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Abstract

Dopamine is an important neurotransmitter that regulates mood, memory, endorphin production,
etc. Dopamine is a catecholamine neurotransmitter that is extensively distributed throughout the
central nervous system. High dopamine levels signify cardiotoxicity, which causes hypertension,
heart failure and fast heartbeats. Conversely, reduced dopamine levels in the central nervous
system have been connected with a number of neurological conditions, including depression,
stress, Parkinson's disease, schizophrenia and Alzheimer's disease. Therefore, the development of
sensitive, selective, and trustworthy dopamine detection techniques is crucial for biomedical
research and clinical diagnostics. Electrochemical biosensors have become a promising platform
in analytical techniques because of their high sensitivity, rapid response time, low cost, and
suitability for miniaturization. There have been significant advances in the development of
electrochemical biosensors based on nanomaterial platforms for detecting dopamine over the
past several years. Researchers have used advanced functional nanomaterials, including carbon
nanostructures, metal and metal oxide nanoparticles, conducting polymers, molecularly imprinted
polymers and hybrid nanocomposites to enhance the electron transfer rate, improve the selectivity
of responses and reduce detection limits on their biosensors. The most recent developments in
electrochemical dopamine sensors from 2022 to 2025 are thoroughly reviewed in this paper, with
a focus on nanomaterials and electrode engineering. Additionally, current issues are emphasized,
such as sensor stability, repeatability and interference from coexisting biomolecules. Finally,
future perspectives toward wearable devices, point-of-care diagnostics, and sustainable sensor
materials are outlined.
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Neurotransmitters; Electrode engineering; carbon-based nanomaterials; MXenes; hybrid
nanocomposites; polymer based materials

Introduction

Dopamine (DA) is 3,4-dihydroxyphenethylamine, a small catecholamine neurotransmitter
composed of an ethylamine chain and a catechol ring. Dopaminergic neurons are primarily located
in regions such as the ventral tegmental area and substantia nigra, but they are also present in
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peripheral tissues, including renal glomeruli and sympathetic ganglia. Dopamine is a catecholamine
neurotransmitter that is widely distributed throughout the central nervous system (CNS). Dopamine
affects several rewarding behaviours, motor control, attention and neural plasticity, and is essential
to memory and learning. Dopamine (DA) is found in the mammalian central nervous system and is
involved in regulating human emotions and thought processes. It also has a major impact on the
hormonal, cardiovascular and memory systems [1,2]. The normal level of DA in human serum and
blood is 1.0 to 1000.0 nmol L. A high dopamine level is a sign of cardiotoxicity, which can cause
drug addiction, high blood pressure, heart failure and fast heartbeats. However, several neurological
diseases, such as stress, Parkinson's disease, schizophrenia, depression, and Alzheimer's disease,
can occur due to low dopamine levels. As a result, DA determination is crucial for the accurate
diagnosis and management of related illnesses within biological systems. DA levels can be precisely
determined using easy, affordable, sensitive, and selective technologies is essential [2,3].

The conventional methods to measure DA include enzyme assay, liquid chromatography, mass
spectrometry and capillary electrophoresis. All of these would provide high sensitivity and accurate
measurements. Among the various methods listed, high-performance liquid chromatography (HPLC)
combined with mass spectrometry (HPLC/MS) is the most commonly used of conventional methods.
The HPLC/MS is also viewed as the preferred method; many of the conventional methods are
relatively costly, involve intricate and specialized equipment and are not ideally suited for point-of-
care testing. However, electrochemical biosensors are a more affordable option for the detection
of DA than previous methods and have many advantages such as low cost, rapid response time, high
sensitivity and ability to be used in point-of-care settings [4,5]. Dopamine is an electroactive
substance; it can also participate in reversible redox reactions. This means that dopamine can be
easily measured using electrochemical methods. A problem that arises when dopamine is measured
electrochemically is that other electroactive substances can interfere with the measurement.
Coexisting electroactive substances, such as ascorbic acid and uric acid, which are present at
significantly higher concentrations than dopamine, are found in combination with dopamine in
human bodies, causing significant interference [6,7].

In recent years, the use of nanomaterials to modify electrodes has gained much interest in over-
coming these issues. Advanced functional nanomaterials, including graphene and its derivatives as
well as carbon nanotubes, metal or metal oxide nanoparticles, conducting polymers, molecularly
imprinted polymers and hybrid nanocomposites, have been studied extensively to improve the rate
of electron transfer and increase the active surface area of the electrode while also enhancing the
selectivity for dopamine. They can also be used to create non-enzymatic and enzyme-free sensing
platforms that exhibit improved stability and reproducibility in addition to improving analytical
performance [8,9].

Several comprehensive reviews on dopamine biosensors have already been reported in the
literature [1-4]. However, most existing reviews focus primarily on material development and
sensor fabrication, and comparatively little attention has been paid to systematic performance
comparisons and the clear identification of research gaps. Thus, this review provides a
comprehensive and critical evaluation of recent advances in the field of nanomaterial-based
electrochemical dopamine biosensors, with particular emphasis on comparative analysis and
existing limitations. The purpose of this mini-review is to summarize the latest developments (2022
to 2025) in electrochemical biosensors that use nanomaterials as substrates for dopamine
detection, with an emphasis on detection mechanisms, material selection, analytical performance,
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and real-sample applications. Current challenges and future directions for developing wearable,
point-of-care, and environmentally friendly devices for detecting dopamine are also described.

Electrochemical detection of dopamine

Sensing mechanism

Dopamine (DA) is electroactive and can therefore be readily oxidized at an electrode surface,
enabling electrochemical detection. The schematic for the electrochemical sensing mechanism of
DA is shown in Figure 1. Electrochemical behaviour of DA is primarily controlled by a reversible redox
process where dopamine is oxidized to dopamine-o-quinone and then reduced back to dopamine.
The redox reaction typically involves the transfer of electrons and protons and is usually defined as
quasi-reversible under suitable experimental conditions [10,11]. The process of converting DA to
DA-o-quinone by losing electrons during oxidation can lead to further participation in chemical
reactions, depending on the solution pH and the electrochemical properties of the electrode surface
where the reaction occurs. The redox behaviour of DA can be affected by many factors, including
pH of the solution, type of electrode material used, experimental surface modifications to that
material and the presence of compounds that interfere with the measurement. In biological fluids,
DA is frequently found with other electroactive compounds such as uric acid and ascorbic acid,
which have similar oxidation potentials. As such, their presence complicates the selective detection
of DA. Therefore, surface engineering of electrodes using nanomaterials to enhance selectivity and
sensitivity is necessary [12,13]. Based on this electrochemical behaviour, the performance of DA
sensors is strongly dependent on the choice of electrode material and its surface properties. In
particular, enhancing electron-transfer kinetics and minimizing interference from coexisting species
are critical to achieving accurate and selective detection. Therefore, recent research has focused on
the use of advanced nanomaterials and optimized electrochemical techniques to improve sensing
performance. In the following section, the commonly used electrochemical techniques for DA
detection are discussed in detail.
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Figure 1. Schematic illustration of the electrochemical sensing mechanism of dopamine

Electrochemical techniques

Electrochemical methods are commonly used to detect DA because of their high sensitivity, fast
reactions and ease of use. Each of these methods uses either current or impedance changes in
response to the redox reaction of DA on the electrode surface to provide accurate quantitative
measurements, even at low concentrations [14]. In addition, new techniques such as modifying
electrode surfaces and integrating nanomaterials onto electrodes have helped improve the
selectivity and analytical performance of these techniques. The techniques covered in this section
include cyclic voltammetry, differential pulse voltammetry and amperometry.
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Cyclic voltammetry

In cyclic voltammetry (CV) tests, a current is generated by sweeping the potential between two
electrodes over a range according to the analyte's redox reaction. This redox reaction changes the
peak current, which may be related to the analyte's concentration, yielding specific quantitative
analytical data. This approach offers quantitative information from peak current intensity and
gualitative information from the peak's probable position [15,16]. For instance, when dopamine is
oxidized by cyclic voltammetry, an oxidation peak characteristic of this biomolecule is observed. This
molecule can be quantified, and calibration curves can be generated by examining the change in the
intensity of the oxidation peak seen in the cyclic voltammograms for varying DA concentrations.

Differential pulse voltammetry

Differential pulse voltammetry (DPV) is a variation of linear sweep voltammetry in which the
potential linear sweep is superimposed with a sequence of regular voltage pulses. A popular and
extremely sensitive method for detecting low concentrations of DA is differential pulse voltam-
metry. In DPV, the electrode is held at a base potential selected so that no faradaic reaction occurs.
Between pulses, the base potential is raised in equal increments. The current difference is shown
against the potential after the current is measured just prior to each potential change. This method
improves the signal-to-noise ratio and detection sensitivity by drastically lowering capacitive
current. Therefore, in the presence of interfering species, DPV provides better peak resolution,
lower detection limits, higher sensitivity, and improved selectivity [17-19].

Amperometry

Amperometric biosensors provide precise quantitative analytical data by measuring the current
generated during the oxidation or reduction of an electroactive biological element at a constant
voltage applied between a working electrode and a reference electrode. Dopamine biosensors use
a constant voltage sufficient to oxidize DA to dopamine-o-quinone via a two-electron process.
Quantification of DA concentration in the sample is made possible by the current's proportionality
to the concentration over a relatively broad concentration range. The magnitude of the oxidation
current is directly proportional to the DA concentration within a specific linear dynamic range. This
proportionality enables quantitative determination of DA levels in biological and pharmaceutical
samples. Due to its rapid response and high sensitivity, amperometry is widely employed for real-
time DA monitoring [20,21].

Nanomaterials used in electrochemical biosensors for dopamine detection

Nanomaterials provide an essential solution to improve the analytical performance and
characteristics of electrochemical DA biosensors. Nanomaterials can improve sensitivity, selectivity,
and detection limits due to their large surface-to-volume ratios, high electrical conductivity, catalytic
activity, and biocompatibility. Modifying the electrode surface with nanostructured materials will
also enhance electron-transfer kinetics, resulting in a greater effective electroactive surface area
than on bare (unmodified) electrodes, thereby improving the sensor's overall performance. In
addition, recent studies have confirmed the vital role of nanostructured and catalytic materials in
improving the efficiency of electrochemical sensing, particularly through enhanced electrocatalytic
activity and faster charge transfer [22,23].

Carbon-based nanomaterials, metal and metal oxide nanoparticles, conducting polymers and hybrid
nanocomposites can be described generally as types of nanomaterials for use in DA biosensing
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applications. Among these, hybrid nanocomposites have gained increasing attention for their ability to
combine the advantages of different material systems and deliver improved sensing performance [22,23].

Carbon-based nanomaterials

Nanoscale carbonaceous materials fall into several different nanostructure categories, such as
carbon nanotubes (CNTs), graphene, carbon quantum dots, fullerene, carbon black (CB), carbon
nanowires, carbon nanofibers (CNF), carbon nanoribbons, etc. Carbon nanomaterials can be
categorized by their geometrical configuration into three categories based on their sizes, namely
two-dimension (2D), one-dimension (1D) and zero-dimension (0D). Fullerenes are examples of zero-
dimensional nanomaterials, carbon nanotubes are examples of one-dimensional and graphene is an
example of two-dimensional carbon nanomaterials. Carbon-based nanomaterials exhibit a wide
range of unique properties, including excellent electrical conductivity, good chemical stability, high
tensile strength, large surface-area-to-volume ratios, and good biocompatibility [24]. Carbon-based
nanomaterials commonly used in DA sensing include graphene, carbon nanotubes, carbon
nanofibers, carbon black and carbon quantum dots.

Carbon nanotubes

Carbon nanotubes (CNTs) have attracted considerable interest in biology due to their nanoscale
dimensions and resistance to corrosion and fouling. CNTs are also of great interest regarding their
long-term bio-stability and ability to enable quicker electron kinetics in electronics, semiconductors
and biochemical sensor development. Additionally, CNTs form long sp?-bonded graphite sheets, which
can be assembled into supercoiled 3-dimensional chains, thereby providing superior strength com-
pared to other composite materials. These diverse properties make CNTs particularly appealing to
neuroscientists seeking to use CNT-based materials in the manufacture of neurological implants [24].
Many advances have been made in detecting dopamine using electrochemistry on CNT electrodes,
but little is known about the reaction rates at which dopamine oxidizes on these electrodes.
Therefore, there is an obvious need to develop CNT-based materials with better electrochemical
properties than current materials to enable more sensitive detection of DA. Kaewda et al. [25] deve-
loped a label-free electrochemical biosensor for DA detection using polyaniline (PANI) and its amin-
ated derivative, poly(3-aminobenzylamine) (PABA), composited with functionalized multi-walled
carbon nanotubes (f-CNTs). This biosensor uses a conducting polymer as a transducing material.
Initially, ammonium persulfate was chosen as the oxidizing agent to perform the in situ chemical
oxidation polymerization of PANI/f-CNTs and PABA/f-CNTs composite materials. Following the syn-
thesis of these materials, they were used to fabricate electrochemical dopamine biosensors featuring
electrospun PANI/f-CNTs or PABA/f-CNTs nanofiber networks on fluorine-doped tin oxide (FTO)
coated glass substrates, all under optimized conditions. The f-CNTs incorporated into PANI and PABA
enhanced electron transfer within the composite materials, resulting in increased sensitivity,
selectivity, and limit of detection (LOD) for the developed DA biosensors. The developed biosensors
were employed to conduct label-free electrochemical detection of DA over a range of concentrations
(50 to 2000 nM) utilizing the DPV technique, as shown in Figure 2(a) and (b). A clear increase in peak
current with increasing concentration confirms the effective electrochemical oxidation of dopamine.
The linear calibration plots with high correlation coefficients indicate good sensitivity and reliable
quantitative detection. These results yielded sensitivities of 6.88 pA cm2 puM for PANI/f-CNTs and
7.27 uA cm? uM* for PABA/f-CNTs within the linear range of 50 to 500 nM (R? = 0.98) with LODs of
0.0974 and 0.1554 uM for PANI/f-CNTs and PABA/f-CNTs, respectively.
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Figure 2. Differential pulse voltammograms of (a) PANI/f-CNTs (b) PABA/f-CNTs electrospun nanofiber films
upon successive addition with increasing concentration of dopamine. Reprinted with permission from [25]
(c) DPV plots of NiSe@CNTin 0.1 M PBS buffer in the presence of increasing concentrations of DA Reprinted
with permission from [27]

Additionally, the common interferents, i.e., Glu, ascorbic acid (AA) and uric acid (UA in high
concentrations (1 mM) were used to study the selectivity of the electrospun nanofiber films. The
DPV responses of electrospun nanofiber films were clearly enhanced after DA injection. These
findings showed that, when common interferents are added, the electrospun nanofiber films exhibit
good selectivity. The fabricated sensors also demonstrated excellent reproducibility with low RSD
values and acceptable repeatability over multiple measurement cycles. Stability studies indicated
that composite electrodes retained significant response over several days, which resulted in good
stability. Wahyuni et al. [26] developed an electrochemical sensor with a high sensitivity based on a
reduced graphene oxide (rGO)/multi-walled carbon nanotube (MWCNT) composite for the effective
determination and the ability to detect all three materials - hydroquinone (HQ), dopamine and uric
acid,-both separately and at the same time, at the surface of the glassy carbon electrode (GCE). The
study demonstrated that there is a considerable improvement in the electrocatalytic performance
of the rGO/MWCNT composite when using a composition of 1:1 rGO/MWCNT for simultaneous
detection of HQ, DA and UA, in concentrations of 1 mg mL*?, when compared to other ratios. Since
the improvements are attributed to the synergistic effect between rGO and MWCNT from
noncovalent and van der Waals interactions, the signal discrimination and response of the total
composite combination will significantly enhance the capabilities in performing these concurrent
detections of HQ, DA and UA. The result of these properties of the rGO/MWCNT composite will have
an impact on the reduced LODs of HQ, DA and UA of 0.8, 1.0 and 0.6 uM, respectively. Singh et
al. [27] developed nonenzymatic electrochemical sensors by encapsulating nickel selenide
diselenide in carbon nanotubes via a single-step chemical vapor deposition. The oxidation and
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reduction behaviour of DA at the modified NiSe;@CNT electrode was investigated by DPV at
dopamine concentrations ranging from 1 to 100 uM, as shown in Figure 2(c). The peak current
increases proportionally with concentration, indicating efficient electrochemical oxidation of
dopamine. The linear calibration plot (R? = 0.9979) demonstrates excellent sensitivity and a wide
range of composite nanostructures for dopamine detection. This research successfully developed a
composite nanostructure made up of nickel detection range. The low background current further
confirms good signal stability and reliability of the sensor. The hybrid structure created has a high
degree of electrocatalytic activity for the oxidation of DA with a 19.62 pA M cm? sensitivity,
extremely low limit of detection and a broad dynamic range (5 nM to 80 uM). The sensor also shows
excellent selectivity in the presence of other common molecules that could interfere with dopamine
detection. Given the high sensitivity and selectivity of this composite nanostructure, it has the
potential to be used to create simple, selective, sensitive electrochemical sensors for detecting and
guantifying dopamine in human tears with high confidence. Carbon nanotubes (CNTs) exhibit
moderate sensitivity and relatively high detection limits compared with graphene- and MXene-
based sensors. On the other hand, due to their superior structural stability and ease of function-
alization, CNTs are more easily developed into stable, repeatable sensing platforms. The perfor-
mance characteristics of various carbon nanotube-based electrochemical dopamine biosensors
reported in recent studies [25,28-30] are summarized in Table 1.

Table 1. A comparison of performances of carbon nanotube-based electrochemical dopamine biosensors

Sensor (material) Linear concentration range, uM LOD, uM Ref.
MWCNTs-CTAB/Zn/Co@N-CNSs/GCE 0.10to 12.0 0.037 [28]
AgNPs/f-MWCNT/Poly(L-cysteine)/PGE 0.10 to 5.0 and 10.0 to 1000 0.068 [29]
a-NiMoO, @ CNT 100 to 1200 58.2 [30]
PANI/f-CNT 0.05t0 0.5 0.0974 [25]
CNT-encapsulated NiSe; 0.005 to 640 19.62 [27]

CTAB: cetyltrimethylammonium bromide; CNSs: carbon nanosheets;NPs: nanoparticles; PGE: pencil graphite electrode: CNT: carbon nanotubes

Graphene and its derivatives

Graphene is a 2D nanomaterial made of a single layer of sp?-hybridized carbon atoms, arranged
in a hexagonally structured honeycomb lattice. Graphene has extremely high electrical conductivity
due to its delocalized m-electron system, enabling rapid electron transfer from dopamine to the
electrode surface, resulting in higher oxidation current and improved sensitivity [31,32]. Since its
discovery, graphene and its derivatives (graphene oxide and reduced graphene oxide) have been of
great interest in electrochemical sensors, due to their unique electrical, mechanical, and surface
properties. These properties maximize electrocatalytic oxidation, enhance selectivity against
interfering substances, and enable detection limits as low as the nanomolar range. Therefore,
graphene-based nanocomposites provide an excellent platform for developing highly sensitive and
selective biosensors for dopamine in biomedical and clinical applications [33].

Shinde et al. [34] derived a flexible and highly sensitive electrochemical sensor based on NbsCsTy
MXene-silver nanoparticle (AgNP) decorated laser-induced graphene (LIG) electrodes, fabricated on a
pyralux polyimide substrate for dopamine detection. In this research, a LIG structure was fabricated on
polyimide by laser processing. The LIG structure was modified by incorporating nanosheets of NbsCsTx
MXenes and silver nanoparticles (AgNPs) to produce a nanocomposite, which enhanced the electro-
chemical performance of the LIG structure due to the complementary catalytic properties of each
component. The LIG-NbsC3Tx MXene-AgNPs electrode displayed remarkable electrooxidizing activities
for dopamine, which was attributed to the amalgamation of excellent conductivity of graphene,
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elevated surface area and metallic conductivity of MXene and the catalytic properties of AgNPs.
Amperometric measurements showed a large linear detection range of 100 nM to 10 uM, and the ultra-
low detection limit of 1 nM. The sensor also exhibited an impressive sensitivity of 160.96 pA nM™* cm™2,
Additionally, the produced electrode showed impressive selectivity towards commonly occurring
interfering substances (i.e. glucose, ascorbic acid and uric acid), reproducibility, and operational stability.
Based on the study's results, the LIG-Nb4C3Tx MXene-AgNP nanocomposite flexible electrode has shown
potential to serve as an effective and reliable platform to detect dopamine levels with high sensitivity
and selectivity and may provide insight into real-time measurements of dopamine levels within the
body, such as through urine.

An electrochemical sensor that uses activated graphene to detect DA and UA with high levels of
sensitivity was simultaneously reported by Vadivelu et al. [35]. They used three separate activation
agents (potassium hydroxide, phosphoric acid, and zinc chloride) to chemically activate the graphene,
thereby enhancing its electrocatalytic properties. Potassium hydroxide-activated graphene (AGK)
showed the highest levels of electrochemical activity of the three activated graphene types. The
activation process, which occurred at elevated temperatures, led to a partial recovery of graphene's
graphitic crystalline structure. The graphite structure has also improved surface porosity, which is
important because it increases the AGK's surface area (making it more electroactive) and reduces the
time required for electrons to transfer between the electrodes. Herein, screen-printed carbon
electrodes were modified by using activated graphite, and the resulting AGK-modified electrodes
showed excellent electrocatalytic properties for the oxidation of both DA and UA, allowing for complete
resolution of the peaks at a peak separation of 0.23 V, based on both LSV and DPV testing, while at the
same time, demonstrating good resolution from interference due to ascorbic acid. Figure 3 shows two
well-defined and separated oxidation peaks corresponding to DA and UA, indicating excellent selectivity
and minimal interference. The calibration plots demonstrate a linear increase in current with concen-
tration for both analytes, confirming good sensitivity and reliable quantitative detection.
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Figure 3. (A) Differential pulse voltammetry responses and corresponding plots of peak current versus
concentration for (B) DA and (C) UA recorded at the AGK-modified SPCE in 0.1 M PBS. The concentrations of
DA and UA ranged from 0.02 to 400 uM. Reprinted with permission from [35]distributed under the Creative
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The analytical performance characteristics of the AGK-modified electrode indicate a low
detection limit of 0.09 uM for DA and 0.19 uM for UA, with a linear dynamic range of 0.02 to 400 uM
for both DA and UA when using DPV, as illustrated in Figure 3. The AGK-modified electrode exhibits
great selectivity, reproducibility, and stability when testing laboratory-prepared samples as well as
actual clinical samples. In conclusion, KOH-activated graphite is a highly promising candidate as a
sensing material for the selective and simultaneous electrochemical detection of DA and UA, and as
an efficient, interference-free platform for potential use in real-world medical applications. In
comparison to CNT-based sensors, graphene-based materials exhibit superior electron mobility and
lower detection limits due to their two-dimensional structure and higher surface area.

However, compared to MXene-based systems, graphene may show slightly lower electrocatalytic
activity, particularly in enzyme-free sensing applications. The performance characteristics of various
graphene-based electrochemical dopamine biosensors reported in recent studies [36-39] are
summarized in Table 2.

Table 2. A comparison of performances of graphene based electrochemical dopamine biosensors

Sensor (material) Linear concentration range, uM LOD, uM Ref.
Apt-Au-N-rGOF 1to 100 0.5 [36]
rGO/Sm;03 0.5to0 20 0.030 [37]
Graphene-PEDOT:PSS 3.13 to 400 0.19 [38]
rGO/PPy-POM Oto 10 0.072 [39]

Apt: aptamer; rGOF: reduced graphene oxide fibers; PEDOT: poly(3,4-ethylenedioxythiophene); PSS: polystyrene sulphonate; PPY: polypyrrole;
POM: polyoxometalate

MXene materials

MXene materials in 2D form have been identified as promising for electrochemical biosensing
due to their unique physical and chemical properties. MXenes are known as "transition metal
carbide", which are created from a type of material called MAX phase, consisting of the following
Mn+1XnTx; M being a transition metal, X is carbon or nitrogen and Ty are surface functional groups,
such as -OH, -0, -F. Among the available MXenes, TizC,Tx has been studied in detail for its application
in electrochemical biosensing. The main characteristics of MXenes include high electrical conduc-
tivity, large surface area, extremely hydrophilic surfaces, and excellent electrocatalytic activity,
making them suitable candidates for biosensor applications in neurotransmitter detection [40]. Ren
et al. [41] and Facure et al. [40] reported TisC, MXene/graphene quantum dots (GQDs)) based
electrochemical sensors for detecting DA levels. Using a combination of two-dimensional and zero-
dimensional materials, TisC; MXene has high electrical conductivity, while GQDs have a high active
surface with excellent electrocatalytic properties. Researchers assessed several mixed TizC,:GQDs
ratios using CV and electrochemical impedance spectroscopy to optimize the sensor's
electrochemical characteristics. The best composition produced an electrochemical sensor using a
TisC,:GQDs (1:3)- modified glassy carbon electrode, which exhibited a linear response to DA over
the range of 40 to 400 uM, with a limit of detection of 1.8 uM. The electrochemical sensor also
showed good selectivity in the presence of potential interference and was verified for DA detection
in human urine and sweat samples. The improved electrochemical performance can be attributed
to the synergistic effects between the MXene's high conductivity and the GQDs' large electroactive
area. Given these findings, such composite structures could be used to develop electrochemical
sensors for other biomolecules. The performance characteristics of various MXene-based sensors
generally demonstrate higher electrocatalytic activity and lower detection limits compared to other

http://doi.org/10.5599/jese.3353 9
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sensors. However, their practical application is limited by challenges such as oxidation instability
and reduced long-term durability. MXene-based electrochemical biosensors for dopamine
detection reported in recent studies [10,42-46] are summarized in Table 3.

Table 3. A comparison of performances of MXene based electrochemical dopamine biosensors

Sensor (Material) Linear concentration range, uM  LOD, uM Ref.

Pt/TisC,Tx MXene/GCE 0.05 to 9000 0.05 [42]
TisCoTx-MXene/4-APBA 0.04to0 0.5 0.0013 [43]
TizC2/G-MWCNTs/ZnO/GCE 0.01to 30 0.0032 [44]
CuO/C/TisC,Ty 0.01 to 2960 6.718 [10]
MXene-ERHG/GCE 0.2to 125 0.044 [45]

Annealed MOF/MXene (CuO/C/TisC,Ty) 0.01-2960 6.718 [46]

4-APBA: 4-aminophenylboronic acid; ERHG: electrochemically reduced holey graphene; MOF: metal organic framework

Metal and metal oxide nanomaterials

Metal and metal oxide nanomaterials have emerged as highly promising materials for electro-
chemical biosensing applications due to their unique physicochemical and electrochemical properties.
In addition, their small size gives them a high surface-area-to-volume ratio, which increases the
number of active sites for biomolecular interactions. Metals such as Au, Ag, Pt, and Pd are good
conductors of electricity, while many transition-metal oxides, such as ZnO, CuQ, NiO, Fes04, and MnO,,
exhibit intrinsic catalytic activity and chemical stability. Overall, these properties will enhance electron
transfer at the electrode-electrolyte interface, thereby improving analytical performance [47,48].
Metals and metal oxides provide enhanced sensitivity and specificity for detecting DA. The oxidation
of DA to dopamine o-quinone at the electrode surface involves two reversible electron transfers.
Nanostructures composed of metals or metal oxides increase the rate of this oxidation reaction,
thereby producing larger peak currents and improving the signal resolution relative to certain
common interfering species (e.g. ascorbic acid, uric acid) as they will tend to produce larger currents
than the interfering species. The enhanced surface area of these nanostructures allows more
dopamine molecules to adsorb onto their surfaces, and improved electron-transfer kinetics enable
detection of DA at increasingly low concentrations, even at nanomolar levels [47-49].

Naz et al. [50] have developed a non-enzymatic electrochemical dopamine sensor based on a
hydrothermally synthesized NiO/ZnO hybrid nanocomposite using date fruit extract as a green
reducing agent and stabilizer. In this study, NiO was used as the precursor with the incorporation of
ZnO to create a hybrid composite with improved electrocatalytic activity. Date fruit extract was
served to enhance the catalytic performance and structural organization of NiO/ZnO composite.
Electrochemical studies reveal that the NiO/ZnO hybrid exhibits excellent electrocatalytic activity
toward the oxidation of DA in phosphate buffer (pH 7.3) without the addition of enzymes. Sensor
has a large linear detection range (0.01 to 4 mM) and a low detection limit (0.036 uM). Furthermore,
the fabricated sensor demonstrates good selectivity, repeatability, reproducibility, and stability.
Analysis of real banana peel and wheat grass extract confirms its practical application. The study
concludes that green-synthesized NiO/ZnO hybrid materials containing biomass extracts offer a
feasible, low-cost and environmentally friendly method for producing next-generation electro-
chemical sensors for the detection of DA and other biomedical applications. In addition, researchers
have analysed copper oxide nanoparticles for DA detection extensively due to their strong catalytic
performance and low-cost synthesis. Additionally, biosynthesized vyields of copper oxide
nanostructures exhibit faster charge-transfer kinetics and higher sensitivity for the detection of DA,
indicating promise for developing environmentally friendly sensing devices [51]. A comparison of
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the analytical performance of recently reported metal and metal oxide-based electrochemical
dopamine biosensors [50,52-55] is summarized in Table 4.

Table 4. A comparison of performances of metal and metal oxide-based electrochemical dopamine biosensors

Sensor (material) Linear concentration range, uM LOD, uM Ref.
NiO/ZnO 10 to 4000 0.036 [50]
Zn0O/GCE 0.01to 100 0.00047 [52]

Au@SiO,-APTES/GCE Oto8 0.014 [53]
Ag,CrO,4 5to 45 1.05 [54]
CuO/rGO 1to 300 1.84 [55]

APTES: 3-aminopropyl triethoxysilane; rGO: reduced graphene oxide

Polymer materials

Polymer materials are widely used in biosensing due to their ability to provide several different
functions, their tuneable chemical compositions and properties, flexibility, improved mechanical
properties, biocompatibility, and ease of modification. Polymers can serve as the sensing matrix,
the conductive layer, and a platform for the immobilization of biomolecules. When polymeric
materials are used in the electrochemical detection of dopamine, they increase the rate of electron
transfer; enhance sensor selectivity by preventing interference and reducing fouling; and provide
stable, sensitive detection of biological samples. Moreover, investigations into chemically modified
metal composites incorporating polymers have been conducted to improve their selectivity and
stability. An example of this is poly(asparagine)-modified duplex stainless-steel composite electro-
des, which have been found to provide highly selective and sensitive methods for detecting DA, due
in part to enhancements in both surface features and electron transport properties [56]. When used
in conjunction with nanomaterials, polymeric sensors achieve improved analytical performance for
clinical and wearable applications.

Conducting polymers and molecularly imprinted polymers

Conducting polymers are widely used modifiers that can be applied chemically or electro-
chemically from their monomer solutions to bare electrodes. Their exceptional electrical and optical
properties arise from electron delocalization in the polymeric backbone, enabled by an extensive m-
conjugated structure with alternating single and double bonds throughout the chain. Conducting
polymers improve the performance of biosensors by increasing the rate at which electrons move
through the sensor's electron-transfer kinetics and by increasing the actual surface area available
on the electrode where the reaction occurs. The ability of the polymer to undergo rapid redox
reactions, as in an electroactive compound like dopamine, makes conducting polymers ideal
candidates for biosensors. Many of these polymers can also be functionalized with biomolecules or
used in conjunction with carbon materials and nanoparticles to develop composite sensing
interfaces that are more sensitive, selective and stable than the individual components [57,58].

Tejwani et al. [59] developed a novel GO/SiO,@PANI nanocomposite to allow for the electro-
chemical detection of DA using DPV. In that work, GO, SiO,, and PANI were successfully used for the
first time to create a novel composite material as a sensing platform for DA detection. The composite
material was prepared using the in situ polymerization method to ensure uniform dispersion of
GO/SiO, throughout the PANI matrix. The GO/SiO,@PANI-modified GCE showed increased
electrocatalytic ability for DA oxidation due to the combined effect of GO’s large surface area, PANI’s
ability to conduct electricity, and the structural stability of the SiO, nanoparticles. The electrochemical
performance, as investigated by DPV, is shown in Figure 4. The results showed a linear working range
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between 2 and 12 uM, with a detectable limit of 1.7 uM and a relative standard deviation of 2.5 %,
indicating good sensitivity and repeatability. Furthermore, the sensor demonstrated excellent
selectivity and stability in testing using synthetic urine samples, indicating its suitability for use in
complex biological matrices. The authors concluded that the GO/SiO,@PANI composite is a low-cost,
stable and effective method for detecting dopamine and that this technology has great potential for
use in clinical diagnostics and in the management of neurological disorders.
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Figure. 4 (a) DPV for different concentrations of dopamine from 2 to 12 uM with PBS buffer (pH 7.4) and (b)
standard calibration curve for respective dopamine concentrations. Reprinted with permission from [59]
distributed under the Creative Commons CC-BY license

Darroudi et al. [60] developed a microelectrode-array neural probe that reliably and accurately
detects DA release using fast-scan cyclic voltammetry (FSCV). In order to enhance the
electrochemical properties of the platinum (Pt) microelectrodes fabricated from a microelectronic
process; they deposited carbon nanomaterials such as carboxylated multi-walled carbon nanotubes
(COOH-MWCNTSs), and carbon quantum dots (CQDs) on the surface of the electrode, as well as
conducting polymers, polypyrrole (PPy), and poly(3,4-ethylenedioxythiophene) (PEDOT), applied
through co-electrodeposition to provide a stable conductive layer to the Pt substrate and attach the
carbon nanomaterials together. In this study, the CNT-CQD-PPy modified microelectrode exhibited
the best performance compared to the other configurations, such as CNT-CQD-PEDOT, CNT-PPy and
CNT-PEDOT, and even bare Pt electrodes. The enhancement in performance of this hybrid
microelectrode system is attributed to the synergistic effects of CNTs (providing high surface area
and good electrical conductivity), CQDs (enhancing electron-transfer kinetics), and PPy (providing
excellent adhesion and structural stability). The dramatically improved LOD for DA using the
optimized microelectrode was 35.20 £ 0.77 nM.

Molecularly imprinted polymers (MIPs) are man-made materials made of a polymer that are
engineered to have specific recognition sites that match in size, shape, and function (functional groups)
with a target molecule. They are made by chemically reacting a functional monomer together with a
template molecule to create the binding site. The binding of the template molecule is removed after the
polymerization process, and it creates ‘selective cavities’ within the polymer that have the ability to re-
bind to the target analyte. MIPs act as artificial receptors, they are similar to the way antibodies or
enzymes selectively bind to their substrates, but they are more chemically and thermally stable [61,62].

An electrochemical sensing platform based on an ultrasensitive MIP for the detection of the
physiologically relevant basal level of dopamine in complex biological media was described by
Nekoueian et al. [63]. The sensor is made up of a combination of molecular imprinting technology and
carbon hybrid nanomaterials. Carbon nanofibers (CNFs) were created by growing on tetrahedral
amorphous carbon (ta-C) thin films deposited on silicon wafers via plasma-enhanced chemical vapor
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deposition (PECVD). Dopamine-imprinted PPy was then deposited onto the ta-C/CNF substrate to
provide molecular-specific recognition sites. The ta-C/CNF/MIP sensing platform exhibited excellent
electrochemical properties due to the combined advantages of the ta-C biocompatibility layer, the
CNF's high conductivity, and the MIP's selective characteristics. The analytical performance of the ta-
C/CNFs/MIP electrode against various DA concentrations (0.0, 10, 100, 250, 500, 1, 2.5, 5 and 10 uM)
was examined by DPV as shown in Figure 5.
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Figure 5. (A) DPV signals for different concentrations of DA (0.0, 10, 100, 250 and 500 nM, 1, 2.5, 5 and
10 uM) at ta-C/CNFs/MIP electrode in 0.1 M PBS pH 7.4; (B) the corresponding calibration plot for the
ta-C/CNFs/MIP electrode in 0.1 M PBS pH 7.4 under optimized conditions (n = 3). The incubation time was
10 min. The pulse time was 0.05 s, the pulse size was 50 mV and the electrode area was 0.07 cm?. Reprinted
with permission from [63], distributed under the Creative Commons CC-BY license

An increase in DA concentration improved the response signal. The DA content in the range was
directly correlated with the measured peak currents between 10.0 nM and 10 uM with LOD deter-
mined to be 5.43 nM. This demonstrated the function of MIP in increasing the sensitivity of ta-C/CNFs.

Uygun and Demir [64] developed a new MIP-based electrochemical sensor to detect DA in a low-
cost, sensitive, and selective way. The surface of the sensor was modified by attaching boronic acid
residues to the gold electrode used as the sensing platform. Two functional monomers were also
attached to the surface of the gold electrode as part of the dopamine imprinting process: amino-
phenyl boronic acid (APBA) and pyrrole-3-carboxylic acid (PyCOOH). In this study, a screen-printed
gold electrode for the sensing platform meant that the conductivity of this type of electrode would
play an important role in the detection of the electrochemical signal generated by the oxidation of
DA. However, gold electrodes have lower surface roughness compared to carbon electrodes, which
limits their ability to support an adhered polymer film. Therefore, self-assembled monolayers
(SAMs) were employed on the surface of the gold electrode to create a surface with functional
groups to attach polymers; additional positively charged SAMs were then created to stabilize the
functional groups used to imprint onto dopamine, which also improved the interaction between the
polymer and the electrode surface. The analytical performance of the sensor was evaluated by
calibrating against concentration levels between 100 and 600 pM. The sensor has been found to
have a correlation coefficient of 0.9517 with limits of detection 30.34 pM. The selectivity of a sensor
for target analytes was investigated with common interferents, urea, acetic acid, serotonin and
noradrenaline. Although responses to and acetic acid were negligible, indicating good selectivity,
the signal responses to serotonin were low and significantly lower for noradrenaline due to its

http://doi.org/10.5599/jese.3353 13



http://doi.org/10.5599/jese.3353

J. Electrochem. Sci. Eng. 16 (2026) 3353 Electrochemical biosensors based on nanomaterials for dopamine detection

structural similarity to dopamine. The results confirm the high specificity of the sensor for dopamine
through imprinted recognition sites. The storage stability of the sensor was evaluated over 45 days
using electrodes stored at room temperature and at 4 °C. The results showed that electrodes
retained ~64 % of their initial response at room temperature, while those stored at 4 °C maintained
~90 % response, indicating better stability under refrigerated conditions. An MIP-based
impedimetric sensor can be used as a sensitive and effective means of detecting dopamine. A
comparison of the analytical performance of recently reported polymer-based electrochemical
dopamine biosensors [65-69] is summarized in Table 5.

Table 5. A comparison of performances of polymer-based electrochemical dopamine biosensors

Sensor (material) Linear concentration range, uM LOD, uM Ref.
PEDOT-PPy/GCE 0.005 to 200 0.005 [65]
PEDOT:P(SS-co-UPyMA)/PGE 0.1to 300 0.0444 [66]
ErGO/PEDOT:PSS/GCE 310 33 0.4 [67]
e-MIP/SPE 0.8to 45 0.8 [68]
ZIF(MIP)/ZIF(Ru)/Au@ CoFe;04/GCE 10" to 0.0005 4.8x107° [69]

GO: graphene oxide; PEDOT: poly(3,4-ethylenedioxythiophene); P(SS-co-UPyMA): polystyrene sulfonate-co-2-(3-(6-methyl-4-oxo-
1,4-dihydropyrimidin-2-yl) ureido) ethyl methacrylate); PGE: pencil graphite electrode; ErGO: electrochemically reduced graphene
oxide; PSS: poly(styrene-4-sulphonate); SPE: screen printed electrode; ZIF: zeolitic imidazolate framework

Enzymatic biosensors for dopamine detection

Dopamine is frequently detected using enzymatic biosensors because of their high catalytic
efficiency and selectivity. Enzymes are used as biorecognition elements for catalysing the oxidation
of dopamine and provide an electrochemical signal that can be measured by several methods,
including CV, DPV and amperometry in dopamine biosensors. Commonly utilized enzymes for DA
biosensors are tyrosinase, laccase and polyphenol oxidase, which catalyse the oxidation of
dopamine to dopamine-o-quinone, generating electroactive species that produce a measurable
current proportional to the amount of dopamine present in the sample. Enzymes are typically
immobilized on the electrode surface using various polymeric or nanomaterial-based materials, or
a combination of both, to enhance enzyme stability, facilitate rapid electron transfer between the
enzyme and substrate, and increase sensor sensitivity [70].

There has been an increase in interest in the combination of enzymes with nanomaterials,
including gold nanoparticles, carbon nanotubes, graphene, and metal oxides, to enhance sensor
electrochemical performance. Enzyme immobilization on these nanomaterials has been shown to
provide larger surface areas and improved electron transfer speeds and therefore reduced
detection limits and expanded linear detection ranges for DA sensing. These enzymatic DA
biosensors have demonstrated excellent sensitivity and selectivity across a variety of complex
biological matrices, including blood serum, urine, and cell culture media. However, limitations such
as enzyme instability, high cost, and limited operational lifetime have motivated researchers to
develop alternative sensing strategies, including non-enzymatic and biomimetic sensors. A
schematic of an enzymatic biosensor for the detection of DA [71] is shown in Figure 6.

Demkiv et al. [71] developed innovative laccase-mimetic ianozyme-based amperometric sensors for
electrochemical detection of DA. Many different types of nanozymes, including nAuCu, nPtCu, nCuMnCo
and nCoCuCe, were synthetized using a simple hydrothermal procedure and had high levels of laccase-
type catalytic activity toward oxidation of DA. Of these nanozymes, nAuCu and nPtCu exhibited optimal
performance and were subsequently used to develop DA sensors by modifying glassy carbon electrodes
with AuPt nanoparticles to increase both their catalytic activity and sensitivity.
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Figure 6. Schematic of enzymatic biosensor for detection of dopamine. Reprinted with permission from [71]

The optimized nAuCu/nAuPt/GCE sensor exhibited a large linear detection range from 10 to
170 uM, a low detection limit 20 nM, and a high sensitivity of 10650 + 8.25 A M™' m™2 at a low
working potential of 0.2 V. Nanozyme-based sensors had a much greater degree of stability than
natural laccase enzyme-based sensors and were approximately two-times more sensitive than
sensors based on laccase enzymes. Additionally, the developed sensor demonstrated good
selectivity, long-term stability and resistance against interference caused by other compounds and
was used successfully for determining the concentration of DA in pharmaceutical samples, indicating
its usefulness for both practical applications and monitoring the level of dopamine associated with
neurological disorders. While significant advancements have been made in the design and
development of nanomaterial-based DA biosensors, it is equally important to evaluate their
effectiveness in practical, real-world scenarios.

Real-world application of electrochemical dopamine biosensors

Advancements in nanomaterials, electrode fabrication techniques and electrochemical sensing
approaches have greatly improved the performance of DA biosensors over the last several years.
Many DA sensors exhibit high sensitivity and specificity in the lab, but for these sensors to be useful
in practice, we must evaluate their performance under real-world conditions. To determine whether
we can successfully use DA biosensors as clinical diagnostic devices, we need to evaluate them using
a variety of real-world biological samples. As per the current research findings, dopamine detection
has been achieved successfully in a variety of real-world samples, including human serum, saliva,
urine, cerebrospinal fluid and pharmaceutical products. Also, in addition to the traditional
laboratory method, dopamine biosensors are being integrated more often into portable, wearable
and implantable devices for long-term monitoring of neurotransmitter levels. Together, these
developments will create new opportunities for point-of-care testing, monitoring neurological
disorders and providing personalized healthcare.

The electrochemical detection of DA from biological fluids such as serum, saliva, and
cerebrospinal fluid (CSF) presents significant challenges to the analytical chemist. Each of these
substrates contains multiple interfering species (e.g. AA and uric acid (UA)), exhibits a wide range of
ionic strengths, and typically provides low concentrations of DA <1 uM. However, nanomaterial
(NM)-based electrochemical sensors have shown potential for high DA sensitivity, excellent
recovery, and acceptable reproducibility in real biological matrices [72].

Mwaurah et al. [73] developed a cost-effective, flexible electrochemical sensor for the simulta-
neous detection of DA and UA in human sweat samples. The sensor was developed by using MWCNTSs
as a conductive filler in a B-cyclodextrin (BCD)/reduced graphene oxide (rGO) composite gel. The
B-cyclodextrin enabled host-guest interactions that provided selective recognition of DA and UA,
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whereas the rGO and MWCNT improved the electrical conductivity and electrocatalytic capability of
the electrochemical sensor through composite materials chosen based on previously published
research. Through experimental evaluation, the resulting SPE/MWCNTs/BCD/rGO electrochemical
sensor demonstrated a linear concentration response for DA from 0.25 to 16 uM with a linear LOD at
0.08 uM and a sensitivity of 3.63 pA UM~ cm™2. Notably, the flexible electrochemical sensor succes-
sfully determined both DA and UA from exercise-induced arrest samples obtained from exercising
individuals and demonstrated good repeatability and sufficient recovery. Collectively, our findings
indicate the significant capabilities of the flexible electrochemical sensor for non-invasive monitoring
of DA in wearable applications and in real-sample analytical procedures. Although various nano-
material-based sensors demonstrate promising real-world applicability, a systematic comparison is
necessary to better understand their relative performance, strengths, and limitations.

Comparative analysis of nanomaterials for electrochemical dopamine detection

A detailed comparison of various types of nanomaterial-based electrochemical dopamine
biosensors, as shown in Tables 1 to 5, illustrates that no single material achieves satisfactory perfor-
mance across all criteria. Carbon-based material systems such as graphene and carbon nanotubes
provide good electric conductivity and high surface area for greater sensitivity; however, CNT-based
sensor systems tend to have a higher detection limit than graphene sensors. MXene-based sensor
systems have demonstrated superior electrocatalytic activity and ultra-low detection limits;
however, practical use is hindered by oxidation-induced instability and low durability in long-term
tests. Metal and metal oxide nanomaterials exhibit strong catalytic activity and improved signal
response but generally suffer from poor selectivity in complex biological matrices. Alternatively,
polymer-based nanomaterials provide excellent selectivity and resistance to biofouling but may
reduce sensitivity. Therefore, combining multiple nanomaterials into a hybrid nanocomposite offers
the greatest potential to create a sensing device that combines the advantages of the individual
nanomaterials while mitigating the disadvantages of each class [74]. This comparative evaluation
supports the need for establishing optimized, durable, and highly selective sensor platforms for the
practical detection of DA. These observations provide a clear basis for identifying the key research
gaps that limit the practical implementation of these sensing systems.

Research gaps

There has been significant advancement in electrochemical biosensors for the detection of DA
using nanomaterials; however, many challenges remain that hinder their effective use in real-world
applications. The latest literature shows several major gaps in research on electrochemical DA
sensor performance.

Different studies employ various experimental conditions, such as electrolyte composition,
electrode configuration, pH, and measurement methods. This lack of standardization makes it
difficult to compare sensor performance and can lead to overestimating these sensors' analytical
capabilities. However, a number of sensors exhibit good performance when tested under controlled
laboratory conditions, but validation of these sensors using real biological matrices (e.g. blood, CSF,
saliva) has been limited. In practical scenarios, matrix effects and interference from coexisting
biomolecules significantly affect the accuracy and reliability of DA detection. These research gaps
indicate that despite promising analytical performance, several practical and operational limitations
remain. Therefore, it is essential to examine the specific challenges associated with sensor design,
stability, selectivity, and real-world applicability, which are discussed in the following section.
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Challenges and limitations of electrochemical biosensors

Interference from coexisting biomolecules

The presence of several electroactive species, such as AA, UA and glucose, makes it difficult to
detect DA selectively in real biological samples like saliva, serum, and cerebrospinal fluid. These
analytes, with overlapping oxidation potentials, can interfere with DA signals, making reduced
selectivity and precise measurement challenging [75].

Reproducibility and fabrication challenges

Advanced nanomaterials such as graphene, MXene, and carbon nanotubes are essential to
several high-performance dopamine sensors. Nevertheless, it is still difficult to achieve uniform
electrode modification and consistent synthesis. Poor repeatability between sensors might result
from differences in electrode preparation, surface functionalization, and nanomaterial morphology.

Long-term stability and reusability

For biomedical use, sensors need to operate reliably for long periods. Unfortunately, the sensors
used to measure dopamine exhibit significant sensitivity variability due to electrode surface changes
and nanomaterial degradation over time. Thus, making sensing platforms more durable and
reusable is the most important factor for successfully implementing these technologies into reality.

Biocompatibility

An important challenge in developing dopamine biosensors is biocompatibility, especially when
fabricating wearable and implantable sensing technologies. In vivo sensors should not result in any
cytotoxicity, inflammation or immunological response when interacting with biological tissues and
fluids. To this end, many high-performance dopamine sensors employ advanced nanomaterials like
MXene, graphene or carbon nanotubes. These types of nanomaterials have excellent conductivity,
exhibit large surface areas to promote analysis, and can be incorporated into biosensor devices
more efficiently than traditional materials. Although these types of nanomaterials provide high
levels of conductivity for sensing applications, they can also be cytotoxic to living tissues and elicit
biological responses upon direct contact. In addition, when materials are implanted for extended
periods, they can undergo protein absorption and elicit foreign body responses, degrading the
performance and reliability of the sensors. To ensure safe and reliable use of clinical and in vivo
monitoring systems with dopamine biosensors, it is critical to improve the biocompatibility of the
sensing material through surface functionalization, polymer coatings, or the selection of biocompa-
tible substrates. Addressing the above challenges is essential for advancing the practical applicability
of dopamine biosensors; therefore, future research directions must focus on overcoming these
limitations through innovative material design and system integration.

Future perspective in development of electrochemical biosensors

Electrochemical biosensors for DA detection have made great strides toward translational
development, from lab prototype to clinical device; however, more work remains to achieve this.
Future studies on electrochemical DA systems must emphasize improved sensitivity, stability, and
real-time measurements as well as reliable performance in complex biological environments. The
efficacy of electrochemical sensor systems for detecting neurotransmitter molecules such as
dopamine has been greatly enhanced by the use of two-dimensional (2D) nanomaterials. Some
advantages of using these materials include their large surface area, adjustable electrical
conductivity, and ease of modification. Recent advances in the field have improved the performance
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of electrochemical sensors through surface engineering, heteroatom doping, hybrid nanostructures,
and signal-integrity amplification. Improvements in these areas have substantially enhanced the
ability to transfer electrons by providing more active sites and reducing interference from other
compounds such as ascorbic acid and uric acid [76].

A growing area of research involves combining wearable or implantable devices, often referred
to collectively as biosensors, with dopamine biosensors. For instance, flexible electrodes can be
fabricated on polymer substrates and used to continuously and noninvasively monitor dopamine in
biological fluids such as sweat or saliva. The advent of microfabrication and flexible electronics may
also support the development of portable platforms that allow for real-time measurement of
neurochemicals. Another rapidly evolving area is point-of-care (POC) diagnostic systems that are
becoming increasingly miniaturized. Combining portable electrochemical devices with smartphone-
based signal processing would enable fast, on-site analysis of dopamine levels, allowing patients to
be diagnosed and treated earlier than they otherwise would, thereby improving their chances of
recovering from a neurological disorder. Dopamine biosensors are anticipated to become powerful
tools for neurological research, disease detection, and individualized healthcare monitoring with
further advances in nanotechnology, materials science, and bioelectronics.

Conclusions

This review provides an overview of advancements in electrochemical dopamine biosensors from
2022 to 2025, with an emphasis on electrochemical biosensors based on nanomaterial-modified
electrodes. The advancements primarily came from the use of multiple nanomaterials, including
graphene, MXene, metal nanoparticles, metal oxides, carbon-based nanomaterials, and conducting
polymers. These materials provide a large electroactive surface area, high electrical conductivity and
strong electrocatalytic activity, which promotes rapid electron transfer and enhances the dopamine
oxidation signal. Therefore, many of the newly reported sensors show much greater sensitivity than
before, high specificity, much larger linear ranges of detection, and extremely low detection limits,
in some instances down to the picomolar range.

Additionally, various studies show that dopamine biosensors are viable tools used within many
biological samples, including serum, urine, saliva, and sweat. The use of nanomaterial-based
electrodes integrated into portable, miniaturized electrochemical devices signifies their potential as
point-of-care diagnostic tools and for real-time monitoring of neurotransmitters. However, there
remain several obstacles that must be overcome, such as interference by other biochemical
molecules, biofouling on the surface of the electrode, long-term stability and biocompatibility of the
sensors when used externally (wearable) or embedded inside the body (implanted). Development
of new materials, surface engineering and device miniaturization will be crucial in transitioning
laboratory-developed dopamine biosensor devices to usable clinical diagnostic devices. Overall, it is
anticipated that ongoing advancements in electrochemical sensing techniques, nanotechnology,
and device integration would significantly improve the functionality and usefulness of dopamine
biosensors. These developments will help future advancements in neurochemical monitoring and
individualized healthcare, as well as the creation of trustworthy diagnostic instruments for
neurological illnesses.
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