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Abstract: Graphene and its derivatives have been widely used for the electrochemical detection of
dopamine (DA) neurotransmitter, thanks to its high surface area and excellent conductivity. Modified
graphene and graphene-based nanocomposites have shown improved catalytic activity towards
DA detection. Various modification approaches have been taken, including heteroatom doping and
association with other nanomaterials. This review summarizes and highlights the recent advances in
graphene-based electrodes for the electrochemical detection of DA. It also aims to provide an overview
of the advantages of using polymer as a linker platform to form graphene-based nanocomposites
applied to electrochemical DA sensors.
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1. Introduction

Neurotransmitters are the endogenous substance that allows the transmission of
nerve impulses between neurons through synapses. Of the neurotransmitters, dopamine
(DA) is the most abundant catecholamine, and, as a major neuromodulator, it affects
neuronal plasticity, as well as many brain functions [1]. Its role is not limited to that: it
controls stress responses, consciousness, information flow and attention span, learning,
the sleep–wake cycle, motivation, motions, and memory formation [2]. For a healthy
individual, the concentration of DA in the extracellular fluid is in the range of 0.01–1 µM [3].
Higher or lower concentrations of DA produced in the central nervous system is linked
to neurological and physiological illnesses, such as Parkinson’s disease, schizophrenia,
HIV infection, and addictive behavior [4]. Consequently, precise and periodic diagnosis
of DA in physiological fluids is recognized as important for therapeutic implications.
Many analytical approaches have been developed for the determination of DA in the past
decades, in which the most-used techniques in clinical laboratories are high performance
liquid chromatography (HPLC), fluorescence spectrometry, capillary electrophoresis, and
ultraviolet visible spectrophotometry. These techniques are highly sensitive; however, they
require large, expensive equipment, considerable time, and skillful operators. Compared
with the techniques mentioned above, electrochemical techniques are simple to operate,
produce a quick response at a low cost and with good selectivity, and do not require large
equipment or highly qualified technicians [5]. In addition, electrochemical techniques
are based on the electrical signals generated by the Faradaic process, which makes them
the best suited for the detection of DA since it is an electroactive substance that can
be easily oxidized [4]. Many researchers have developed electrochemical sensors with
good affinity towards DA, but the detection range and the limit of detection (LOD) still
require further improvement for a practical clinical diagnosis of patients with neurological
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diseases. The selectivity of the electrochemical DA sensor is another issue that needs to be
resolved, because when dealing with complex biological matrices, unmodified electrodes
are easily poisoned or fouled due to the accumulation of interferents on the surface. This
results in a loss of reusability, selectivity, and reproducibility of these electrode surfaces.
Of the various biomolecules in physiological fluids, ascorbic acid (AA) and uric acid
(UA) molecules are considered to interfere the most with DA, due to the closeness of
the oxidation potentials of these compounds that results in difficulties in distinguishing
the individual peak potentials [6]. These limitations can be overcome by choosing an
appropriate material to modify the electrode surface. Lately, carbon-based nanomaterials
have often been used to modify the electrode surface of DA electrochemical sensors. These
carbon nanomaterials generally have excellent conductivity, biocompatibility, and a large
specific surface area [7]. Of these carbon nanomaterials, graphene and its derivatives have
been widely used for the design of DA sensors thanks to their better macroscopic scale
conductivity and electrocatalytic activity than other carbon-based materials [8]. Graphene
has also been incorporated into nanocomposites and showed high performance in the
electrochemical determination of DA [9,10]. This enhanced performance originates from
the good interaction between nanocomposite matrixes. Current progress has proven that
chitosan, a non-toxic and natural polymer, has great potential to link graphene-based
nanocomposite materials [11], thanks to its abundance of hydroxyl and amine groups
that can easily interact with negatively charged membranes via hydrogen bonding and
electrostatic interactions [12]. This results in the creation of a new nanocomposite with good
dispersion properties, enhanced catalytic activity, and biocompatibility for application in
real media. The present review summarizes the latest studies using graphene and modified
graphene electrodes that have proven to be effective for the determination of DA, in the
presence of AA, and UA (Figure 1).
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2. Overview of Graphene Synthesis and Electrochemical Properties

Graphene is a two-dimensional, single-layered sp2-hybrid carbon atomic sheet tightly
packed in a hexagonal lattice structure. This innovative 2D nanocarbon material has
become a fast-growing star in the area of the science of materials after it was discovered,
thanks to its superior physical and electronic characteristics compared to various other
carbon-based nanomaterials [13]. In particular, graphene’s chemical stability, high electron
transfer mobility, large surface area to volume ratio, and great potential window make it
an ideal candidate for constructing electrode sensing materials for hosting a large variety
of analytes [14]. In addition, the low cost and non-toxicity of graphene facilitate the
fabrication of an eco-friendly and inexpensive electrochemical sensor with a high analytical
performance [9]. Thus, various electrochemical sensors based on graphene and modified
graphene have been developed, where, the sensitivity, limit of detection, linear range,
repeatability, and reproducibility have been used to evaluate and validate their analytical
performance. The electroanalytical properties of 2D graphene depend on their synthesis
methods and the conditions of deposition.

2.1. Synthesis Methods

Graphene production over time split into two key categories, top-down (exfoliation
from graphite) and bottom-up (formation of graphene atom by atom), which offered from
the simplest to state-of-the-art technologies for graphene synthesis methods. Exfoliation
includes chemical, electrochemical, and mechanical methods, and the bottom up method
consists of biomass pyrolysis, thermal annealing, epitaxial growth, and chemical vapor
deposition [15]. Each of the methods mentioned presents several extraordinary advantages
in graphene synthesis but also some substantial drawbacks.

The first experimental synthesis of 2D graphene, conducted in 2004, was via the
mechanical exfoliation of graphite. Exfoliation consists in separating a few layers from
the bulk material by overcoming the strong van der Waals attractions between adjacent
layers. Mechanical exfoliation is a method that requires mechanical energy in order to
exfoliate graphite. This method offers a high quality of graphene but only small-scale
production [16]. The electrochemical exfoliation process of graphene production implies
the immersion of electrodes in an electrolyte solution with the application of an electrical
current between the electrodes. This method produces high-quality graphene; however,
it generates hydroxyl and other oxygen radicals (defects) that can affect the electrochem-
ical response [17]. Chemical exfoliation is considered as the best approach for graphene
synthesis [15,18]. This method involves dispersing graphite in a solvent mediated by an
exfoliation to reduce interlayer van der Waals forces, in order to enhance interlayer spacing.
This process leads to the extraction of individual layers of graphene sheet. The main
disadvantage of using this method is the toxicity and high boiling point of the solvent
involved. The chemical synthesis technique is based on the reduction of graphene oxide
under low temperature conditions, making it more comfortable to fabricate graphene on
different substrates at room temperature. Nevertheless, graphene produced under these
conditions is non–uniform [18]. This method can reduce oxygen functionalization, but
also induce the creation of other functional groups arising from the solvent and lead to
instability in the RGO for sensing applications [19]. Chemical vapor deposition (CVD)
is a method that resolves the problem of non-uniformity: it involves depositing a solid
material from a gaseous phase at transition-metal substrates, such as Ni, Pd, Ru, Ir, and
Cu [20]. Graphene synthesized by CVD is formed through the decomposition of a carbon
containing feedstock on a substrate at high temperature. This method produces graphene
with high conductivity and few defects [21]. Unfortunately, it uses complex equipment,
with a very high cost. Epitaxial graphene growth on SiC is another graphene synthesis
method. In this method, single layer and/or multilayer graphene can be grown by subli-
mating Si atoms from SiC substrates at high temperature [22], but the main drawback of
this technique is that it is performed under high temperature conditions. Rapid thermal
annealing is one more method of graphene synthesis that is often used in semiconductor
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device fabrication. This method promotes the film growth of graphene through substrate or
material heating [23]. One of the biggest disadvantages of this method is a lack of scale-up
synthesis since graphene thin films were predominantly from several hundred nanometers
to few micrometers in diameter, which can restrict their wider application. Laser-induced
graphene is another method that allows the organic films to be converted to 3D porous
graphene structures. It is obtained by pulsed laser irradiation of organic compounds in
ambient conditions. This process allows the formation of a few layers of graphene with
high production efficiency. Graphene can be generated directly in a surface covered with
carbon sources, opening the way for their application in various electronic devices and
sensors and biosensors [24].

Unlike the usual use of commercially available chemicals for graphene synthesis,
graphene synthesis from the biomass involves natural materials. Since the first mention of
graphene synthesis using carbonization of the biomass and bio-waste materials in 2011,
there have been few studies on this method, and the quality and properties of graphene
produced are still being studied and will be introduced further.

2.2. Electrochemical Properties

Better knowledge of graphene’s fundamental electrochemical characteristics is highly
relevant today due to the perspectives of graphene use in electrochemical sensors and
biosensor devices [25]. The heterogeneous electron transfer (ET) rate (ks) between graphene
surfaces and a redox mediator is an essential parameter to evaluate the effectiveness of the
electrochemical properties of graphene as an electrode material. According to the literature,
the electron transfer kinetics on different forms of graphene has been calculated using prin-
cipally two redox couples in aqueous solution, namely ferro/ferricyanide ([Fe(CN)6]3−/4−)
and hexaammine-ruthenium ([Ru(NH3)6]2+/3+). [Fe(CN)6]3−/4− is classified among in-
ner sphere redox mediators and it is termed surface sensitive: the electron transfer rate
constant, ks, is strongly influenced by the state of the electrode surface (surface chemistry
and microstructure) [26]. Conversely, [Ru(NH3)6]2+/3+, which is known as an outer-sphere
electrochemical redox probe, involves electron transfer on the bulk of graphitic electrodes.
Consequently, the reaction rate is unaffected by any surface modification, implying that
electron transfer is sensitive to the interactions with a surface site or a functional group.
The density of electronic states (DOS) in the bulk of the nanomaterial membrane is the
most critical element controlling the reaction rate [27]. On the other hand, it is well estab-
lished that the graphene edges are more defective than graphene basal-plane due to the
existence of rich carbon dangling bonds at the edge sites [28]; thus, graphene basal and
edge planes possess different surface morphologies. A host of theoretical and experimental
research papers resulted in a dominant opinion that the electron transfer kinetics of the
redox processes are greatly enhanced at graphene edge sites due to the high density of
defects and corrugations [29–31]. Zhang et al. [32] have demonstrated these properties by
measuring the electron transfer (ET) kinetics of inner and outer sphere redox couples in
aqueous solution (IrCl6 2−/3−, Ru(NH3)6

3+/2+ and Fe(CN)6
4−/3−) on different grades of

graphene layers obtained from highly oriented pyrolytic graphite (HOPG). Highly oriented
pyrolytic graphite (HOPG) is a highly pure and ordered form of synthetic graphite and
graphene layers are obtained by mechanical exfoliation of HOPG using the scotch tape
method [33]. This method involves scotch tape that is placed to the HOPG substrates
and imparts a simple stress force repeatedly many times; the graphitic layer continues
to become gradually thinner until it eventually forms single-layer graphene [34]. The
authors have studied the charge transfer kinetics on high and low quality HOPG samples,
namely, AM HOPG, ZYB HOPG, and SPI-3 HOPG. In this study, AM HOPG is mainly
covered by the basal plane surface with low step coverage (ca. 0.09%), ZYB has more step
edges (0.3–0.8%), while SPI-3 HOPG is covered by the most step edges (ca. 30%). The
electrochemical results have revealed higher charge transfer kinetics for SPI-3 grade HOPG
than AM and ZYB grades. This result has been explained by the highest zigzag step edge
sites at SPI-3 HPOG.
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Ashwini et al. [35] have synthesized graphene oxide (GO) using a mechanical milling
of graphite at different time intervals. Milling induces edge plane defects on graphitic
sheets which influence the degree of oxidation, sp3/sp2 hybridization and functional groups
constitution on the GO produced. The GO produced from milled graphite at different time
intervals showed a better HET rate constant ks (ks of GO-10 h = 9.33 × 10−2 cm s−1, ks
of GO-20 h = 8.49 × 10−2 cm s−1 and ks of GO-50 h = 12.31 × 10−2 cm s−1), compared
to the GO from un-milled graphite (ks of un-milled graphite = 4.44 × 10−2 cm s−1). In
addition, the electrochemical activity of GO produced by milled graphite has shown an
enhanced sensitivity and detection limit in the detection of H2O2 as compared to the GO
from un-milled graphite. This study has demonstrated that the degree of defect density in
the edge of GO enhances its electron transfer rate as well as its electrocatalytic activity.

Kislenko et al. [36] have theoretically investigated the kinetics of an outer-sphere
nonadiabatic electron transfer reaction on the defective graphene. This work has demon-
strated that the intrinsic defect of graphene-induced mid-gap states, catalyze the elec-
tron transfer reaction, which is useful for applications in selective electrocatalysis and
electrochemical sensors.

Yadav et al. [37] present the electrochemistry at a photolithographically created isolated
monolayer graphene edge (GrEdge). The photolithographic method realizes a single
graphene edge (GrEdge) by appropriate passivation of the basal plane. The graphene edge
is usually composed of a random mixture of zigzag and armchair configurations. The
authors have observed high electron transfer rates at GrEdge electrodes, at least 14 cm s−1

for the outer-sphere ferrocene-methanol probe. This result may be explained by the zigzag
or armchair configuration of the graphene edge which enhances the electron transfer of the
graphene edge.

In the following section, we will present the various sensors based on graphene, doped
graphene and the nanocomposite based on graphene and polymers, including chitosan.

2.3. Electrochemical Techniques of Dopamine Detection

Since dopamine is easily oxidized, numerous electrochemical characterization tech-
niques such as cyclic voltammetry, differential pulse voltammetry, square wave voltamme-
try and amperometry have been developed. In fact, when dopamine biomolecules are cap-
tured by a sensing material deposited on the working electrode, an electrochemical signal is
generated as a function of the applied potential and informs about the oxidation/reduction
reaction (Figure 2). The obtained signal reflects the quantity of the dopamine present
in the sample. Of the electrochemical techniques, voltammetric techniques are the most
commonly used in DA sensing. These voltammetric techniques are based on the application
of a constant, scanning, or pulsing potential to a working electrode (WE), which is the
sensor, versus a reference electrode, and the current is measured between the working and
counter electrode. The obtained current is proportional to the concentration of dopamine
molecules in the sample solution.

2.3.1. Cyclic Voltammetry (CV)

CV is the most often utilized method because it can provide quick and useful informa-
tion regarding the nature of redox processes. In addition, it provides data on the kinetics of
heterogeneous electron transfer reactions, coupled chemical reactions, and the adsorption
processes. A characteristic CV experiment consists of scanning from an initial potential
at a fixed rate to a switching potential at which the scan direction is reversed toward a
final potential, and measuring the resulting current. The voltammogram is obtained by
plotting current as a function of applied potential. This voltammogram has the advantage
of providing both qualitative information related to the redox potential deduced from the
potential value of the oxidation and reduction peaks, and quantitative information deduced
from the intensity of the peak current.
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2.3.2. Differential Pulse Voltammetry (DPV) and Square Wave Voltammetry (SWV)

In DPV, a base potential is selected at which no Faradaic reaction occurs, and this
potential is applied to the electrode. Between pulses, the base potential is increased in equal
increments. The current is measured right before each potential change, and the difference
between the current and the potential is measured. The influence of the charging current is
reduced when the current is sampled right before the potential is changed. In the linear
sweep (LSV) approach, an oxidation process causes the voltammogram to create a wave,
whereas in the DPV technique, an oxidation process causes the voltammogram to form a
peak. This sharper shape facilitates the interpretation of the voltammogram and renders
DPV more accurate than linear voltammetry. This is especially beneficial in the case of
electrochemical biosensors.

Square wave voltammetry (SWV) is a form of linear potential sweep voltammetry that
uses a combined square wave and staircase potential applied to a stationary electrode. In
the process of SWV reaction, the square wave pulse voltage and the ramp-like step potential
are used to modulate the potential. The waveform in SWV combines the advantages of
both linear sweep voltammetry and pulse techniques.

2.3.3. Amperometric i-t Curve

An amperometric i-t curve is frequently used as a means of electrochemical detection.
With the amperometric i-t curve, a constant potential is applied to the substance to be
measured, which will undergo an oxidation or a reduction reaction, and then the Faraday
current is measured versus the time. The intensity of the current is proportional to the
concentration of the analyte. By studying the evolution of the intensity of the oxidation
peak present in the amperometric i-t curve for different dopamine concentrations, it is
possible to draw calibration curves and quantify this compound.
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3. Application of Graphene in Electroanalytical Detection of DA
3.1. Reduced Graphene Oxide

Among the graphene family, reduced graphene oxide (rGO) is widely used as an
electrode for electrochemical sensors [38]. The reduced graphene oxide is obtained after
the reduction of graphene oxide (GO). GO is an oxygenated graphene sheet with high
percentages of –OH, –COOH, –CO, and epoxy groups obtained by graphite exfoliation
or oxidation. Despite the hydrophilic nature of GO, their low conductivity restricts their
use in electrochemical sensor applications [39]. In contrast, its partial reduction to RGO
leads to higher conductivity due to the restoration of conductive carbon conjugated net-
works [40]. After the reduction step, RGO still has low percentages of oxygenated groups,
which helps its dispersion in aqueous solution, promotes the electron transfer process
during electrochemical detection, and favors the formation of composites in situ [1,41,42].
In fact, RGO synthesized by the most widely used Hummer’s methods has been exten-
sively used for the electroanalytical detection of DA [43–46]. However, other methods and
forms of reduced graphene have been synthetized and used as modified electrodes for
electroanalytical detection of DA. For example, Mohammadi et al. [47] describe sensors
based on electrochemically-reduced graphene nanoribbons (ERGNRs) on modified screen-
printed carbon electrodes (SPCE) for the individual and simultaneous electrochemical
determination of DA and UA. In this research, the graphene oxide nanoribbons (GONRs)
have been substantially synthesized by the oxidative longitudinal unzipping of the multi-
walled carbon nanotubes (MWCNTs). Then the oxygen groups of GONR modified SPCE
(SPCE/GONR) were electrochemically modified until electrochemically-reduced graphene
nanoribbons (ERGNRs) were produced. The results obtained in terms of the electroanalyti-
cal detection of DA show that the peak currents of DA and UA were enhanced 2.8- and
2.2-fold, respectively, after modifying SPCE with ERGNRs in comparison with the unmodi-
fied electrode. In addition, the values of the peak potential of the two analytes have been
found to be more negative at SPCE/ERGNRs compared to the peak potential attributed
to the unmodified SPCE. This result demonstrates that ERGNRs act as an electrocatalyst
thanks to their excellent electron transfer property. The proposed SPCE/ERGNRs sensor
has resolved the problem of overlapping peak potentials of UA and DA by providing
good peak to peak separations (∆DA-UA = 245 mV). The SPCE/ERGNRs sensor exhibited
selective simultaneous determination of DA and UA with LOD of 0.15 µM (S/N = 3) and
0.3 µM (S/N = 3) for DA and UA, respectively. This new sensor has also shown satisfactory
results when used to analyze DA and UA in DA injections and urine samples.

Another example of graphene called graphene nanomesh (GNM), which is known
for its numerous holes, highly active edge plane and accessible vertical pathways be-
tween the layers has been used by Gong et al. and applied to the electrochemical de-
tection of dopamine [48]. The authors developed a fast and convenient strategy to pre-
pare three-dimensional graphene nanomesh entitled 3D-GNM, which possesses in-plane
nanopores, artificial function edges, and electrocatalytic properties for the electrochemical
detection of dopamine. Moreover, 3D-GNM is easily prepared by simple electrochemical
polarization of 3D-G, including anodic oxidation and subsequent cathodic reduction. This
method has demonstrated that 3D-GNM can not only be prepared through a simple, fast
process, but also significantly improve its hydrophilicity, electroactive area, and electrocat-
alytical performance. In this study, 3D-GNM electrode has demonstrated well-separated
oxidation peaks towards dopamine (DA), uric acid (UA), and ascorbic acid (AA). In ad-
dition, the authors have compared the analytical performance of 3D-GNM with that of
three-dimensional graphene (3D-G) and they have found that the oxidation potentials of
DA, UA, and AA on 3D-GNM have respective cathodic shifts of 180 mV, 130 mV, and
290 mV respectively, and the current intensities of DA and UA increase by 52 times and
12 times, compared with that of 3D-G. This result has been explained by the improved
electrocatalysis by oxygenated groups, edge defects and hybridized IL present on 3D-GNM.

Baig and al [49], adapted a new reduction method of graphene oxide and applied
it to the detection of DA. The graphene oxide was dispersed in an ionic medium and
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deposited on the surface of a GPE electrode. The reduction of graphene oxide is achieved
on the electrode by direct electrochemical reduction of the ionic medium supporting the
graphene oxide, offering direct reduction in a short time. The electroanalytical properties
of the obtained (im-rGO) are improved compared to the usual water medium dispersed
graphene-oxide (w-GO). In fact, the ionic medium reduced graphene oxide electrode (im-
rGO/GPE) has been shown to provide a greater electroactive surface area compared to
the water medium reduced graphene-oxide electrode (w-rGO/GPE). The im-rGO/GPE
sensor has demonstrated a very high sensitivity, with a LOD of 95 nM. The effectiveness of
this new platform was proven for measuring DA in a human urine sample without any
significant interference. These examples highlight the effects of synthesis methods to obtain
reduced graphene on its electroanalytical properties.

The chemical nature of the electrode surface can also affect the electroanalytical prop-
erties of graphene. Ahammad et al. [44] describe a modified electrode formed with reduced
graphene oxide (rGO) screen-printed on F-doped tin oxide (FTO) (rGO-SP-FTO) followed
by sintering at 450 ◦C in argon. The obtained electrodes are employed for detecting DA
and UA simultaneously. In this work, RGO has been produced through a widely used
chemical process (Hummer’s methods); however, the deposit method as well as the sub-
strate chosen in this work have made the difference so that the resulting film was a ∼5 µm
thick microporous layer of rGO on the FTO surface. The electrochemical phenomenon at
rGO-SP-FTO was studied by EIS analysis, in which the bare FTO electrode showed Rct of
160 Ω while the rGO-SP-FTO showed only 50 Ω indicating small electron transfer resistance
for K3[Fe(CN)6]3−/4−. Consequently, this result demonstrated that screen-printing of rGO
onto the surface of FTO led to enhanced electron transfer kinetics toward Fe(CN)6

3−/4−

system compared with unmodified bare FTO. The modified electrode was able to sep-
arate DA and UA signals completely in a solution containing DA, UA, and AA. The
rGO-SP-FTO electrode has shown a good linear response in the range of 0.5–50.0 µM
and 5.0–300 µM with detection limits (S/N = 3) of 0.07 µM and 0.39 µM for DA and UA,
respectively. Furthermore, it has been possible to detect both DA and UA in real samples
with high accuracy.

Another interesting work based on an approach using an easy and scalable post-
deposition annealing process of commercial graphene ink has been used as a graphene
platform for DA detection [50]. In this work, it has been demonstrated that commercially
available graphene ink deposited on a silicon-on-insulator (SOI) substrate exhibited a
selective and highly sensitive detection of DA by tuning the surface chemistry using
a simple, one-step annealing process (Figure 3). Under optimal annealing conditions
(30 min at 300 ◦C under 3% H2 + Ar), the graphene ink sensor has demonstrated highly
electroanalytical properties. A sensitive and selective electrochemical response to DA
down to 5 pM was obtained, which is the lowest reported among existing graphene-based
electrodes for electrochemical DA sensors. In addition, this sensor is able to determine DA
in a complex sample matrix such as serum with an analytical performance comparable to
the results obtained with DA in PBS solution.

3.2. Doped Reduced Graphene Oxide

The electrochemical performance of RGO modified electrodes is usually discounted
due to the graphene sheet aggregation and non-uniform dispersion issues [51]. To improve
the electrochemical performance of graphene, much research effort has been devoted to
the introduction of abundant defects, functional groups or doping agents [52]. Heteroatom
doping of graphene has often been used as an effective strategy to create defects that
not only prevent the aggregation of graphene sheet layers, but also to enhance their
conductivity, resulting in an improvement in the electrochemical response [53,54]. Among
the numerous potential dopants, such as boron, phosphor, sulfur, and so on, nitrogen is
considered to be an excellent element for the chemical doping of carbon materials because
its size is similar to a carbon atom and it can bond to carbon atoms through its five valence
electrons [55]. Consequently, the N-doped reduced graphene oxide (N-rGO) is found to
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be the mostly used for the electrochemical detection of DA, with a significantly improved
performance compared with un-doped rGOs. For this purpose, various synthesis methods
of N-rGO were investigated using chemical or hydrothermal methods, and the obtained
nanomaterials are applied as modified electrodes for DA sensing.
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Wiench et al. [56] have investigated two different N-doping agents using urea and
amitrole during hydrothermal methods to obtain various distributions of nitrogen in N-
rGO. They demonstrate that urea leads to N-rGO with a pyrrolic structure where amitrole
gives N-rGO with a pyridinic structure. The two nanomaterials are studied for their
electrochemical sensing properties for DA detection. They show that pyrrolic N-rGO
exhibits a higher electrochemical performance for DA sensing with a LOD of 335 nM and
sensitivity of 3.51 µA µM−1 compared to pyridinic-N-rGO with a LOD of 500 nM and
sensitivity of 2.24 µA µM−1. In addition, selectivity in the presence of AA and UA is also
improved on the pyrrolic N-rGO electrode. These results show that the chemical structure
of nitrogen in N-rGO has a strong influence on the electroanalytical performance, opening
the possibility of investigating other types of nitrogen structure configurations in RGO
such as quaternary ammonium, amine, or imidazole.

Other methods were also studied to introduce nitrogen in N-rGO. For example,
Zhang et al. [57] have used a pyrolysis method of preformed nanocomposites of rGO
and poly(p-phenylenediamine) by heating the nanocomposites to 800 ◦C in N2 atmosphere.
They obtain N-rGO with a high ratio of nitrogen and show that this method has the advan-
tage of eliminating the organic compounds by their carbonization. The proposed modified
electrode GCE/N-rGO showed a sensitive and selective response for the simultaneous
determination of AA, DA, and UA with three well-separated peaks (∆AA-DA = 220 mV,
∆DA-UA = 130 mV) (Figure 4). This was explained as the successful distribution of N-
containing groups in rGO leading to enhanced electron transfer ability and increased
surface area for the adsorption of DA during the electrochemical oxidation process. The
GCE/N-rGO sensor designed with this method has proven superior analytical performance
toward the simultaneous detection of AA, DA, and UA compared to other reported sensors
based on N-rGO (Table 1).
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Other N-rGO synthesis methods have also been developed and studied for DA elec-
trochemical sensing. Soni et al. [58] have recently developed a simple, cost-effective and
low-temperature synthesis route to N-rGO using a photocatalytic approach. For the photo-
catalytic synthesis of N-rGO, aqueous GO was mixed with ammonia solution which is used
as a precursor of an N dopant, then the mixture was stirred followed by UV illumination
for 60 min to achieve the photo-catalytic reduction of RGO. This new approach does not
require high temperatures which are responsible for graphene sheet aggregation. The
as-synthesized N-rGO coated on GCE showed a rapid electron transfer and high activity to-
wards the oxidation of DA as compared with rGO modified GCE. The DPV measurements
demonstrated a wider linear range (from 100 to 3000 µM) and a lower limit of detection of
57 nM.

The structuring of N-rGO was also demonstrated to improve electroanalytical proper-
ties. Feng et al. [59], synthesized a holey nitrogen-doped graphene aerogel (HNGA) and
applied it to the electrochemical determination of ascorbic acid (AA), dopamine (DA), and
uric acid (UA). The holey graphene hydrogel was synthesized by a hydrothermal reaction
in the presence of H2O2, which was subsequently lyophilized and further annealed in a
mixture of ammonia and argon gases to obtain HNGA. This study demonstrated that 800 ◦C
is the optimal annealing condition and gives a high content of pyridinic N, which is known
to have higher electrocatalytic activity for the detection of AA, DA, and UA. Thus, a HNGA
modified electrode showed an excellent electrochemical response to the three substances
detected individually, as well as in a mixture without mutual interference (Figure 5). The
fast heterogeneous electron-transfer dynamics of AA, DA, and UA on HNGA/GCE has
been explained by the special three-dimensional porous structure of HNGA that enables the
analyte to spread to stacked graphene layers. The nitrogen doping improves the free carrier
density of graphene, and then enhances its conductivity. Moreover, the proposed sensor
has also been used with urine sample analysis, and satisfactory results were obtained.
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Other structures of graphene have been developed for electrochemical detection of DA.
Jiang et al. [60] have prepared, via a hydrothermal reaction and a freeze-drying treatment,
a three-dimensional nitrogen-doped graphene (3D-NG) network. In this work, the authors
have used a valid approach to assemble 2D graphene sheets into three-dimensional (3D)
architectures in order to avoidthe strong π−π stacking interaction between 2D graphene
sheets that cause agglomeration and hinder the utilization of the graphene’s outstanding
performances. The 3D-G was then doped by nitrogen (3D-NG) and used to construct a
quadruplet electrochemical sensor for the simultaneous detection of ascorbic acid (AA),
dopamine (DA), uric acid (UA), and acetaminophen (AP). The authors demonstrated that
synthesized 3D graphene networks create a reticular-like porous structure that produces
multidimensional electron transfer pathways that provide outstanding electrical conductiv-
ity and solve the problem of agglomeration and the strong π−π stacking obtained in 2D
graphene sheets. In addition, taking advantage of the synergistic effect of the porous frame-
work and nitrogen doping, 3D-NG-based electrodes showed well-resolved oxidation peaks
and enhanced response currents of AA, DA, UA, and AP. The 3D-NG-based electrodes
showed enhanced electrocatalytic activities for the individual and simultaneous determi-
nation of AA, DA, UA, and AP with high sensitivity, excellent selectivity, and favorable
practicality (Table 1). Moreover, this sensitive sensing platform has been successfully used
to monitor AA, DA, UA, and AP in human urine samples.

3.3. Graphene Nanocomposite

Graphene can be easily functionalized through chemical bonding or strong physical
adsorption arising from the π − π interaction between the functionalized molecular and
graphene single layer, which makes graphene nanocomposite formation possible. In fact,
a blend of graphene has demonstrated excellent physicochemical features that cannot
be achieved by the respective individual constituents [10]. Lots of recent studies have
demonstrated that graphene nanohybrids form stabler dispersion than graphene solution
alone due to the uniform distribution and intercalation of material between graphene
layers [61,62]. In addition, graphene nanocomposites not only enhance the dispersibility of
graphene, but also increase its electroanalytical properties and sensing ability [63]. Among
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graphene nanocomposites, metallic graphene nanocomposites and polymeric graphene
nanocomposites have recently gained increasing interest as they help to enhance electron
transfer kinetics and electrocatalytic activity towards the oxidation of DA [1]. Below, some
representative literature examples of graphene/metal nanoparticles and graphene/polymer
nanocomposites for electrochemical sensing of DA are illustrated.

3.3.1. Graphene/Metal Oxide

Subramaniam and coworkers [64] have, for the first time, developed a nanocomposite
with the metal oxide delafossite (CuAlO2)-encapsulated reduced graphene oxide (rGO) by a
simple wet-chemical process. The as-prepared rGO/CuAlO2 nanocomposite outperformed
the benchmark electrocatalyst for the detection of DA with enhanced electrochemical perfor-
mance compared to pure CuAlO2 electrode. They explained this behavior by the interaction
energy that occurs between graphene sheets and CuAlO2 nanostructures, that increases the
conductivity and so the heterogenous electron-transfer ability. The synchronized activity of
CuAlO2 and rGO is also attributed to the simple wet-chemical route increasing the porous
nature of the nanocomposite. The proposed rGO/CuAlO2/GCE electrode revealed high
analytical performance with a LOD in the nanomolar range and avoiding the interference
of UA and AA. It also exhibited excellent linear response, good stability, reproducibility,
and repeatability.

Wang et al. [65] have doped graphene oxide (GO) by Fe–Ni bimetal oxides (Fe2O3-
NiO) to offer a platform called magnetic graphene nanocomposite (Fe2O3-NiO@GO) for the
electrochemical detection of DA. The electrodeposition method was used for the synthesis
of magnetic graphene nanocomposite based on Fe–Ni bimetal oxides (Fe2O3-NiO) and
graphene oxide (GO) on a glassy carbon electrode (GCE). The authors have demonstrated
the good affinity of Fe2O3-NiO@GO/GCE towards the oxidation of DA with a linear range
of 10 to 1500 µM, detection limit of 0.005 µM, and sensitivity of 0.16812 µA/µM. They
have also shown that a Fe2O3-NiO@GO/GCE platform presents comparable detection
limit values and a broader linear range of DA determination compared to other reported
graphene based electrochemical sensors of DA. This result has been explained by the great
catalytic capability of the carbon nanostructures and magnetic nanoparticles due to the
synergistic effect between GO and Fe–Ni bimetal oxides in magnetic nanocomposite. In
addition, the practical capability of Fe2O3-NiO@GO/GCE for the determination of DA has
been proved in prepared real samples of human blood serum.

Another example of amplified electrocatalytic activity towards the simultaneous
detection of DA and UA is demonstrated by using the nanocomposite of reduced graphene
oxide nano-octahedral shaped Mn3O4 (rGO/Mn3O4) [66]. Among different combinations
between graphene and Mn3O4, the molar ratio of 1/10 in a nanocomposite of rGO/Mn3O4
exhibits enhanced electrocatalytic activity in terms of peak current response and shift in
potential, with well separated oxidation peaks of DA and UA. Such a nanocomposite
ensured excellent catalytic activity toward the simultaneous detection of DA and UA with
a large linear range and the lowest LOD. This superior catalytic activity is attributed to
the synergistic effect that arises from the controlled surface structure of Mn3O4 and a large
specific surface area contributed by graphene sheets, which boost the interfacial charge
carrier transport considerably, and enhanced electrocatalytic oxidation of DA and UA. The
proposed rGO/Mn3O4/GCE electrode revealed sound stability, acceptable reproducibility,
good selectivity, and detection capability for DA and UA in pharmaceutical samples and
physiological residues.

Li et al. [67] have reported manganese dioxide (MnO2) combined with nitrogen-doped
graphene (NG) for the simultaneous detection of trace DA and UA. In this study, various
MnO2 nanoshapes, including nanowires (MnO2NWs), nanorods (MnO2NRs), nanotubes
(MnO2NTs), and nanoflowers (MnO2NFs), have been synthesized and formed a composite
with NG. They have shown that MnO2NFs/NG display the most sensitive response signals
for DA and UA. This nanocomposite demonstrates super sensing properties with a large
linear range and low LOD. The remarkable electrocatalytic activity of the nanocomposite
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was attributed to the synergistic effect between MnO2NFs and NG resulting in a unique
porous structure, a large electroactive area, and a low charge transfer resistance (Rct), which
facilitated the electron transfer between electrode and analytes and thus boosted the elec-
trochemical responses. In addition, the proposed MnO2NFs/NG/ GCE was successfully
applied for the detection of trace of DA and UA in human serum samples.

3.3.2. Graphene/Metal Nanoparticles

Metal nanoparticles are also combined with graphene to improve their catalytic properties.
Minta et al. [68], describes nanocomposites formed with N-doped reduced graphene

oxide/gold nanoparticles (N-rGO/AuNPs) as the sensing platform for the simultaneous
detection of DA, AA, and UA. In this study, AuNPs were electrodeposited onto the surface
of GCE/N-rGO to form GCE/N-rGO-Au. The modified electrode exhibits a suitable
electrocatalytic oxidation activity towards the three analytes, showing a well-resolved
anodic peaks and high peak to peak separation (∆AA-DA = 0.34 V and ∆DA-UA = 0.20 V).
These results are explained by the fact that N-doping RGO facilitates the electrodeposition
of homogeneously and well distributed AuNPs due to the high affinity of the metallic
particles to the nitrogenated areas of the graphene material. Consequently, the uniform
distribution of AuNPs on the surface of the N-rGO improved electrical conductivity and
catalytic activity, and sensing properties towards AA, DA, and UA.

3.3.3. Graphene/Conducting Polymers

Composites formed with graphene and conducting polymers have been also devel-
oped by taking advantage of some functionality of the conducting polymers. Many studies
demonstrate that the association with conducting polymers brings new properties that
improve electroanalytical activity towards DA. Hsine et al. [27] explored nanohybrids
based on modified poly(para-phenylene) and chemical reduced graphene oxide (Fc-ac-
PPP/CRGO) as a platform for the individual and simultaneous detection of AA, DA, and
UA (Figure 6). The poly(para-phenylene) carries ferrocene and carboxylic groups that
bring new properties to the nanocomposite, such as redox conduction and anionic form,
due to carboxylate groups. The redox system of Fc-ac-PPP polymer brings electrocatalytic
activity and the anionic functions of Fc-ac-PPP that prevents non-specific interaction and
overlapping. The nanocomposite is able to detect individually as well as simultaneously
AA, DA and UA in a co-existence system with defined and separated redox peak oxidation.
The detection is obtained in a short time with responses for AA, DA, and UA of 0.36 s,
1.03 s, and 0.32 s, respectively. The fabricated sensor is stable and reusable for detection
in urine samples, which makes it a powerful platform for medical diagnosis. The au-
thors compared the results obtained with the polymers Fc-ac-PPP [69] and demonstrate
improvement attributed to the synergistic effect arising from the high surface area and
the conductivity of RGO that creates active sites and improves electron transfer and the
properties of the polymer.

In another study, Teng et al. [70] have used nitrogen-doped graphene (NG) and con-
ducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT) hybrids (NG/PEDOT) for the
electrochemical detection of DA. The modified GCE with nanohybrid (NG/PEDOT/GCE)
displayed enhanced electrocatalytic activity toward DA oxidation compared to that of
PEDOT/GCEs and NG/GCEs. These responses are attributed to the blended properties
of nitrogen doping that validly exploit graphene utilization by preventing graphene sheet
stacking. The PEDOT component improves the hybrids’ conductivity and decreases NG
stacking, resulting in a larger specific surface area of the nanohybrid. The synergistic
interaction between NG and PEDOT produced a rapid electron transfer rate with electro-
catalytic activity toward DA oxidation, with a LOD of 54 nM and detection range from
0.2 µM to 90 µM. The designed nanohybrids have very well-defined redox signals for
DA, ascorbic acid (AA), and uric acid (UA), proving that the sensor performs highly se-
lectively towards DA. It also maintains 95.3% of DA signal after 30 days which prove
its long-term stability. Reproducibility of the sensor has been proven by the obtained
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2.69% percentage of the relative standard deviation (RSD) of DA currently obtained with
six independent NG/PEDOT/GCEs under the same conditions. Another group inves-
tigated the association of graphene with poly(3,4-ethylenedioxyselenophene) (PEDOS)
and nitrogen-doped graphene (N-Gr) and compared the PEDOS/N-Gr composite with
poly(3,4-ethylenedioxythiophene) (PEDOT)/nitrogen-doped graphene (PEDOT/N-Gr) for
dopamine detection [71]. They showed that the composite formed with PEDOS has an
enhanced analytical performance compared to the PEDOT composite. They explain such
behavior by the presence of more electroactive sites in PEDOS leading to higher electron
transfer ability.

Chemosensors 2022, 10, 249 14 of 22 
 

 

 
Figure 6. Schematic representation of the formation of CRGO/Fc-ac-PPP nanocomposite (left). DPV 
of the improved response of CRGO/Fc-ac-PPP nanocomposite toward AA, DA, and UA detection 
(red curve) compared to that obtained with Fc-ac-PPP (black curve). Reprinted from ref. [27] (MDPI 
publisher). 

In another study, Teng et al. [70] have used nitrogen-doped graphene (NG) and con-
ducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT) hybrids (NG/PEDOT) for 
the electrochemical detection of DA. The modified GCE with nanohybrid (NG/PE-
DOT/GCE) displayed enhanced electrocatalytic activity toward DA oxidation compared 
to that of PEDOT/GCEs and NG/GCEs. These responses are attributed to the blended 
properties of nitrogen doping that validly exploit graphene utilization by preventing gra-
phene sheet stacking. The PEDOT component improves the hybrids’ conductivity and de-
creases NG stacking, resulting in a larger specific surface area of the nanohybrid. The syn-
ergistic interaction between NG and PEDOT produced a rapid electron transfer rate with 
electrocatalytic activity toward DA oxidation, with a LOD of 54 nM and detection range 
from 0.2 μM to 90 μM. The designed nanohybrids have very well-defined redox signals 
for DA, ascorbic acid (AA), and uric acid (UA), proving that the sensor performs highly 
selectively towards DA. It also maintains 95.3% of DA signal after 30 days which prove 
its long-term stability. Reproducibility of the sensor has been proven by the obtained 
2.69% percentage of the relative standard deviation (RSD) of DA currently obtained with 
six independent NG/PEDOT/GCEs under the same conditions. Another group investi-
gated the association of graphene with poly(3,4-ethylenedioxyselenophene) (PEDOS) and 
nitrogen-doped graphene (N-Gr) and compared the PEDOS/N-Gr composite with 
poly(3,4-ethylenedioxythiophene) (PEDOT)/nitrogen-doped graphene (PEDOT/N-Gr) for 
dopamine detection [71]. They showed that the composite formed with PEDOS has an 
enhanced analytical performance compared to the PEDOT composite. They explain such 
behavior by the presence of more electroactive sites in PEDOS leading to higher electron 
transfer ability. 

Other conducting polymers, such as polyaniline [72], associated with thermally re-
duced graphene, have also been described for DA detection (Table 1). Furthermore, recent 
studies have associated various materials to graphene with three or four components to 
improve sensitivity. For example, nanocomposite associated graphene oxide and conduct-
ing polypyrrole decorated with gold nanoparticles deposited on carbon was described for 
the simultaneous detection of DA, UA and AA [73]. Others works described by Kumar et 
al. developed a composite formed with iron oxide nanorods (Fe3O4) coated polypyrrole 
associated with RGO for DA detection [74]. They demonstrate that the association of three 
components improves the electrocatalytic activity and the conductivity of the composite, 
leading to sensitive detection of DA. A mechanism for the catalytic electron transfer pro-
cess of Fe3O4 and DA was also suggested. 

Figure 6. Schematic representation of the formation of CRGO/Fc-ac-PPP nanocomposite (left). DPV
of the improved response of CRGO/Fc-ac-PPP nanocomposite toward AA, DA, and UA detec-
tion (red curve) compared to that obtained with Fc-ac-PPP (black curve). Reprinted from ref. [27]
(MDPI publisher).

Other conducting polymers, such as polyaniline [72], associated with thermally re-
duced graphene, have also been described for DA detection (Table 1). Furthermore, recent
studies have associated various materials to graphene with three or four components to im-
prove sensitivity. For example, nanocomposite associated graphene oxide and conducting
polypyrrole decorated with gold nanoparticles deposited on carbon was described for the
simultaneous detection of DA, UA and AA [73]. Others works described by Kumar et al.
developed a composite formed with iron oxide nanorods (Fe3O4) coated polypyrrole as-
sociated with RGO for DA detection [74]. They demonstrate that the association of three
components improves the electrocatalytic activity and the conductivity of the composite,
leading to sensitive detection of DA. A mechanism for the catalytic electron transfer process
of Fe3O4 and DA was also suggested.

Table 1. Analytical performance of some electrochemical DA sensors based on graphene and
graphene nanohybrid.

Sensor Linear Range µM LOD µM Sensitivity A/M−1 Anti-Interference
Molecules Ref.

rGO-SP-FTO 5 × 10−1–50 7 × 10−2 - AA and UA [44]

3D-GNM electrode 5–25 2.6 × 10−1 - [48]

SPCE/GONR 5 × 10−1–3 × 102 1.5 × 10−1 5.49 × 10−2 UA [47]

GCE/pyrrolic-N-rGO 5 × 10−1–85 3.35 × 10−1 3.51 UA [56]

GCE/N-rGO 103–6 × 104 102 - AA and UA [57]
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Table 1. Cont.

Sensor Linear Range µM LOD µM Sensitivity A/M−1 Anti-Interference
Molecules Ref.

NHGA/GCE 5–50 2.2 × 10−1 - AA and UA [59]

3D-NG/GCE 1–103 2.6 × 10−1 - AA and UA [60]

GCE/CuAlO2-rGO 9.2 × 10−2–1.6 × 10−1 1.5 × 10−2 - AA and UA [64]

Fe2O3-NiO@GO/GCE 10–15 × 102 5 × 10−3 1.68 × 10−1 metabolic species [65]

MnO2NFs/NG/GCE 10−1–10 4.3 × 10−2 - UA [67]

Au/CRGO/Fc-ac-PPP 10−4−103 2 × 10−4 - AA and UA [27]

GN/PEDOT/GCE 2 × 10−1–90 54 × 10−3 9 × 10−4 AA and UA [70]

PEDOS/N-Gr/GCE 8 × 10−3–80 6.6 × 10−3 -
AA and UA [71]

PEDOT/N-Gr/GCE 4 × 10−2–70 1.8 × 10−2 -

PANI/TRGO-700 8 × 10−1–20 4.3 × 10−1 6.7 AA and UA [72]

AuNPs@GO/PPy/CFP 2 × 10−1–60 1.15 × 10−1 - AA and UA [73]

Fe3O4@PPy/rGO 0–102 6.3 × 10−2 8.35 × 10−1 - [74]

3.3.4. Graphene/Chitosan Nanocomposite

Among graphene/polymer nanocomposites, chitosan is an outstanding natural biopoly-
mer for the development of electrochemical sensors thanks to its non-toxic, biocompatible,
and biodegradable properties, and its film-forming ability [75]. In particular, the wealth
of hydroxyl (OH) and amine (NH2) groups is another excellent property of chitosan that
facilitates the modification of its surface with graphene sheets, nanoparticles and conduc-
tive polymers, producing composites with an enhanced electron transfer rate and a specific
surface area for the development of electrochemical sensors [76]. In fact, amino groups
of chitosan are highly reactive under mild conditions with carbonyl groups forming very
strong imine or amide bonds, thus explaining the high stability and reproducibility of the
electrochemical sensor [77]. In addition, the existence of amino groups can be protonated
and create cationic chitosan which facilitates the electrostatic interaction between the chi-
tosan matrix and the negatively charged groups of the desired biomolecule [78]. Due to its
relatively poor conductivity, chitosan blended with highly conductive graphene sheet is
often used in research for the design of highly sensitive electrochemical sensors. Chitosan
can covalently link graphene through the amine groups or hydroxyl groups of chitosan
and the carboxylic groups of graphene. It can also interact with graphene through electro-
static interaction through the amine and hydroxyl groups. The association of chitosan and
graphene lead to high dispersion and improved chemical properties. In addition, due to
the flexibility of chitosan membrane it can be used in association with graphene in sensors
devices as biostrips or flexible patches [79]. The hydrophilic character of chitosan and
presence of many functional groups also allows improving the charge transfer ability. In
this context, we provide in this section an overview of recently published electrochemical
DA sensors based on graphene/chitosan nanocomposite and seek to extract from each
publication the advantages of chitosan over the graphene-based nanocomposite.

Abdul Kafi et al. [79] have successfully fabricated a bendable biostrip with a mesoporous-
chitosan graphene oxide (m-Chit-GO) composite as the working electrode for label free
electrochemical detection of dopamine (DA). In this work, the m-Chit-GO was prepared
thanks to the amino and hydroxyl groups of chitosan that offered a chemical reaction
with graphene oxide used as the cross linker. The m-Chit-GO based biostrip offers low
LOD = 10 pM, good stability and high selectivity for DA detection against interfering
agents like ascorbic acid (AA) and uric acid (UA). This analytical performance was at-
tributed to the high surface area and the mesoporous morphology of the nanocomposite,
which provided increased redox sites for DA molecules. The authors have also mentioned
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the advantages of the chitosan membrane that offered a biodegradable, bioresorbable and
flexible m-Chit-GO electrochemical device due to the eco-friendly property and film form-
ing ability of chitosan. Based on these properties, the ultra-thin flexible and eco-friendly
m-Chit-GO electrochemical sensor is suited and ready for wearable and implantable appli-
cations where conformability on soft and curvy tissues is an important requirement.

Koyun et al. have developed a sensor based on a reduced graphene oxide/chitosan/
chromium oxide nanocomposite modified glassy carbon electrode (GCE/rGO/CS/Cr2O3)
for synchronous determination of Dopamine (DA), Uric acid (UA), Xanthine (XN), and Hy-
poxanthine (HXN) [80]. The GCE/rGO/CS/Cr2O3 nanohybrid demonstrated a synergistic
effect, resulting in good conductivity and catalytic properties provided by the combination
of the enlarged active surface area, the strong adsorptive capability of the nanomaterials
and their specific interaction ability achieved by using a chitosan membrane. As a result,
the modified electrode allowed successful detection of DA, UA, XN, and HXN in a ternary
mixture with well-separated voltammetry peaks. Moreover, the applicability of the sensor
for the analysis of DA, UA, XN, and HXN in fish meat has been successfully demonstrated.

Begum et al. have reported, for the first time, the enhanced amidation reaction
between chitosan (CS) and graphene sheets (GS), denoted as CS−GS platform, as an
electrochemical sensing matrix for the simultaneous determination of dopamine (DA) and
uric acid (UA) [81]. In this work, the authors value the amide-functionalized materials
as promising and precious catalysts for electrochemical sensing and catalysis. Hence, to
achieve this goal, they have chosen CS which is well known for its amino and hydroxyl
groups to achieve the amidation reaction with carboxylic acids of GS (Figure 7). As they
have mentioned in their work, many researchers have made nanocomposites with GS and
CS via amidation; however, the lower amount of the −COOH group in GO induces a lack
of amide functions, resulting to a lower performance of the designed electrochemical sensor.
Based on this, GO has been chemically pretreated to increase the amount of −COOH on its
surface to increase the degree of amidation between GS and CS. The electrochemical results
have revealed that the obtained CS−GS enhances the electrocatalytic performance of DA
and UA in terms of the oxidation potential and peak current due to the higher degree of
amide functionalization. Moreover, CS−GS provides selective determination toward DA
and UA in various real samples.
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Liu and coworkers fabricated an enzymatic biosensor based on tyrosinase, chitosan,
and reduced graphene oxide (rGO) (tyrosinase/chitosan/rGO/SPCE) for the specific
electrochemical detection of dopamine (DA) [82]. In this work, chitosan has enhanced the
mechanical and electrical stabilities of graphene through electrostatic interaction between
positively charged functions of chitosan and carboxyl functional groups in rGOs. Chitosan
has also achieved the immobilization of the tyrosinase enzyme without affecting its stability
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and biological activity. The designed tyrosinase/chitosan/rGO/SPCE electrode showed
high sensitivity and selectivity toward DA detection with a very low detection limit of
22 nM and broad linear ranges of 0.4–8 µM and 40–500 µM. In addition, the modified
electrodes have achieved satisfactory results when applied to human urine samples, thus
demonstrating their feasibility for analyzing DA in physiological samples.

It’s clear that the chemical properties of chitosan present various advantages for the
development of sensors. However, when combined with graphene, chitosan still lacks
conductivity and electroactivity. The current research in sensors aims to improve sensitivity
and is oriented towards the combination of various materials with graphene where each
component contributes its properties to obtain efficient electrodes for electroanalytical
sensors. Thus, composite graphene and chitosan has been associated with various other
polymers and nanomaterials to improve the conductivity and then electron transfer ability.

Shen et al. [83] have prepared a modified electrode with poly(3,4-ethylenedioxythiophe
ne)-poly(styrenesulfonate) poly(PEDOT:PSS), chitosan (CS), and graphene (G) for the deter-
mination of DA (Figure 8). In this study, a screen-printed electrode (SPE) has been modified
with the layer-by-layer method (LBL) with four layers. The electrode was immersed in a
PEDOT: PSS suspension and then in a graphene/chitosan suspension (CS–G). The chitosan
has the advantage of reducing the agglomeration between graphene sheet (G). In addition,
the presence of amine groups in the chitosan structure leads to a self-assembly under
electrostatic interaction between negatively charged PEDOT:PSS and positively charged
CS. The obtained sensor demonstrated selective detection of DA in the presence of inter-
fering substances such as ascorbic acid (AA) and uric acid (UA). In addition, the sensor
showed high sensitivity to DA with a detection limit 0.29 µM and a linear range of DA
concentrations from 0.05 to 70 µM.
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As a ternary nanocomposite, RGO/CS was also associated with metal oxide semicon-
ductor Cr2O3 for the simultaneous detection of DA, UA, xanthine (XN), and hypoxanthine
(HXN), in which Cr2O3 was associated for its catalytic and electrochemical properties [80].
The sensors were made by electrodepositing chitosan as well as Cr2O3 nanoparticles. The
LOD and dynamic range measured for DA are 0.65 µM and 5–160 µM, respectively.

By comparing the analytical performance of the sensors, it is easy to notice that the
electrochemical sensors of DA based on graphene nanocomposites have a better analytical
performance compared to DA sensors based on graphene and N-doped graphene-based
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materials. Moreover, it can be seen that graphene or doped graphene modified electrodes
generally present a LOD that does not exceed the normal concentration range in brain fluid,
which is 0.01–1 µM [84] (Table 1), which limits the use of these electrodes in vivo. The asso-
ciation of graphene with other nanomaterials creates a new class of nanohybrid with unique
electrical and structural properties, resulting in a higher electrocatalytic activity. Thus, the
graphene nanohybrid sensors have higher sensitivity for DA detection with a LOD reaching
the nanomolar range. The analytical performance properties provided by some nanocom-
posites enable these sensors to diagnose persons affected by neurological disorders.

4. Conclusions

Electrochemical sensors of DA designed for real application need a recognized material
with unique electrical and structural properties. Graphene offers these properties thanks
to its atomically thin sheet-like architecture, high surface area, electron transfer capability,
biocompatibility, and biomolecular affinity. Recently, the electronic and electrochemical
characteristics of graphene have been improved by using new synthesized methods, by het-
eroatom doping, or by its incorporation with other nanomaterials to form a nanocomposite.
This review focuses mainly on high-performing electrochemical sensors of DA neurotrans-
mitter, which use graphene and its related advanced derivatives and nanocomposite-based
materials as interfaces. It also highlights the recent advances of chitosan biopolymer in-
corporated in graphene nanocomposites and its attractive properties, offering a highly
sensitive platform, as well as wearable and implantable DA electrochemical sensors that
could be applied in diagnosis or the design of therapeutic agents.
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