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Abstract A biosensor is a measuring system that contains a biological receptor unit 
that is highly selective for target analytes (DNA/RNA, proteins, or simple chemicals 
like glucose or hydrogen peroxide). Carbon nanomaterials (CNMs) are appealing 
possibilities for enhancing biosensor sensitivity while maintaining low detection 
limits due to their ability to immobilize a high number of bioreceptor units in a small 
space while also acting as a transducer. Furthermore, CNMs can be functionalized 
and conjugated with organic compounds or metallic nanoparticles; the generation of 
surface functional groups leads to the formation of nanomaterials with novel capa-
bilities (electrical, physical, chemical, optical, and mechanical). CNMs have been 
frequently used in biosensor applications due to their fascinating features. Carbon 
nanotubes (CNTs) and carbon fibers (CFs) are used as scaffolds for biomolecule 
immobilization at their surfaces, as well as transducers for signal conversion involved 
in biological analyte recognition. This chapter provides an in-depth examination of 
the synthesis and functionalization of CNMs, as well as their potential applications 
in electrochemical devices (based primarily on the detection of current, potential, 
impedance, or other electrical property). 
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1 Overview  

Carbon atoms have a narrow band gap between their 2s and 2p electronic shells 
can undergo sp, sp2, and sp3 hybridizations. The two most well-known allotropic 
forms of carbon are diamond (sp3 hybridization) and graphite (sp2 hybridization) 
[1]. Graphite is the most widely used natural material option, with applications in a 
wide range of large-scale industrial technical problems. Because of the high demand 
for synthetic graphite in the market, its use has increased significantly in recent years.
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Widespread scientific in-depth investigation into graphite has shown that its exclu-
sive integration of physical and chemical features of stacked layers of hexagonal 
sp2 carbon arrays. Over the last two decades, graphite has been used as a precursor 
material to generate a wide range of carbon nanomaterials using enhanced manufac-
turing processes and nanostructured materials, most notably fullerenes, single- and 
multi-walled nanotubes, and grapheme [2]. The geometrical structure of nanoma-
terial particles is the primary criterion for their classification, since nanomaterials 
have size-dependent physical, chemical, and biological properties. These particles 
may take the form of tubes, horns, spheres, or ellipsoids. CNTs and carbon nanohorns 
(CNHs) are tube or horn-shaped particles, respectively; fullerenes contain spherical 
or ellipsoidal nanoparticles [3]. Due to low toxicity and large-scale demand, CNMs 
have numerous technical uses in micro and nanoelectronics, gas storage, the fabri-
cation of conductive polymers, composites, paints, textiles, batteries with extended 
lives, and biosensors [4]. 

According to their structural dimensions, NMs are divided into four classes 
(Fig. 1). Zero-dimensional nanomaterials (0D-NMs, i.e., fullerenes, particulate 
diamonds, and carbon dots) are nanoscale materials in all dimensions. One-
dimensional nanoscale materials (1D-NMs, i.e., CNTs, CNFs, and diamond 
nanorods) have one dimension larger than nanoscale. Thin-sheet materials with 
nanoscale thickness are commonly referred to as two-dimensional NMs (2D-NMs, 
i.e., graphene, graphite sheets). Fibrous, powdery, polycrystalline, and multilayer 
materials are all examples of three-dimensional NMs (3D-NMs), which are made up 
of various building blocks, such as 0D-, 1D-, and 2D-NMs [5]. 2D hexagonal carbon 
lattices make up the majority of carbon nanostructures. However, in fact, employing 
a carbon lattice as a starting material hinders the creation of carbon nanostructures. 
Graphitic nanostructures are typically made by reorganizing carbon atoms from 
sources such as graphite, organic gases, or volatile organic compounds, as opposed 
to graphene nanoplatelets and multilayer carbon nanosheets that can be isolated from 
naturally occurring graphite, using instrumental techniques. Carbon vapor deposition 
(CVD), laser ablation, and arc discharge are the most popular methods [6, 7]. 

Because of their large surface area, CNMs have been widely used in electro-
chemical biosensors because many detection events can occur simultaneously on 
their surface and biomolecule attachment is easy. These materials have electrical, 
photonic, physical, and mechanical qualities that allow them to be used in biosen-
sors [8]. These materials are inexpensive, have a wide voltage range over which the 
CNM electrode can perform, and have good electrocatalytic activity for a variety 
of redox systems (chemical and biological). Biosensors’ electrochemical perfor-
mance can be enhanced by altering their structure to modify their electrical, chemical, 
and structural properties for a given application [9]. CNMs-based surfaces can be 
easily tailored through various covalent and non-covalent functionalization methods, 
which improve their electrochemical sensing capabilities. Furthermore, these mate-
rials are highly biocompatible. Electrochemical sensors based on CNTs have higher 
sensitivity, selectivity, fast electron transfer rate, and low detection limits [10, 11]. 

Doping can have a significant impact on the electronic, mechanical, and 
conducting properties of CNTs [12]. Furthermore, the different types of CNMs
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Fig. 1 Carbon nanoallotropes: Carbon dots, nanodiamond, fullerenes, carbon nanotubes, carbon 
nanohorns, graphene, carbon nanoribbons, and combined superstructures. Reprinted from [5] with 
permission

have different densities of states. The density of states of the CNMs-based elec-
trode determines the electron transfer capabilities with target molecules. For a faster 
electron transfer process, the energy of electrons in the electrode should be equiva-
lent to the energy of electrons in the redox reaction. The chance of electrons having 
enough high energy to transfer to the redox system grows as the density of states 
increases. The density of states in CNMs varies with structure and can be altered by 
modulating their atomic bonding patterns. It is also determined by the tube diam-
eter in the case of CNTS. By carefully peeling off CNTs, the density of states can 
be enhanced. By altering the electronic structure of multi-walled CNTS, controlled 
oxidation can improve their electrochemical performance [5, 13]. Inorganic parti-
cles can be effectively chemically linked to CNMs to modify the electronic structure 
of each component, resulting in hybrid structures with synergistic electrocatalytic 
activity [9]. 
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2 Carbon Nanomaterials 

Fullerenes, C60 molecules of varying sizes (30–3000 carbon atoms), were found 
in the early 1980s. Fullerenes are closed hollow cages composed of sp2-hybridized 
carbon atoms organized in 12 pentagons and a calculable number of hexagons based 
on the total amount of carbon atoms. A fullerene containing 20 + 2n carbon atoms 
will include n hexagons [5]. The closed shapes of the fullerenes dictate the number 
of pentagons, which is always 12 in those with perfect structures known as truncated 
icosahedral (stable carbon nanostructures). As a result, C60 and other fullerenes (C70, 
C76, C82, and C84) can be thought of as a carbon nanoallotrope with hybridization 
between sp2 and sp3 [8]. The carbon atom arrangement is pyramidalized rather than 
planar, and thus, a “pseudo”-sp3-bonding component must be present in the essen-
tially sp2 carbons. C60 is succinctly a spherical molecule with an exterior diameter 
of 0.71 nm and chemical characteristics that are extremely comparable to organic 
molecules. It is, nonetheless, the smallest carbon nanostructure and a representa-
tive 0D carbon nanoallotrope [7]. Because of its ability to avoid the formation of 
double bonds in the pentagonal rings, the C60 molecule is commonly stated to be 
not superaromatic. There are two types of bond lengths discovered using an X-ray 
diffraction pattern, one with a length of 1.38 Å connecting C-atoms common to a 
couple of neighboring hexagons and the other with a length of 1.45 Å connecting 
C-atoms common to the pentagon-hexagon pair. Nowadays, vaporization of graphite 
by pyrolysis, radio-frequency-plasma, or arc discharge-plasma processes is widely 
used for commercial-scale production of fullerenes [14, 15]. 

Among the many investigations on fullerene, one of the most admirable discov-
eries is the ability of the C60 molecule to acquire from one to six electrons, even 
though it is already rich in electrons, forming equivalent anions. This is only feasible 
because the C60 molecule’s non-binding LUMO molecular orbitals have an extremely 
low energy level [5]. Fullerenes also have good chemical stability, huge surface 
area, high mechanical resistance, and the ability to create a superconductor when 
mixed with alkali metals and can be easily modified with a wide range of function-
alized chemicals via structural flaws or the intermediary production of epoxy rings 
[7]. Furthermore, fullerenes can interact hydrophobically with CNTs and graphene 
materials. Nevertheless, fullerenes have a high electron exchange capacity and can 
mediate electron transfer in the construction of various electrochemical sensors and 
biosensors with electrocatalytic response [15]. 

Carbon nanotubes (CNTs) are one of the allotropic modifications of carbon that 
were discovered in 1991 by Japanese scientist Iijima [16]. Using sp2 hybridization, 
each carbon atom with three electrons forms trigonally coordinated bonds to three 
other carbon atoms in CNTs. CNT is made up of one layer of graphene that has been 
seamlessly rolled into the shape of a hollow tube. Carbon nanotubes are distinguished 
by rolled graphene sheets stacked in cylindrical/tubular structures with diameters 
of several nanometers. CNTs can vary in length, diameter, number of layers, and 
chirality vectors (symmetry of the nulled graphite sheet) [7].
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CNTs are classified into two types based on their structures: single-walled carbon 
nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs). SWCNTs 
are made by rolling a single layer of graphite (referred to as a graphene layer) into 
a seamless cylinder (long wrapped graphene sheets). SWCNTs have a length-to-
diameter ratio of 1000 or larger, allowing them to be called a nearly one-dimensional 
structure, as previously stated. The majority of SWCNTs have a diameter of approx-
imately 1–3 nm, (whereas MWCNTs have a diameter of 5–25 nm and a length of 
approximately 10 nm) [6]. Two separate areas with diverse physical and chemical 
properties form a SWCNT. The tube’s sidewall is the first, and the tube’s end cap is 
the second. The terminating cap is made up of pentagons and hexagons. The well-
known C60 hemisphere appears to be the smallest cap that fits on to the cylinder of 
the carbon tube. This cap is well supported by the smallest experimental value of 
CNT diameter of 0.7 nm [17]. 

MWCNTs are a cluster of concentric SWCNTs of varied diameters (made of 
many layers of graphite rolled in on themselves to produce a tube shape). The length 
and diameter of these structures, as well as their characteristics, differ greatly from 
those of SWCNTs. MWCNTs have an interlayer distance of about 3.3 Å, which is 
comparable to the gap between graphene layers in graphite [6]. MWCNTs (double-
walled carbon nanotubes, or DWCNTs) are a unique case that must be noted due 
to their morphology and features that are extremely similar to SWCNTs [18]. The 
gram-scale synthesis of DWCNTs was first proposed in 2003 by the chemical vapor 
deposition (CVD) technique, which involves the selective reduction of oxide solid 
solutions in methane and hydrogen [19]. 

The single layer of graphene in CNTs can be rolled in a variety of ways. The CNTs 
are classified as zigzag, armchair, or chiral based on the number of unit vectors in 
the graphene crystal lattice along two directions in the honeycomb structure, as can 
be seen in Fig. 2a. The chirality of carbon nanotubes has a significant impact on 
their properties. SWCNTs’ electrical properties are determined by their chirality 
or hexagon orientation with respect to the tube axis [20]. The chirality of a CNT 
determines whether it is metallic or semiconducting in nature. The electrochemical 
properties of SWCNTs are determined by their roll-up vectors (n, m). The SWCNTs 
are metallic if the roll-up vectors n − m = 3q, where q can be any integer/zero. If 
n − m = 3q, the SWCNTs are semi-conductive. If n = m, the nanotubes are referred 
to as armchair. If m = 0, they are referred to as zigzag; otherwise, they are referred 
to as chiral [21]. Furthermore, depending on the diameter of the tubes, SWCNTs can 
exhibit electrical conductivity or semi-conductive properties. Armchair SWCNTs 
have higher electrical conductivity than copper, whereas zigzag and chiral SWCNTs 
have semi-conductive properties that allow them to be used in sensor fabrication 
[20–23]. 

When compared to other fibrous materials, CNTs have superior physical proper-
ties such as rigidity, strength, and elasticity. They have a higher aspect ratio (length-
to-diameter ratio) than other materials. CNTs’ high aspect ratios can range from 
102 to 107 [23]. Because of their smaller diameter, SWCNTs have a higher aspect 
ratio than MWCNTs. In addition, they have high thermal and electrical conductiv-
ities when compared to other conductive materials. CNTs have a strength that is
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Fig. 2 Structure and models of carbon nanotubes in function of their number of walls. a Single-wall 
carbon nanotubes (SWCNTs) structures in function of their chirality (zigzag, armchair, and chiral); 
b double-walled carbon nanotubes (DWCNTs); and c multi-walled carbon nanotubes (MWCNTs) 
made up of several concentric sheets. Reprinted from [24] with permission

10–100 times that of strong steel at a fraction of the weight [25]. These nanomate-
rials do have such distinguishing characteristics that make them potential candidates 
for use in technological fields. Because of their high electron transfer capabilities, 
carbon nanotubes have been used as an electrode in electrochemical reactions [7, 26]. 
They can be used in electrochemical sensors because they allow electron transfer in 
chemical reactions at the electrode interface. CNTs have numerous applications in 
nano-electro-mechanical systems [4, 27, 28]. 
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3 Synthesis 

As aforementioned, carbon nanotubes were discovered in the carbon soot of graphite 
electrodes during an arc discharge experiment in 1991, using a current of 100 amps to 
produce fullerenes [16]. However, two researchers at NEC’s Fundamental Research 
Laboratory produced the first macroscopic CNTs in 1992 [29]. The same method 
was used as in 1991. Because of the high temperatures caused by the discharge, the 
carbon contained in the negative electrode sublimates during this process. Because 
carbon nanotubes were discovered using this method, it has become the most widely 
used method of CNT synthesis. 

First, a carbon arc discharge with a suitable catalyst was used to synthesize 
SWCNTs or MWCNTs with a high yield and greater control over the size of the 
synthesized nanotubes [6]. The CVD method has resulted in CNTs with smaller 
diameters, lower yield, but higher quality. The laser ablation method produces a 
lower yield and a much smaller diameter, but it produces much finer quality. Metallic 
and semi-conductive carbon nanotubes can be synthesized via selective functional-
ization, selective destruction via electrical heating, or separation via density gradient 
ultra-centrifugation [23]. 

Using transition metal nanoparticle catalysts, CVD was used to produce high-
quality SWCNTs and MWCNTs in vertically aligned arrays. They were synthesized 
on a massive scale using arc discharge and CVD methods (Co-Mo catalysts). The 
CVD method, which requires simple equipment and mild temperature and pres-
sure conditions, is better suited for large-scale CNT production than the other two 
methods. Vertically aligned arrays of CNTs were created using metallic and quasi-
crystalline substrates. CNTs have been reported to be synthesized by pyrolyzing 
metal carbonyls in the presence of other hydrocarbons. The presence of transition 
metals in graphite electrodes has resulted in CNTs with higher product output and 
reproducibility [5]. Transition metal catalysts and the CVD method have been inves-
tigated to obtain high-quality CNTs in vertically aligned arrays. Catalysts are used 
in the CVD synthesis to grow nanotubes on substrates. Metallic nanoparticles are 
used as catalysts, and their size is determined by the diameter of the nanotubes to 
be synthesized (0.5–5 nm for SWCNTs, 8–10 nm for MWCNTs) [7]. Ni, Co, and 
Fe nanoparticles have been used as nano catalysts in the synthesis of CNTs. The 
CVD reactors use inert gas methane to produce SWCNTs and ethylene to produce 
MWCNTs. The substrate is heated to 850–1000 °C for SWCNTs and 550–700 °C 
for MWCNTs synthesis [6, 23]. Carbon is produced during the thermal decompo-
sition of hydrocarbons and is dissolved in the metal nanocatalyst. When a certain 
concentration of carbon is reached, a semi-fullerene cap forms, which serves as the 
fundamental unit for the growth of the nanotube. Carbon is continuously flowed from 
the hydrocarbon source to the catalyst particle. Finally, CNTs are obtained following 
a purification process and the removal of catalysts from the tips and surfaces of 
nanotubes [30]. The final step is being researched so that high-quality synthesized 
material can be obtained.
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When different carbon nanomaterials are purified, often with acid(s) at elevated 
temperatures and for extended periods of time, changes in the amount of metallic 
catalyst nanoparticles, surface functionalization of carbon, and overall morphology 
occur. Spectroscopic studies revealed that changes in the morphology of CNF, for 
example, were significant depending on their original morphology [31]. Although arc 
discharge and laser ablation methods produce a large amount of SWCNTs, they have 
drawbacks as well, such as the need to evaporate C-atoms from solid state sources 
at very high temperatures (>3000 °C), and the nanotubes bundle together during 
formation, which limits their applications [32]. The length of a CNT is determined 
by the time it takes for it to grow. The diameter of synthesized SWCNTs ranges from 
0.7 to 3 nm, while MWCNTs range from 10 to 200 nm. Because of their large surface 
area, CNTs can effectively load various types of drugs on their internal and external 
surfaces [27]. 

Graphene nanoribbons (GNR): Thin ribbons of graphene monolayers are a 
new type of graphene that is gaining a lot of attention in the scientific commu-
nity. The majority of research on these materials has concentrated on the thin elon-
gated graphene monolayer strips that can be created by “unzipping” CNTs [9, 33]. 
Graphene nanoribbons are frequently described as a one-dimensional sp2-hybridized 
carbon strip of finite dimension with defined edges, with carbon atoms that are not 
three-coordinated. Graphene nanoribbons are classified into three types based on 
their edge termination: (i) armchair, (ii) zigzag, (iii), and chiral nanoribbons [34]. 
Edge reconstruction is possible because the edge carbon atoms are not bound satu-
rated. While the edge pattern of the armchair graphene nanoribbon is stable due to 
the presence of strong dangling bonds, edge reconstructions are expected at high 
temperatures for zigzag graphene nanoribbons. Hydrogen saturation is commonly 
used to stabilize the edge structure [35]. Other edge profiles involving pentagonal 
and heptagonal carbon rings have been observed; however, such edge reconstruc-
tions are extremely rare. Graphene nanoribbons, like graphene, can have bilayered 
or few-layered configurations; the design is designated a graphitic nanoribbon when 
more layers of finite graphene strips are placed together [36, 37]. 

Carbon nanodiamonds (CNDs) are a structural family of nanocarbons that 
includes fullerens, tubes, onions, and horns. The first nanoscale diamond particles 
were created in the 1960s by detonating carbon-containing explosives. However, 
it took nearly three decades after the initial discovery for these nanodiamonds to 
become more well-known in the scientific world. Only in the late 1990s did nanodi-
amonds begin to be studied more thoroughly, and they gradually began to find their 
way into various applications [31]. CNDs are diamondoid-like sp3 carbon nanopar-
ticles with sizes more than 1–2 nm but less than 20 nm. They are not dispersible, 
and thus, top-down processes like jet milling or microdiamond abrasion are used 
to make them. With diameters greater than 20 nm, this form of nanostructure acts 
as bulk diamonds [9]. Diamondoids, on the other hand, are naturally occurring sp3 

carbon nanostructures with diameters less than 1 nm found in petroleum deposits. 
The sp3-hybridized surface-bound carbon atoms of these diamondoids are generally 
attached to hydrogen or other non-carbon atoms. As a result, they have properties 
that are more akin to organic molecules than bulk diamonds [31]. As the diameter of
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the sp3 carbon cluster increases, the percentage of carbon atoms at the surface drops, 
and the diamond feature of the nanoparticles becomes more prominent [38]. 

Nanodiamonds’ size, shape, and quality are determined by the procedures 
employed to make them. Detonating an explosive mixture of carbon-containing 
substances such as trinitrotoluene and hexogen is the most well-known method for 
mass-producing nanodiamonds. Up to 75% of the resulting soot is made up of nanodi-
amonds with diameters of 4–5 nm and a limited size distribution. Because of their 
small size and narrow size distribution, they are a popular research topic. They tend 
to aggregate with each other if not thoroughly cleaned. Furthermore, they are rela-
tively chemically inert while remaining reactive enough to allow functionalization. 
Another benefit is their large relative surface area, which can be used to effectively 
attach various compounds. They have high hardness, thermal conductivity, refrac-
tive index, coefficient of friction, insulation properties, and high biocompatibility 
[31, 39]. 

Carbon nanohorns. Iijima discovered SWNHs in 1999 while researching CNT 
formation [40]. Nanohorns are tubular/conical structures made of a single graphenic 
layer. They are typically found in large spherical aggregates with diameters ranging 
from 80 to 100 nm and resembling dahlia flowers. Individual nanohorns have diame-
ters of 1–2 nm at the tips and 45 nm at the base of the cone. The wall-to-wall distance 
between SWNHs is approximately 0.4 nm [9]. Other types of SWNH aggregations 
were observed that resembled the characteristics of buds and seeds. Cones are formed 
by cutting a wedge from a single graphenic layer and connecting the exposed edges 
in a seamless manner. They are more easily synthesized than CNTs, on a larger 
scale, at room temperature without the use of metal catalysts. They can be created 
through the use of carbon rod arc discharge, laser ablation of pure graphite, and Joule 
heating. CNHs have a high surface area and good porosity, which can be used to their 
advantage in the field of biosensing [8]. 

Carbon dots (CDs) are quasi-spherical carbon nanoparticles with diameters of 
2–10 nm that have a high oxygen content and composed of various volumetric ratios 
of graphitic and turbostratic carbon. CDs are typically amorphous and contain mostly 
sp3-hybridized carbon [9]. Carbon nanodot, carbon quantum dot, and graphene 
quantum dot classes are mentioned in addition to CD classes. As a result, graphene 
quantum dots are frequently used in electrochemical sensors. They have a lateral 
dimension of about 100 nm and are made up of up to ten single atom layers with a 
visible graphene lattice [14]. CDs have been proved to be non-toxic in vitro exper-
iments. They were also a promising candidate for biosensor components because 
of their capacity to operate as an electron donor and receiver. As a result, CDs are 
the CNM with the most biosensor publications, trailing only graphene and carbon 
nanotubes. Carbon nanodots are relatively smaller (spherical particles of about 10 nm 
in diameter). They are typically used in electrochemical sensor assemblies after being 
functionalized with redox labels or receptors [15]. 

Carbon nanodots are created utilizing a variety of processes, and there has been a 
surge of interest in carbon nanomaterials in recent years. Carbon nanodots are typi-
cally manufactured utilizing a top-down process based on a laser ablation strategy and 
treated mixes of graphite powder and cement. This process creates the main structure
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of the carbon dots, which will then be treated with oxidative to enrich the surfaces of 
the carbon dots with reactive oxygen groups [14, 15]. Surface passivation occurs with 
a range of organic compounds and oligomers that are often incorporated on carbon 
dots. Because of the multiple advantages of the electrochemical etching strategy, such 
as abundant conductive carbonaceous substrates (graphite rod), abundant natural 
resources, and low cost, the electrochemical etching method, a top-down approach, 
is a viable method to create carbon nanodots [2]. Carbon nanodots’ dimensions and 
chemical compositions can be easily adjusted by adjusting a variety of synthetic 
parameters such as pH, concentration, electrolyte composition, and electrochemical 
mode of electrolysis (potentiostatic, galvanostatic, and potential varying techniques, 
etc.). However, long-term stability, which is one of the most crucial features in a 
biosensor, is hardly obtained [5]. 

Carbon black (CB) belongs to the amorphous nanocarbon family, with average 
diameters ranging from 3 to 100 nm, and has lately been used in biosensing appli-
cations, compared to nanocarbons that are notable in biosensor applications [9]. It 
is a potential nanocarbon for biosensing applications because of its low cost, high 
analytical sensitivity, experimental simplicity, mobility, and good selectivity. CB has 
also been claimed to be a feasible alternative to other members of the family, such 
as graphene and graphene-like structures, fullerenes, and CNTs, and to boost the 
activity in enzyme biosensors, due to its high conductivity [5, 41]. Particle size, 
porosity, surface chemical characteristics, aggregate morphology, and surface area 
define the physical properties of CB, which is made up of sp2 and sp3 hybridized 
carbon atoms. CB is also frequently seen as a loosely bound agglomerates piled on 
top of one another [15]. This makes it difficult to collect consistent and rigorous data 
in the production operations of biomolecular applications of CB, such as obtained 
with graphene and graphene-like structures [7]. In addition, characterization methods 
for these structures, which are each a few unit cell size, are required. 

4 Functionalization of CNMs 

CNMs are regarded to be excellent building blocks for manufacturing nanoscale 
functionalized materials due to their huge surface area and outstanding electrical 
and mechanical capabilities. In order to develop diverse functionalized CNMs, a 
wide range of organic and inorganic NMs have been investigated to date. Based 
on the difference in bonding between CNMs and their functionalized derivatives, 
these techniques are categorized into two categories: covalent and non-covalent 
functionalization [2, 42]. 

Covalent functionalization in CNMs depends on reactions with oxygen-containing 
groups bonded to the CNMs’-conjugated skeleton. Non-covalent functionalization 
involves the use of various functional molecules or active species as assembly medi-
ators to functionalize the surface of CNMs through non-covalent interactions [43]. 
The most straightforward method for chemical functionalization of CNMs is to insert 
carboxylic acid (–COOH) groups on the surface via an oxidation process that uses
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Fig. 3 Reaction scheme for EDC and EDC-NHS-based covalent crosslinking of biomolecule with 
carbon nanotube. Reprinted from [43] with permission 

concentrated acids such as H2SO4, HNO3, HCl, or H2O2, or acid mixture [2, 44]. 
Furthermore, the structure of these carboxylic acids can be used for covalent attach-
ment of organic or inorganic groups, resulting in highly dispersible carbon mate-
rials [12]. Carbodiimide compounds (Fig. 3), which can activate carboxyl groups 
on CNTs for direct reactivity with primary amines in biomolecules, can be used to 
react carboxylated CNTs with biomolecules. N-ethyl-N’-(3-dimethylaminopropyl) 
carbodiimide hydrochloride is a common water-soluble carbodiimide (EDC). When 
EDC combines with carboxyl groups, it forms an intermediate o-acylisourea ester 
that can be easily displaced by primary amine in the biomolecule [45]. 

Surface modification of CNMs is critical for biomedical applications. Firstly, 
most CNMs are insoluble in aqueous solutions. Nonetheless, several biomedical 
applications of these materials could be understood on the basis of their water solu-
bility and ease of use in a biological system [27]. These materials’ solubility can 
be increased with the right surface modification. Second, the surface treatment can 
imbue the CNMs with properties that can be used in various applications. The surface 
treatment is also effective in reducing the toxicity of CNMs [46–48]. 

The modification of CNMs with metal and metal oxide NPs, with strict control 
over the size, shape, and crystalline structure, has become critical for nanotech-
nology applications in many fields such as medicine, catalysis, and electronics [8]. 
Surface deposition of metals and metal oxides onto CNMs has traditionally been 
accomplished through a bottom-up approach. Many wet chemistry methods, such as 
hydrothermal, microwave synthesis, and sol–gel processing, have been developed to 
date for the synthesis of metal and metal oxide NPs [48]. The role of hydrothermal
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synthesis is performed in an autoclave using an aqueous solution reaction. The inner 
temperature of the autoclave can be raised above the boiling point of water, reaching 
the pressure of vapor saturation. Hydrothermal synthesis is commonly used for 
depositing metal and metal oxide NPs on CNMs such as graphene and CNTs, which 
can be easily obtained by hydrothermally treating peptized precipitates of a metal 
precursor with water. By controlling the solution composition, reaction temperature, 
pressure, solvent properties, additives, and aging time, the hydrothermal method can 
be used to monitor particle size, morphology, crystalline phase, and surface chemistry 
[8]. 

5 Application of CNMs in Biosensing 

The sensors and biosensors developed are usually evaluated for some parameters 
that determine their analytical performance, such as sensitivity, selectivity, limit 
of detection (LOD) and quantification (LOQ), repeatability, and reproducibility, in 
order to guarantee the quality of the results obtained and to validate the analytical 
method. Different modifications to the same base electrode can result in sensors with 
varying specificities for a given analyte. Numerous studies involving electrochemical 
sensors and biosensors based on graphene, carbon nanotubes, and fullerene have been 
described in recent literature for the detection of drugs and compounds of clinical 
interest. 

Arvand and Hemmati developed a nanocomposite of graphene quantum dots 
(GQDs), Fe3O4 nanoparticles, and functionalized MWCNT (Fe3O4@GQD/f – 
MWCNT) for sensitive detection of progesterone (P4). The estimated LOD and 
sensitivity were 2.18 nmol L−1 and 16.84 μA L  μmol−1, respectively. This sensor 
demonstrated outstanding stability, selectivity, sensitivity, and repeatability, and it 
could be successfully used to determine P4 in human serum samples and pharmaceu-
tical items with high recoveries and without interference from interfering substances 
[49]. 

Sutradhar and Patnaik using thiol-capped gold nanoparticle-based nanocomposite 
with 3-amino-5-mercapto-1,2,4-triazole as the ligand created a gold nanoparticle-
functionalized fullerene (C60)-modified vitreous carbon electrode for glucose detec-
tion (Fig. 4). The electrocatalytic behavior of the AuNPs@C60/GCE sensor was inves-
tigated using cyclic voltammetry (CV) and electrochemical impedance spectroscopy 
(EIS). The highly stable and low onset potential non-enzymatic sensor exhibited 
high electrocatalytic activity and effective electron transfer from the electro-catalyst 
to the substrate electrode in a linear concentration range of 0.025–0.8 mmol L−1 and 
a higher sensitivity response of 1.2 μAμmol−1 L cm−2 with good reproducibility, 
long-term stability, free of interference from chlorine and oxygen, and detection limit 
of 22.0 μmol L−1 [50]. 

By covering and attaching SWNT with conductive polymer, Jin et al. create 
stretchable and transparent electrochemical sensors based on single-walled carbon 
nanotubes (SWNTs). Poly-(3,4-ethylenedioxythiophene), PEDOT, was chosen as a
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Fig. 4 Schematic representation for synthetic route of AuNPs@C60 nanocomposite. Reprinted 
from [50] with permission 

binder for its high conductivity, strong electrochemical activity, and biocompatibility. 
Additionally, as an excellent conductive coating and binder, it minimizes contact 
resistance and considerably improves the electrochemical performance of SWNTs 
films. Furthermore, the optoelectronic and electrochemical sensing performance is 
exceptionally stable during the stretching and bending processes. Proof-of-concept 
tests were carried out, which involved recording NO release from mechanically sensi-
tive endothelial cells cultivated on the stretchable sensor, revealing its promising 
potential in real-time monitoring of mechanically induced biochemical signals from 
living cells and tissues [51]. 

The determination of L-Dopa is critical because it is the immediate precursor of 
dopamine (DA) and is used to treat Parkinson’s disease. Because DA does not cross 
the blood–brain barrier, it cannot be administered orally. Thus, L-Dopa is adminis-
tered and converted into dopamine by the enzyme dopa-decarboxylase, stimulating 
dopamine production in the body. Sooraj and colleagues developed a sensor for L-
Dopa determination in human urine and pharmaceutical samples by grafting copper 
nanoparticles with molecular imprinted polymer on MWCNTs (CuNPs/MWCNT-
MIPs). The non-covalent interaction between L-Dopa and the functional groups 
present in the polymer composite sorbent’s selective binding sites is primarily respon-
sible for the recognition capacity toward L-Dopa with a detection limit of 7.23 nmol 
L−1. The electrochemical investigation reveals that the imprinted (CuNPs/MWCNT-
MIP) material has adequate selectivity, distinguishing between L-Dopa and struc-
turally related compounds like DA, uric acid (UA), 3,4-dihydroxyphenylacetic acid, 
and homovanillic acid [52]. 

Anojčić et al.  [53] developed carbonaceous nanomaterial-modified carbon paste 
electrodes (CPEs) with MWCNTs in their native and functionalized (ox-MWCNT) 
forms to determine DA. The method demonstrated a linear concentration range of 
16.15–192.70 ng mL−1, low detection limit of 4.89 ng mL−1, and a relative stan-
dard deviation (RSD) of less than 1.3%, under optimized conditions. Interferences 
from ascorbic acid were also insignificant. The developed method was successfully 
applied for DA determination in injection/selected infusion matrix solutions, with 
the obtained results being in good agreement with the DA content declared by the 
producer and the method’s RSD being less than 1.0% [53]. 

Upadhyay and Srivastava [54] describe an enantioselective electrochemical sensor 
that distinguishes atorvastatin isomers for the first time (ATS). The sensor was created
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using a glassy carbon electrode (GCE) that had been modified with a functionalized 
MWCNT containing hydroxypropyl-β-cyclodextrin (HBC). The developed method 
demonstrated the outstanding benefits of chiral nanocomposite-modified electrodes, 
such as excellent enantioselectivity, high stereospecificity, and good reproducibility 
[54]. 

Zhang and Li [55] used a glassy carbon electrode modified with non-covalent 
self-assembly of porphyrin-diazocine-porphyrin (PDP) and fullerene (C60), PDP-
C60/GCE for DA detection. This process, widely employed for the production of 
novel functional optoelectronic materials, involves the combination of electron-
rich and electron-withdrawing chemical moieties inside a donor–acceptor (D-A) 
systems. DA electrochemical activity was measured using cyclic voltammetry (CV) 
and differential pulse voltammetry (DPV). The anodic peak current rose linearly with 
increasing DA concentration in the 0–200 μmol L−1 range, and the detection limit 
was determined to be 0.015 μmol L−1. Thus, the suggested sensor demonstrated 
good sensitivity, acceptable selectivity, outstanding repeatability, and stability, indi-
cating that PDP–C60/GCE is a viable electrode material for dopamine analysis in 
real samples [55]. 

The examples listed above illustrate some characteristics of biodevices built from 
modifications and/or combinations of CNMs, such as CNTs, C60 and CDs. Next, 
carbon fibers (CFs), another type of CNM, will be discussed. 

6 Carbon Fibers 

The electrochemistry of carbon materials has been prominent recently in the scien-
tific community due to properties such as reproducibility, low cost, high sensitivity, 
and easy handling [56]. Among these materials, carbon fibers (CFs) have drawn 
attention in 1950s when Bacon produced the first CFs [57]. CFs are long filaments 
that have 90% by weight of carbon in their composition and exhibit these properties 
high modulus, compressive and tensile strength, flexibility, and adjustable electro-
chemical performance that candidates these materials for a range of applications. 
Aerospace, automobiles, chemicals, transportation, construction, sewage treatment, 
and other areas are examples [58, 59]. Furthermore, chemical and electrochemical 
techniques are used to functionalize CFs to promote the production of reactive groups 
for attaching electrochemically active molecules such as noble metals, metal oxides, 
polymers, and proteins [60–62]. CFs are used to make electrochemical sensors with 
high sensitivity and adaptability, as well as energy equipment (supercapacitors and 
batteries) with high energy/power density, because of this change [63]. Thus, this 
topic will discuss the characteristics, fabrication methods of fibers, and their applica-
tions, focusing on the current progress on biosensors based on CFs. Figure 5 describes 
the interest and focus of this topic.
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Fig. 5 Description of the interest and focus of this topic 

6.1 Structure of Carbon Fibers 

CFs can have a crystalline, amorphous, or partially crystalline structure and can 
be short, long, or continuous. Carbon fiber has an atomic structure comparable to 
graphite, with a spacing of 3.35 (d, d (002) in the c direction between the planes 
of the layers. It is composed of layers of carbon atoms arranged in a pattern [64]. 
Shaped hexagonal (Fig. 6.) It has a high modulus of 0.18–0.35 GPa; however, in a 
wet environment, its shear strength along the axis is poor [65]. 

In graphitic microdomains, the fiber structure is made up of sp2 hybridized carbon 
atoms organized in a two-dimensional hexagonal structure stacked parallel to each 
other in a regular pattern bonded by van der Waals forces [65, 66]. The carbon atoms 
in the graphite layer are covalently linked to this structural configuration due to the

Fig. 6 Structure of carbon fibers in their graphitic form
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superposition of the sp2 orbitals and the delocalization of electrons. This structural 
configuration is responsible for graphite’s high electrical and thermal conductivity 
[67]. The primary structural unit of most fibers is stacked turbostratic layers [68]. The 
spacing between the turbostratic layers is greater than the graphitic layers (Fig. 6).

The basic structural unit can split, fold, twist, and connect the other basic structural 
units in an irregular or random pattern to form microdomains. Carbon fibers have 
a non-uniform structure as a result [64]. The d spacing was raised to 3.44 because 
of sp3 binding and uneven stacking. The fiber production process, which includes 
precursors and processing conditions, determines the structural unit. Carbon fibers 
with alternative precursors, such as polyacrylonitrile (PAN), have a turbostratic struc-
ture, whereas mesophase pitch and steam-grown carbon fibers have a well-stacked 
graphitic crystal structure [69]. During graphitization of stabilized PAN-based fibers, 
the crystalline domain is produced by amalgamation with nearby crystallites or inte-
gration of the surrounding disordered carbons. In addition, by rotation and displace-
ment, the layer planes inside the crystalline domain were repositioned. Graphite 
fibers, on the other hand, nevertheless have enormous turbostratic domains since 
these configurations occur only locally [70]. 

6.2 Fabrication of Carbon Fibers 

The discovery of CFs took place over a century ago. The most frequent precursors 
utilized in the manufacture of CFs are PAN, pitch, and rayon. In these cases, 90% 
of CFs made of PAN, and the remaining 10% are made of pitch, rayon, or other 
materials. Because PAN-based CFs have higher strength, modulus, and voltage, as 
well as higher throughput [59, 71, 72]. 

Most of the time, the fiber production process combines chemical and mechanical 
stages. Three fundamental processes are typical in the case of polymeric precursors, 
as they are in the case of PAN: spinning, thermostabilization, and carbonization. The 
graphitization phase is a follow-up to the carbonization process, in which the heat 
treatment temperature is increased to about 3000 °C [57]. Figure 7 depicts a simple 
PAN fiber fabrication process. 

The initial step is spinning, which can be accomplished in three ways: melt spin-
ning, wet spinning, or dry spinning. The precursor is melted and extruded in the

Fig. 7 Illustrative diagram that describes the carbon fiber fabrication process
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first step. After the filaments emerge, they cool and solidify into the desired shape 
[73, 74]. It is the favored approach since it does not require any resources other 
than the melting of basic materials. In the second scenario, a concentrated precursor 
solution is extruded through the pores in a coagulation bath. Because the solvent is 
more soluble in the coagulation fluid than the precursor, the precursor precipitates 
as a fiber as the solution emerges through the perforations. A concentrated precursor 
solution is used in the dry spinning process. In a drying chamber, extrude the yarn 
such that the solvent evaporates, and the precursor crystallizes as a fiber. Dry or 
wet centrifugation is indicated if the raw material degrades at melting temperature 
[73, 75].

The extruded material in the spinning process must be heat-treated to improve its 
glass transition temperature. During the carbonization process, which converts the 
PAN from thermoplastic to thermoset, this phase is necessary to ensure the material’s 
infusibility. Because it is one of the priciest aspects of the process, optimization 
studies have been used to reduce the time it takes to stabilize while maintaining the 
required characteristics [76]. If a thermostabilization procedure is not completed, 
fiber quality suffers. The procedure must be heated at an acceptable rate such that T g 

rises faster than the thermostabilization temperature and the supplied groups oxidize 
[59]. 

For organic materials, carbonization and graphitization are similar processes, 
which differ only in the degree of orientation and crystallization obtained based 
on temperature. The proposal to carbonize the fiber is to produce flat sheets of 
graphene, graphene, or hybrid, with high carbon content [57, 65]. During this stage, 
the majority of the non-carbon components in the fiber are volatilized as methane, 
hydrogen, cyanide, water, carbon monoxide, carbon dioxide, ammonia, and a range 
of other gases, enriching the carbon bonds and enhancing the fiber’s mechanical, 
electrical, and thermal characteristics [57, 69]. 

Precursors with many heteroatoms lose more carbon during gasification, resulting 
in a fiber with a lot of pores and poor mechanical characteristics. The amount of mass 
lost at this step differs depending on the precursor. PAN has a density of 55–60%, 
whereas isotropic pitches have a density of 20–45%, with substantial dimensional 
contraction [77]. The carbonization stage increases the carbon content, but the graphi-
tization step transforms carbon into graphite, which has a unique structure [70, 78]. 
At 1500 °C, the maximum tensile strength is achieved. There is a rise in modulus and 
a decrease in strength above this temperature. A fast carbonization rate causes fiber 
defects, while slow rates cause a very large loss of heteroatoms [64]. An optimization 
of the process is recommended. 

6.3 Classification of Carbon Fibers 

CFs have been classified in three different ways, namely performance, precursor, and 
commercial availability. Based on performance as CFs, they can be classified into 
the following groups: ultra-high modulus (UHM), high modulus (HM), intermediate
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modulus (IM), standard modulus type (HT), and low modulus type (LM). The UHM 
and HM CFs are highly graphitized between 2000 and 3000 °C, characterized by 
a high modulus (>450 GPa) and (>350 GPa), respectively. As type IM CFs have 
carbon fiber tensile strength greater than (>200 GPa). The HT type is isotropic carbon 
fibers, which show a random orientation of the crystals and have a modulus less than 
(<100 GPa). As LM-type CFs have lower tensile strength (>4.5 GPA) [57, 65]. 

Carbon fibers are created by heating and stretching synthetic fibers (precursor 
fibers). Processing carbon fibers from diverse precursors needs a variety of circum-
stances to generate acceptable end products. The fundamental features are the same 
in both cases. The processing routes for many precursors are comparable on a macro 
level. Furthermore, carbon fiber precursor materials are crucial because the first 
precursor materials have a significant impact on the combination of diverse mechan-
ical, physical, and chemical properties and behaviors in carbon fibers [57, 65]. PAN, 
pitch, Rayan, and cellulose are among the precursors that may be used to classify 
fibers. 

They are categorized as high-performance carbon fibers (HPCF), general-purpose 
carbon fibers (GPCF), and activated carbon fibers based (ACF) on their commercial 
availability as fibers. HPFCs are distinguished by their high graphitic carbon content, 
which gives them mechanical strength. They are primarily utilized in carbon fiber 
reinforced polymer composites (CFRPs) for the aerospace sector [79]. They have 
low tensile strength and modulus as type GPCF, but they are inexpensive, thanks to 
isotropic carbon fibers, which are mostly utilized in the textile sector. Because of 
their unusual characteristics, including as adsorptive capabilities, ACF-type fibers 
have recently attracted interest in materials. Because of their nanopore architectures 
and particular CO2 affinity of ACF surface, ACFs absorb more CO2 than well-
known adsorbent materials such as MOF-5, zeolite, and active carbon [80]. Figure 8 
shows the classification of carbon fibers according to performance, precursor, and 
commercial availability. 

Fig. 8 Classification of carbon fibers
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6.4 Application of Carbon Fibers in Biosensing 

Because of its superior mechanical properties, high-performance carbon fibers are 
utilized in aerospace, aeronautics, transportation, sports, compressed gas storage, and 
civil engineering. Carbon fibers have recently acquired popularity as a foundation 
material for biodevice manufacturing [65]. Because of the remarkable characteristics 
of CFs, including as low relative density, high mechanical strength, high conductivity, 
high temperature resistance, and flexibility, fiber-based electrochemical biosensors 
have stood out in this context. Thus, the next paragraphs describe the application of 
carbon fibers in the most diverse electrochemical biodevices. 

Although the first analytical application of carbon fibers was made in 1975 by 
Jennings et al., their interest in electrochemical devices only grew after work carried 
out in 1979 by Armstrong-James, Ponchon and collaborators [81, 82]. The results 
found by these researchers showed a remarkable improvement in the quality of 
voltammetric results due to the unique characteristics of carbon fibers. From these 
works, the interest in the use of this material in the construction of sensors and 
biosensors has grown, and it is currently possible to observe a growing increase in 
the number of publications on the use of carbon fibers in electrochemical measure-
ments. Carbon fiber-based electrochemical biosensors are widely used for the detec-
tion of physiological and cancer biomarkers and for wearable electrochemical sensor 
applications. 

The work by Liu Deng and associates, which describes a carbon fiber biosensor 
modified with Au@Pt nanoparticles for microbial detection, is an example of carbon 
fiber-based electrochemical biosensors. In this study, the relative suppression of E. 
coli activity is linear and has a LOD of 0.09 mg L−1. The use of carbon fiber modified 
with NPs Au@Pt and its high conductivity, biocompatibility, and electrocatalytic 
activity, according to the scientists, improved the microbial biosensor. The microbial 
biosensor of this material has the potential to be used in environmental monitoring 
[83]. 

Human physiological indices and cellular activity components are also monitored 
using CF-based biosensors. One of the most significant indicators is glucose, and 
keeping track of it is critical for avoiding health concerns including hypertension, 
heart disease, and neurological issues. Salazar and colleagues describe the develop-
ment of a glucose biosensor using a Prussian Blue modified carbon fiber electrode. 
Carbon fibers and PB film have electrocatalytic characteristics that allow for enzy-
matic by-product (H2O2) identification. Against a variety of physiologically inter-
fering substances, the biosensor showed good glucose selectivity. Furthermore, the 
biosensor’s sensitivity and stability are adequate to monitor multiphase and reversible 
changes in brain ECF glucose levels throughout physiological tests, demonstrating 
the biosensor’s good characteristics and use in neuroscience [84]. 

With the 0.132 μmol L−1 LOD and rapid reaction time for an AU detection 
in GE/CFE, Jiao and colleagues developed a simple and cost-effective graphene-
modified carbon fiber (GE/CFE) biosensor for uric acid (UA) determination. With a
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relative standard deviation of 2.8%, the UA with GE/CFE determination is extremely 
selective and repeatable [85]. 

Iost and colleagues also describe the development of a carbon fiber-based 
biosensor for glucose detection. An electrochemical mediator and glucose oxidase 
enzyme are used to modify biosensors like carbon fibers. The sensor was shown to 
detect 30 mg dL−1 in a normal and 200 mg dL−1 in a diabetic  state in vivo.  The  
biosensor has shown promise in terms of potential implanted bioelectronic device 
applications [86]. The research presented in this issue demonstrates the rising need 
for electrochemical biodevices made of carbon fibers, as well as their relevance in 
the scientific community for medical applications. 

Yan Zhang and colleagues created a flexible carbon fiber-based biosensor enclosed 
by gold nanoparticles and adorned with nitrogen-doped carbon nanotube arrays, 
CF@NCNTAs–AuNPs (Fig. 9), and investigated its practical use in electrochemical 
detection in situ H2O2 produced by live cancer cells. With a LOD of 50 nmol L−1, 
this biosensor has outstanding electrocatalytic capabilities [87]. An electrochemical 
H2O2 biosensor was also published by Yuan et al. To construct a two-dimensional 
core–shell structure, carbon sheets doped with VS2@VC@N and decorated with 
ultra-fine Pd nanoparticles grown vertically in CFs are used. With the 50 nmol L−1

Fig. 9 Manufacturing of the CF@NCNTAs–GNPs nanocomposite is depicted schematically. a 
Digital microscope pictures of the CF@NCNTAs–AuNPs microelectrode, which was placed near 
the cells using a micromanipulator. b Current responses of the CF@NCNTAs–GNPs microelectrode 
in amperometric mode. Reproduced with the author’s permission [87]
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LOD, this biosensor exhibited strong electron transfer capability, electrocatalytic 
activity, stability, and biocompatibility to detect H2O2 in live cancer cells and cancer 
tissue in real time, although the unique rosette-like matrix structure [88].

In addition to traditional carbon fiber-based biosensors, flexible electronic and 
wearable smart devices have evolved substantially recently. Rather of lowering sensi-
tivity and accuracy, they make the device smaller, more portable, and more intelli-
gent. As a result, these devices have stood out. Vomero and colleagues, for example, 
describe the development of a flexible biosensor made of carbon fibers that may be 
implanted in mouse brain tissue. The micromachining technique is used to insert 
flexible CFS in this study. The whole electrocorticography (ECoG) electrode set 
is made entirely of single carbon fiber, with no joints or metal linkages. In vitro, 
the produced super flexible neural biodevice exhibited high electrochemical stability 
and outstanding mechanical characteristics, and after in vivo implantation, it displays 
good recording performance [89]. 

In carbon fiber microelectrodes, Asrat and colleagues demonstrated direct detec-
tion of DNA and RNA. And they show that this detection is effective even in complex 
serum samples, and according to the author, this measurement is not masked due to 
the properties of the combination of the FSCV technique and CFs. This is the first 
paper to show that FSCV can co-detect nucleobases when polymerized into DNA or 
RNA when employed with CFMEs, and it might open the way for future therapeutic, 
diagnostic, and research applications [90]. 

7 Concluding Remarks 

Carbon nanomaterials (CNMs) pose as a versatile group of nanomaterials that can be 
used to fabricate or modify biodevices. Such versatility comes from the possibility of 
creating different functional groups that act as binding sites for different biomolecules 
or tissues. Carbon nanostructures, which have unique electrical, optical, physical, and 
chemical properties, have gotten a lot of attention. In recent decades, the number of 
published works reporting the use of these nanomaterials draws attention due to 
their range of applications, covering fields of research as varied as energy storage 
and supercapacitors to nanomedicine. In addition, the compatibility shown by carbon 
nanomaterials allows the creation of composites that have additional advantages to 
the original materials, such as higher biocompatibility and dispersibility. 

The incorporation of different nanomaterials into the design of electrochemical 
biosensors has substantially enhanced their detection sensitivity. Alternatively, flex-
ible and wearable point-of-care (POC) electrochemical sensor can be developed to 
quantify sweat metabolites and secretions in real time. It is thought to be a promising
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approach for real-time monitoring of mechanically produced biochemical signals in 
sensitive cells and tissues during mechano-transduction. 
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Summary 

ACF Activated Carbon Fibers 
AuNPS Gold Nanoparticles 
CB Carbon Black 
CDs Carbon Dots 
CFRPs Carbon Fiber Reinforced Polymer Composites 
CFs Carbon Fibers 
CND Carbon Nanodiamonds 
CNH Carbon Nanohorns 
CNM Carbon Nanomaterials 
CNT Carbon Nanotubes 
CPEs Carbon Paste Electrodes 
CuNPs Cooper Nanoparticles 
CVD Chemical Vapor Deposition 
DA Dopamine 
DNA Deoxyribonucleic Acid 
DWCNTs Double-Walled Carbon Nanotubes 
ECoG Electrocorticography 
EIS Electrochemical Impedance Spectroscopy 
FSCV Fast-Scan Cyclic Voltammetry 
GCE Glassy Carbon Electrode
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GNR Graphene Nanoribbons 
GPCF General-Purpose Carbon Fibers 
GQDs Graphene Quantum Dots 
HBC Hydroxypropyl-B-Cyclodextrin 
HM High Modulus 
HPCF High-Performance Carbon Fibers 
HT Standard Modulus 
IM Intermediate Modulus 
LM Low Modulus 
LOD Limit Of Detection 
LUMO Lowest Unoccupied Molecular Orbital 
MIP Molecular Imprinted Polymer 
MWCNT Multi-Walled Carbon Nanotubes 
NCNTAs Nitrogen-Doped Carbon Nanotube Arrays 
PAN Polyacrylonitrile 
PB Prussian Blue Fe4[Fe(CN)6]3 
POC Point-of-care 
RNA Ribonucleic Acid 
RSD Relative Standard Deviation 
SWCNT Single-Walled Carbon Nanotubes 
UA Uric Acid 
UHM Ultra-High Modulus 
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