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Abstract

Recently, the use of carbon nanotubes (CNTs) and fullerenes in the design of new biosensors have attracted great interest
in the development of carbon nanomaterials. Due to the superior properties of CNTs and fullerenes, the use of sensor
components allows the development of reliable, accurate and fast biosensors. Depending on the types of target mol-
ecules, the development and application areas of the sensors vary. This review summarizes the role of CNTs and fullerenes
in the development of biosensors in different application areas. Considering the difference between other members of
the nano-carbon family, we explain why CNTs are used more widely in biosensor applications and why fullerenes have
high potentials in these areas of application. Moreover, we focused on investigating the function of these nano-carbons
in the detection of various analytes in bio-sensing. By discussing the challenges and future expectations, we have put
forward a perspective that may help synthesize advanced composites in the development of new generation designs

in biosensor applications.
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1 Introduction

Detection of biomolecules has great importance in critical
areas, ranging from health medicines, clinical and infec-
tious drugs, food control, homeland security, and moni-
toring of environmental pollution, to the detection and
identification of diseases and the recognition and viewing
of new drug molecules. Therefore, the evolvement of reli-
able and inexpensive devices that high-precision/selec-
tive, enable direct, and rapid analysis of biomolecules in
the detection of biomolecules can affect human health to
have a healthier and more reliable life [1].

A large number of surveys have been carried through
around the world to use different biological molecules
since Leland C. Clark’s first successful study of biosensors
in 1962. Nowadays, biosensors with numerous application

areas such as food analysis, environmental monitoring,
drug distribution, toxicity measurement, genetic analy-
sis, protein engineering, DNA sequencing, disease diag-
nosis are a class of devices in which the detection of gas
molecules has been widely used in real-time monitoring
of chemical signals in biological cells. Additionally, bio-
sensors have the potential to significantly affect disease
screening, drug discovery, biohazard screening, and fun-
damental science [2, 3].

Generally, as shown in Fig. 1, a sensor consists of an
active sensing constituent and a signal converter and
originates an electrical, optical, thermal or magnetic out-
put signal. While the sensor constituent is responsible
for the detection of the analyte selectively, the converter
transforms a chemical event into a suitable signal, which
can be used with or without amplification to detect the
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Fig. 1 Basic working principle of biosensors [4]

analyte concentration in a given test sample [4, 5]. On the
other hand, the biosensors, which play an important role
in critical application areas, need to carry multiple char-
acteristics such as high sensitivity, high selectivity, service
life, reproducibility, stability, simplicity and cheapness,
scalability, sterilizable, wide measurement range. The
development and performance of biosensors is largely
dependent on the properties of the material from which
they are made. It also depends on the physicochemical
properties of the materials used for the construction of
the transducer, matrices used for enzyme immobilization,
stabilizers and mediators. One of the factors that hinder
the large-scale employment of biosensors is low reproduc-
ibility and poor signal stability. The main reason for these
obstacles is the inability to control the material used in the
construction of the transducer and biosensor. To overcome
these problems, using nanomaterials in biosensor appli-
cations can be an effective solution. For this reason, over
the last decade, nanomaterials have a tremendous inter-
est in catalysis, sensors and biosensors, energy conversion
and energy storage devices. Nanomaterials are produced
by well-controlled physicochemical properties, surface

Fig.2 Main scheme of a family
of nano-carbons widely used
as biosensor component

Crystalline Nano-carbons

load, controlled shape and size and variety via significant
advances in synthetic methodologies. Nano biosensors
based on nanomaterials have significant advantages,
including improved physical, chemical and biological
properties, depending on the high surface area and small
particle size [6]. Especially carbon nanomaterials offering a
serious potential as a support matrix in the design of bio-
sensors have simple procedures such as low background
flow, surface regeneration capability, low-cost synthesis
[7, 8]. For this reason, in the past two years, we know that
different carbon allotropes such as primarily CNTs [9-11],
graphene [12, 13], fullerenes [14, 15], carbon dots [16, 17],
carbon black [18], and nano-diamonds [19, 20] play a very
important role in the provision of the specific properties
desired features in biosensors.

In the years to come, the nano-carbon family (Fig. 2)
may become an indispensable phenomenon in the devel-
opment of biosensors equipped with the new generation
and advanced properties. This predict can be confirmed by
the numbers of publications about the biosensor applica-
tions of the nano-carbon family (Fig. 2), using keywords
such as ‘biosensing;, 'biosensors; ‘bio-sensing’in the Sco-
pus database and Fig. 3 shows the distribution of these
areas for the period from 2009 to 12th February 2019.
However, before understanding the importance of nano-
carbons in biosensor devices and mechanisms, there is a
need to classify the nano-carbon family and to be aware
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Fig. 3 Pie chart showing the distribution of nano-carbon family in
biosensor applications
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of the distinction within themselves. The basic pedigree
in Fig. 2 was prepared considering the basic structural dif-
ferences of the nano-carbon family used or proposed in
biosensor applications.

The most striking member of the family in biosensor
applications can be 2-Dimensional (2-D) graphene when
considering the pioneering studies in previous years (see
Fig. 3) [21, 22]. The physical, optical, and electrochemical
advantages offering by graphene, known as a hexago-
nal, sp? bonded carbon atom with a single atomic thick-
ness, have led to the design of new products that have
improved sensitivity and selectivity to biosensor applica-
tions. In recent years, there have been numerous studies
on the contribution of graphene’s superior electronic and
physical properties to biosensor applications [13, 22].
Nevertheless, there are some problems to be overcome in
graphene-based biosensor applications. For instance, a dif-
ferent method is required for each electrode modification.
This results in an inconsistent comparison in graphene-
based biosensors. Additionally, there is no standardization
in production and there are difficulties due to the high
agglomeration tendency of graphene during production.
Moreover, graphene-based biosensors cannot benefit
from the superior properties of graphene in full efficiency.

Fullerene (Cso)
|

Furthermore, the physical stability of the graphene in the
biological environment and the toxicity assessment for the
cells is controversial [21-24].

In contrast to graphene, other nano-carbon crystalline
family member carbon dots (CDs) have superior biocom-
patibility and low toxicity. CDs which consist of synchro-
nized sp? and sp* hybridized carbon atoms are expressed
as zero-dimensional (0-D) nanoparticles below 10 nm
(Fig. 4). CDs have been shown to be generally non-toxic
by in vitro studies [16, 25]. Additionally, their potential for
use as an electron donor and receiver made them a suit-
able candidate for biosensor components [25, 26]. For this
reason, CDs are the members of the nano-carbon family
with the highest number of publications after graphene
and CNTs in biosensor applications (Fig. 3). However, they
cannot provide long-term stabilization, which is one of the
most important features desired in a biosensor design [25,
26]. Therefore, it is clear that the future of CDs in electro-
chemical biosensor applications depends on the develop-
ment of stabilization.

On the other hand, another biocompatible cousin of
CDs is nano-diamonds (NDs) (Fig. 2), have superior cellular
adhesion, and have a mixture of sp? and sp> hybridized car-
bon atoms like CDs [33, 34]. NDs with the average radius of

of 2 46 Sim

(nm)

Fig.4 Classification of nano-carbons according to their average diameters; Fullerene (1.4 nm) [27, 28], NDs (4-5 nm) [28, 29], CNOs (5-6 nm)
[30], CDs (below 10 nm) [25, 28], CB (3 to 100 nm) [18], CNTs (1 to 100 nm) [27, 28, 31], CNFs (50 to 200 nm) [27, 31], CNSs (50 to 350 nm) [32]
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approximately 4-5 nm (Fig. 4) and having 1-Dimensional
(1-D) (diamond nanorods) and 2-D (diamond nanoplate-
lets) forms; shows the highest biocompatibility reported
compared to other alternative carbon allotropes [29, 34,
35]. Additionally, cheap cost, high fluorescence capabili-
ties, low cytotoxicity, the ability to transfer target mole-
cules to target cells, and the ability to interact with specific
cells make NDs a remarkable bio-sensing platform [19, 28].
However, some issues need to be clarified regarding the
bio-electrochemical behavior of NDs such as conductiv-
ity, local capacitive behavior, and electrochemical activity.
Furthermore, these nano-carbon structures in biosensor
applications need to be functionalized with stable and
electroactive modifiers to achieve an effective yield [36].
Moreover, studies on NDs, especially in biosensing appli-
cations, should be developed due to the high tendency
of agglomeration, the difficulties in such as producing
particles smaller than 4 nm, preparing large volumes of
colloidal solutions, and the inability to control the surface
chemistry [34].

Compared to nano-carbons that are remarkable in bio-
sensor applications (Fig. 3), carbon black (CB), can be clas-
sified in amorphous nano-carbon family (Fig. 2) with the
ranging in average diameter from 3 to 100 nm (Fig. 4), is
a young member for use in bio-sensing applications. It is
a promising nano-carbon for biosensing applications due
to its features such as inexpensive cost, high analytical
sensitivity, experimental simplicity, portability, high selec-
tivity [18, 37]. Moreover, CB, due to its high conductivity
property, has been reported to can be used as an alter-
native to other members of the family such as graphene
and graphene-like structures, fullerenes and CNTs, and
increases activity in enzymatic biosensors [18, 38]. On the
other hand, the physical properties of CB which are com-
posed of sp? and sp> hybridized carbon atoms depend on
particle size, porosity, chemical properties of the surface,
aggregate morphology and surface area. Additionally, CB
is generally present as loosely bonded agglomerates on
one another [27, 38, 39]. This makes it difficult to obtain
consistent and rigorous data comparable to standardi-
zation and final products in the production procedures
of biomolecular applications of CB, as in graphene and
graphene-like structures. Furthermore, there is also a
need to develop characterization methods of these struc-
tures, each of which is a few unit cell size [27]. However,
easily characterizations can be carried out in the case of
another member of the amorphous nano-carbon family
(Fig. 2) with the big average diameter (50-350 nm) (Fig. 4)
which called carbon nanospheres (CNSs). Carbon spheres
are classified as graphitic carbon onions with diameters
between 2 and 20 nm, less graphitic carbon spheres with
diameters in the range of 50 nm to 1 micron, and carbon
particles having diameters from one to several microns

SN Applied Sciences

A SPRINGER NATURE journal

[40]. In this study, CNSs are expressed as an amorphous
structure with a size range of 50-350 nm (see Fig. 4). We
know that carbon is bonded in different ways to create
structures with different characteristics [27]. CNSs may be
formed by the matching of pentagonal and heptagonal
carbon rings, in other words, by rearranging graphene
structures [27, 40]. Due to this bond structure, CNSs
exhibit similar structural, physical and electrical proper-
ties as fullerene which will be mentioned in detail in the
further stages of this work. Because of its unusual features,
CNSs have offered a potential in a wide range of applica-
tion areas such as drug delivery, excellent catalyst support
materials, lubricating features, heterogeneous catalysis,
capacitor, energy storage, encapsulation of support and
electrode materials, and rubber reinforcement [27, 41,
42]. However, about the biosensor applications of CNSs, it
was seen that very few publications were performed com-
pared to the other nano-carbons (Fig. 3). This may be due
to the economic difficulties of the production of a large
amount of CNSs under reasonable experimental condi-
tions. In future studies, areas such as photoluminescence
and multi-photon-biological imaging may be promising
areas for CNSs, but no improvement has been made on a
commercial scale yet [27, 41]. A similar problem is seen in
carbon nano-onions (CNOs) that are a member of another
amorphous nanocarbon family. The challenge of high-
quality industrial-scale production of CNOs has caused
to be of the least interest among in other nano-carbons
(Fig. 3) [43]. However, CNOs, composed of a hollow, spheri-
cal fullerene core surrounded by concentric and engraved
graphene layers with increasing diameters, have higher
thermal stability than fullerene (C4,) and a higher chemi-
cal reactivity than CNTs [44]. Moreover, the use of electro-
active CNOs in biological/medical applications is promis-
ing as a result of cytotoxicity studies. Additionally, CNOs
with a diameter of 5-6 nm (Fig. 4) have been reported
to have unusual physicochemical properties and a high
nano-porous structure [43, 45]. Despite all its outstanding
features, the use of abrasive and toxic precursors with the
difficulties in the scalability of CNOs production methods
[43] suggests the need for the development of new pro-
duction techniques for the use in biosensor applications.

Among the nano-carbons recommended for use as
electrochemical transducers in biosensor applications,
fullerene and CNTs are notable for their easy enzyme
immobilization and reproducible electrochemical behav-
ior [7, 8]. Since the discovery of the Fullerene (Cy,) due to
its extraordinary properties, it has attracted the atten-
tion of many researchers. It is known that Fullerene has
great potential for use in biosensor applications due to
its easy chemical modification, high conductivity, and
electrochemical properties, unique and useful proper-
ties [7]. It can be claimed that these features distinguish
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the fullerene from the other members of the nanocarbon
family which offer many advantages. However, in Fig. 3,
few studies have been conducted for the fullerene. This
may be due to the difficulties involved in integrating the
fullerenes into the biosensors and the difficulty in achiev-
ing high performance under different experimental con-
ditions. Besides, the modification and bio-conjugations
required for adaptation of fullerenes to biosensor appli-
cations require costly agents and precursors, resulting in
increased cost [2]. However, if these problems are over-
come, it is thought that fullerene-based biocompatible
sensor components, which are equipped with high sen-
sitivity, selectivity, and good repeatability characteristics,
can be used successfully in real samples.

On the other hand, has the most percentage of publi-
cations in biosensor applications after graphene (Fig. 3),
CNTs, are promising materials in sensor applications due
to their various attractive features like fullerenes. How-
ever, CNTs are separated from graphene due to their chi-
ral structure. This structure gains optical features to CNTs
whereas graphene does not have different chiral forms,
and thus external labeling is required for graphene in
applications such as probing applications, living cell imag-
ing [46]. Dimensions of CNTs are generally in ranging from
1 to 100 nm (Fig. 4), in this respect, it differs from CNFs,
which has conductivity and stability properties similar to
CNTs and has dimensions up to micron-scale according to
the production technique [27, 47]. This size range gives the
CNT a high surface area/volume ratio. Additionally, CNTs
have an outstanding ability to mediate rapid electron
transfer kinetics for a wide variety of electroactive species
such as hydrogen peroxide. Furthermore, CNTs can easily
be chemically modified and functionalized. This means
that almost all kinds of the chemical can be bound to the
CNT structure. Thus, biodegradability and biocompatibil-
ity of CNTs could be increased [5]. This size range gives
some outstanding features such as large size diameter and
aspect ratios which providing a high surface area/volume
ratio to the CNTs.

Consequently, CNTs and fullerenes are promising mate-
rials in biosensor applications due to their unique proper-
ties. For this reason, in this review, we aimed to discuss
the changes in functional properties of CNTs and fuller-
enes -based biosensors, and their contribution to bio-
sensing applications. Firstly, we focused on investigating
the structural, physical, and chemical properties of CNTs
and fullerenes with historical background. Considering
the three different biosensor application areas (glucose-
sensing, urea-sensing, immuno-sensing) that have been
extensively studied by researchers recently, we have com-
piled studies on synthesized and functionalized CNTs and
fullerenes-based nanostructured electrodes and applica-
tions in the field of bio-sensing were investigated.

2 CNTs

Since its discovery by lijima, CNTs have pioneered many
interdisciplinary types of research with numerous fea-
tures offered by the unique structural, electronic, opto-
electronic, semiconductor, mechanical, chemical [48].
Lengths (up to a few microns) and small diameters (a few
nanometers) result in a wide aspect ratio. They may be
seen as a proximately 1-D form of the fullerenes. CNTs are
a member of the fullerene family of carbon allotropes.
These are cylindrical molecules that contain a hexagonal
arrangement of sp? hybridized carbon atoms. They are
also referred to as a hollow tubular material composed
of carbon atoms with nanometer-scale diameters and
lengths. CNTs can be classified as two types formed by
rolling single-walled or multi-walled graphene sheets
into continuous cylinders. Two forms of these cylindri-
cal structures are called single-walled carbon nanotubes
(SWCNTSs) and multi-walled carbon nanotubes (MWCNTSs)
[49].

Nowadays, CNTs has created a great variety of
research and important applications based on its supe-
rior characteristics in the scientific world. CNTs have
potential use in the chemical sensors [50, 51], field emis-
sion materials [52, 53], catalyst carriers [48], electronics
[54, 55], in modern healthcare applications [56, 57], and
energy storage areas [58]. Furthermore, publications
related to biomedical applications of CNTs have been
investigated in the Scopus database, from 2009 to 15th
February 2019, using keywords such as cancer, photody-
namic therapy, antiviral, anti-bacterial, HIV, DNA, toxicity,
biosensor, antioxidant, imaging, drug delivery, stem cell,
and Fig. 5 shows the distribution of these areas.

Recently, CNTs which become available in macro-
scopic amounts will give directions for future nanosci-
ence and nanotechnology. This section aims to introduce
biosensors based on different biological components

HIV 0,49%

Anti bacterial 2,66%

Drug deliver 1,88%

Toxicity 19,98%

DNA 20,19%
Imaging 21,27%

Fig. 5 Pie chart showing the distribution of CNTs in biomedical
applications
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with MWCNT and SWCNT and to present the recent
developments and innovations.

2.1 History of CNTs

CNTs can be assumed to have a history of approximately
30 years as you can see in Table 1. However, carbon nano-
filaments, probably first nanotubes, were first observed
by Radushkevich and Lukyanovich [59]. Hillert and Lange
[60], reported the dense bamboo structure of carbon
filaments. Bollman and Spreadborough synthesized the
graphite layer in 1960 in a cylindrical shape [61]. Oberlin
et al. [62] reported the growth of carbon nanofibers (CNF)
by a chemical vapor deposition technique with the disinte-
gration of benzene. lijima [63] reported double and MWC-
NTs and explained their crystal structure. This remarkable
discovery by lijima [63] has led scientific circles to focus
on research in nanotubes. In 1993, SWCNTs with the aid
of metal catalyst particles were synthesized by lijima and
Ichihashi [64].

2.2 Structure and features of CNTs

The properties of the CNTs depend on atomic regulation
(the shape of rolling graphite layers), the diameter and
length of the tubes, and the morphology or nanostruc-
ture. CNTs are found as single-walled or multi-walled struc-
tures, and MWCNTs are simply composed of concentric
SWCNTs [65]. SWCNTs have extremely high material prop-
erties which are very close to their theoretical limits such
as electrical and thermal conductivity, strength, hardness,
and low density. The impressive mechanical properties of
the SWCNTs are due to their geometrical structure and
C-C bonds. The carbon-carbon bond in the base plane
of graphite is one of the strongest bonds in nature. SWC-
NTs with small diameters have a high Young modulus and
tensile strength. This means that SWCNTs are too hard and
hard to bend. In fact, SWCNTs are very flexible. They can
be bent like a pipette without breaking. They can return
to their original structure without any damage. Most

Table 1 Historical progressive of CNTs

Date Event

1952  Carbon nanofilaments were observed

1958 Dense bamboo structure of carbon nanofilaments was
reported

1960 The graphite layer was synthesized

1976  The production of carbon nanofibers (CNF) was carried out
via chemical vapor deposition

1991  MWCNTs were reported and explained
1993  SWCNTSs were synthesized
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materials are broken during bending due to the presence
of defects or dislocations. However, SWCNTs have very few
defects in the side walls. Therefore, they have very high
mechanical properties and flexibility [27, 66].

SWCNTs can exhibit metallic or semiconductor behav-
ior depending on their diameters and the chiral angle
between hexagons and the tube axis, whereas the MWC-
NTs have a current carrying capacity of up to 10° A cm™,
are always metallic and have zero bandwidth. Additionally,
the open end of the MWCNTs has a fast electron transfer
rate similar to graphite electrodes, while the SWCNTs have
a much slower electron transfer rate. The MWCNTs have a
structural complexity and current carrying capacity like
the metallic/semiconductor SWCNTs. However, unlike
SWCNTs, there are also different parameters for each layer
in MWCNTs. Moreover, when the mechanical properties of
SWCNTs and MWCNTs were compared, the tensile strength
of MWCNTs and SWCNTs shows values close to each other
(11 to 63 GPa, 13 to 52 GPa, respectively); however, there
is a significant difference between the bending strength
values (14.2 + 80 GPa, 28.5 GPa, respectively). Besides,
MWCNTs offer superior opportunities than SWCNTs, as
they are easier to produce due to lower product cost per
unit, advanced thermal and chemical stability, and easier
control of the growth process [67, 68].

All the extraordinary features of the CNTs, especially
the superior electrical features such as electron mobility
(100,000 cm?/Vs), field effect mobility (79,000 cm?/Vs) and
electrical conductivity (10% S/cm) [68], have made CNTs the
perfect candidate for improving bio-sensing tools.

2.3 Synthesis of CNTs

The prevalence of the biosensor applications of CNTs has
led to an increased need for CNTs in the sector [1]. There-
fore, several different methods have been proposed to
synthesize CNTs in recent years. However, there are three
main synthesis techniques (arc discharge, laser ablation
and chemical vapor deposition (CVD) for CNTs production
[69]. Compared to arc-discharge and laser ablation meth-
ods, CVD is a simple and economical method for the syn-
thesis of CNTs at low temperature and ambient pressure.
Additionally, it allows serial CNT production with higher
efficiency and purity. Moreover, CVD is the most efficient
technique for control of the structure or CNT architecture
[69, 70]. In the CVD method, a catalyst material is heated
to high temperatures in a tube furnace, while the precur-
sor hydrocarbon gas flows through the tube for a while.
In the process, the method is also versatile because the
versatile hydrocarbons can be used in any state (solid,
liquid or gas). Furthermore, since various substrates are
used, it allows the production of a wide range of different
structures [71, 72].
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2.4 Functionalization of CNTs

Due to its stable structure and large absorption capacity
of the inner tube, CNTs are not soluble in most solvents.
To overcome this problem, which significantly restricts the
use of CNTs in biosensor applications, CNT functionaliza-
tion is required [73]. Since its discovery, numerous studies
have been carried out to dissolve in solvents and func-
tionalize. The pioneering works in the functionalization of
CNTs have developed three main approaches. These are
as follows;

1. Covalently linking chemical groups to the skeleton of
CNTs,

2. Adsorption of various functional molecules to CNTs,

3. Endohedral filling of the internal cavity of CNTs [74].

In biomedical applications, surface modifications are
applied to increase solubility, increase biocompatibility
and reduce toxicity. The surface modification involves
combining different functional groups on the surface and
end caps of CNTs. The covalent and non-covalent immo-
bilization of different chemical groups such as gold, silver,
platinum, graphene, glass, and silica provide an opportu-
nity for the CNTs to perform appropriate biosensors and
to increase the electron transfer rate. Several studies on
CNT-polymer composites focused on improving dispersion
and load transfer efficiency by improving compatibility
between CNTs and polymers. The final products, ends,
and sidewalls include short length nanotubes equipped
with a high density of various oxygen-containing groups
(mainly carboxyl groups). Carboxylic functional groups can
be replaced with more reactive groups such as -COCl or
—CORNH,. The addition of these functional groups on CNTs
causes molecular repulsion between functional groups on
the surface, and this overcomes the weak van der Waals
between the CNTs. It is also vital to stabilizing the disper-
sion to prevent the re-agglomeration of CNTs. Thus, a wide
range of surface functions can be created on CNTs [27, 73,
75].

The chemical modification of the surface of the CNTs
has great effects on the creation of sensitive functional
groups that prevent agglomeration, improve host com-
patibility and enhance solubility in different solvents [73].
Therefore, it is clear that CNTs can be suitable for bio-
sensing applications by functionalization and chemical
modifications.

2.5 CNTs in biosensors
The first enzyme electrode was introduced by Clark and

Lyons. Since then, the electrochemical biosensors based
on the utilizing of enzymes have attracted considerable

interest due to the advantages of the biocatalytic activ-
ity of enzymes and the combination of superior sensitiv-
ity and versatility of electrochemical transduction. CNTs
have been reported to be especially beneficial for elec-
tronic communication with redox enzymes. Due to their
small dimensions, they can arrive at the redox-active zones
easily. CNTs may function as molecular cables to provide
effective electron transfer between the main electrodes
and the redox centers of the enzymes, as shown in Fig. 6.
On the other hand, they can contribute to the direct elec-
tron transfer reaction of proteins (Fig. 7) [69]. In addition,
CNT modified electrodes can reduce the effects of con-
tamination on the surface. These features make CNTs very
attractive for a wide variety of electrochemical biosensors.

Additionally, CNTs have an outstanding talent to medi-
ate rapid electron transfer kinetics for a wide variety of
electroactive species such as hydrogen peroxide or NADH.
Moreover, CNTs can easily be chemically modified and
functionalized. This means that almost all kinds of chemi-
cals allow the CNTs to be bound to its structure. Thus, the
biodegradability and biocompatibility of CNTs can be
increased. As a result, it is possible to produce composite
electrodes containing well-distributed CNTs in a suitable
matrix [5].

2.6 Modification of electrodes with CNTs

It is well known that CNTs-based electrodes have spe-
cific features that are equal to or better than most other
conventional electrodes. Moreover, CNTs play a very
significant role in the development of biosensors with
higher sensitivity, lower detection limits and faster
response times than conventional sensor designs with
carbon electrodes. Because of its rapid electron transfer
speeds, high conductivity, and other desirable chemi-
cal and physical properties, CNTs are frequently used
as mediators between glassy carbon, platinum or gold
electrodes, and enzyme components. Furthermore, the
biofunctionalization of CNTs increases the sensitivity of

Fig.6 Wiring of proteins by CNT for electrochemistry (CNT-sup-
ported hemeproteins at the surface of GCE) [69]
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Fig.7 Assembly of the CNT
electrically contacted glucose
oxidase electrode [69]
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the biosensor to be obtained. Additionally, large sur-
face area CNTs allow large amounts of the enzyme to be
doped. Thus, high-precision, selectivity, rapid response,
and superior properties are provided in biosensors with
superior, bio-functionalized CNTs-modified electrodes
[76, 77]. CNTs may be used in the modification of sur-
faces of various electrodes in the oriented or non-ori-
ented manner, the GCEs being the most widely used
electrode. With CNTs as oriented, modifications of the
electrode are made by depositing CNTs on the surface.
The CNTs placed in this way serve as molecular cables
that provide electrical transmission between the elec-
trode surface and the redox enzyme [78].

Based on leading studies, the CNT-modified elec-
trodes increase the electron transfer reactions at lower
potentials and minimize the surface degradation of the
sensors compared to the CNT- non-modified electrodes
[5, 79]. Moreover, improved electrode sensitivity by CNTs
results in improved detection performance in biosensors
is possible. These advantages have increased interest in
CNT-modified electrodes [80].
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2.7 Biosensors based on functionalized CNTs

There is an increasing requirement for fast, low-cost,
reusable, reliable and sensitive detection systems for the
environment and human health. Numerous traditional
methods need very special tools and are additionally
slow, high cost, and limits in sensitivity and reproduc-
ibility. On the other hand, it has been reported in a large
number of studies that the selectivity and sensitivity per-
formance of detectors increased significantly with CNT
modification. Thanks to the before-mentioned unique
structures and properties, the CNT can be used as an
active component of sensors for the detection of biomol-
ecules. Furthermore, in the biosensing systems designed
with CNTs, a wide variety of features, exist together, can
be found that cannot be achieved with conventional
biosensors designed with single, and multi-crystalline
structures [81, 82]. Therefore, in this chapter, CNTs-based
biosensor studies in the literature are classified and
investigated according to enzymes.
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2.7.1 Glucose biosensors based on functionalized CNTs

Since glucose is an important molecule in the diagnosis of
diabetes and fermentation technology, the determination
by enzyme-CNT electrodes is the most widely performed
analyte [83]. Many strategies are used for the immobiliza-
tion of enzymes for glucose determination. For instance,
Gokoglan et al. [84] produced a new flexible glucose bio-
sensor using vertically aligned CNTs and a conjugated
polymer (CP) to determine the glucose content in various
beverages. They reported that this new biosensor showed
superior kinetic parameters such as high sensing capacity
and high sensitivity. They also emphasized that the novel
matrix with the new combination they synthesized offers
excellent immobilization for biomolecular deposition [84].

In another study, new glucose oxidase (GO,) based
catalysts that can exactly calculate the concentration of
glucose in the blood, increase the sensitivity of the glucose
biosensor and make glucose measurements at the wid-
est possible concentration range are developed. The CNTs
reinforced hybrid composite material was synthesized in
this catalyst. In the analyses performed, it has been shown
that high-performance glucose biosensor can be devel-
oped with excellent properties such as high catalytic activ-
ity, and high chemical stability of CNTs-modified hybrid
material. Additionally, it has been proven that biosensors
can be used effectively for hypoglycemia and diabetes real
patients [85].

Song et al. [86], the use of CNTs with mesoporous
metal-organic frameworks proved to be effective in
the development of more effective biosensors in the
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Fig. 8 Detection principle of CNT modified novel glucose biosensor [86]
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determination of glucose detection. In the new com-
posite they developed, they combined the micropores
of Tb @mesoMOFs with the ultra-high surface area, and
excellent electrical conductivity of CNTs. Thus, the new
hybrid material served as a support matrix for loading
as a methylene green (MG) and electron mediators and
glucose dehydrogenases (GDH) as an electrocatalyst
on a GCE to form the electrochemical glucose biosen-
sor (Fig. 8). As a result, they reported that CNT modified
hybrid material developed a rapid electron transfer and
could provide large surfaces for immobilization. They
stated that CNT modification also causes high perfor-
mance in glucose detection [86].

CNT modified biosensors can also be used in photo-
electrochemical applications. For instance, Cakiroglu and
Ozacar [87] developed a self-powered photoelectrochemi-
cal (PEC) glucose biosensor with CNT and CO,0, modifica-
tion. They also indicated that CNT was added to the system
to improve the supercapacitor behavior of the photoelec-
trochemical sensor [87].

Nowadays, in glucose sensing applications, research-
ers have shown interest in electrode modification with the
composites they form with CNTs. This is because of the
multifunctional glucose sensing devices are obtained by
hybrid structures formed by combining one or more of the
structures of polymer [88, 89], nanoparticles [90], metal-
lic nanosheets [91-93], alloys and bimetallic particles [94],
and other carbon allotropes [95] with CNTs. Consequently,
recent studies have shown that the superior electronic
properties of CNTs that can be functionalized by various
and different nano-sized materials or molecules play a
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crucial role in the development of novel hybrid materials
that are promising to be used in the glucose biosensor.

2.7.2 Urea Biosensors based on functionalized CNTs

Urea is the most important end product of protein degra-
dation and is essential for the proper balance of blood in
general. The optimum concentration of urine in the blood
is an indicator of correct kidney function and therefore
the determination of the amount of urea in the blood is
also important [96]. On the other hand, as previously men-
tioned, the structural modifications of the CNTs have led to
their use in combination with a wide range of hybrid mate-
rials in biosensor applications. Because of its suitability for
cell immobilization, and high electrical properties, CNTs
have been promising material in urea-sensor applications.
In this chapter, there are some of the pioneering works
done for this purpose.

Ahuja et al. [96] produced a new urea biosensor with
urease immobilized MWCNTs embedded in the silica
matrix deposited on the surface of the indium tin oxide
(ITO) coated glass plate. They stated that MWCNTs with
high electrocatalytic activity also offer high urease enzyme
immobilization. They reported that the CNT-based biosen-
sor compared with classical urea biosensors showed high
urea detection and rapid response time [96]. A similar
study was carried out by Tak et al. [97]. They synthesized a
matrix containing a hybrid nanocomposite of zinc oxide
(ZnO) and MWCNTs on indium tin oxide coated glass
sheets for the development of an effective urea biosen-
sor. They stated that the presence of MWCNT, which offers
a large surface area and high electronic conductivity for
enzyme immobilization, has a significant contribution to
the determination of urea [97].

Nguyen and Yoon [98] prepared an enzymatic elec-
trode by the sequential coating of CNTs, urease (Urs) and
polyion complex on an ITO glass. They reported that the
addition of CNTs in this new electrode for the urea bio-
sensor caused a significant increase in urea sensitivity of
the electrode [98].In 2016, the same authors developed a
non-enzymatic highly sensitive urea biosensor with a new
CNTs-based hybrid composite material. They deposited
nickel oxide in a cellulose/CNTs composite and modified
this material to electrodes. They reported that modified
electrodes showed high feasibility for urea analysis in urine
samples [99].

In their study, Dervisevic et al. [100] modified the CNTs
to the Au electrode and designed the new urea biosen-
sor based on the immobilization of the urease enzyme.
They investigated the performance parameters such as
the potential applied with optimum pH, temperature and
reproducibility. Additionally, they demonstrated that the
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electrode has an excellent performance in the detection
of urea in undiluted human blood plasma [100].

Similar to glucose detection, today, intense interest in
mixed hybrid materials with CNTs is noteworthy in the
urea sensing applications [101-104]. For instance, Hassan
et al. [105] synthesized CNT hybrid materials with conduc-
tive polymer for direct detection of urea in blood samples.
Hassan et al., stated that the highest electrochemical
signal was obtained by poly-o-toluidine (PoT)/CNT and
emphasized that no electrochemical signal was obtained
from the polymer when used alone (Fig. 9). As a result, they
reported that the sensor platforms obtained with CNT/
PoT/screen-printed electrodes offer superior properties
such as high redox reactions, surface modification, struc-
tural control, and large-scale production [105].

2.7.3 Immunosensors based on functionalized CNTs

Immuno-sensing is based on standard bioavailability
analysis of hybrid materials with enzyme, fluorophore
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or nanoparticle labels to detect disease-related proteins
and chemical toxins. As with most biosensors, responding
directly to the analyte and getting an immediate response
are the features that should be in immunosensors. CNTs
are widely used in the development of these features due
to their high electronic properties. In this section, studies
on immunosensors developed by CNT are summarized.

Yun et al. [106] synthesized highly oriented MWCNTSs
on a Fe/Al,0;/Si0,/Si substrate via a CVD method. By
electrochemically activating the CNT modified electrode
they obtained, they exposed the COOH groups on the
surface and immobilized anti-mouse IgG to these ends.
They proved that the CNTs-modified electrode has a fast
electron transfer with cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) analyses. They also
reported that CNTs for the immunosensor applications can
easily be produced on the electrode and that the sensor
they obtain has high sensitivity [106].

In another study, Lin et al. [107] immobilized the anti-
gen, gold nanoparticles, and CNT-doped chitosan film
on the GCE to produce a high-sensitivity immunosen-
sor. They stated that the sensor they developed to detect
a-fetoprotein (AFP) in human serum could be applied to
other antigens or other bioactive molecules. Additionally,
they reported a high detection limit for AFP and high sur-
face area for cell immobilization with CNT additive. They
also demonstrated that the biosensor has good bioactivity
and high storage stability [107].

Glassy carbon electrode
A short section of

WNFs

H,0

Electrochemical
measurement

Fig. 10 The stepwise production of the immunosensor [112]
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In their study Singh et al. [108] used graphene oxide
and CNT to develop a reusable, low cost and effective
immunosensor for lung cancer. They stated that the immu-
nosensor they developed by CNT-based nanocomposites
had superior properties such as the highest current, high
stability, reproducibility. In addition to this, they reported
that the rapid response to the analyte with CNT additive
[108].

Moreover, it can be seen different hybrid materials
which contain CNTs in immuno-sensing applications, as
in the before-mentioned glucose and urea sensing appli-
cations [109-111]. For instance, Rezaei et al. [112] have
developed a highly sensitive immunosensor for use in the
diagnosis of cardiovascular diseases. They stated that CNTs
offer a high surface area for immobilization by embedding
into nanofibers (WNF), which they used as transducer plat-
forms. For the detection of Cardiac Troponin | (cTnl), the
integration of the immunocomplex (anti-cTnl/cTnl/HRP-
anti-cTnl) into the CNTs and the production of the immu-
nosensor is shown in Fig. 10. As a result, they developed
an immunosensor that exhibits good selectivity, reproduc-
ibility, wide detection range properties [112].
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3 Fullerenes

With the discovery and production of fullerenes, a very
promising member of the carbon nano-structure fam-
ily, and a field of research involving organic transfor-
mations of other carbon-based hollow nanomaterials
have come into question. The Cg,, which is the most
comprehensive member of the fullerenes, has attracted
great attention in recent years due to the opportuni-
ties offered by its nearly global structure with its closed
cage system. The C,, may be electronically defined as
having a closed shell configuration containing 30 bond-
ing molecule orbital with 60 p electrons. On the other
hand, the C, offers high advantages such as having a
high symmetry, being relatively inexpensive, being rela-
tively inert (in mild conditions), easily producible, and
relatively non-toxic. In addition, fullerenes have unu-
sual properties such as multiple redox states, stability in
many redox forms, signaling, light source switching, and
easy functionalization. As a result of these outstanding
features, the Cy, structure has been used in many dif-
ferent applications such as superconductors, sensors,
biosensors, catalysts, the development of optical and
electronic devices [7, 113]. Furthermore, publications
related to biomedical applications of fullerene have
been investigated in the Scopus database, from 2009
to 15th February 2019, using keywords such as cancer,
photodynamic therapy, antiviral, anti-bacterial, HIV,
DNA, toxicity, biosensor, antioxidant, imaging, drug
delivery, stem cell, and Fig. 11 shows the distribution
of these areas. The aim of this section is to introduce
the biosensors based on the fullerene-C,, and different
biological components and to present recent develop-
ments and innovations.

Fig. 11 Pie chart showing the
distribution of fullerene in
biomedical applications
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3.1 History of fullerenes (C,,)

Fullerene consists of curved pentagons and hexagons that
form a fused structure. The smallest, most synthesized, and
most stable fullerene acquired by the customary produc-
tion technique is the Ih-symmetric buckminsterfullerene
Ceo- The breakthrough of Buckminsterfullerene (Cy,) was
made in 1985 by R. Smalley, R. Curl, and H. Kroto who
received the 1996 Nobel Prize in Chemistry. The stable
structure after Cg is C,o. Additionally, C,, C6, Crg, Cgor Coon
Cgaetc. fullerene structures are also available.

In 1966, the Daedalus had thought of the possibility of
creating the large hollow carbon cage (giant fullerene).
In the following years, there was an ongoing adventure
with the latest discovery of Cg, ions in space as seen in
the nano-system and nanotechnology field. Pioneering
studies (Table 2) on fullerene discovery were carried out
between 1983-1990 [27, 114].

3.2 Structure and features of fullerenes (C,,)

Fullerene offers a high symmetrical lattice in different sizes
(Ceor Cy6 and so on) with its unusual structure containing
sp? carbons. The most abundant types of fullerene in the
synthesized are Cg, and C,. Each fullerene with 2n+20
carbon atoms consisting of n hexagon. The Cg4, contains
60 carbon atoms, and in terms of shape, the fullerene C,
is as a soccer ball, it comprises 12 of pentagons with 60
vertices and a polygonal with 32 faces and 20 of them are
hexagons. Regarding the crystallographic features of the
fullerene molecule, the existence of symmetrical elements
containing 30 two-ply axes, 20 three-ply axes, and 12 five-
ply axes made fullerene the most symmetric molecule con-
trolled by the Gold Mean rule.

Different spectroscopic methods such as Raman
spectroscopy, UV-Vis, NMR and FTIR can be used in the

Antiviral 3.19%0
HIV 3.80% Anti bacterial 3,28%%

Toxicity 27,29%0



SN Applied Sciences (2020) 2:603 | https://doi.org/10.1007/542452-020-2404-1

Review Paper

Table 2 Historical progressive of fullerene

Date Event

1966 D.E.H Jones thought of the structure of a giant fullerene

1970 Osawa proposed the spherical Ih-symmetric soccer ball structure for the first C4, molecule

1984 It was observed that large carbon clusters (Cn) could be obtained via laser evaporation of graphite

1985 Kroto and Smalley proved the existence of C¢, and C,, which can be produced under specific clustering conditions
1990 Kratschmer and Huffman identified the Cg,'s absorption line in laboratory analogs of interstellar powders

2010 Fullerenes (C4,) were discovered in a cloud of cosmic dust at 6500 light-years away

characterization of this symmetric molecule. On the
other hand, fullerene is a nanomaterial compatible with
biomolecules. The Cq4, is capable of producing oxygen
species when exposed to visible light and makes it an
appropriate candidate for photodynamic therapy. More-
over, the C¢, has thermal stability in the solid phase with
medium-phase cubic lattices (FCC).

Fullerene has an interesting behavior of solutions
and its solubility has been investigated by controversial
experiments. However, the solubility of the fullerenes is
unclear, and a reliable theory has not yet been suggested
to clarify the behavior of the fullerenes in the various
solvents. Fullerene is readily soluble in organic (espe-
cially aromatic) solvents such as toluene, chloroform,
and benzene due to its hydrophobic structure, whereas
the solubility is very low in polar solvents, and this is
important for biological and medical applications. Sev-
eral techniques have been developed to increase the sol-
ubility of fullerene in the water, such as the preparation
of biphasic colloidal solutions, the synthesis of fullerene
derivatives. The hydrophobicity of the fullerene ensures
some degree of compatibility in a biological environ-
ment. However, the hydrophilicity of the materials in
biological media is of greater significance compared to
hydrophobicity [27, 115, 116]. To provide the integration
of fullerene into biological environments, the addition
of various polar functional groups or molecules into the
fullerene core overcomes the almost complete insolubil-
ity of the C4, and at the same time retains the unique
natural fullerene properties and achieves reasonable
bioavailability [117].

As mentioned previously, each carbon in a fullerene-
Ceo atom is bound to the others and the sp2 is hybridized.
The C4, molecule has two bond lengths, 6: 6 ring bonds
are acceptable as double bonds and are shorter than 6: 5
bonds. Cq is not super aromatic and results in weak elec-
tron delocalization. For this reason, the spherical Cq, acts
as an electrically insufficient alkene and reacts handily with
electron-rich species. The C¢, has a good electron affinity
(EA) (2.7 eV) and a good ionization potential (IP) (7.8 eV).
These values show that it can readily promote the elec-
tron transfer reaction and has a superior electrochemical

behavior that makes them suitable candidates for biosens-
ing applications [7, 117].

3.3 Synthesis of fullerenes

Fullerene can be produced by a laser beam on the graphite
in the helium atmosphere. However, the total yield is insuf-
ficient considering the potential application areas and
industrial areas. Therefore, various methods are developed
for the synthesis of an effective and efficient fullerene [7].
The second method proposed in the synthesis of fuller-
ene is the laser ablation of graphite. This method permits
the production of macroscopic amounts of fullerene from
the graphite under high-temperature conditions. In this
method, materials are removed from the solid surface
using a laser beam. When the graphite is exposed to the
laser beam, the materials removed from the solid surface
evaporate, and to become plasma. By cooling the gas, the
vaporized and combined atoms form the fullerene [7, 118].
Another alternative method proposed in the synthesis of
fullerene is the arc-discharge process. The arc discharge
of graphite is one of the most common techniques used
in the production of novel fullerenes. In this method, the
graphite evaporates with the electric arc formed between
the two electrodes. However, the temperature conditions
of the carbon arc prevent an existing device for detecting
the types that occur during the production. On the other
hand, there are also non-equilibrium plasma methods
where the fullerene is produced without a high tempera-
ture [7,119].

3.4 Functionalization of fullerenes

Fullerenes have great potential for use in materials sci-
ence and biological applications as previously mentioned.
However, fullerenes cannot be used in full yield due to the
limited solubility in the polar solvent, the hydrophobicity
of the carbon cage, and the tendency to agglomeration.
To overcome these problems, fullerenes can be chemically
modified. They can be organically derivatized by various
reactions. The hydrophobic surfaces of the fullerenes
can be functionalized and converted to hydrophilic for
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therapeutic purposes. With functionalization, different
and useful extensions can be added to the nearly spheri-
cal structure of the fullerenes, so that they can be gained
novel features. The functionalization process changes the
solubility and electrochemical properties of the fullerenes.
Therefore, the application areas and diversity of the fuller-
enes also increase [27, 120, 121].

In view of the closed cage system of the C,,, the added
substances can be added to the central surface of the Cg,
and the most reaction occurs at the hexagonal-hexagonal
edges. Some of these reactions are the Bingel reaction,
called as nucleophilic cyclopropanation of the Cg, [4+2]
cycloaddition (Diels Alder reaction), [3 + 2] cycloaddition
(Prato reaction), and [2 + 2] cycloaddition [27, 122].

3.5 Fullerenes in biosensors

At present, we see a wide range of biosensors based on
different physicochemical detectors used for recognition
and classification, remote sensing of bacteria in the air,
detection of pathogens, and other human and environ-
mental healthcare applications. Since its discovery, biosen-
sors have attracted a great deal of interest by researchers.
However, in the development of biosensors, the discovery
of the fullerene (C4,) has made a breakthrough. The rea-
son for this is due to the nature of the fullerene unique
properties. These features include wide light absorption in
the UV-Vis region, a combination of nucleophilic and elec-
trophilic dual properties, structural angle tension, singlet
oxygen production, the ability to be doped with multiple
electrons and endohedral metal atoms, photo-thermal
effect, long life triple state, the ability to act as an elec-
tron acceptor [2]. Due to these unique functions, fullerene
has the advantage of offering high sensitivity to various
biological and biomedical analysts, improved sensitivity,
high selectivity, real-time responsiveness, and rapid signal
transmission. Moreover, fullerenes that are not dangerous
to biological systems and materials are sufficiently small so
that they can detect close distance in the active areas of
the biomolecules. They can also easily exchange electrons
to species surrounding the biomolecules. Furthermore,
they serve as an ideal substrate to receive and release elec-
trons to a transducer. Consequently, it possesses a high
potential for biosensor applications [7, 123].

Fig. 12 Biochemical signal to

In the part of the identification of a biosensor, bio-
logical constituents such as antibodies, cells, microor-
ganisms, organelles, enzymes, and tissues are utilized.
Fullerenes are used as a mediator between the identifi-
cation part and the electrode of a biosensor to increase
the speed of electron transfer generated by reason of
the biocatalytic or biochemical reaction of the analyte in
contact with the biological element at the identification
field (Fig. 12) [2].

3.6 Modification of electrodes with fullerenes

Electrodes modified chemically with fullerene (Cg,) were
first presented in Compton et al [124]. They performed
immobilization by dropping Cg, films onto the surface
of the electrodes. They then covered the electrodes
with a protective film. In their analysis, they reported
that obtained a better signal [124]. After this pioneer-
ing work, the electrochemical behaviors of C,, modified
electrodes in aqueous solutions were meticulously inves-
tigated. Nowadays, chemically modified electrodes with
Ceo can be produced via different methods such as physi-
cal vapor deposition [125], dropping [7], electrochemical
deposition [126], electro-polymerization [127].

3.7 Biosensors based on functionalized fullerene

New hybrid materials with unique properties are created
by combining two or more different materials. Bio-macro
molecules and nano-sized carbon materials are utilized
in the establishment of various hybrid materials. Supe-
rior hybrid materials are produced by combining biomol-
ecules and carbon-based nanomaterials, and research is
being carried out for use in biosensor applications [7].
Fullerene has been a leading nano-sized carbon allo-
trope in the formation of hybrid materials with bio-mol-
ecules due to the before mentioned superior properties.
Therefore, it is one of the most remarkable carbon-based
nanomaterials in nano-biosensor design and develop-
ment. In this section, fullerene-based biosensor studies
are classified and investigated according to enzymes.
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3.7.1 Glucose biosensors based on functionalized fullerene

Diabetes mellitus, a chronic disease caused by insufficient
insulin secretion, leads to increased mortality rates world-
wide. Hence, the determination of blood glucose levels
is of vital importance to reduce the complications associ-
ated with diabetes. Among the various analytical methods
available, the traditional electrochemical glucose sensor
is commonly preferred because of its features previously
mentioned [128]. However, in the detection of glucose in
the blood, other biological molecules in the blood (galac-
tose, tyrosine, uric acid, cysteine, etc.) prevents the deter-
mination of glucose.[129, 130]. In order to overcome this
obstacle, the use of the fullerene in biosensors is recom-
mended. In the production of various biosensors such as
piezoelectric and amperometric sensors, glucose detec-
tion using fullerene was first performed by Gavalas and
Chaniotakis. Gavalas and Chaniotakis [131] developed
an amperometric biosensor for the detection of glucose
oxidase (GO,) enzyme using different amounts of fuller-
ene in their study. They reported that the sensitivity of
the biosensor they obtained increased with therise in the
quantity of fullerene [131]. In another study conducted on
the same dates, novel glucose bio-sensor was designed
by plating fullerene-cryptand-22 with piezoelectric (PZ)
quartz crystal on silver metal electrodes, and the results
suggested that the fullerene-based biosensor exhibits
superior sensitivity to molecules of glucose.[129]. Later,
Zhilei et al. [132] produced fullerene-modified glucose bio-
sensor by utilizing ferrocene (Fc), chitosan (CS) and ionic
fluid (IL). Thus, GO, served as a catalyst in the oxidation of
glucose determined by the electrodes. Zhilei et al., empha-
sized the need for a biocompatible media to provide elec-
tron exchange between GO, and electrodes, and enzyme
immobilization. In their study, Fc, CS, and IL with the use of
fullerene ensured this necessity. Figure 13 shows the cyclic
voltammogram of the modified glassy carbon electrode
(GCE) sample in the absence of glucose and at different
glucose concentrations [132].

Lin and Shih [133] developed an electrochemical glu-
cose sensor based on the cobalt (Il) hexacyanoferrate and
fullerene Cyy-enzyme. In their study, glucose in aqueous
solution was oxidized with C4y-oxidase (O,) on GCE. Oxida-
tion of the reduced C¢,-GO, (dark) with oxygen (O,) was
then realized in solution and H,0, was generated. H,0,
is capable of oxidizing the cobalt (Il) hexacyanoferrate
(Cos[Fe (CN)4],) on the GCE. The oxidized cobalt (Il) hexa-
cyanoferrate is reduced by an electrode voltage applied
at 0.0 mV (according to the Ag/AgCl reference electrode).
Thus, the reduced current can be quantitatively meas-
ured for the analysis of glucose. Additionally, Lin and Shih
reported that this new electrochemical glucose sensor had
an effective electrocatalytic activity, high reproducibility,
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Fig. 13 Cyclic voltammogram of fullerene modified electrode at pH
7.0 PBS and at 100 mV/s; a in the absence of glucose, b presence of
1.0 M glucose, € 5.0 M glucose [132]

and high selectivity [133]. In another study, Thirumalraj
et al. [134] designed a glucose biosensor with GCEs modi-
fied with reduced graphene oxide (RGO) and fullerene (Cq)
composite. They stated that the biosensor they produced
had a good ability to detect glucose in human blood
serum samples. Furthermore, the biosensor prepared by
simple electrochemical reduction of the GO-Cg, (Fig. 14a),
showed a wider response interval than other electrodes, a
rapid response time of 3 s, and high sensitivity. Addition-
ally, amperometric responses (Fig. 14b) from the biosensor
they developed proved to have good potential for real-
time detection of glucose in blood serum samples [134].
The study, in which the ultra-sensitive glucose biosensor
was produced by the modification of another GCE with
fullerene, was carried out by Ye et al. [135]. They deposited
tetraoctylammonium bromide-functionalized fullerene
on the surface of GCE and reported that the sensor they
designed was highly sensitive to detect the glucose in the
saliva [135].

The studies showed that fullerene contributes to a
large extent to develop advanced products and designs
for glucose biosensors. Sutradhar and Patnaik [136] using
the 3-amino-5-mercapto-1,2,4-triazole as the ligand, pro-
duced a new generation fullerene Cg,-thiol-coated gold
nanoparticle-based nano-composite. They reported that
the GCEs they modified with their composite showed
high sensitivity in the detection of glucose, and addi-
tionally had high selectivity, repeatability, long-term
stability, anti-interference ability and resistance to chlo-
ride poisoning [136]. In another study, Piotrowski et al.
[137] developed a new hybrid system based on a glucose
dehydrogenase immobilized on C,, fullerene coated
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Fig. 14 A Schematic presentation for the sensing of glucose at
RGO-C60/GOx biosensor. B Amperometric i-t response from glu-
cose sensor for the addition of (a) 0.1 mM, (b) 0.5 mM, (c) 1 mM of
glucose, (d) up to 14.6 mM glucose into the constantly stirred oxy-

gold nanoparticles (AuNP) for the efficient biosensor
and quantitative detection of glucose. According to the
amperometric measurements, the hybrid biosensor they
designed showed high sensitivity, wide linear range and
fast characteristic response (3 s). They emphasized that
the new hybrid nanocomposite prepared with these
unique properties has a strong potential as a biosensor
which can be used for the fast and quantitative determi-
nation of glucose [137].

Therefore, pioneering studies have shown that fuller-
enes that can be functionalized with various and different
nano-sized materials or molecules are promising materials
in biosensor applications for the detection and diagnosis
of glucose.
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gen saturated PBS; working potential is —0.42 V. Inset shows the
enlarged view of amperometric response of the biosensor for addi-
tion of T mM glucose into the solution, and C The calibration plot
[134]

3.7.2 Urea biosensors based on functionalized fullerene

Urea, the final product of protein metabolism, is generally
used as a nitrogenous fertilizer for plants. In addition to
medical diagnosis, it is significant to determine the urea
in the food industry, agriculture, and biochemistry [138].
Similar to the previously mentioned study on the determi-
nation of glucose in the blood [131], Wei and Shih [139], in
their study, they developed a piezoelectric-fullerene bio-
sensor for urea detection in urine. Similar to the glucose
biosensor of Gavalas and Chaniotakis [131], they covered
the surface of PZ quartz crystal using fullerene- cryptand
-22 and proved that urea can be detected in urine with the
new fullerene-based biosensor [139]. Likewise Chou et al.
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[140] developed an immobilized urease-based Fullerene
Ceo-Cryptand-22 coated piezoelectric quartz crystal urea
sensor. The experimental setup they prepared (Fig. 15)
contains the C4;-urease enzyme membrane immobilized
for the piezoelectric quartz crystal urea detection system.
They stated that the piezoelectric urea sensor they devel-
oped showed high sensitivity, repeatability and relatively
good selectivity for urea [140].

Saeedfar et al. [141] developed a fullerene-modified
bio-conjugate sensor on an acrylic-based hydrogen ion-
sensitive membrane to detect the quantity of urea in the
urine sample. They functionalized the fullerene by sonica-
tion, heat, and ultraviolet (UV) radiation and then realized
the immobilization process. They have proven that the
functionalized fullerene-based biosensor they designed
has 2 min for each determination and that the responses
show good sensitivity and response time [141].

Yao et al. [138] developed a deep yellow fullerene (Cg)
colloid under the ultrasound conditions to determine the
amount of urea in food products. In their study, they used
fullerene as a donor. The reason for this is that the fuller-
ene had two strong RRS (resonance Rayleigh scattering)
peaks at 385 and 530 nm. Following an increase in urea
concentration, they emphasized that the intensity of RRS
decreased at 530 nm due to the increase in RRS-ET, thus
they explained the urea determination mechanism of the
fullerene (Fig. 16) [138].

3.7.3 Immunosensors based on functionalized fullerene

There are numerous studies on the development of
Cgo-based immunosensors in the medical diagnosis of
various disorders that occur because of any deterioration
in our body’s metabolism [2]. Recently, some studies have
been carried out with real samples, and the capability of
Cgo-modified immunosensors has been demonstrated in
the determination of microorganisms [142-144]. Addi-
tionally, the use of fullerene in immunosensors has been
reported to facilitate the electron transfer between the
redox proteins and the electrode [145].

B

—— C60-Cryptand[22]/PVC

H;O W————— Immobilized C60- Urease

PVC Membrane

Inject Sample

stirrer

Fig. 15 The sample mechanism of urea piezoelectric crystal sensor
with immobilized Cgy-urease membrane [140]
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Fig. 16 Mechanism of the RRS-ET method for the detection of urea
[138]

Pan and Shih [146], in their study, have used the anti-
body immobilized fullerene to detect immunoglobulin
G (IgG) and hemoglobin (Hb) which have a very critical
role in the human immune system. For this purpose, they
prepared Cgy-fullerene-antibody-coated quartz crystals
and firstly added the C,, to metal electrodes coated with
silver (Ag). Following this process, they carried out the
adsorption of antibodies such as anti-human IgG and
anti-hemoglobin with an aqueous solution (Fig. 17) [146].
A similar study was performed in 2013 by the production
of C4o-myoglobin (C4,-Mb), Cgo-Hb and Cgy-gliadin coated
piezoelectric (PZ) quartz crystal immunosensors by Liao
and Shih [1471].

Mazloum-Ardakani et al. [148] has developed nanocom-
posites containing fullerene-functionalized CNT and ionic
fluid for use in the non-enzyme detection of tumor necro-
sis factor a antigen (TNF-a). They stated that the new and
sensitive electrochemical immunosensor they designed to
exhibit high electrocatalytic behavior [148].

In their study Demirbakan and Sezginturk [149]
designed an immunosensor with a GCE modified with
Ceo to determine the heat shock protein 70 (HSP70) in

1gG
(1 CO .3 C3Cd 3 Cd CJ—C60/Anti-lgG

———Ag Electrode

Quartz Crystal

Fig. 17 C60-based quartz crystal electrode [146]
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human blood serum samples. They reported that the
biosensor they obtained showed high reproducibility
[149].

The widespread use of Enrofloxacin (Enro), a type of
antibiotic used against bacterial infections in livestock
raising, causes permanent residues in the environment
and adverse ecological effects. Chen et al. [150] have car-
ried out the production of fullerene mats chemically modi-
fied by Au nanoparticles for use in the detection of Enro.
Consequently, they obtained fullerene-based high-quality
Enro-immonusensor with high-sensitive [150].

In summary, studies have shown that fullerene which is
immobilized with various biomolecules can be an impor-
tant component in immunosensors used to detect other
biomolecules produced due to metabolism.

4 Conclusion and future prospective

In this review, various biosensor applications, features,
and structures of CNTs and fullerenes are summarized.
The use of CNTs and fullerenes as a biosensor component
has led to breakthrough discoveries. The surprising chemi-
cal, optical, electrical and mechanical properties of CNTs
and fullerenes play an important role in providing vital
features in biosensor applications. Various biochemical
particles can be integrated into CNT and fullerene struc-
tures through covalent/non-covalent methods. Thus, the
immobilization can be achieved. Moreover, CNTs and
fullerenes have a high surface area/volume ratio, there-
fore, they offer a large immobilization area for the mol-
ecule to be detected in biosensor applications. CNTs and
fullerenes are easily accessible due to their small size in
the detection of small particles that are not accessible by
conventional biosensors. Thus, these nano carbon materi-
als can be used as a tool in different biosensor platforms to
prevent environmental threats, deadly diseases, and infec-
tious diseases. However, there are still difficulties in terms
of practical applicability in the use of these carbon nano-
materials in biosensor applications. The current stage of
research on these nano-carbon needs the synthesis meth-
ods, the improvement of these methods, standardizations
to achieve consistent characterizations, and experimen-
tal results, toxicity assessment, and the development of
these nano-carbon in industrial application. Future works
require an interdisciplinary study of fields such as mate-
rials science, biology, and electrical engineering. In the
near future, it is thought that the development of hybrid
nanostructures with CNTs and fullerene-based electrodes
will result in the production of fast, efficient, reliable, low-
cost biosensors in areas such as food, packaging, quality,
homeland security, diagnosis of diseases, agriculture.
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