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Abstract: This paper aims to revise research on carbonaceous nanomaterials used in developing
sensors. In general, nanomaterials are known to be useful in developing high-performance sensors
due to their unique physical and chemical properties. Thus, descriptions were made for various
structural features, properties, and manner of functionalization of carbon-based nanomaterials used
in electrochemical sensors. Of the commonly used technologies in manufacturing electrochemical
sensors, the screen-printing technique was described, highlighting the advantages of this type of
device. In addition, an analysis was performed in point of the various applications of carbon-based
nanomaterial sensors to detect analytes of interest in different sample types.

Keywords: nanomaterials; graphene; carbon nanotubes; fullerene; carbon nanohorns; carbon
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1. Introduction

Electrochemical sensors have been extensively developed as a simple, fast, and accessible method
of sensitive detection and quantification of a wide variety of analytes [1–3]. In particular, electrochemical
sensors based on carbonaceous materials are often used due to their high sensitivity, low cost, good
stability, and biocompatibility [4,5]. The most common carbon-based electrochemical sensors include
electrodes of glassy carbon, graphite, carbon nanoparticles, carbon fibres, carbon microspheres,
etc. [6–10]. Carbonaceous nanomaterials such as graphene, graphene oxide, fullerenes, carbon
nanohorns, carbon nano-onion, diamond nanoparticles, carbon quantum dots, carbon nanofibers,
carbon nanotubes, etc. have been extensively utilized in sensing applications [11].

However, nanomaterials of great importance in sensing were developed and used for developing
novel sensors and biosensors with improved performance characteristics and ultrasensitivity [12].
The nanomaterials offer the advantages of high surface-volume ratio and large specific surface,
characteristics that are of great importance in sensing [13]. In addition, carbonaceous nanomaterials
have improved interfacial adsorption features, higher rate of electron transfer, better electrocatalytic
properties, and biocompatibility compared to many materials used in classical electrochemical
sensors [14,15]. Furthermore, the carbonaceous nanomaterials immobilized on electrode surface
facilitate electron transfer during electrochemical reactions and these favourably interact with both
electroactive ionic and covalent species [11,16].

2. Nanomaterials used in Development of Electrochemical Sensors

On 18 October 2011, the European Commission adopted the following definition of a nanomaterial:
“A natural, incidental or manufactured material containing particles, in an unbound state or as an
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aggregate or as an agglomerate and for 50% or more of the particles in the number size distribution, one
or more external dimensions is in the size range 1 nm–100 nm. In specific cases and where warranted by
concerns for the environment, health, safety or competitiveness the number size distribution threshold
of 50% may be replaced by a threshold between 1% to 50%” [17].

The nanomaterials commonly used in electrochemical sensors are mainly carbon-based
nanomaterials, metallic nanoparticles, metal oxides nanoparticles, conducting polymers, etc. and a
combination of these nanomaterials [5,18,19].

Nanomaterials have unique properties that are of tremendous importance, as compared to
traditional materials [20,21]. Generally speaking, the properties of nanomaterials are very different
from those of the same materials when they are divided more roughly. As a rule, the properties of
nanomaterials change dramatically when particle size is reduced by nanotechnology [22,23]. This is
accounted for by the change in volume-surface area ratio. The bigger the area, the more possible is the
physical and chemical exchange with the environment [24,25]. The morphology of nanomaterials also
plays a considerable role in sensing. The shapes of nanomaterials (nanotubes, nanowires, nanorods)
with multiple corners and sharp edges offer superior electrocatalytic activity [26]. Additionally,
nanomaterials could acquire magnetic behaviour because of nanometric features [27].

It is well known that nanomaterials have unique electric, electronic, mechanic, and thermal
properties, all important in sensing [25,28]. Surface atoms normally have more reactivity than inner
atoms and are responsible for features like improving catalytic current. On the other hand, high surface
means that more atoms are exposed for interactions, thus increasing sensitivity [16]. The specific
morphology of the surface helps in selective detection of target analytes. These features specific to
nanomaterials, especially carbonaceous ones, have, as a result, increase the sensitivity and selectivity
of specific analytes, a critical point in the case of electrochemical sensors [16].

The surface area of carbonaceous nanomaterials has been studied in numerous papers. In one
paper, the authors describe the sensing properties of carbon-based SPEs modified with three types
of carbonaceous materials: carbon nanotubes, carbon microfibers, and graphene. The redox system
selected for the electrochemical response was K4[Fe(CN)6]/K3[Fe(CN)6]. The electroactive area of SPEs
was determined by cyclic voltammetry. The electroactive area of the screen-printed electrodes was
much larger than the geometrical electrode surface area, CNT-SPE having the highest value, followed
by CNF-SPE and GPH-SPE. The presence of roughness due to nanostructures or defects of such surfaces
can lead to an electrode with a real surface area larger than the geometric one. In this paper, the
roughness factors (ratio of electroactive surface to geometric surface) were 7.74 (for CNF-SPE), 9.40
(for CNT-SPE), and 7.70 (for GPH-SPE). Higher and better defined peaks were recorded by CNT-SPE
due to the larger electroactive area that derived from the introduction of nanostructures as well as the
excellent catalytic activity of CNTs [29].

Thangamuthu et al. used SPE-based carbon nanomaterials for bilirubin detection. The authors
compared the electrochemical behavior of two screen-printed electrodes: one functionalized with
MWCNT and another with graphene oxide (ER-GR-SPE). Following the SEM characterization, it was
seen that the empty SPE surface was porous. After functionalization, a clear change of morphology was
observed, due to the electrochemical reduction, in both cases. Cyclic voltammetric characterization in the
presence of electrochemical probe (Fe3+/Fe2+) showed that graphene modified SPE exhibits higher redox
currents than MWCNT-modified SPE. Er-GR-SPE has proven to have a better electrochemical response,
which can be explained by improved electron transfer and larger surface area. The Laviron method has
shown that the modified sensor (Er-GR-SPE) has electron transfer twice as fast as the MWCNT-SPE.
The active area of the SPE was also estimated using the Randles-Sevciks equation. The calculated
surface areas are as follows: bare SPE (0.069 cm2)< MWCNT-SPE (0.075 cm2) < Er-GR-SPE (0.09 cm2).
The results show that the Er-GR modified SPE has a larger surface area than MWCNT. In addition, the
detection limit proved to be more efficient at Er-GR-SPE than at MWCNT-SPE [30].

Nanomaterials also aid in the ready and stable immobilisation of biological receptors in the
sensitive layer in order to develop biosensors [31]. Among these, carbonaceous nanomaterials have been
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successfully used in the development of highly sensitive biosensors, also including enzymes, nucleic
acids, deoxyribonucleic acid, living cells, biological tissues, etc. [32–35]. Carbonaceous nanomaterials
have been also used as labels in electrochemical immunosensors and immunoassays. The huge signal
enhancement associated with the use of carbonaceous nanomaterial labels represents the basis for
highly sensitive electrochemical detection of protein biomarkers or infectious agents [36,37].

Furthermore, the new functionalised nanomaterials are the key components in many chemical
and biological sensors, to the purpose of improving the performance of existing devices or bringing a
new perspective to analyte identification. The functionalities of nanomaterials are used in different
aspects: as sensitive materials, improving the response features of transducers, and as a mobilisation
matrix for biological receptors [38].

The interest in the field could be highlighted by the exponential increase in the number of papers in
this research field. More than 850 papers were published in the last decade in the field of carbonaceous
nanomaterials for sensors (Web of Science—Clarivate Analytics, TS = carbon AND nanomaterial AND
sensor, May 6, 2020) (Figure 1).

Figure 1. The number of articles published per year in the last decade on the topic of carbonaceous
nanomaterials used for developing sensors.

3. Development of Screen-Printed Based Sensors

Incorporating carbonaceous nanomaterials as a component of the sensitive layer of an
electrochemical sensor is carried out by depositing them on a solid support. This process may
be achieved by various techniques. One technique often used involves the dispersion of carbonaceous
nanomaterials in a solvent. This suspension may be directly added to the electrode surface by casting
or drop-and-dry method [39,40]. In some situations, other compounds may be added to improve
the solubility of nanomaterials or/and suspension stability [41,42]. Another technique of depositing
carbon-based nanomaterials is the preparation of a paste. In this case, carbon nanomaterials are
combined with a binder in order to form a paste, which is then deposited [43,44].

Screen-printing technology is one industrial technique successfully used to develop sensors
involving carbonaceous nanomaterials; several sensor devices are already on the market [45–48].
The technique of screen-printing comprises of several main stages, such as ink manufacture, stencil
formation, printing of the layer, and thermal treatment (sinterization) [41,49,50].

Figure 2 shows the complete cycle of the screen-printing process.
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Figure 2. Basic process of screen-printing technology. Reprinted from [51] with permission of Gwent
Group, Sun Chemical Advanced Materials, Sun Chemical, United Kingdom. http://www.gwent.org/

gem_screen_printing.html.

The use of screen-printed electrodes (SPE) as electrochemical sensors or transducers for the
manufacture of electrochemical sensors acquired notoriety due to their characteristics and the
advantages they have as compared to other analytical tools, thus allowing their use in a variety
of electrochemical applications in different fields [51–55].

The SPEs made of carbon ink are seen as a good alternative to carbon paste electrodes or glassy
carbon electrodes. The SPEs are very attractive, both as electrochemical detectors and transducers used
in manufacturing electrochemical sensors [53,56–59]. That is due to certain useful properties for these
applications, such as chemical inertia, use within a wide potential range, low background current due
to the crystalline structure of the material, and high signal/noise ratio [60]. Furthermore, due to the
small size of SPE, they are portable devices that can be easily handled and transported, allowing tests
in situ, online, inline, or real-time, without the necessity to transport the sample to the lab [52,61].

The great variety of screen-printing inks allows the combination of different electrode materials in
the same electrochemical device, thus leading to the manufacture of gold, platinum, carbon, silver, or
silver/silver chloride on the same support. The great diversity of electrode materials is the greatest
advantage of these electrodes, allowing for manufacturing of SPEs based on carbon, metals, metallic
oxides, etc., as such or coated in nanostructured films, or even modified by biological compounds
in a strictly controlled industrial process [49]. Similarly, the production process of SPEs may also be
adapted for various types of supports, so that the nature of the material the electrodes are printed on
ranges from plastic polymer materials to ceramic materials or alumina [45].

Of all the possible modifications that may be implemented on the surface of a SPE, the most
important is those that lead to nanostructures, as modifications with nanomaterials [60]. Carbon
nanotubes, metallic nanowires, and nanoparticles have become predominant in developing sensors, as
they facilitate electron transfer reactions, decrease the sensor’s working potential, improve the rate of
reaction, increase sensitivity, or in the case of biosensors, ensure extended biocomponent stability [62].

Several applications require immobilisation of biological receptors together with nanostructured
compounds to develop electrochemical biosensors [63]. The inclusion of bio-nanomaterials in SPEs
may occur according to various alternative strategies. Biological receptors, such as enzymes, nucleic
acids, antibodies, or living cells, may be immobilized onto or on the SPE surface in different ways, such
as casting, physical adsorption, or electrochemical coating [64–66]. Another method is the inclusion of

http://www.gwent.org/gem_screen_printing.html
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the biological receptor into an ink, which is printed as a final layer on the electrode surface. In this way,
a stable and nanostructured bio-nano-composite layer is obtained, which is useful in biosensing [67].

Through such modifications, these electrodes improve their properties and may be used in
numerous applications in various fields, such as environmental measurements (to determine heavy
metals), foods and agriculture (to detect certain compounds in foods or pesticide in soil), forensic
(to determine toxic compounds or drugs), and clinical (to determine biomarkers for celiac disease or
prostate cancer) [60,68–71].

The development of biosensors with a functionalized surface based on nanostructured metal
and metal oxides is still challenging. Covalent and non-covalent interactions formed by different
methods are used to functionalize nanostructured materials. The introduction of different functional
groups improves the attachment of biomolecules through electrostatic interactions or specific bonds.
Functionalization increases the stabilization and reduces the agglomeration of metal nanoparticles.
Immobilization of biological recognition elements, such as enzymes, protein receptors, cell receptors,
etc., on the surface of the transducer develops a bio-sensitive layer, which can more easily capture the
target analyte [72]. Therefore, an improved detection performance is obtained.

For example, Ahn et al. reported the fabrication of solution-gated field-effect-transistor (FET)
based potassium sensor using iron oxide nanoparticles (Fe2O3 NPs) modified directly grown zinc
oxide nanorods (ZnO NRs). The Fe2O3 NPs modification of ZnO NRs provided stability to the nanorod
surface and improved surface area for valinomycin immobilization. During sensing measurements,
FET sensor showed high sensitivity in the linear range of 0.1 µM to 125 µM, low limit of detection
good stability, excellent reproducibility, and favorable selectivity [73].

Another sensor modified with metal particles and biological substance is the one manufactured
by Ahmad et al. Their study reported the fabrication of a solution-gated field-effect transistor (FET)
sensor based on zinc oxide nanorods (ZnO NRs) modified iron oxide nanoparticles (α-Fe2O3 NPs)
grown on a highly conductive sandwich-like seed layer (ZnO seed layer/Ag nanowires/ZnO seed
layer). The sandwich-like seed layer and ZnO NRs modification with α-Fe2O3 NPs provide excellent
conductivity and prevent possible ZnO NRs surface damage from low pH enzyme immobilization,
respectively. The highly conductive solution-gated FET sensor employed calmodulin immobilization
on the surface of α-Fe2O3-ZnO NRs for selective detection of calcium ions (Ca2+). The solution-gated
FET sensor showed high sensitivity (416.8 µA·cm−2

·mM−1) and a wide linear range (0.01–3.0 mM) [74].
Of late, screen-printed sensors have been developed, with multiple working electrodes on the

same support, for the simultaneous electrochemical detection of different analytes, like anions, cations,
pesticides, phenols, amines, carbohydrates, etc. [75–78].

Some of the advantages of modifying electrodes with nanomaterials are mentioned in this section.
Since nanomaterials have a large superficial area, they facilitate electrochemical processes occurring
on the surface of the working electrodes. The use of nanomaterials results in improved electron
transfer from the electroactive molecule in the electrode. Nanomaterials may act as catalysts of the
electrochemical reactions, which allows the reduction of energy necessary for the reaction to occur
and favours process reversibility. Using nanomaterials allows direct contact of the analyte with the
electrode surface, thus improving sensitivity [52].

Despite all these advantages, the main problem with these electrodes is the low replicability
of the manufacturing process, as differences between lots may be noticed as a result of small
modifications/errors during the manufacturing process [79]. At present, the process of SPE industrial
manufacturing is quite controlled, but differences are still possible. However, the lack of replication in
SPE manufacturing may be improved by implementing a stage of electrochemical pre-treatment of the
electrode surface. As a result of the industrial scale production of these relatively cheap electrodes, they
may be replaced after each analysis. These devices could be used as disposable electrodes or single use
in routine or screening measurements [80–83]. It is of utmost importance when the analysis focuses on
complex samples, which may foul or contaminate the electrode surface after only one electrochemical
measurement [84].
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4. Chemically Modified Electrodes with Carbonaceous Nanomaterials

The development of sensors using carbonaceous nanomaterials is a wide and provocative research
field, and the development of screen-printed sensors based on these materials is of great interest [85–88].
Numerous carbonaceous nanomaterials, such as fullerene, carbon nanotubes, graphene, carbon
nanofibers, carbon quantum dots, etc. are available or could be synthetized in order to develop
specific and highly sensitive devices [89–92]. All these nanomaterials have interesting characteristics,
such as high electric conductivity, mechanic resilience, chemical stability, high surface/volume ratio,
etc. useful in the electrochemical detection [93]. It is possible for carbon-based nanomaterials to
combine with other nanomaterials in order to create composites or nanocomposites whose properties
increase synergistically. The synergy of associated nanomaterials may have a positive influence on the
sensitivity and selectivity of the modified sensitive surfaces [16].

New architectures of nanomaterials have recently been introduced in order to obtain better
results in electrochemical detection. This research has led to the manufacturing of more stable, more
reproducible sensors in analyte detection [94–97].

In the case of carbonaceous nanomaterials, many novel complex structures have been created to
increase practical applicability. A case in point is the 3D architecture of GPH. 3D graphene architecture
is porous in nature and provides a slight diffusion of the electrolyte containing the analyte. 3D GPH
ensures rapid electron and mass transfer. Moreover, loading the catalysts or the enzymes on the 3D
GPH is easier and more stable for the manufacturing of highly selective and sensitive sensors [98].

Carbon nanohorns, GPH ribbons, and GPH quantum dots are other kinds of innovative architecture
used in developing sensitive and selective electrochemical sensors. Such new materials and complex
molecular architectures may improve sensitive properties and provide the possibility to build a sensor
with enhanced electrochemical performance characteristics [99].

In most studies, nanomaterials actually act as the middle ground as they are applied on the
surface of an electrode made of Au, Pt, glassy carbon, graphite, etc. [98,100]. Assembling nanomaterials
into an electrode is a challenging endeavour. It is quite challenging to use nanomaterials, one of
the main issues being particle aggregation or agglomeration. Aggregation could compromise the
useful characteristics of materials, and the supplementary functionalization of materials may become
difficult [101,102]. To improve the replicability of electrochemical sensors, efforts should be taken
to homogenise the nanomaterial, in regard to its length and diameter. Another major challenge is
integrating the nanomaterial on the electrode surface. In general, if nanoparticles have the tendency
to agglomerate on the electrode surface, it will decrease its efficiency and catalytic ability [103].
Nanoparticle functionalization may help reduce aggregation and obtain better dispersion on the
electrode surface. In certain cases, the nanomaterial may be used as a platform for the uniform
distribution and less agglomeration of the other nanomaterials used on its surface. For instance,
reduced GPH oxide may act as a useful sublayer for the distribution of nanostructured nanoparticles
of metallic oxides [16].

4.1. Graphene-Modified Electrodes

GPH is obtained by different methods such as mechanically exfoliation of graphite, treatment
of graphite with oxidative agents, chemical vapour deposition, etc. [104–106]. The schematic
transformation of graphite on GPH is presented in Figure 3.
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Figure 3. Schematic transformation of graphite in graphene. Reprinted from [107] with permission
of Elsevier.

GPH is an extended 2D carbon network, with a hexagonal structure resembling a honeycomb,
with high sensitivity, high selectivity, good stability, low action potential, and excellent electrocatalytic
activity [108]. It has numerous interesting properties: very large specific surface, optimal conductivity
and transparency, mechanic resilience and excellent flexibility, good thermal and electrical conductivity,
and excellent electronic properties [107,109].

The idealised GPH structure is bi-dimensional. It includes a single layer of sp2 hybrid carbon
atoms linked by covalent bonds in order to form a plane hexagonal network [110]. However, in practice,
the structure is complicated by the difficulty to isolate only one GPH layer in a controlled manner.
Usually, this means that what is called GPH in reality includes several layers of GPH, each comprising
a different number of atomic layers. Therefore, it is essential that the number of layers should be
measured by atomic force microscopy, Raman spectroscopy, or low-energy electronic microscopy
(LEEM) in order to accurately determine the number of GPH layers. Another complicating factor for
GPH structure is the fact that it is never flat from an atomic point of view, due to its flexibility, which
means that the sheets tend to undulate or fold. Large folds tend to occur as a result of processing [111].

To manufacture porous GPH-based materials, several experimental methods were used, by
depositing chemical vapours, or casting GPH at very low temperatures [112]. Although the electrical
properties of GPH are exceptional, and it is a very good electric conductor, it is very difficult to build
three-dimensional GPH materials. However, it was found that GPH particles may form in certain
conditions three-dimensional porous structures of remarkable toughness. The 3D models based on
GPH have exceptional physical properties, which result from an unusual geometry and less from the
material itself [113].

The study of mechanical, electronic, optical, and electrochemical properties of GPH is the most
relevant to sensor applications [114–116].

Although the mechanical behaviour of GPH was well characterized, the connection between its
porous structure and mechanical properties is not yet fully known, and experimental measurements
of rigidity and resilience vary widely. Design stages may be guided by mechanical models and new
calculation experiments which may improve the mechanical performance of this material. Studies
mainly focus on the architecture of the material allowing GPH to form stable 3-D porous materials,
implemented at various scales in order to create a set of properties like rigidity, traction, and compression
resistance [113].

Many of the electronic properties tend to be very sensitive to the number of GPH layers, as
this variable produces important modifications in the structure and superposition of the atomic
layers [117,118].

The optical properties of GPH have been granted a lot of attention, especially since Raman
spectroscopy and infrared spectroscopy may provide detailed information on its structures under the
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form of atomic layers. Another interesting optical property of GPH is that the first 4 or 5 layers display
a practically constant absorption in the range of visible light [119].

Despite uncertainties about CNT electrochemistry, GPH electrochemistry is even less understood.
This is due first and foremost to the fact that few studies have treated its electrochemical properties,
and the available studies have dealt with different types of “graphene” [120], making it difficult
to understand the general conclusions. In any case, there is evidence that the electrodes modified
with GPH and its derivatives may have good electrochemical performance as compared to other
electrodes, like glassy carbon, graphite or even carbon modified with CNTs [120]. Furthermore, GPH
has significant advantages: numerous reaction sites, suitable surface, efficient biocompatibility, and
low production cost, as compared to other types of carbonaceous nanomaterials [121].

Comparing the modified multilayer GPH electrodes with electrodes modified with highly oriented
pyrolytic graphite, it was discovered that both electrodes has a one-electron Nernstian behaviour, when
are registered by the cyclic voltammograms in [Fe(CN)6]3-/4- solution [122]. The electrodes modified
with highly oriented pyrolytic graphite displayed more favourable electrochemical properties, allowing
a clear differentiation of the redox peaks in mixtures of electroactive molecules.

Various GPH forms, like GO (GPH oxide), rGO (reduced GPH oxide), GNRs (GPH ribbons less
than 50 nm in width) etc. have been obtained by processing CNTs [123–125]. GPH could also be
functionalized by means of various materials, including metallic or metallic oxides nanoparticles,
organic compounds, polymers, and biomolecules, in order to improve the sensing properties [126].
The functionalization of GPH may be readily achieved by various methods like mechanical mixing,
hybridization, co-depositing, covalent or non-covalent interaction, etc. [127,128]

In the past decades, many researchers have analysed GPH-based nanomaterials and their
electroanalytical applications in order to develop biological, biomedical, or food and environment
safety applications [126,129,130].

For instance, it was found that it has excellent electrochemistry for redox reactions of
biomolecules [131] or drugs [132] when electrodes incorporated GPH oxide or reduced GPH oxide.
In one work, Adhikari et al. developed a sensor using electrochemically reduced GPH oxide (ERGO) for
acetaminophen, which proved to be sensitive enough to detect in various pharmaceutical formulations
and human body fluids [133]. With very good electrical conductivity and excellent surface, ERG is
suitable as a fast, sensitive electrochemical detection platform for acetaminophen. The ERGO-based
sensor built in this study has a low detection limit (LOD), 2.13 nM, and a wide linearity range,
5.0 nM–800.0 µM. In addition, this sensor was considered efficient in detecting acetaminophen in the
samples of human serum and pharmaceutical products [130,133].

In the same respect, Govindhan et al. designed an electrochemical sensor of β-nicotinamide
adenine dinucleotide (NADH) by means of a nanocomposite, gold nanoparticles, and reduced GPH
oxide (AuNPs/rGO) without using redox mediators and enzymes. The sensor based on AuNPs/rGO
showed excellent electrocatalytic activity in oxidizing NADH in neutral solution, providing an
appropriate system for electron transfer and increased electrical conductivity. This sensor had high
sensitivity (0.916 µA/µM·cm2) and a large linearity range (50.0 nM–500.0 µM) with a low LOD of
1.13 nM (S/N = 3). Besides, the sensor was tested in detecting NADH in human urine samples, thus
showing its suitability for biomedical applications [134].

Three-dimensional porous GPH (3DGN) is seen as a new material useful in immobilisation,
suitable to improve electroactivity similar to enzymes in detecting various biomolecules. Tests were
conducted on the structural effects of nanomaterials based on metallic oxides, like NiO, Co3O4, Fe3O4,
etc. to determine the peroxidase type activity. For example, Wang et al. developed a 3DGN decorated
with Fe3O4 nanoparticles for glucose detection with a low LOD of 0.8 µM [135].

A highly sensitive and selective nano-biosensor for rapid, stable, and highly reproducible detection
of ascorbic acid (AA) in the presence of dopamine, uric acid, and other interferences by a three-layer
sandwich arrangement of nitrogen-doped functionalized graphene (NFG), silver nanoparticles (AgNPs),
and nanostructured polyaniline (PANI) nanocomposite was studied. The enhanced AA electrochemical
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properties of the NFG/AgNPs/PANI electrode is attributed to the superior conductivity of the NFG-PANI
and excellent catalytic activity of AgNPs. The critical modification of the AgNPs-grafted NFG-PANI
coated on very low-cost fluorine doped tin oxide electrode increased the charge transfer conductivity of
the electrode. The nano-biosensor was used to accurately detect AA in vitamin C tablets with recovery
of 98%. The sensor demonstrated a low detection limit of 8 µM with a very wide linear detection range
of 10–460 µM, good reproducibility and excellent selectivity performance for AA detection [136].

Altun and collaborators present a new amperometric dopamine sensor developed on the basis
of modified SPCE with rGO, polyneutral red (PNR), and AuNP. The electrochemical behaviour
of dopamine on SPCE/RGO/PNR/AuNP was investigated. The prepared sensor showed a high
electrocatalytic effect on the oxidation of dopamine. The limit of detection and sensitivity was
0.17 µM and 13.38 µA·mM−1, respectively. Operational stability studies have shown that the initial
amperometric response of the sensor to dopamine decreased by 90.05% on day 60 [137].

In one paper, a novel sensor based on screen-printed modified GPH electrode, controlled by a
smartphone and using square wave voltammetry (SWV) as detection technique was developed [138].
The analytical system consists of an SPE sensor, a coin-sized detector, and a smartphone. Figure 4
depicts the components of the system, the software interface, and the image of SPE.

Figure 4. The images of (a) detector; (b) software interface; (c) scheme of screen-printing process,
(d) image of SPE. Reprinted from [138] with permission of Elsevier.

The novel system was successful used for norepinephrine detection, the limit of detection being
0.265 µM. With this system, the sensing of norepinephrine was selective towards the interfering species
usually present in body fluids. Therefore, the system could be used in the field of point-of-care testing
and screening analysis.

Several electrochemical sensors based on GPH or GPH nanocomposites modified SPE were
developed for the detection of several analytes. Some examples of such sensors, analytes, detection
techniques, and detection limits (LOD) are presented in Table 1.

4.2. Fullerene-Modified Electrodes

Fullerenes or C60 are a class of carbon-atom compounds that generally display spherical shapes
of the geodesic dome type. From the point of view of the chemical bonds between the constituting
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carbons, fullerenes are structurally related to graphite [16]. This category of compounds is rightly
considered, beside amorphous carbon, graphite, and diamond, a distinct allotrope form of carbon.

The main representative of this class is fullerene C60 containing 60 carbons arranged in an
icosahedric structure [139]. An icosahedron consists of a polyhedron with 12 pentagonal sides and
20 hexagonal sides; its structure is very similar to a modern football, whose design was inspired
by Fuller’s geodesic dome. C60 is the smallest stable fullerene (with non-adjacent pentagonal and
alternatively hexagonal sides). Figure 5 presents the schematic soccer-ball structure of fullerene.

Figure 5. Spherical structure of fullerene. Reprinted from [140] with permission of Elsevier.

Fullerene (C60) is a 0D material, 0D in whose structure there are rings of 5 and 6 sp2 hybrid
carbons and is very commonly used as material for electrodes [139]. It differs from graphite, which
has plane sheets of sp2 carbons disposed hexagonally on top of each other in order to create a 3D
architecture. A closely related class of compounds, in fact very elongated fullerenes, are carbon
nanotubes, discovered after 1991 by the Iijima [141], which will be described below.

Fullerene is electrochemically active as it has a tendency to give and receive electrons [16,139].
Fullerene-based electrochemical sensors are mainly used due to their replicable catalytic properties and
their high chemical stability. The electrochemical behaviour of fullerenes may be improved by modifying
their structure. For example, the weak electrochemical activity of fullerene in aqueous environment
may be improved by electrochemical activation. Further, the sensitivity may be additionally improved
by depositing various metallic nanoparticles on the activated fullerene. Even the hydrophilic character
of the fullerene may be induced by functionalization with polar groups [142,143].

Black fullerene is a less-known product, with particle size of 40 to 50 nm. It is a fine black powder,
with a 300 m2/g surface and a low density of 0.03–0.05 g/cm3. It may be synthesized by evaporating
graphite in a helium atmosphere. The electric arch method is considered the most efficient in producing
large amounts of fullerene. Some interesting research studies have shown that black fullerene has a
good electrochemical activity for acetaminophen and guanine [16,144]. In a recent work, a sensitive
SPCE electrochemical sensor based on palladium nanoparticles (PdNPs) decorated fullerene (C60) for
dopamine was reported [145]. The C60/PdNPs-SPCE exhibited an improved electrochemical signal to
dopamine, higher current, and lower oxidation potential comparing with the unmodified SPCE or
modified only with PdNPs or C60.

Differential pulse voltammetry (DPV) was the detection technique. Figure 6A shows the DPV
curves of the C60/PdNPs-SPCE towards solutions of different concentration of DA. Figure 6B shows
the linear fitting between the current and DA concentration (the calibration curve).
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Figure 6. (A) DPV signals of C60/PdNPs-SPCE in the absence (curve a) and presence of DA at
concentrations levels of 0.35 to 150.55 µM (curves b-h); (B) The calibration curve. Reprinted from [145]
with permission of Elsevier.

As can be seen, in the absence of dopamine (a), the C60/PdNPs - SPCE did not show any oxidation
peak. A well-defined oxidation peak was observed in the presence of DA, the anodic current increased
with increasing the dopamine concentrations (b-h) (Figure 6A). The peak current linearly increases
when the concentration of dopamine increases in the range of 0.35 to 133.35 µM (Figure 6B) with LOD
of 0.056 µM based on S/N = 3 criterion. The sensor shows good recovery of dopamine in injection
samples and demonstrates applicability in real samples.

More examples of SPE sensors based on fullerene and their composite materials are included in
Table 1.

4.3. Carbon Nanohorns-Modified Electrodes

Carbon nanohorns (CNHs) are conical structures that are usually 30–50 nm in length and 2–5 nm
in diameter. The inner cavity of CNHs may be accessed through oxidation. CNHs are similar to short
SWCNTs but the diameter of CNHs is considerably bigger than the one of SWCNTs [146]. These are
generally arranged in a spherical structure with good porosity, and a large specific surface [147].
They have certain advantages when compared to CNTs. They are high yield products at room
temperature and do not contain toxic metallic impurities, which makes them environment-friendly [146].

The oxidation process of CNHs produces an extended functionalization with polar groups with
oxygen, which eases the adsorption or immobilization of biocatalysts. For example, a monolayer of
cationic tensioactive was immobilized on the carboxyl functionalized CNHs, CNH-COOH, for the
electrochemical detection of bisphenol A with good results [148].

If the CNHs are used together with other materials, the sensor sensitivity may improve considerably.
Such an example is the sensor for cadmium (II) and lead (II) made of an SPE. The modification of the
films of the SPE with functionalized SWCNHs improved sensor sensitivity to cadmium (II) and lead
(II) [16,149].

Other sensor applications employed CNHs synthesized by pure graphite ablation. As an active
matrix, CNHs are shaped as a horn, made up of GPH sheets, with very good electrical conductivity,
and useful in sensor development [150–152].

One of the modification methods is electropolymerization, possessing multiple advantages, such
as: simplicity, selectivity, sensitivity to analytes, strong adhesion of the polymer film to the electrode
surface, ability to provide a larger surface by forming homogeneous membranes, etc. [153]. Specialized
literature describes electrodes that are chemically modified by polyimidazole, polyphenylene oxide,
polypyrrole, polyaniline, and polyglycine to develop electrochemical sensors [154]. Zhang et al.
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successfully manufactured a sensor by electrodepositing polyglycine on the carbon electrode modified
by carbon nanohorns in order to simultaneously determine uric acid, dopamine, and ascorbic acid,
with improved selectivity and sensitivity [155].

Nanocomposites containing CNHs are also used in sensing studies. One relevant paper describes
the electrochemical detection of nitenpyram, a nicotinamide pesticide, with an electrode modified with
hydroxylated multiwall carbon nanotubes/single-wall carbon nanohorns [156].

The morphology of the nanohybrid material demonstrates the existence of numerous active sites
for nitenpyram, which explains the improved sensitivity of the sensor. The electrochemical behaviour
of sensor was investigated by CV and DPV. A reduction peak was observed, and it depends on pH.
The scheme of the electrochemical process that takes place at the electrode surface is presented in
Figure 7.

Figure 7. The scheme of the electrochemical reduction of nitenpyram. Reprinted from [156] with
permission of Elsevier.

As can be seen, when the pH was < 9, the nitro group of nitenpyram was reduced to the
hydroxylamine group accepting 4H+and 4e−. When the pH was > than 9, the nitro group was reduced
to the nitroso group accepting 2H+and 4e−.

The cathodic peak current decreases linearly with nitenpyram in the concentration range of
20–2000 nM, with a LOD of 4.0 nM. The sensor was effective in the detection of nitenpyram in
corn samples.

Another sensor based on CNHs-modified SPE, useful for different analytes, were developed.
Representative references are included in Table 1.

4.4. Carbon Nanotubes-Modified Electrodes

Carbon nanotubes (CNTs) are one-dimensional cylinder tubes of sp2 hybrid carbon atoms.
Their diameter is up to tens of nanometers, and their length may be up to several centimetres [157,158].

CNTs are classified according to the number of laminated GPH layers, so that there is one layer, or
single walled carbon nanotubes (SWCNTs), two layers, or double walled carbon nanotubes (DWCNTs)
and several layers, or multi-walled carbon nanotubes (MWCNTs) [159]. SWCNTs have a diameter of
0.4–2 nm and their length is several microns. MWCNTs are made up of coaxial tubes consisting of
several laminated sheets, with possible distance between the sheets of about 0.34 nm and a diameter
of 2–100 nm (Figure 8). However, these lengths and diameters vary in CNT. CNTs are considered as
the biggest anisotropic materials ever produced [160]. In Figure 8, the schematic representation of
SWCNTs and SWCNTs is depicted.
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Figure 8. Schematic representation of (a) MWCNT and (b) SWCNT structures. Reprinted from [161]
with permission of Elsevier.

CNTs can be synthesized by various methods, including laser ablation, chemical vapour deposition
(CVD), and arc discharge [162–164].

CNTs have several remarkable mechanical, thermal, electrical, and adsorption properties, which
make them optimal in manufacturing electrochemical sensors and biosensors [165].

Literature shows that CNT-based electrodes have been used on a large scale in both detecting
biomolecules and developing sensors by immobilizing biomolecules on the CNT surface. For instance,
sensors based on CNTs have been developed for the accurate and sensitive detection of cholesterol.
Alagappan et al. reported an electrochemical cholesterol biosensor based on cholesterol oxidase
(ChOx) enzyme immobilized on gold nanoparticles—functionalized—multiwalled carbon nanotube
(MWCNT)—polypyrrole (PPy) nanocomposite modified electrode. The sensor was fabricated by a
two-step approach wherein the Au NPs-f-MWCNT was prepared by wet chemical method followed
by electropolymerization of pyrrole. PPy acts as a support matrix to hold ChOx and the presence
of Au-f-MWCNT increases the electrical conductivity. The biosensor had a sensitivity and detection
limit of 10.12 µA·mM−1·cm−2 and 0.1 × 10−3 M, respectively [166]. Immobilization of biologic
receptors on CNTs has been extensively used for the development of enzymatic sensors, biosensors,
or imunosensors. The development of immunosensors employing CNTs is also often reported in
the literature. One example of immunosensor based on single-walled carbon nanotube is described
in the work carried out by Viet et al. In their work, a sensitive electrochemical immunosensor was
developed for the detection of hCG, a pregnancy marker, that is based on a single-walled carbon
nanotube (SWCNT) modified screen-printed carbon electrode. This electrochemical immunosensor is
a sandwich-type immunoassay, where the gold-linked with the second antibody (Au-Mab-hCG) is
used as a label. Differential pulse voltammetry was employed to measure the signal current response
obtained from dissolved Au-Mab-hCG. The developed electrochemical immunosensor shows the linear
range of the hCG concentration from 10 pg/mL to 1000 pg/mL, the limit of detection of 5 pg/mL with
the sample volume usage as low as 2 µL [167] Furthermore, Wang et al. investigated the application of
CNTs as a label for highly sensitive electrochemical immunoassays. In this study, CNTs were used to
load enzyme markers by covalent interaction of their surface. A surface coverage close to 9600 enzyme
molecules per 1 µm length of CNT was obtained [168]. SWCNT “forest” amperometric immunosensor
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devices with antibody-SWCNT bioconjugates for ultrasensitive detection of cancer biomarkers was
also reported [169].

However, many times, it is impossible to completely benefit from the characteristics of the
nanomaterials modifying the electrode surface. Moreover, electrodes that are usually modified by drop
casting have limitations due to the uneven distribution of the nanomaterial on the electrode surface,
resulting in electrode fragility [16].

To take advantage of the entire potential of CNTs as modifiers and to face the usual limitations
of the drop-and-dry method, a new methodology was introduced to manufacture CNT electrodes
involving the use of electrodes based on filtered CNTs [165]. To exploit the full potential of the CNTs
as modifiers and cope with usual limitations of the drop casting approach, a new methodology for
the CNT electrode fabrication is introduced, which involves the use of filtered CNTs-based electrodes.
For instance, García-Carmona et al. [165] built the MWCNTs electrode using a Teflon filter as support
for the nanomaterial. It was used to filter the homogeneous suspension of MWCNTs. The Teflon filter
is a non-conductive sublayer, and the electrochemical behaviour of the electrode entirely depends on
the nanomaterial.

CNTs may be functionalized properly by different methods to manufacture as improved
sensor [170]. For instance, the empty cavity of CNTs aids in entrapping the host molecules [171].
However, the insolubility and agglomerating tendency of CNTs limit their use and may affect
their unique properties. In such cases, chemical functionalization may be used to adjust CNT
properties for the application in question. For example, a better dispersion may be achieved by CNTs’
functionalization [172].

Functionalization may be performed by chemical oxidative processes when CNTs are dispersed
in water and organic solvents, by other chemical and physical modifications, or by separating metallic
SWNT and semiconductive SWNT [173,174].

Functionalized CNTs may be classified as follows, in covalent bond functionalized CNTs,
defect group functionalized CNTs, non-covalent functionalized CNTs, and endohedral functionalized
CNTs [14,175].

In covalent functionalized CNTs, chemical functionalization occurs by forming new covalent
bonds at the carbon level or functional groups of CNTs. Covalent functionalization generally occurs at
one end or another, or at the level of the defects in the side wall. The desired functionalization may be
generated first by the CNTs reaction with extremely reactive species, which may be readily substituted
by the desired functional group. The disadvantage of the covalent functionalization is that it affects the
CNTs’ conjugation system. CNTs contain defects generated by synthesis. In CNTs, about 1–3% carbon
is located in defective sites [176–178]

The covalent functionalization of CNTs is a promising alternative to extending applications in
the biomedical field. According to the placement of functionalized groups within the CNTs, there
are two strategies used in the covalent functionalization for optimal interaction with biomolecules.
One is functionalization of the groups found in CNT defects and the second is functionalization of side
walls. Covalent-modified CNTs have proven to be the ideal host to immobilise certain molecules to
manufacture selective sensors and biosensors for some analytes of importance in bioanalysis [179,180].

The noncovalent method is a strategy used to enhance CNTs’ solubility. This method allows
the conjugation of CNTs with various molecules without affecting the electronic structure and its
properties. This method exploits the interactions between the CNTs surface and the hydrophobic
domains of the amphiphilic molecules [181,182].

Noncovalent functionalization is extremely important in ensuring CNT biocompatibility, and
thus extending the applications of these nanomaterials to the biomedical field [183–185]. Usually
this method used to modify the CNT surface involves hydrophobic or π-π interactions, and thus no
alterations of the conjugated electronic structure may occur. The noncovalent method presupposes the
coating of CNTs with a variety of functionalization agents, like (anionic, cationic, non-ionic) surfactants,
polymers, aromatic polynuclear compounds, and various biomolecules [98].
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A noncovalent functionalization of CNT with applications in the biomedical field should meet the
following requirements:

• Molecules covering the CNT surface should be biocompatible and nontoxic
• The top layer of CNT should be stable enough in biological solutions characterized by a high

salt concentration
• Molecules used in altering the CNT surface should have a very low critical micellar

concentration (CMC)
• Molecules covering the CNT surface should contain functional groups available for bioconjugation

with various biomolecules so that they to lead to bioconjugated systems with different
biological applications.

These requirements were met by the noncovalent functionalization of CNT with polyethylenglycol
(PEG)-treated phospholipids [186]. It is well-known that phospholipids are majority components in the
cell membrane and that is why their use is approved in the biological field. Phospholipid chains attach
to the CNT surface, while the hydrophilic PEG chains are oriented in the aqueous phase. By such a
modification, the CNTs become biocompatible, water soluble, and stable in various biological solutions.
Another noncovalent biofunctionalization method involves attaching CNT proteins in the presence of
surfactants (Triton X-100, Triton X-405) or polymers [175].

The covalent and noncovalent functionalizations are called exohedric functionalizations.
The endohedric functionalization of CNTs happens when atoms and small molecules are found
inside the CNTs [187,188].

In short, there are numerous means whereby CNTs may be functionalized in order to obtain the
desired characteristics. Figure 9 presents the different possibilities for functionalization of SWCNTs.

For example, proteins can be immobilized by SWCNTs by covering the following steps. The first
stage is the irreversible adsorption of an organic/polymeric compound (1-pirenebutanoic acid
succinimidyl ester) on the hydrophobic (graphenic) surface of a CNT. In the next stage, the protein is
covalently attached to the functional group (succinimidyl) in the 1-PBA by a nucleophilic substitution
of the amine group existing in the protein chain [182,189–191].

Functionalized CNTs showed excellent electrocatalytic activity having a central role in sensor
selectivity and sensitivity. For example, carboxyl-functionalized CNTs showed considerable
enhancement of the electrochemical performance of sensors [192]. In another study, chitosan
and cetyltrimethylammonia bromide were used to functionalize CNTs for the non-enzymatic
detection of hydroximethanesulfonate. It could be mentioned the material functionalized with
chitosan and cetyltrimethylammonia bromide has no catalytic activity for the transformation of
hydroximethanesulfonate bromide, therefore showing excellent selectivity [193].

Another interesting feature is that CNTs may be functionalized with other nanomaterials to
improve their sensing properties, especially electrocatalytic activity. Numerous sensors have recently
been developed based on CNTs functionalized with fullerene. Fullerene is an excellent electron
acceptor, and its dispersion on the CNTs facilitates fast electron transfer [194]. Fullerene-functionalized
CNTs improved the electrochemical behaviour and sensitivity of the sensor [195]. The behaviour of
fullerene-functionalized CNT proved superior in detecting analytes as compared to MWCNTs [16].

The use of CNTs in developing nanocomposites with applicability in sensing are also reported.
One work presented a hybrid nanocomposite sensor based on SnO2, β-CD, and MWCNTs for selective
and sensitive detection and quantification of acetaminophen. The presence of β-CD plays a dynamic
role in both formation of hybrid nanocomposite and selective sensing. The characterization of hybrid
nanocomposite was carried out by FT-IR spectroscopy, high-resolution transmission electron microscopy,
and X-ray diffraction analysis. The scheme of the SnO2@MWCNT/β-CD sensor development is
presented in Figure 10 [196].
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Figure 9. Possible SWNTs functionalizations: (A) Defect group functionalization, (B) side-wall covalent
functionalization, (C) exohedric noncovalent functionalization with tensioactives, (D) exohedric
noncovalent functionalization with polymers, and (E) endohedric functionalization with C60. Schematic
representation of (a) MWCNT and (b) SWCNT structures. Reprinted from [175] with permission of
John Wiley and Sons.

Figure 10. Scheme of the sensor development: materials employed, techniques for dispersion of the
nanomaterials, deposition technique, and detection mechanism. Reprinted from [196] with permission
of Elsevier.
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Under optimum working condition the sensor shows a linear range of 0.01–340 µM and a low
detection limit of 5.8 nM for the voltammetric detection of acetaminophen. The sensor was validated
by precise quantification of acetaminophen in tablet and human urine samples.

More sensors based on CNTs/nanocomposite fabricated by screen-printing technique are included
in Table 1.

4.5. Carbon and Graphene Quantum Dots-Modified Electrodes

Carbon quantum-dots and graphene quantum dots (GQD) have been recently introduced
as superior materials with multiple properties, among which excellent photostability, small
size, biocompatibility, adjustable photoluminescence, exceptional multi photon excitation ability,
electrochemiluminiscence, easy functionalization with biomolecules, and chemical inertia [197–200].
These bright carbon nanocrystals provide unprecedented possibilities in bioimagistics and optical
detection. Due to their small size and biocompatibility, they may also serve as efficient transporters
for drug administration, allowing the simultaneous monitoring of kinetics. Moreover, their unique
catalytic and physico-chemical make them ideal for biomedical applications [201].

GQD may be acknowledged as a kind of carbon quantum dots, which usually possess better
crystallinity [202]. Despite controversy regarding the origin of luminescence, carbon dots (CDs) and
GQDs may lead to manufacturing of low-cost solar cells and organic LEDs (OLEDs) [203] and even
improve the performance of supercapacitors [204] and lithium ions batteries [205].

Although GQDs may be considered a type of CDs, CDs have a distinct structure. In general,
CDs are quasispherical nanoparticles containing amorphous and crystalline parts [206]. Despite the
fact that many researchers have proven the existence of sp2 carbon in crystalline fraction, CDs have
lower crystallinity than GQDs [207]. On the other hand, most GQDs are made of GPH, GO [208], and
molecules with a specific structure, such as benzene rings [202].

Thus, GQDs usually have GPH lattices inside the dots, resembling the crystalline structure of
single or few layered GPH. It is interesting to note that although CDs and GQDs have different basic
structures, both may be functionalized with functional groups containing oxygen, like carboxyl and
hydroxyl [209]. The presence of these groups on the surface brings considerable contribution to the
optical properties of CDs and also of GQDs, also making them water dispersible. On the other hand,
heteroatoms, such as nitrogen, sulphur, and other elements, considerably improve luminescence and
electrical conductivity [210] by adjusting electronic structures.

The CDs and GQDs display various colours of photoluminescence, ranging from UV to visible
and even proximity of the infrared region [211]. The structural depiction of C-dots and GQDs and its
microscopic characterization are presented in Figure 11.

In any case, the optical properties of CDs and GQDs are also controversial, like the luminescence
mechanism. The debate about the origins of luminescence starts from their behaviour, depending on
the excitation, i.e., the emission peak may vary according to the excitation wavelength. Experimental
observations as well as the different properties make the origin of luminescence difficult to explain.
For example, the desired quantum effect is not always observed or quantified [212], and the exact
control of the experimental process cannot be achieved for the moment [213].

The electrochemical characteristics, such as the electron transfer of GQDs and CDs, depend on the
complex interaction between the carbon core, the functional groups, and doping heteroatoms [214].
The efficient electron transfer of GQDs is increased by this large specific surface and abundant marginal
sites (when the load transfer in some molecules occurs predominantly on the edges). Due to the small
size of GQDs, only one electron may be trapped in the well-formed space between a GQD and the
surface layer [215]. When there are functional groups containing oxygen, GQD electrochemistry is
similar to the one of GO sheets or reduced GO sheets.
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Figure 11. Structural depiction of (a) C-dots and (c) GQDs. HR-TEM images of (b) C-dots and (d) GQDs
showing a combination of zigzag and armchair edges (positions marked as 1–4). Reprinted from [207]
with permission of John Wiley and Sons.

The oxygen groups in the base plane affect the electron transfer due to the sp2 conjugation
disruption, while oxygen groups on the edges provide the GQDs with catalytic properties, like for
H2O2. Heteroatom doping may induce catalytic properties in GQDs (for example, N-doped GQDs to
reduce oxygen) [216]. As compared to GQDs, CDs are less attractive for electrochemical applications
due to their smaller size, weaker crystallinity, and multi-layered structure [207].

Many types of devices and applications may be developed using CDs and GQDs, due to their
special optical and electrical properties. However, research on CDs and GQDs is still in the beginning
stages, as compared to other carbonaceous nanomaterials. There are many issues that need solving.
For example, the mechanism of photoluminescence has yet to find conclusive evidence or convincing
explanations. Several factors, like crystallinity, size, surface functionalization, or the doping influence
or optical properties are not yet clear. In addition, it is necessary to find easy synthetic methods to
manufacture high-quality CDs and GQDs [213].

However, GQDs have been employed in the development of electrochemical sensors and useful
features have been identified. In a study, GQDs and ionic liquid (IL) modified SPCE (GQDs/IL-SPCE)
was developed for the detection of ascorbic acid, dopamine, and uric acid in the mixture solution.
The GQDs/IL-SPCE was fabricated in a lab using a screen-printing technique (Figure 12) on polyvinyl
chloride substrate. The order of the printed layers was Ag/AgCl and after carbon—IL. Processes of
drying and heating were applied, as described in Figure 12. The GQDs were deposited by casting
techniques [217].

The GQDs/IL-SPCE demonstrated excellent sensitivity and selectivity for the simultaneous
detection of ascorbic acid, dopamine, and uric acid, three well-defined peaks being obtained. The values
of LODs were 6.64 µM, 0.06 µM, and 0.03 µM, and the LOLs were 25–400 µM, 0.2–10 µM, and 0.5–20 µM,
for ascorbic acid, dopamine, and uric acid. The sensor was useful for the detection of analytes in
pharmaceutical products and biological samples.

Some representative references regarding this type of sensor are listed in Table 1.
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Figure 12. Schematic diagram of GQDs/IL-SPCE development and DPV detection. Reprinted from [217]
with permission of Elsevier.

4.6. Carbon Nanofibers-Modified Electrodes

Carbon nanofibers (CNF) are produced by the catalytic decomposition of hydrocarbonated gases
or carbon monoxide in combination with metallic particles including iron, cobalt, nickel, and their
alloys at temperatures in the range of 400–1000 ◦C. CNF manufacturing includes laser ablation,
electrospinning, arc discharge, catalytic deposition of chemical vapours and the catalytic deposition
of chemical vapours in plasma [218]. Some CNF structures with variations in assembling graphenes
along the nanofiber axis are ribbon-type CNFs, plate CNF, and herringbone-type CNFs [219].

Schematic representation of the size and morphology of various structures of CNTs and nanofibers
is presented in Figure 13 [220].

Figure 13. Schematic representation of the size and morphology of various structures of carbon
nanotubes and nanofibers. [220].
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As compared to CNTs, CNFs do not have a perfect disposition of atoms and an empty cavity in
the centre. In general, CNFs are cylinder-shaped and consist of GPH layers disposed as stacked cones,
cups, or plates [221].

Studies have proven that CNFs have an unusual combination of properties, including high
electricity and conductivity [90]. These characteristics have stimulated research on optimising the
formation of such carbon types. One of the most important characteristics of nanofibers is the presence
of a high number of edges, which ensure an adapted surface available for interaction with gases,
liquids, or other solids.

Over the past few years, nanofiber-type structures have become more and more attractive due
to their numerous advantages, i.e., increased reaction rate and sensor sensitivity [90]. The excellent
mechanical and structural characteristics, high porosity and nanofiber interconnectivity [222], as well as
the preservation of the activity of the biological elements immobilized on the surface of the nanofibers
are features useful in sensing and biosensing [223].

A sensor based on CNFs/SPE for the detection of tramadol has also been developed.
After microscopic characterization, the CNFs/SPE was used for the detection of tramadol using
CV and SWV techniques. The scheme of the SPE design and detection signals are presented in
Figure 14.

Using the appropriate supporting electrolyte, optimal pH value, and proper parameters of SWV, a
linear range of 0.05–100 nM was obtained. The LOQ and LOD calculated were 0.05 nM and 0.016 nM,
respectively. The validation of the sensor was the quantification of tramadol in the urine sample,
CNFs/SPE being useful for precise determination of tramadol in real samples.

Table 1 includes a list of SPE sensors based on different carbonaceous materials and its composites
recently reported in the literature.

Figure 14. Schematic representation of SPE, microscopic image, and DPV detection. Reprinted from [90]
with the permission of Elsevier.
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Table 1. Principal novel sensors based on screen-printed electrodes modified with carbonaceous nanomaterials.

Modifying Material Analyte Detection
Technique LOD Linearity Sensitivity Reference

Graphene norepinephrine SWV 0.265 µM 1–30 µM 0.1955 A·M−1 [138]
Platinum

nanoflowers/reduced
graphene oxide

diclofenac DPV 40 nM 0.1−100 µM 0.1731 A·M−1 [224]

graphene-gold nanoparticles rutin SVW 1.1 × 10−8 M 0.1 × 10−6–15 × 10−6 M 3.045 A·M−1 [225]
Graphene melatonin FPA 0.87 × 10−6 M 1–300 µM 0.0371 A M−1 [226]

Bismuth nanoparticle/Nafion/
graphene

Pb2+

Cd2+ ASV 280 ppt
40.34 ppb

4 ppb–10 ppb
300 ppb–900 ppb - [227]

manganese (IV)
oxide/graphene

coenzyme Q10
α-lipoic acid CV 0.56 µg·mL−1

0.088 µg·mL−1
2.0–75.0 µg·mL−1

0.3–25.0 µg·mL−1
0.024 A·M−1

0.2455 A·M−1 [228]

graphene/poly(3,4-
ethylenedioxythiophen)
polystyrene sulfonate

salbutamol DPV 0.1 nM 1 nM–1.2 µM - [229]

Cobalt diselenide
nanoparticles decorated on

reduced graphene oxide
propyl gallate DPV 16.35 (±0.46) nM 0.075–460.15 µM 12.84 (±0.97) µA·µM−1

·cm−2 [230]

2.5% graphene oxide ink
5% graphene oxide ink7.5%

graphene oxide ink
10% graphene oxide ink

dopamine CV

2.9 × 10−7 M
1.3 × 10−7 M
1.0 × 10−7 M
8.1 × 10−8 M

5–50 µM - [231]

ionic liquid/graphene rapamycin SWV 0.03 µM 0.1–100 µM 0.6204 A·M−1 [232]
Oracet-Blue/silver

nanoparticle/graphene
-oxide

streptomycin DPV 0.17 nM 0.4–240.0 nM
240.0–720.0 nM

0.0022 A·M−1

0.2625 A·M−1 [233]

Grapheme oxide
nanosheets/Mn3O4

microcubes
nitrite CV 20 nM 0.1–420 µM

490–1318 µM 2.37 µA·µM−1
·cm−2 [234]

reduced graphene
oxide/polyneutral red/gold

nanoparticle
dopamine CV 0.17 µM 0.57–500 µA 0.0134 A·M−1 [137]

silver@graphene
nanoribbons methyl parathion Amp 0.5 nM 0.005–2780 µM 0.5940 µA·µM−1

·cm−2 [235]
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Table 1. Cont.

Modifying Material Analyte Detection
Technique LOD Linearity Sensitivity Reference

reduced graphene
oxide-carbon black

nanocomposites

dopamine epinephrine
paracetamol SWV

1.5 × 10−6 M
9.4 × 10−6 M
5.3 × 10−6 M

4.9 × 10−6

−1.9 × 10−5 M
9.9 × 10−6

−9.5 × 10−5 M
9.9 × 10−6

−9.5 × 10−5 M

0.21 A·M−1

0.015 A·M−1

0.053A·M−1
[236]

reduced graphene oxide/gold
nanoparticles phenylketonuria DPV 21.3 fM 80–1200 fM 0.3014 A·M−1 [237,238]

Palladium nanoparticles
decorated on activated

fullerene
dopamine DPV 0.056 µM 0.35–135.35 µM 4.23 µA·µM−1

·cm−2 [145]

Fullerene black acetaminophen guanine DPV 0.01 µM
0.005 µM 1–300 µM0.1–300 µM 2.82 µA·µM−1

·cm−2

0.183 µA·µM−1
·cm−2 [144]

molecularly cortisol
imprinted acrylamide
polymers on fullerene

cortisol CV 0.14 nM 0.5 nM–64 nM 902.18 A·M−1 [239]

fullerene-functionalized
carbon nanotubes/ionic
liquid nanocomposite

diazepam DPV 87 ± 2 nM 0.3–50.0 µM
50.0–700.0 µM 0.173 A·M−1 [195]

gold nanoparticles/activated
fullerene C60 hydrazine Amp 0.61 ± 0.05 ng/ml 0.13 µM–1.21 mM 0.583 µA·µM−1

·cm−2 [240]

fullerene-functionalized
carbon nanotubes/ionic

liquid
tumor necrosis factor α DPV 2.0 pg/mL 5.0–75 pg/mL 94.92 µA/(pg·mL−1) [241]

Hydroxylated multiwall
carbon nanotubes/single-wall

carbon nanohorns
nitenpyram DPV 4.0 nM 20–2000 nM 0.0158 A·M−1 [156]

single-walled carbon
nanohorns

cadmium (II)
lead (II) ASV 0.2 µg·L-1 0.4

µg·L-1 1.0–60.0 µg·L-1 0.20 µA/(µg·L−1)
0.30 µA/(µg·L−1)

[149]

perylenetetracarboxylic acid
noncovalently/carbon

nanohorns
4,4’-diaminobipheny SWV 1.8 nM 5.0–400.0 nM 2.8 nA·nM−1

·mm−2 [242]
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Table 1. Cont.

Modifying Material Analyte Detection
Technique LOD Linearity Sensitivity Reference

carboxylated carbon
nanohorns scaffold for

anti-isoprostane antibodies
8-isoprostane CV 12 pg·mL−1 Extended to 700 pg·mL−1 850± 8 nA/(ng/mL) [243]

pristine single-wall carbon
nanohorns

DA
b-NADH

DPV
DPV

0.1 µM
0.5 µM

0.1–1000 µM
0.5–1000 µM

0.9 µA·µM−1

10 µA·µM−1 [244]

Oxidized single-wall carbon
nanohorns

DA
b-NADH

DPV
DPV

0.4 µM
1.0 µM

0.1–1000 µM
0.5–1000 µM

0.50 µA·µM−1

1.8 µA·µM−1 [244]

binary nanohybrid of
hydroxylated multiwall

carbon nanotubes/single-wall
carbon nanohorns

nitenpyram DPV 4.0 nM 20–2000 nM 0.0158 A·M−1 [156]

gold
nanoparticles/single-walled

carbon nanohorns
hydrazine CA 1.1 µM 0.005–0.645 mM

0.645–3.345 mM
1.890 µA/mM

19.023 µA/mM [245]

polymethylene
blue/multi-walled carbon

nanotubes
Troponin T DPV 0.040 pg·mL−1 0.10–8.0 pg·mL−1 - [246]

multi-walled carbon
nanotubes/graphene

H2O2
nicotinamide adenine

dinucleotide
CV 7.1 µM

3.6 µM
10–1000 µM
10–1000 µM

0.0027 µA·µM−1

0.0075 µA·µM−1 [247]

Bismuth nanoparticles
decorated graphenated

carbon nanotubes
mercury CV 0.2 nM 1.0 nM–217.4 µM 7.924 µA/µM/cm2 [248]

Ethylenediamine/gold
nanoparticles/carbon

nanotube
thiamphenicol DPV 0.003 µM 0.1–10 µM

10–30 µM
0.9888 µA·µM−1

0.216 µA·µM−1 [249]

Silver doped zinc oxide
nanoparticles/laccase

enzyme/multiwall carbon
nanotubes

bisphenol A CV 6.0 nM 0.5–2.99 µM 25.464 µA·nM−1 [250]

Carbon nanotube/nafion piperazine DPV 0.11 µM 0.4–12 µM 0.37 µA·µM−1 [251]
Carbon Nanotubes and Gold

Nanoparticles levodopa DPA 0.1 µM 0.5 µM–200 µM 25.69 µA·MM−1 [252]
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Table 1. Cont.

Modifying Material Analyte Detection
Technique LOD Linearity Sensitivity Reference

carbon-nanotube modafinil AdSWV 2.0 µM 7.5–300 µM 6.19 ± 3.24 µC/µmol·L−1 [253]
multi-walled carbon

nanotubes sulfentrazone SWV 1.5 × 10−7 mol·L−1 1.0–25 µmol·L−1 0.08648 A·M−1 [55]

Polymeric
Beads/multi-walled carbon

nanotube
Fluoxetine CA 2.1 × 10−6 mol/L 1.0 × 10−2–5.5 × 10−6 mol/L 58.9 ± 0.2 mV/decade [254]

carboxyl functionalized
multiwalled carbon

nanotubes
Diclofenac DPAdSV 0.028 nmol·L−1 0.1–10.0 nmol·L−1 0.18 µA·µM−1 [255]

multi-walled carbon
nanotubes

Paracetamol
Ibuprofen
Caffeine

DPV
0.1 mg·L−1

0.6 mg·L−1

1.2 mg·L−1

0.4–5.1 mg·L−1

1.9–32 mg·L−1

4.0–93.3 mg·L−1

0.293 µA·V·mg−1
·L

0.0404 µA·V·mg−1
·L

0.0345 µA·V·mg−1
·L

[256]

graphene quantum dots/ionic
liquid

ascorbic acid, dopamine, and
uric acid DPV

6.64 µM
0.06 µM
0.03 µM

25–400 µM
0.2–15 µM
0.5–20 µM

0.0092 µA·µM−1

1.2608 µA·µM−1

0.4801 µA·µM−1
[217]

graphene quantum dot theophylline DPV 0.2 µM 1.0–700.0 µM 0.0299 µA·µM−1 [257]
graphite/graphene quantum

dots
dopamine
tyrosine DPV 0.05 µM0.5 µM 0.1–1000.0 µM

1.0–900.0 µM
0.0745 µA·µM−1

0.0495 µA·µM−1 [258]

gold nanoparticles/graphene
quantum dots aflatoxin B1 LSV 0.47 nmol·L−1 1.0–50.0 nmol·L−1 92.4 A mol−1

·L [259]

graphene quantum dots diethylstilbestrol LSV 8.8 nmol 0.05–7.5 µmol·L−1 0.236 A mol−1
·L [260]

thiol graphene quantum
dots/gold nanoparticles sotalol DPV 0.035 µM 0.1–250 µM 0.0901 µA·µM−1

0.1225 µA·µM−1 [261]

graphene quantum dots receptor tyrosine kinase DPV 0.5 pg·mL−1 1.7–1000 pg·mL−1 13.5 ± 0.6 µA·µM−1 [262]
graphite/graphene quantum

dots isoproterenol DPV 0.6 µM 1.0–900.0 µM 0.0296 µA·µM−1 [263]

polymer-capped acrylated
nitrogen doped graphene
quantum dots/bimetallic

Au/Ag core-shell

hydroxyurea DPASV 0.07 ng·mL−1 0.62–102.33 ng·mL−1 0.3558 µA/(ng·mL−1) [264]

N-doped graphene quantum
dots cholesterol DPV 0.08 µM 0.5–100 µM 0.055 µA·µM−1 [265]
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Table 1. Cont.

Modifying Material Analyte Detection
Technique LOD Linearity Sensitivity Reference

Polyaniline/graphene
quantum dot Cr(VI) LSV 0.097 mg·L−1 0.1–10 mg·L−1 2.0587 µA/(mg ·L−1) [266]

electrospun carbon
nanofibers tramadol SWV 0.016 nM 0.05–1.0 nM

1.0–100.0 nM
3.8153 µA·µM−1

0.0852 µA·µM−1 [90]

carbon nanofibers ibuprofen DPV 3.5 × 10−7 M 8 × 10−7 M–3 × 10−5 M 1.17 µA·µM−1 [267]
carbon nanofiber/gold

nanoparticle pyritinol SWV 6.23 × 10−9 M 1.0 × 10−8–5.0 × 10−5 M - [268]

Carbon/carbon nanofibers paracetamol DPAsSV 5.4 × 10−10 M 2.0 × 10−9–5.0 × 10−8 M
1.0 × 10−7–2.0 × 10−6 M

9.68 µA·µM−1

4.14 µA·µM−1 [269]

carbon/carbon nanofibers caffeine DPAdSV 5.6 × 10−8 M 2.0 × 10−7–1.0 × 10−6 m 3.90 µA·µM−1 [270]

Carbon nanofibers
paracetamol

ibuprofen
caffeine

DPV
0.03 mg·L−1

0.6 mg·L−1

0.05 mg·L−1

0.3–5.1 mg·L−1

4.0–23.6 mg·L−1

1.2–6.4 mg·L-1

2.50 µA·V·mg−1
·L

0.074 µA·V·mg−1
·L

0.24 µA·V·mg−1
·L

[256]

gold nanoparticles decorated
carbon nanofibers-chitosan isoniazid FIA 0.172 µM 1 µM–1

·mM 16.1 nA·µM−1 [271]

carbon
nanofibers/mesoporous

carbon-gold nanoparticles

kanamycin
streptomycin DPV 87.3 pM

45.0 pM 0.1–1000 nM 61.3820 µA·nM−1

41.9235 µA·nM−1 [272]

Carbon nanofiber 1H-benzotriazole
5-methyl-1H-benzotriazole DPV 0.4 mg·L−1

0.4 mg·L−1
1.2–8.0 mg−1

·L
1.3–5.0 mg−1

·L
9.8 nA·V·mg−1

·L
14.6 nA·V·mg−1

·L
[273]

gold nanoparticle/carbon
nanofiber/chitosan inorganic arsenic(III) FIA-ECD 11.4 µg/L (17.2

ppt/20µL) 0.1–100 mg/L 0.2181 µA·ppb−1 [274]

FPA—fixed potential amperometry; FIA—flow injection analysis; ASV—anodic stripping voltammetry; DPAdSV—differential pulse adsorptive stripping voltammetry;
NCC—normalized current; CI—chronoimpedance; Amp—amperometry; AdSWV—adsorptive stripping wave voltammetry; DPASV—differential pulse anodic stripping voltammetry;
FIA-ECD-electrochemical detector for flow injection analysis; LSV—linear sweep voltammetry; ASV—anodic stripping voltammetry; CA—chronoamperometry.



Catalysts 2020, 10, 680 26 of 40

5. Conclusions

The emergence of nanotechnology has proved revolutionary in sensor development and
manufacturing, and has opened new vistas in producing sensors with special analytic characteristics
and miniaturised sizes. To be more specific, the use of nanomaterials is considered a promising
strategy in increasing reaction rate and sensor sensitivity. Recent developments in sensors aim at
overcoming the deficiencies of first generation sensors, such as non-specific interaction, size variation
and nanomaterial aggregation, as well as stability.

Various types of nanostructured materials, such as nanofibres, nanolayers, and nanoparticles,
have been used to develop electrochemical sensors able to detect a wide range of analytes, from
glucose to nucleic acids. Due to the nanomaterials used, the analytical results obtained by means of the
sensors have been encouraging, with the sensors displaying very good sensitivity, selectivity, stability,
and replicability.

The impact of carbonaceous nanomaterials in developing screen-printed based electrochemical
sensors is sustained by the superior sensing properties and electrocatalytic abilities. These properties
are strongly influenced by the nanostructure features, which improve the electron transfer rate, increase
the active surface area, create specific sites for interactions, and have anti-fouling capability.

The authors anticipate that future efforts will be focused on developing sensors and
biosensors based on functionalized carbonaceous nanomaterials, which are more appropriate for the
immobilization of biological receptors, with important electroanalytical applications in emerging fields
of interest such as drug quality, food safety, environment security, and medical analyses. The use of
nanotechnologies will permit the development of hybrid sensors and biosensors in flexible substrates
and fabrication of portable devices for non-invasive human health monitoring.
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