologically relevant concentration range, it exhibited exceptional
accuracy. Moreover, the developed biosensor demonstrated remarkable reproducibility by
retaining up to 90% of its initial sensitivity for at least 14 days, remaining unaffected even
after 30 consecutive operations. The integration of low applied potential and compact di-
mensions effectively minimized biofouling and interference from electroactive compounds.
These significant findings highlight the straightforward fabrication process and suggest
the potential applications of these modified electrodes in diverse neuroscience research
endeavors [139].
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electrodes functionalization and the final structure of the glutamate microbiosensor. Reprinted
from Ref. [137], Copyright (2016), with permission from Elsevier. (c) Immobilization of engineered
L-glutamate oxidase on screen-printed microchip with specific orientation for L-glutamate detection.
Reprinted from Ref. [138], Copyright (2023), with permission from Elsevier. (d) Stepwise coating
processes of the platinum wire for amperometric glutamate oxidase microbiosensor from GO elec-
trodeposition to electrochemical redox of glutamate and hydrogen peroxide. Reproduced under the
terms of the CC-BY license [139], Copyright 2020, The Authors, published by MDPI.

Batra et al. [140] showed that a nanocomposite of ZnONR and PPy had a synergistic
effect on the detection of glutamate at a pencil graphite electrode. They optimized an
enzymatic amperometric biosensor by adjusting the pH, temperature, substrate concen-
tration, and reaction time, achieving an impressive LOD of 0.18 nM while maintaining
a linear range of 0.02–500 µM. In another study, glutamate biosensor was developed by
covalently immobilizing glutamate oxidase the surface of gold microelectrode modified by
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polyaniline decorated with polypyrrole nanoparticles [141]. Tolosa et al. [142] introduced a
microprobe based on multi-electrodes array for rapid detection of glutamate. Then, a thin
film of iridium oxide was electrochemically deposited on the surface of the microprobe.
This allowed for the incorporation of an IrOx reference electrode in the microprobe. It
was demonstrated that the biosensors could detect a range of glutamate concentrations
that were physiologically significant and were able to distinguish between interfering
substances such as dopamine and ascorbic acid. Combining all the electrodes onto a single
device led to a reduction in baseline noise by approximately 61% in vitro and 71% in vivo.
The biosensor demonstrated a remarkable sensitivity with a LOD of 0.1 nM, alongside a
linear range spanning from 0.02 to 400 µM.

3.5. Glucose Oxidase-Based NTs Biosensors

Enzymes, as natural catalysts, have facilitated the development of enzyme-based
sensors that can accurately identify biological processes, networks, and neurochemicals
through targeted substrate selection. Given that certain non-electroactive neurotransmitters
such as glutamate, ACh, and ATP are difficult to detect using conventional electrochemical
methods [143]. To address this challenge, a straightforward approach was taken in the
development of a chitosan-based amperometric sensor that utilizes glucose oxidase (GOD)
to generate H2O2, whose electro-oxidation allows for the detection of glutamate. With a
quick response time of 2 s, the sensor showcases a LOD of 0.1 µM, a wide linear range
from 5 µM to 200 µM, and an exceptional sensitivity of 85 µA µM−1 cm−2 [144]. Moreover,
enzyme-based biosensors that utilize GOD and hexokinase (HEX) have been able to detect
purinergic neurotransmitters such as ATP and adenosine. This approach is based on the
enzymatic reaction of glucose oxidase (GOD) and hexokinase (HEX) to facilitate H2O2
oxidation on the working surface. The reaction occurs in the presence of ATP for GOD and
in its absence for HEX. The achieved LOD with this method is 4 µM with a sensitivity of
200 nA mM−1 mm−2, making it an effective technique for sensitive detection of ATP [145].
According to the authors, enzyme-based biosensors may be useful in detecting certain
neurotransmitters, but they are also subject to some limitations. The enzymatic biosensor’s
stability is susceptible to fluctuations due to the high cost of enzymes and the inherent risk
of denaturation.

3.6. Other Enzymes-Based NTs Biosensors

The fabrication process for an enzymatic biosensor for multi-detection of catecholamines
NTs (DA and EP) based on copper efflux oxidase was demonstrated by Algov et al. [146]
(Figure 9). With a resolution of 10 nM and a linear range extending to 100 nM in artificial
sweat samples, the biosensor proves to be well-suited for real-time analysis of catecholamines
in sweat samples. Their objective was to create a straightforward and economical biosensor
for the detection of neurotransmitters that utilizes non-hazardous reagents. A variety of
biosensors have been developed using an electroactive layer composed of carbon nanomate-
rials and Au nanoparticles, with immobilized enzymes. These biosensors have demonstrated
the successful detection of neurotransmitters by catalyzing their oxidation and then evaluated
using different electrochemical methods. Marinesco reported that carbon fiber microelec-
trodes can be modified with enzymes, aptamers, nanomaterials or etched to reach nanoscale
dimensions for intracellular investigation to obtain sensitive and specific in situ neurotrans-
mitter detection [147].

Table 3 presents the performance parameters s of enzyme-based electrochemical neuro-
transmitters biosensors. Enzymatic biosensors have proven to be invaluable in the detection
of neurotransmitters, owing to their remarkable specificity and sensitivity features. To
further enhance their performance (monitoring of neurotransmitters) in complex environ-
ments, researchers are actively exploring novel methods to enhance the stability, sensitivity,
as well as the specificity of these biosensors. With advancements in nanotechnology and
electrode materials, the biosensors could provide even more precise and accurate measure-
ments, leading to a better understanding of neurotransmitter dynamics in the brain and
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their involvement in various neurological disorders. Nonetheless, employing enzymatic
biosensors for in vivo monitoring of DA levels presents certain drawbacks, such as inherent
instability, enzymatic activity degradation, and intricate immobilization protocols.
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Table 3. Performances of enzyme-based electrochemical neurotransmitters biosensors.

Biosensor Structure Enzyme Analyte Technique Linear Range
(µM)

Detection
Limit (µM) Ref.

Au-disk microelectrode Tyrosinase Dopamine Amperometry 20–300 0.24 [141]

Polyphenilenediamine–Platinum
disc electrodes

Adenosine
deaminase Adenosine Amperometry 15−100 7.2 [145]

Pyrene-azide/GCE Copper efflux
oxidase

Dopamine
Epinephrine DPV 10 × 10−3–0.1 10 × 10−3

10 × 10−3 [146]

MWCNT–GCE Monoamine
oxidase Serotonin DPV 0.56–2.26 0.2 [148]

Prussian–ITO Monoamine
oxidase Dopamine Amperometry 140–1000 86 [149]

Fe3O4@AuNPs−GCE Peroxidase Dopamine Voltammetry
CV 10–100 58 [150]

SWCNT-PEDOT−Au
microelectrode arrays Tyrosinase Dopamine CV 0.1–0.5 2.4 [151]

Platinum microelectrode array Glucose
oxidase

Glutamate
γ-aminobutyric

acid
Amperometry 20–1200

50–2200
20
50 [152]

Poly[2,6-bis(3,4-
ethylenedioxythiophene)-4-methyl-

4-octyl-dithienosilole/Pt
electrode

Laccase Serotonin
Dopamine CV 0.1–200 48 × 10−3

73 × 10−3 [119]

4. Application of Enzyme-Based NTs Biosensors: In Vivo Monitoring

The in vivo detection of neurotransmitters is an important tool in neuroscience re-
search and can provide valuable insights into the mechanisms underlying various neu-
rological and psychiatric disorders. To create a biosensor that could potentially be used
in fermentation processes and neuroscience studies, researchers explored a method for
selectively immobilizing enzymes on microelectrode arrays. Accurately capturing the
comprehensive concentration profiles of neurotransmitter release and spillover into the
extracellular fluid presents a significant challenge due to their fleeting nature. To achieve
fast mass transport and then overcome this challenge, ultrathin electrode coatings are
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recommended in the literature. A microbiosensor based on the enzymatic oxidation of
L-glutamate by a specific enzyme, L-glutamate oxidase, was developed by Tian et al. [153]
to measure L-glutamate release from neural tissue in real time. During the design process,
phenylenediamine was electropolymerized on Pt microelectrodes, and then glutamate oxi-
dase was encapsulated in a sol-gel layer and deposited on the polymer-coated electrodes.
Due to the porosity of the sol-gel layer, substrate and hydrogen peroxide diffusion was
facilitated, and permselective membranes prevented the exposure of common reductive
partners. The miniaturized biosensor demonstrated a rapid response time under 10 s and
exhibited a linear relationship with L-glutamate concentration from 0.5 to 100 µM with
high sensitivity. Additionally, the biosensor sustained excellent stability over a long period
of time. A study conducted by Alizadeh’s group [154] reported the development of highly
sensitive electrochemical and colorimetric sensors for determining epinephrine using CuO
nanorods (NRs) supported by the lacasse enzyme. The developed bioplatform was able
to oxidize EP to a colored product, without interference from major interfering agents.
The electrochemical investigation revealed the remarkable electrocatalytic performance
of CuO nanorods in the oxidation of catecholamine EP. The signals obtained from DPV
exhibited a positive correlation with the concentration of EP within the range of 0.04 to
14 µM. Notably, the LOD for EP was determined to be 20 nM, whereas the colorimetric
sensor showed a linear range of 0.6–18 µM. Additionally, the sensor demonstrated the
ability to detect EP released by living PC 12 cells. The reported sensor has a high bio-
compatibility which makes it ideal for developing in vitro and in vivo high-performance
sensors. Njagi and coworkers [155] developed an implantable biosensor for the in vivo
monitoring of dopamine, utilizing a carbon fiber microelectrode with tyrosinase immo-
bilized in a biopolymer matrix of chitosan and ceria-based metal oxides. The biosensor
demonstrated excellent analytical performance, featuring a low LOD of 1 nM and a linear
range from 10 nM to 220 µM, and it exhibited good selectivity against various interfering
compounds. The biosensor was tested in an anesthetized rat, demonstrating the ability
to continuously monitor electrically stimulated dopamine release with levels exceeding
1.69 µM. For real-time dopamine monitoring in vivo, this implantable biosensor offers a
cost-effective and noninvasive alternative to FSCV.

Ganesana et al. [156] have established a glutamate biosensor based on chitosan as a
matrix for immobilizing glutamate oxidase enzyme on platinum electrodes. In order to
monitor glutamate levels in vivo and in brain slices, they have miniaturized the biosensor
to less than 50 mm in diameter. The biosensor exhibited outstanding precision and prompt
response time, taking approximately 2 s, and demonstrated resilience to external interfer-
ence. With a linear detection range of 5 to 50 µM, this study highlights the biosensor’s
capability to maintain stability for up to a week when kept in a dry environment at +4 ◦C,
while it reported consistent outcomes across multiple batches. Additionally, the biosensor
was effectively utilized to measure the release of stimulated glutamate in both brain slices
and in vivo, yielding successful results. It may be possible to monitor glutamate levels
in vivo with minimal tissue damage using this biosensor. It would be beneficial to conduct
further investigations on the long-term stability of the sensor as well as its suitability for
long-term in vivo applications in the future.

Bermingham et al. [157] enhanced the efficacy of a biosensor composed of a polymer
and enzyme composite, designed to monitor the levels of neurochemical glutamate in vitro,
by optimizing its sensitivity, selectivity, and stability. The initial version of the biosen-
sor employed Pt/glutamate oxidase and exhibited appropriate sensitivity calculated to
90.4 nA/µM. and biocompatibility, as well as ideal stability. Repeated calibrations, electron
beam sterilization, and storage at +4 ◦C for 28 days, as well as testing in ex vivo rodent
brain tissue for 14 days, did not result in a significant decrease in response. The pres-
ence of primary electroactive interferents at extracellular levels could potentially generate
non-glutamate signals, but these signals are typically less than 5% of the basal glutamate
response at 10 µM. While molecular oxygen interferes with glutamate, its effects are mini-
mal at concentrations between 10 and 100 µM. The biosensor is reported to be well-suitable



Chemosensors 2023, 11, 388 24 of 33

for neurochemical monitoring due to its low µM limit of detection of 0.44 µM and rapid
response time (approximately 1.67± 0.06 s). Additionally, the biosensor remains unaffected
by changes in pH and temperature within relevant pH and temperature ranges. As a result,
it appears that the composite biosensor is reliable at detecting L-glutamate. Further, initial
experiments conducted on rats have revealed that physiological fluctuations in glutamate
levels caused by behavioral or neuronal stimulation can be identified through enduring
recordings over several weeks. The current methods for tracking neurotransmitter levels in
real-time in living organisms have been difficult due to low spatiotemporal resolution. To
better understand the neural mechanisms underlying neurological disorders, it is crucial to
accurately monitor the levels of both excitatory and inhibitory neurotransmitters, such as
L-glutamate and GABA, which are key players in the cortical excitation/inhibition balance.
In their study, Chu et al. [158] presents a flexible electrochemical microsensor that allows
for simultaneous real-time detection of both L-glutamate and GABA levels (Figure 10).
A flexible polyimide substrate was used to minimize brain damage during implantation
and enhanced with Pt-black nanostructures to improve sensitivity. The sensor’s perfor-
mance was validated through various tests, including in vitro and in vivo experiments
on neuronal cells and anesthetized rats, and it was found to be both long-lasting and
biocompatible. Microprobes incorporating dual L-glutamate GABA sensors provide an
unprecedented solution for monitoring excitation vs. inhibition (E:I) with precision and
extended reach. With this breakthrough technology, studies can be conducted to study the
neural mechanisms that underlie diseased brain function.
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Figure 10. Platform for simultaneous real-time detection of NTs (a) Schematic illustration and
detection mechanism of L-glutamate and GABA biosensing in vivo brain. (b) L-glutamate calibration
curve with 1.74 nAmm−2µM−1 at a linear range of 5–100 µM. (c) GABA calibration curve with
1.34 nAmm−2µM−1 at a linear range of 10 to 100 µM. Selectivity test of (d) L-glutamate and (e) GABA
detection at the presence of numerous interferons including (ascorbic acid, dopamine, etc.). (f) In an
anesthetized rat’s brain, a recording of L-glutamate and GABA detection signals using 70 mM KCl
stimulation. Reprinted from Ref. [158], Copyright (2023), with permission from Elsevier.

Implantable microelectrodes play a crucial role in analyzing neurochemical activity
within the brain through in vivo electrochemical sensing. Nevertheless, the intricate and
ever-changing nature of the brain’s neurochemical network poses significant challenges
when developing these sensors. Overcoming these challenges necessitates achieving high
sensitivity, and minimal interference with brain function. While progress has been made in
the advancement of materials and innovative technologies, certain gaps persist in attaining
these objectives. This comprehensive review focuses on recent endeavors to address key
issues concerning enzymatic electrochemical sensors. By exploring the latest methodologi-
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cal advancements, we propose potential solutions for each challenge, aiming to provide
practical and inspiring guidelines that can shape future research in this field [159].

5. Summary and Outlook

Enzymatic electrochemical biosensors have shown great potential in the detection of
neurotransmitters in complex environments (serum, urine, sweat, and blood) as well as
in vivo. On the other hand, integrating enzymatic processes with electrochemical sens-
ing measurement has proven to be a successful strategy for detecting neurotransmitters,
as enzymatic reactions can enhance the specificity and sensitivity of the biosensors. De-
spite the remarkable advancement in neurotransmitters quantification-based enzymatic
biosensors, several challenges persist hindering their widespread usage in clinical diag-
nosis and real-time monitoring [160]. Therefore, the key areas of interest for establishing
new sensing strategies for future fundamental research are mainly addressed to identify
different schemes related to: (1) The improvement of the enzyme stability for long-term
functionality and reliability, as enzymes are prone to losing activity and denaturation due to
environmental factors such as temperatures and pH. (2) The enhancement of the detection
sensitivity without compromising other parameters’ efficiency, such as response time and
stability, following various signal amplification methods and innovative transducer designs.
(3) Promoting substrate selectivity, as enzymatic biosensors rely on the specificity of en-
zymes to their substrates for accurate detection. However, maintaining high selectivity
when dealing with complex samples containing interfering is still an active research field.
(4) Upgrading the biocompatibility and biodegradability to minimize any adverse effects
such as causing toxicity or triggering an immune response for a successful long-term ap-
plication. (5) Optimizing the transducer integration for efficient signal transduction and
minimum signal loss with optimum compatibility between the enzyme and transducer
materials. (6) Reducing the cost-effectiveness and advancing the scalability are two key
considerations toward commercial viability and an ongoing challenge. (7) The investigation
of the miniaturization and portability possibility for point-of-care diagnostics and wearable
devices through optimization of the transducers’ dimensions and ease of use.

Currently, various strategies are being explored to address these challenges, including
the utilization of protective coatings and encapsulating enzymes in nanostructures [161].
In this context, using metal-organic frameworks (MOFs) as a substrate for enzyme immobi-
lization can improve biosensor performance. MOFs provide a highly stable environment
for enzyme immobilization, protecting the enzyme from degradation and improving its
stability. Additionally, the porous structure of MOFs allows for a high enzyme loading
capacity, increasing the amount of enzyme available for catalysis and improving biosensor
sensitivity. The presence of metal ions in the MOF structure can enhance enzyme binding
and activity, further increasing biosensor sensitivity. MOFs can also be functionalized
with specific chemical groups to improve enzyme selectivity towards specific substrates,
reducing interference from other components in the sample and improving biosensor selec-
tivity [162,163]. Additionally, to reduce the false reading signals created by interference
molecules present in complex detection environments, researchers are developing new
sensing approaches based on selective membranes or coatings [164,165].

To address the biocompatibility challenge for medical diagnosis applications might be
difficult to achieve, as the biosensor must be designed to operate in a specific physiological
environment. Researchers are exploring biocompatible materials and coatings for biosen-
sors, as well as developing biosensors that are specifically designed for in vivo applications.
The integration of enzymatic biosensors with microfluidic devices presents a unique set
of challenges, as the small dimensions and complex fluidic environments involved can
significantly impact the accuracy and reliability of the device. As such, meticulous design
and optimization of the microfluidic channels and sensing elements are necessary to en-
sure dependable and reproducible detection. This requires a thorough understanding of
the interactions between the sensing elements and the microfluidic environment and the
development of precise control systems for fluid flow, mixing, and transport. Advanced mi-
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crofabrication techniques, such as soft lithography and microfluidic chip fabrication, have
been developed to address these challenges and provide high precision and reproducibility
for enzymatic biosensors integrated with microfluidic devices. However, further advance-
ments in this field are necessary to overcome such barriers and unleash the potential of
these devices for various biosensing applications [166].

Down the line, it is important to focus on the synthesis of transducers at large-scale
manufacturing with improved biocompatibility for better integration with biosensors,
which will ameliorate the cost-effectiveness and encourage the development of superior
customized sensors. Additionally, enhancing the commercialization of enzymatic biosen-
sors can be achieved through collaborations between electronic experts, nanomaterials
scientists, and clinicians to further enhance the sensing technology and contribute to im-
proving patients’ daily lives. On the other hand, numerous published papers lack the
necessary substantial evidence of enzymatic superior analytical performance or neglect cru-
cial experiments to demonstrate its usability under physiological conditions and stability
for successful commercial biosensor development. Therefore, it is highly recommended
to promote increased comprehension of the optimum operational conditions and work-
ing principles of enzymatic biosensor-based neurotransmitter monitoring to enhance the
effectiveness and influence of enzymes on the delivered signal.

In summary, this review summarizes the recent advances and challenges in enzymatic
electrochemical biosensors for neurotransmitters detection. Specific interest was given to
the detection mechanism and optimum operational condition of enzymes via resuming
various research efforts devoted to grasping the highest sensing efficiency of NTs using
electrochemical detection methods. A comparative study based on a specific discussion of
the performance metrics, enzyme classification, and the used electrochemical technique
was here delivered to highlight the potential of these biosensors to revolutionize the field
of neuroscience, clinical diagnosis, and drug discovery. In conclusion, there is still ample
opportunity to improve the performance of enzymatic electrochemical biosensors for NTs
detection by addressing the aforementioned limitations through interdisciplinary and
multidisciplinary research conducted by scientists.
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