®

Check for
updates

Komal Iranna Savadatti @, Asha Puthuvilayil Johnson ®,
and Hosahalli Veerabhadrappa Gangadharappa

Abstract

The delivery of therapeutic medications employing nanoparticles has been used
in pharmacy and the medical field because of their vast electrical, superior
chemical, and enormous surface area. It has been shown that carbon nanotubes
(CNTs) are an excellent drug delivery system because they efficiently enter cells
as well as because of their polyaromatic nature, and they keep the medication
intact during transit in the body without metabolizing it. Drug-CNT conjugates
for drug delivery are safer and more effective than the drug used alone in
conventional manufacturing as functionalized CNTs can safely carry significant
molecules across nuclear and cytoplasmic membranes as well as reduce the
toxicity associated with CNT as such. They are chosen as a basis for attaching
antibiotics and anticancer medications to carbon nanotubes for the treatment of
infections and cancer. Subsequently, other biomolecules were joined to CNTs
and investigated for a variety of uses, including gene therapy, immunotherapy,
tissue repair, and disease diagnostics and treatment.
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6.1 Introduction

Nanomaterials, which exist as a form of carbon allotrope graphite and exhibit a
nanometer-scale diameter and a few millimeters in length (Hirlekar et al. 2009;
Singh et al. 2012), have been built in cylindrical tubes. Their outstanding structural,
mechanical, and electronic properties are the result of their small size and mass,
incredible mechanical strength, and exceptional electrical and thermal conductivity
(Usui et al. 2012; Zhang et al. 2010). Ever since the beginning of the twenty-first
century, nanoparticles have been utilized in pharmacy and medicine as a therapeutic
medication delivery system owing to their large surface area, superior chemical
stability, and extensive electrical. It has been demonstrated that carbon nanotubes
(CNTs) are an ideal vehicle for drug administration since they immediately penetrate
cells and maintain the medication intact without metabolism during transit in the
body (Hirlekar et al. 2009; Singh et al. 2012; Usui et al. 2012; Zhang et al. 2010) due
to their polyaromatic nature. Numerous studies have shown that these compounds
may be transported into cells more efficiently and securely when attached to CNTs
(Singh et al. 2012; Usui et al. 2012; Zhang et al. 2010). To cure cancer and
infections, it was first used to bind anticancer medicines and antibiotics to carbon
nanotubes. Then additional biomolecules have been linked to CNTs and tested for
various applications, such as gene therapy, immunotherapy, tissue repair, and
disease diagnosis (Kateb et al. 2010; Liu et al. 2007a; Zhang et al. 2011; Rosen
and Elman 2009; Bekyarova et al. 2005).

6.1.1 Carbon Nanotubes: Configurational Structures, Types,
and Preparation

All of the carbon atoms that make up carbon nanotubes (CNTs) are organized in a
sequence of condensed benzene rings and wrapped up into a tube-like form. This
novel artificial nanomaterial is found in the native sp2 (planar) and sp3 (cubic) forms
in the class of fullerenes, the third allotropic carbon structure after diamond and
graphite (Hirlekar et al. 2009; Singh et al. 2012; Liu et al. 2007a). The architectures
of CNTs are divided into two groups depending on the number of layers: single-
walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes
(MWCNTs). SWCNTs often appear as tightly packed hexagonal bundles and are
made up of an individual graphene cylinder with a diameter that ranges from 0.4 to
2 nm. Each of the coaxial cylinders present in the MWCNTSs are constructed of a
single layer of graphene encircling a narrow center. MWCNTS’ outer diameter is
between 2 and 100 nm, while the inner diameter is between 1 and 3 nm, and their
length is from 0.2 to several millimeters (Singh et al. 2012; Bekyarova et al. 2005).
The tips and the side walls of CNTs are two distinct zones. Rolling the graphene
sheet into a tube results in a variety of tubule shapes, which play a significant role in
regulating these peculiar features. Depending on its direction, the molecule can roll
in one of three different ways: chiral, zigzag, and armchair (Singh et al. 2012; Usui
et al. 2012; Zhang et al. 2010; Kateb et al. 2010; Liu et al. 2007a).
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6.1.2 Applications of Carbon Nanotubes in the Pharmaceutical
and Medical Fields

The functionalized CNTs are coated on the surface or loaded inside with the drug.
Functionalized CNTs can transport desired molecules beyond the cytoplasmic and
nuclear membranes without creating a harmful outcome. The conjugates of carbon
nanotubes reveal to be both safer and much more potent than the medications used
alone via conventional preparation (Zhang et al. 2010; Kateb et al. 2010; Liu et al.
2007a).

6.2  Properties of Carbon Nanotubes
6.2.1 Physical Property

6.2.1.1 Young’s Modulus and Tensile Strength

Tensile strength and Young’s modulus are measured using a stress-strain puller to
drag long ropes holding plenty of aligned nanotubes. The rope’s Young’s modulus,
its tensile strength, and the associated rope elongation can all be determined at once
by exerting an axial force on the rope to confirm the number of broken tubes a load
was applied along with continuous monitoring of electric conductivity. The sample’s
cross-section and the tubes’ filling factor were determined from scanning (SEM) and
transmission electron microscopy (TEM) observations to produce the stress-strain
curve. While the tensile strength of the tube cannot be determined by merely
averaging the values of all the tubes mostly from the data, the Young’s modulus
can. According to the parallel structure model of the samples, the first tube to break
in a rope made up of numerous parallel and isolated tubes of varying strengths is
always the weakest one. As a result, as the load is redistributed, the remaining,
undamaged tubes are put under more stress, which eventually leads to the breakage
of the second weak tube. This technique will reduce the apparent value of the rope’s
tensile strength and will undoubtedly reduce the tube’s derived value (Daniels 1945).

6.2.2 Mechanical Property

6.2.2.1 CNT Deformation Under Stress

The deformation of carbon nanotubes using various methods is being studied, and in
recent attempts, carbon nanotubes distributed in a polymeric film were subjected to
significant compressive strains (Lourie et al. 1998). The results for the buckling of
thick tubes show that the axial compression deformation of CNT when compared to
single-layer CNT was less due to the hollow shape and high aspect ratio. Buongiorno
Nardelli et al. (1998); however, there are differences in the plastic collapse or
breakage of thin tubes. For thin tubes, the critical stress for inward collapse or
fracture is anticipated to be between 100 and 150 GPa, with the compressive strain
assessed to be greater than 5%. The fundamental finding of those investigations is
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that the compression strength of both thin-walled and thick-walled carbon nanotubes
is orders of magnitude greater than those of any other known fiber. The toughest
tubes are zigzag and armchair forms, with the 0 K stress being very sensitive to
helicity, as shown by the molecular dynamics calculations of SWNTs in a TB-large-
scale model under significant applied strains (both elongation and compression)
(Ozaki et al. 2000).

In all methods, carbon nanotubes transform into new shapes with a sudden release
of stress energy when subjected to substantial deformations (Buongiorno Nardelli
et al. 1998). The bending is reversible up to very large bending degrees, despite
imperfections and highly strained tubule regions. This flexibility property comes
from the ability of the C-C bonds in the sp2 network to reversibly change the
hybridization when deformed out of the plane. With increased curvature, the sp3
nature of C-C bonds in the deformed region becomes stronger. The mechanisms of
strain produced in carbon nanotubes under uniaxial tension have also been
investigated in order to address the question of the ultimate tensile strength of
these nanoparticles (Buongiorno Nardelli et al. 1998; Lourie et al. 1998; Ozaki
et al. 2000; Yakobson 1998; Srivastava et al. 1999).

6.2.3 Thermal Property

6.2.3.1 Specific Heat

In a carbon nanotube, a single graphene sheet has been wound into a cylinder as a
carbon nanotube. Covering the sheet twice has a considerable impact on the phonon
band structure. The two-dimensional (2D) photon band structure of the sheet first
“folds” into the 1D band structure of the tube. Additionally, the distribution of the
lowest-lying modes changes because the tube is firmer than the sheet due to its
cylindrical shape (Saito et al. 1998; Benedict et al. 1996). As a result, changing the
dimensionality of a system can significantly affect the low-energy projected density
of states (PDOS) and, consequently, the low-temperature-specific heat. The magni-
tude of this effect in graphite is related to the up to 10 meV Debye energy of the
interlayer modes. It is expected that forming 3D crystalline arrays of tubes will
reduce low-energy PDOS in nanotubes (Mizel et al. 1999).

6.2.3.2 Thermal Conductivity

The materials with the highest-documented thermal conductivity at ambient temper-
ature are diamond and graphite; consequently, nanotubes do need to function
appropriately here as well. A recent theoretical study (Berber et al. 2000; Hone
et al. 2000a) indicated that the thermal conductivity of nanotubes at ambient
temperature might reach as high as 6600 W/m K. The consequences of 1D
quantization should also be seen in the thermal conductivity at low temperatures,
just like they are in the specific heat. The thermal conductivity of a highly anisotropic
material is particularly susceptible to phonons with high velocities and extended
scattering wavelengths. It follows that thermal conductivity should directly probe on
tube phonons and be robust to intertube coupling even in nanotube bundles. Thermal
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conductivity in all samples has a completely linear temperature dependence below
40 K. Given that only the tube’s acoustic modes transport any heat flow during 1D
quantization, this temperature dependence is most likely caused by this phenome-
non. The impact of intertube connections on K(7') (temperature)’s dependency is
unknown, though. To more precisely assess whether the linear K(7') is due to 1D
quantization, we evaluated K(7T') in samples with different nanotube diameters. Since
the phonon subband separation rises with a decreasing tube diameter (Llaguno et al.
2002; Hone et al. 1999), we predict that the linear K(T') could reach a wider
temperature range in samples with a smaller average tube diameter. Composite
materials with high thermal conductivity have a variety of possible applications,
particularly in heat lowering for electronics and motors.

Carbon nanotubes’ distinctive structure as well as small size are closely related to
their thermal characteristics. These characteristics make nanotubes potentially the
best material for the study of low-dimensional phonon physics and controlling the
temperature on both a macro- and microscale the specific heat and thermal conduc-
tivity of bulk SWNT samples were examined to investigate the thermal
characteristics of nanotubes. Single-walled nanotubes have a different specific heat
than both 2D and 3D graphenes, particularly at low temperatures, where the 1D
quantization of the phonon band structure is seen. Nanotubes have high thermal
conductivity even in bulk materials; aligned bundles of SWNTs display thermal
conductivity of >200 W/m K at room temperature. According to the measurements
of K(T') of samples with various average nanotube diameters, a linear K(7) up to
about 40 K may be the result of 1D quantization (Maarouf et al. 2000; Biercuk et al.
2002; Hone et al. 2000b; Kahn and Lu 1999; Teizer et al. 1999).

6.2.4 Optical Property

CNT has shown scope in several applications. Aligned carbon nanotube arrays in
particular have displayed a variety of intriguing optical characteristics, including
photonic crystal phenomena (Zhao et al. 2006; Kempa et al. 2003; Lidorikis and
Ferrari 2009), directed wavelength-selective emission, polarization-dependent
(Wang et al. 2004a; Shoji et al. 2008) reflection, emission (Slepyan et al. 2006;
Kempa et al. 2007; Wang et al. 2009), and increased absorptivity (Yang et al. 2008;
Mizuno et al. 2008).

The atomic structure of each CNT determines the optical characteristics of CNT
arrays before their collective configuration. The optical characteristics of MWCNTs
and SWCNTs should be taken into account separately for each CNT. The detailed
atomic structure (chirality) of SWCNTs, particularly those with diameters smaller
than 1 nm, exhibits a very high dependence on optical properties (Lin 1994; Bachilo
et al. 2002; Guo et al. 2004a). In experiments, it is still challenging to achieve
chirality-controlled CNT growth or chirality separation. As a result, SWCNT arrays
often have a wide range of chirality with random distribution, which makes it more
difficult to create optical characteristics and functionalities (Liu et al. 2002).
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Fig. 6.1 The centrifugation of sodium-cholate-suspended single-walled carbon nanotubes
(SWNTs) through a density gradient containing 1% sodium cholate, with discontinuous steps of
5%110%/15%1/20%/60% iodixanol at 50,000 rpm for 1 h, yielded a continuous distribution of
SWNTs as well as a band formed at the 60% iodixanol boundary, as is clear from (a) photographs
taken before and after DGC. Following the aliquoting of 100 pL fractions (f #), as shown in (a), and
normalization to the same optical density, photoluminescence under 808 nm excitation (b) showed
varying quantum Yyields relative to the starting material (“start”), increasing from f3 to f6—7 and
decreasing monotonically thereafter (Lin 2000)

MWCNTs, in contrast, exhibit more consistent and uniform optical characteristics
because of their bigger size (Lin 2000) (Fig. 6.1).

6.2.5 Electrical

Improved electrochemical properties can be obtained from CNTs loaded with metals
like Si (Ganesh 2013), Sn, and Pd, along with transition metal oxides (Li et al. 2017)
and sulfides (Poudel and Li 2018). It was demonstrated that irregularities, such as
structural flaws produced during synthesis procedures, or physical flaws, such as
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Table 6.1 Difference between SWCNT and MWCNT (Singh et al. 2012; Saifuddin et al. 2013; He
et al. 2013)

SWCNT MWCNT

» Single layer of graphene. * Multiple layers of graphene.

* Not as much accumulation in the body. » Progressively accumulates in the body.

» Catalyst is essential for the synthesis. * Synthesis without a catalyst is possible.

» Characterization and evaluation are easy. « Difficult due to its complex structure.

» It is more flexible and can be twisted more |+ It cannot be easily twisted.

effortlessly. * Homogeneously dispersed with no

» Form bundled aggregates that are not apparent bundled formation.

completely distributed. * A chance of defect is less, especially when
» Chance of defect is higher during synthesized by the arc-discharged method.
functionalization. * Resistivity usually in the range of 1.8 X 10~
+ Resistivity usually in the range of 10~* to >t06.1 x107° Qm.

1073 Qm. * Bulk synthesis is easy.

» Bulk synthesis is challenging because it * Purity is high. Typical MWCNT content in
needs the careful management of growth and as-prepared samples by the CVD method is
ambient conditions. about 35-90 wt%.

* Purity is low; samples created using the
chemical vapor deposition (CVD) process
typically contain between 30 and 50 wt.% of
SWCNTs. However, employing the arc
discharge synthesis process has been shown to
produce high purity of up to 80%.

those brought on by extremely high mechanical pressures, could change the way
electrons move through CNTs. On the other hand, it has been found that semicon-
ductor nanotubes are the most sensitive. The electrical properties of CNTs are
significantly impacted by the presence of doping substances. Dopants can interact
physically with the CNT electrical structure or chemically with the CNT framework
(Janas et al. 2017). Many inexpensive synthetic approaches, such as laser ablation,
arc discharge, solvothermal processing, etc., for CNT lately have made bulk produc-
tion easy and cost-effective. CNTs have exceptional electrical properties, with a
carrying capacity 1000 times greater than that of copper cables, as shown by
theoretical and experimental data. CNTs are therefore probably going to have a
big impact as additives in enhancing the electrical properties of composite materials
(Nakano et al. 2003; Liu and Gao 2005). The difference between SWCNT and
MWCNT is given in Table 6.1.

6.3 Characterization
6.3.1 Carbon Nanotubes: Structures, Types, and Preparation
Carbon nanotubes (CNTs) are tubular structures made of all the carbon atoms

organized in a series of condensed benzene rings. This novel synthetic nanomaterial
belongs to the family of fullerenes, which also includes graphite and diamond, which
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are respectively sp2 (planar) and sp3 (cubic) forms of naturally occurring carbon
(Hirlekar et al. 2009; Liu et al. 2007a; Pang et al. 1993). The third allotropic type of
carbon is fullerene. Based on the number of layers, the models of CNTs are separated
into two categories: single-walled carbon nanotubes (SWCNTs) and multiwalled
carbon nanotubes (MWCNTS).

SWCNTs typically appear as hexagonal, close-packed bundles and are made up
of a single graphene cylinder with a diameter anywhere from 0.4 to 2 nm (Fig. 6.2).
MWCNTs are built up of two to three coaxial cylinders that each have a hollow core
and are covered with a single graphene sheet. MWCNTSs have an outside diameter
that ranges from 2 to 100 nm, an inner diameter that is between 1 and 3 nm, and a
length that spans from 0.2 to several meters (Singh et al. 2012; Bekyarova et al.
2005). The tips and the sidewalls of CNTs are two distinct zones. Rolling the
graphene sheet into a tube results in a variety of tubule shapes, which play a
significant role in regulating these peculiar features. Depending on its direction,
the molecule can roll in one of three different ways: chiral, zigzag, and armchair.

The arc-discharge approach, which involves the arc vaporization of two carbon
rods; the laser ablation method, which uses graphite; and chemical vapor deposition
are indeed the three primary methods that are frequently used to produce SWCNTs
and MWCNTs (using hydrocarbon sources: carbon monoxide (CO), methane,

Fig. 6.2 (a) Conceptual 0.4-2nm 2-100nm
diagram of single-walled —>

carbon nanotubes (SWCNTSs)
and (b) multiwalled carbon
nanotubes (MWCNTSs)

(He et al. 2013)




6 Functionalized Carbon Nanotube for Various Disease Treatment 133

ethylene, acetylene). Amorphous carbon, fullerenes, and transition metals supplied
as catalysts during the synthesis are examples of defects or impurities that are
removed from CNTs after manufacture using acid refluxing, surfactant-aided soni-
cation or the air oxidation technique (Singh et al. 2012; Usui et al. 2012; Digge et al.
2012).

6.3.2 Carbon Nanotube Structure

Graphite sheets are curled into tubes to form carbon nanotubes (Thostenson et al.
2001). Due to their large length-to-diameter ratio, nanotubes are regarded as having
almost one-dimensional structures. Single-walled nanotubes (SWNTs) and
multiwalled nanotubes are the most significant structures (MWNTSs). An SWNT is
seen as a cylinder with a single graphene sheet wrapped around it. Concentric SWNT
clusters resemble multiwalled nanotubes (MWNTSs). These structures are consider-
ably different from SWNTs in terms of their length and diameter, and they also have
quite different characteristics. A single vector C describes all properties of single-
walled nanotubes except for their length (called a chiral vector). One of the two
selected atoms in a planar graphene sheet serves as the origin. Different models that
describe multiwalled carbon nanotubes are in good accord with experiments, partic-
ularly with the images from electron microscopy. Coaxially curved, coaxially
polygonal, or scrolled graphene sheets can be used to make CNTs (Amelinckx
et al. 1999). Although the coaxial cylindrical model for CNTs is largely accepted,
polygonized tubes have also been found. These are often limited to large tube sizes,
allowing three-dimensionally correlated regions; this allows for the observation of a
low-angle tilt and well-aligned borders (Ajayan and Ebbesen 1997).

6.3.3 Morphological and Structural Characterizations

Similarly to CNTs, fullerenes are closed spheres made of pentagons and hexagons
that are carbon-based compounds. The arrangement of these pentagons and
hexagons determines their curvatures. A reversible diatomic exchange results in
Stone-Wales transformation in carbon nanotubes. Two pentagons and two heptagons
in pairs make up the final construction. The heptagon, a novel CNT defect that
enables concave regions within the nanotube, is brought about by this change. Thus,
different equilibrium shapes can be created and not just straight tubes with hemi-
spherical crowns (Chen et al. 1999). CNTs have special mechanical and electrical
features. Nevertheless, CNTs need to undergo chemical processing to be purified
and to be given the required functionalization to acquire these qualities. Common
treatments include oxidative techniques with nitric acids. These purification methods
involve removing the caps from the ends of the CNTs, which reveal flaws such as
carboxylic acid groups on the surface (Hu et al. 2001). The locations of these flaws
on the walls and at the ends affect the nanotubes’ characteristics (Mawhinney et al.
2000). For the study of the characteristics of nanotubes, a determination of the
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concentration of these flaws would be beneficial. There are several ways to measure
the concentration of carboxylic acid groups produced by purifying processes.

6.3.4 Photoluminescence Spectroscopy

Both metallic and semiconducting types of SWNTs are possible. The semiconduct-
ing tubes’ gap energy is inversely proportional to the tube’s diameter and is
correlated with chirality (Ouyang et al. 2001; Lauret et al. 2004). It is to be assumed
that the recombination of electron-hole pairs near the bandgap will result in
photoluminescence. The SWNTs are typically bundled together, as was observed.
Nanotubes in a bundle engage in Van der Waals force interactions with one another.
These bundles of nanotubes contain a few metallic nanotubes that resemble
nonradiative channels. Inside these channels, the semiconducting tubes in these
bundles relax their luminosity. Frequently, no photoluminescence signal is recorded
because of this interaction between semiconducting and metallic nanotubes. The
bundles must be divided into individual tubes to view the photoluminescence
phenomenon. This separation might be accomplished using some procedures. The
ultrasonication of nanotubes with surfactants in aqueous suspensions, such as SDS
(sodium dodecyl sulfate), seems to be one of the most well-liked methods (Lauret
et al. 2004; Lefebvre et al. 2004; Weisman et al. 2004; O’Connell et al. 2003;
Lebedkin et al. 2003). Different CNT samples could be used for this procedure.
Utilizing individual nanotubes grown in zeolite channels, photoluminescence has
also been demonstrated (Guo et al. 2004b). The photoluminescence method could
provide access to nature (whether semiconducting or not), geometries, and
diameters. Additionally, it appears that the luminescence spectra are particularly
sensitive to both the purity of the materials and the existence of chemical flaws
(Lauret et al. 2004).

6.3.5 X-Ray Photoelectron Spectroscopy (XPS)

The XPS method can provide details about the chemical composition of carbon
nanotubes. However, the most frequently cited information focuses on how the
structure of CNT walls has changed as a result of chemical interactions with organic
molecules or gas adsorption. XPS research on nitrogen incorporated into carbon
nanotubes was carried out to understand the chemical changes formed due to the
incorporation of nitrogen. There has been significant research on N1s and C1s peaks.
Cls peak shows both a shift and an asymmetric widening at higher binding energies
when compared to nonnitrogenated samples. Because of the polar nature of the
carbon-nitrogen bond (Hammer et al. 2000), this peak’s tip shift serves as proof that
nitrogen was incorporated into the nanotube structure. On carbon nanofibers, XPS
research was also carried out (Pham-Huu et al. 2002), and the Cls peak was
compared to one discovered on a spotless highly ordered pyrolytic graphite
(HOPG) (0 0 0 1) surface. The relative concordance between the highest binding
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energy and the surface plasmon peak at 291 eV indicates that the carbon nanofibers
are graphitic. However, flaws and C H terminating surfaces are blamed for a
broadening of the peak. There is a little widening at about 286.5 eV that can be
attributed to surface oxygen groups with single bonds. The description of surface
oxygen groups with many carbon-oxygen bonds was provided by a contribution at
about 289.5 eV, though. As a result, it can be said that the nanofiber material is more
similar to carbon oxide than a specific type of graphite (Pham-Huu et al. 2002).

6.3.6 X-Ray Diffraction

Using this nondestructive characterization method, some information on impurities,
structural strain, and interlayer spacing is obtained. However, carbon nanotubes can
be orientated in a wide variety of ways in contrast to the X-ray incident beam. Along
with varying diameters, MWNTs also exhibit a range in layer counts and chirality
distribution. This leads to the statistical characterization of carbon nanotubes. Due to
CNTs inherent properties, the principal X-ray diffraction patterns are almost simi-
lar with those of graphite. (Figure 6.3): As CNT and graphite show similar results
i.e., (1) The Bragg rule can be used to calculate the interlayer spacing from the
location of a peak that resembles graphite (0 0 2 1).; (2) The individual graphene
sheet’s honeycomb lattice results in a family of (h k 0) peaks. As a result, the X-ray
diffraction profile (Zhu et al. 2003) can be utilized to assess sample purity but is
unsuitable for differentiating microstructural characteristics between CNTs and the
graphite structure (catalyst, functional groups). As calculated in turbostratic graphite
using the (0 0 2 1) peak location, the interlayer spacing is typically seen to be larger
than in HOPG and near that value (Lambin et al. 2002; Saito et al. 1993). When
compared to graphite, the peak position for SWNTs moved from 26.5° to 26° in 26.
Additionally, the (0 0 2 1) peaks’ line form is weaker and slightly widened in the low
diffraction angle area as compared to graphite. The asymmetry is brought on by the
presence of distinct crystalline species. At least two of the common and difficult-to-
distinguish forms are the coiled graphitic plane, which is made up of a carbon
nanotube, and pure graphite particles, comprised of a stack of graphene sheets. On
the contrary side, the shape of the (0 0 2 1) peaks is influenced by both inner diameter
distribution (Lambin et al. 2002) and the reduction in interlayer spacing with
increasing shell diameter (Kiang et al. 1998). The amplitude and width of the (0 0
2 1) peaks are related to the number of layers, variations in interlayer spacing, lattice
distortions, and the alignment of the carbon nanotube with regard to the incoming
X-ray beam (Reznik et al. 1995; Burian et al. 1999). This is primarily because of the
nanotube’s curvature: the (h k 0) peaks are asymmetric (Lambin et al. 2002), and the
(h k 1) reflections only appear in X-ray diffraction (Liu and Cowley 1994; Bernaerts
et al. 1998a). These examples include leftover carbon particles and flat graphitic
layers in polygonal tubes. It has been shown that no (0 0 2) peak may be recorded by
X-ray diffraction with well-aligned straight nanotubes on the substrate surface when
X-ray diffraction is utilized in particular investigations on the alignment of CNTs
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Fig. 6.3 XRD pattern of MWNTs synthesized by CVD at the CSIC laboratory (diameter of about
60 nm). The incident X-ray wavelength is A = 0.154056 nm. The most significant Bragg peaks are
noticed with Miller indices. The presence of catalysts (Co and Mo) in the CNT sample is shown by
stars (Zhu et al. 2003)

(Cao et al. 2001). In the case of carbon nanotubes with a tube axis perpendicular to
the substrate surface, the arriving X-ray beam is scattered within the sample and is
not captured. As a result, the intensity of the (0 0 2) peak decreases monotonically as
CNT alignment improves. The mean diameter of CNTs can be calculated using the
Debye-Scherrer relation on the (0 0 2) peak. As this (0 0 2) peak incorporates
contributions from residual graphite and nanotubes, the values are calculated
through peak decomposition employing pseudo-Voigt profiles.

The consecutive SWNT diffraction amplitudes must be added in order to deter-
mine the MWNTS’ diffraction patterns. The powder diffraction spectra of SWCNT
bundles were computed using general X-ray diffraction formulas (Rols et al. 1999;
Kuzmany et al. 2001). Numerous characteristics have been explored, including the
impact of the mean tube diameter, the finite size of the bundles, and the diameter
dispersivity of the tubes. Each of these factors has a big impact on the locations and
sizes of the (1 0) peak. It was concluded, as a result, that these traits lead to a
consistent underestimation of the tube diameter.
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6.3.7 Transmission Electronic Microscopy

Transmission electronic microscopy (TEM) is an image analysis technique created
to analyze multiwalled nanotubes (Gommes et al. 2003). Following numerical
treatments, a model based on Lambert’s law is used to fit the intensity throughout
a nanotube section. Therefore, it is acceptable to calculate the outer and inner radii,
as well as the linear electron absorption coefficient. When MWNTSs were previously
studied both before and after annealing, the electron absorption coefficient increased
noticeably. It was concluded that this rise might be explained by a better-organized
arrangement of the wall material. High-resolution TEM images were used in the
study (Kiang et al. 1998) of the intershell spacing of MWNTs. The intershell gap is
found to fluctuate with nanotube diameter and ranges from 0.34 to 0.39 nm
(Fig. 6.4a—). The graphite interplanar distance, which is 0.336 nm, is a little bit
bigger than these values, however (Charlier et al. 1999). The curvature of the
graphene sheets, which is altered by the tube radius, is likely to blame for this rise
in intershell space. The size effect is stronger in the tiny diameter due to this
curvature’s increase in repelling force (below 10 nm). These authors also noted
that altering the intershell gap will alter the physical and chemical properties.
Increasing reactivities or creating practical features for storage media can both
benefit from this. Interlayer interactions in double-wall nanotubes have been studied
theoretically (Tanaka et al. 1997). The results show that a larger tube’s diameter
results in a weaker interlayer connection. It is anticipated that the energy gap
between the two adjacent occupied and/or vacant orbitals would narrow. The nature
of interlayer interaction does not change, though. A modest Van der Waals force
holds the graphene layer planes together in the graphite. The arrangement of the
tubes in MWNTSs was Similar to the graphene layers seen in turbostratic graphite.
Furthermore, there is no correlation between the many honeycomb sheets of varying
widths that make up the MWNTs. As has already been seen with intercalation
chemicals in graphites, dopant atoms or molecules could be inserted between
neighboring nanotubes in MWNTs (Dresselhaus and Endo 2001). The intershell
gap also increases as a result of this. Whenever the nanotube is parallel to this one,
two or more graphitic layers are bridged by the incident electron beam (Qin 1998;
Qin et al. 1997a, b) (Fig. 6.5b). When the tube is helical, these layers are out of
alignment. The angle of this misalignment is therefore twice as large as a helical
angle. The two sets of the resulting electron diffraction pattern are then separated. It
has been shown that the true helicity of CNTs can be inferred from electron
diffraction patterns by neglecting the nanotube’s curvature and using half of the
misalignment angle as the actual helical angle as a first approximation.

As is commonly seen, nanotubes occasionally appear independent but are typi-
cally bundled together by van der Waals forces. A bundle of nanotubes is arranged in
a close-packed hexagonal pattern (Kuhlmann et al. 1998). It can be said that this
structure is a two-dimensional hexagonal lattice (Fig. 6.5a). TEM in conjunction
with electron diffraction can be used to determine the architectures of CNTs within
the bundles. To measure the helicity of SWNTs within the bundles, many works
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Fig. 6.4 (a) TEM image of a multiwalled nanotube synthesized by the CSIC laboratory. These
MWNTs were produced by CVD, followed by several oxidation processes. The contrast of the
walls is visible. (b) Enlargement of the walls of the nanotube. White lines are used in the
determination of the intershell spacing. (¢) Mean profile of the intensity levels of the walls showing
the fringes of the (0 0 2) layers used in the determination of the intershell spacing. Here, the value of
the intershell spacing is 0.337 + 0.023 nm and is really close to the graphite one (Kiang et al. 1998)

have been done (Qin et al. 1997b; He et al. 1998; Cowley et al. 1997; Bernaerts et al.
1998b; Cowley and Sundell 1997).

6.3.8 Infrared Spectroscopy (FTIR)

FTIR is widely used to evaluate functionalization, which could also be categorized
as a fault. The level of functionalization will modify the wettability of the nanotubes
in various surfactants, which might also modify their toxicity. A trustworthy model
for the dielectric function of nanotubes was developed by using the intrinsic
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Fig. 6.5 (a) Two-dimensional hexagonal lattice of SWNTs within a bundle. D is given by the
diameter of the nanotube and the intertube spacing. (b) Cross-section of a multiwalled nanotube.
Scheme of the conditions of observation: the nanotube axis is perpendicular with respect to X. The
portions of the layers in Y are involved in the measurement of the helicity of the nanotubes. The
misalignment of these layers leads to the existence of a helical angle (Kuhlmann et al. 1998)

polarization-dependent properties of graphite and considering the tube in two sepa-
rate situations: a cylinder and a hollow cylinder (Garcia-Vidal et al. 1997). The
optical properties of graphite have been well documented and are classified as
birefringent. The macroscopic optical properties of MWCNTs will therefore be
constrained by tube orientation with regard to the direction of beam propagation,
namely, tubes aligned with the tube axis perpendicular to or parallel to the electric
field of incoming radiation. SWNTs that depend on symmetry are chiral, zigzag, and
armchair and have seven to nine infrared active modes (Kuhlmann et al. 1998). The
A2u and Elu modes are the major active modes for carbon nanotubes in infrared
spectroscopy (Kuzmany et al. 1998). These phonon modes are seen in MWNTSs at
around 868 and 1575 cm™ ', respectively (Kastner et al. 1994; Eklund et al. 1995);
nevertheless, it was discovered that these modes (at approximately 850 and
1590 cm™ ") appear in all CNTs symmetrically regardless of the diameters. These
findings explain two structures with dimensions between 874 + 2 and 1598 + 3 in
samples that primarily included SWNTSs. The frequencies, however, depart by 5 and
8 cm™ ! regions, respectively, from the graphite frequencies to higher values. To
identify contaminants left over from production or compounds capped on the
nanotube surface, infrared spectroscopy is frequently utilized in the characterization
of CNTs. Numerous studies have been conducted on CNTs and organic molecules.
Infrared spectroscopy shows all the structural changes made to CNTs as well as the
types of compounds that have been added. Chemical modifications utilizing amino
compounds are used to describe the reaction products of MWNTs (Saito et al. 2002).
The characterization of molecules connected to CNTs (He et al. 2004; Aizawa and
Shaffer 2003) and the catalytic characteristics of CNTs (Singh et al. 2012; Mbuyise
et al. 2017) can be divided into two groups. Multiwalled carbon nanotubes were
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found to have catalytic properties in the oxidative dehydrogenation of ethylben-
zene (ODE), according to a study published by Pereira et al. (2004). They observed
that CNTs performed better than samples of activated carbon and graphite because of
their inherent structure, which makes them more resistant to oxidation. The MWNTSs
that have been oxidized before the catalytic studies have maximum catalytic activity.
The results of the investigations indicated that the crucial factor is the number of
oxygenated surface groups. Alternatively, (Wang et al. 2004b) the potential
applications of CNTs in the catalytic oxidation of NOx. FT-IR was used to track
the changes in the nitric oxide (NO), nitrite (NO,), nitrate (NOs3), and carbon-
containing CNT signals. These tests were run using CNTs that contained 1 weight
percent Pd for each CNT. In this system, the hydrogenation of CNTs is accelerated
by the palladium particles. The hydrogenated CNTs act as a reducing agent to supply
carbon and hydrogen again for the reduction of NO.

6.3.9 Raman Spectroscopy

Raman spectroscopy is among the best techniques for identifying carbon nanotubes.
Without actually prepping the sample, a rapid, nondestructive analysis is still
possible. Raman spectroscopy is active in all allotropic forms of carbon, including
fullerenes, carbon nanotubes, amorphous carbon, polycrystalline carbon, etc.
(Arepalli et al. 2004). The locations, widths, and relative intensities of the bands
vary with the carbon forms (Ferrari and Robertson 2000) (Fig. 6.6). The
characteristics that stand out the most are (1) a low-frequency peak of the SWNT
with a wavelength of 200 cm ™' (or many peaks for polydisperse samples when
resonant conditions are satisfied), attributed to the Alg “breathing” mode of the
tubes, whose frequency is mostly dependent on tube diameter (RBM: radial breath-
ing mode); (2) a significant structure (1340 cm ) attributed to remaining disordered
graphite, the so-called D line; (3) a high-frequency bunch (between 1500 and
1600 cmfl) known as the G band, which is likewise distinctive of nanotubes and
corresponds to a splitting of the E2g stretching mode of graphite (Mamedov et al.
2002). This technique produces bands by changing the polarizability of the
molecules in the presence of light. Therefore, when these molecules get into touch
with light, they could be screened by specific vibrations that they emit. Due to a
distinctive pattern, single-walled and multiwalled CNT quality and distribution may
be determined by Raman spectroscopy (Saito et al. 2002).

6.3.10 Thermogravimetric Analysis (TGA) and Purity

A variety of techniques, including Raman spectroscopy, imaging, thermogravimetric
analysis (TGA), and X-ray microanalysis, can be used to assess the sample’s general
quality. Impurities include metal impurities, additional chemical species connected
to the nanotube, and other forms of carbon (such as amorphous or graphitic carbons
or other structured carbons like SWCNT's or fullerenes). TGA has been used for bulk
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Fig. 6.6 Raman spectrum showing the most characteristic features of CNTs: radial breathing mode
(RBM), D band, G band, and G’ band. Second-order modes are also observed. Spectrum obtained
from an SWCNT sample (diameter of about 1.07 nm) mixed with KBr using E,,x = 1.16 eV
(4 = 1064.5 nm) excitation. This sample is produced by an electric arc-discharge method, followed
by air oxidation at the CSIC laboratory (Ferrari and Robertson 2000)

samples to confirm batch-to-batch uniformity and the quality control of carbon
nanotube populations if we are convinced that MWCNTs are presently based on
sampling. TGA can be used to examine the thermal stability and purity of a material.
The weight-loss curve measures important variables, such as start temperature,
oxidation temperature, and residual mass. Commencement temperature is the tem-
perature at which a substance begins to disintegrate. Oxidation temperature, which is
referred to as the peak in the derivative of the weight loss as a function of tempera-
ture, is where the greatest weight loss takes place. Oxidation temperature is widely
used to characterize a material’s thermal stability. The mass that has remained after
heating is the residual mass. The metal catalyst employed to create carbon nanotubes
and its oxidation by-products is typically blamed for the residual bulk of carbon
nanotubes in TGA. Based on the consistency and quality of the material, residual
masses can range from almost 0% to 50%. According to studies, highly crystalline
MWCNTs are more oxidation resistant than other types of carbon, such as diamond,
soot, graphite, and C60 (Pang et al. 1993). The aromatic bonding of the MWCNT
structure is directly responsible for its thermal stability, but other factors, such as the
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number of walls of the sample, catalyst presence and composition, tube flaws, and
the presence of other materials, can also have an impact (i.e., amorphous carbon,
graphitic particles).

6.4 CNT Functionalization

The medicine is immobilized on the surface or within the functionalized carbon
nanotubes in a functionalized carbon nanotube delivery system. Functionalization is
done for a variety of reasons, including targeted delivery, increased stability, diag-
nosis of diseases, or other reasons. The resulting conjugate is then administered to
the animal via traditional routes (oral, injectable), directly to the target region using a
magnetic conjugate, to the target organ, and so on. After the cell absorbs the drug’s
CNT capsule, the drug is delivered when the contents of the nanotube leak into the
cell (Singh et al. 2012; Usui et al. 2012; Zhang et al. 2010, 2011; Kateb et al. 2010;
Liu et al. 2007a, b). Functionalized CNTs can transport important molecules across
nuclear and cytoplasmic membranes without causing toxicity; as a result, drug CNT
conjugates are both safer and more potent than the drug employed alone in conven-
tional synthesis. Once the drug has reached the target cell, it can be distributed in one
of two ways: either the drug internally absorbs the CNT carrier, or both the drug and
the CNT carrier internalize the cell. The second internalization step is more efficient
than the first because the intracellular environment breaks down the drug carrier
conjugate after it enters the cells, releasing drug molecules in situ, or inside the cells.
There is a potential that the drug may break down during this penetration on its own
even though, in the noninternalization procedure, the extracellular environment aids
in the degradation of drug carrier conjugates before the drug crosses the lipid
membrane to enter the cells (Fig. 6.7).

6.4.1 Functionalized Carbon Nanotubes Used for Cancer Therapy

The functionalized carbon nanomaterials have proven to be very effectively taken up
by cancer cells and tissues to enable cancer treatments (Yang et al. 2010a; Liu et al.
2007b).

Methotrexate and a fluorescein probe are both present in f-CNT (Pastorin et al.
2006). A popular and effective anticancer drug, methotrexate, is also used to treat
autoimmune illnesses (Wong and Esdaile 2005). However, methotrexate has severe
side effects and limited bioavailability (Pignatello et al. 2004). Therefore, a tailored
administration and enhanced bioavailability are both highly preferred. If there is a
targeting unit present, f-CNT may be able to increase bioavailability and target only
cancer cells. According to the results of a cell culture study, methotrexate conjugated
with nanotubes is just as effective as methotrexate alone. The absence of increased
efficacy between the f-CNT and nonconjugated medicine may be attributed to the
stable amide bond between methotrexate and the nanotubes. In fact, it is possible that
the drug is released from the tubes into the cytoplasm too slowly for it to effectively
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Fig. 6.7 Schematic representation of carbon nanotube application in therapeutics and biomedical
diagnosis and analysis

reach its receptor. Single-walled CNT was functionalized with a substituted
carborane cage for boron neutron capture treatment. The biodistribution study on
different tissues revealed that intravenously injected water-soluble carborane
nanotubes were more abundant in tumor cells than in other organs.

6.4.1.1 By Drug Delivery

To treat tumors, CNTs can act as medication transporters (Zhang et al. 2011; Liao
et al. 2011; Liu et al. 2009a; Digge et al. 2012; Yang et al. 2007; Al-Jamal et al.
2011; Madani et al. 2011; Lay et al. 2011; Elhissi et al. 2012). Drug resistance and
poor cellular penetration are additional factors that restrict the effectiveness of
anticancer medications when taken alone, in addition to their systemic toxicity and
small therapeutic window. Since CNTs may readily pass through the cytoplasmic
and nuclear membranes, the anticancer medication delivered by this vehicle will be
released in situ with intact concentration. As a result, it will have a greater impact on
the tumor cell than standard therapy alone. To improve the cellular uptake of already
strong medications, effective delivery mechanisms have to be developed. Because
CNTs have a large surface area and numerous attachment sites for medicines, they
have a high aspect ratio compared to other delivery vectors (Chen et al. 2011). A
combination made of CNT and antibodies against antigens overexpressed on the



144 K. |. Savadatti et al.

substrate / Ligand

Functionalized CNT

Q “Drug loaded in CNT

Biodegradable cap
Receptors%/ at the end of CNT

Drug

Receptor ligand binding
(targeted delivery)

@ °ve ©
Cancer cell

Apoptosis
A

Fig. 6.8 Schematic illustration of the drug delivery process. (a) CNT loaded with the drug to be
delivered. (b) substrate/ligand attached to the CNT surface as functionalization along with drug-
loaded inside (c) the open end of the CNT is capped with a biodegradable polymer, (d) drug-CNT
carrier is introduced in the body and reaches the target cells due to receptor on cells and ligands on
CNT surface, (e) cell internalizes CNT by cell receptors (V) via endocytosis pathway for example,
(f) cap is removed or biodegrades inside the cell, then drugs are released, (g) drug release from CNT
in the cell. (h) Cancer cell death

surface of malignant cells can bind chemotherapy drugs (Abu Lila et al. 2021).
Targeting delivery is made possible by the attraction of antigen-antibody, which
allows the tumor cell to receive the CNTs only before the anticancer medicine is
released from the CNTs (Madani et al. 2011; Lay et al. 2011; Elhissi et al. 2012). The
multidrug resistance brought on by the increased efflux of anticancer medications by
the overexpressed p-glycoprotein, which results in poor anticancer efficacy, is a
significant barrier to successful anticancer therapy (Elhissi et al. 2012). SWCNT
paclitaxel conjugate has been administered in vivo in a mouse breast cancer model,
and it is more effective at reducing tumor development and is less harmful to healthy
organs (Zhang et al. 2011; Madani et al. 2011). Longer blood circulation, greater
tumor absorption, and a slower rate of drug release from SWCNTSs could be the
causes of increased therapeutic efficacy and fewer negative effects (Digge et al.
2012) (Fig. 6.8).

6.4.1.2 By Antitumor Inmunotherapy

CNTs can be successfully used as carriers in antitumor immunotherapy (Singh et al.
2012; Digge et al. 2012; Yang et al. 2007; Al-Jamal et al. 2011; Madani et al. 2011;
Lay et al. 2011; Elhissi et al. 2012; Chen et al. 2011; Li et al. 2010; Pantarotto et al.
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2004a). In order to combat the cancerous tumor cells, this treatment entails activating
the patient’s immune system. This reaction can be triggered by the administration of
a therapeutic antibody or a cancer vaccine as medicine. The use of CNTs in vaccine
delivery devices has been authorized (Pantarotto et al. 2004a). The combination of
CNTs and tumor immunogens can act in vitro as naturally occurring antigen-
presenting cells (such as mature dendritic cells) by delivering tumor antigens to
immune effector T cells because of the high avidity of the antigen on the surface and
the negative charge. CNTs’ effects on the complement system and their adjuvant
properties may help advance anticancer immunotherapy; however, the exact mecha-
nism is uncertain (Yang et al. 2007; Pantarotto et al. 2004a).

6.4.1.3 By Local Antitumor Hyperthermia Therapy

Exceptional near-infrared absorption is exhibited by SWCNTs (NIR; 700—1100 nm).
These nanomaterials are thought to be excellent candidates for hyperthermia therapy
because they generate a significant amount of heat when activated by NIR light
(Madani et al. 2011; Lay et al. 2011; Elhissi et al. 2012). The photothermal effect can
lead to the local thermal destruction of tumor cells by scorching SWCNTS trapped in
tumor cells, such as in pancreatic cancer.

6.4.2 Carbon Nanotubes for Infection Therapy

CNTs have been tested to find solutions to issues like infectious agent resistance to
various antiviral and antibacterial medications or due to a particular vaccine’s
ineffectiveness in the body. It has been shown that functionalized CNTs can serve
as carriers for antibacterial substances such as antifungal amphotericin B (Rosen and
Elman 2009; Rosen et al. 2011). Amphotericin B can bind covalently to CNTs,
which can then carry it into mammalian cells. Compared to free medication, this
combination displays a 40% reduction in antifungal toxicity (Rosen et al. 2011).
Functionalized CNTs can also be used as delivery systems for vaccines (Liao et al.
2011; Rosen et al. 2011). A bacterial or viral antigen can be linked to CNTs to
maintain antigen conformation, which leads to the proper kind of particular antibody
response (Digge et al. 2012). Fixing B- and T-cell peptide epitopes to functionalized
CNTs can create a multivalent system that can elicit a potent immunological
response, making it a promising option for vaccine administration (Usui et al.
2012; Yang et al. 2007). Since microorganisms, like E. coli, may be adsorbed onto
the surfaces of CNTs, CNTs themselves may have antibacterial properties. The
antibacterial action was thought to be caused by the intracellular antioxidant gluta-
thione being oxidized by carbon nanotubes, which raised oxidative stress on the
bacterial cells and ultimately led to cell death (Digge et al. 2012). Antibiotics may be
used to functionalize carbon nanotubes. An antimycotic drug called amphotericin B
is used to treat exceptionally hardy fungi strains (Zotchev 2003). Due to its severe
toxicity to mammalian cells and low solubility in water, as well as its propensity to
clump and to create gaps in cell membranes, it is only marginally useful. It is
believed that the toxicity and antimycotic effectiveness of amphotericin B may be
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modified by conjugating it into carbon nanotubes (Wu et al. 2005). Based on the
cytotoxicity of f-CNT against mammalian cells, it is discovered that
CNT-conjugated amphotericin B, employed at varying concentrations (up to 40 g/
mL, equal to a concentration of amphotericin B attached to the tubes of 10 g/mL),
was not hazardous, although amphotericin B is very toxic at 10 g/mL concentration,
reaching 40% cell mortality. The ability of f-CNT containing both amphotericin B
and fluorescein to penetrate cells was then examined. The identification of f-CNT in
the cells is made possible by the latter component. It was easy to see the fluorescence
inside the cell compartments. The toxicity mostly against yeasts as well as fungi was
also increased at the same time.

6.4.3 Carbon Nanotubes for Gene Therapy by DNA Delivery

A new sector is developing around the use of carbon nanotubes for biomedical
purposes (Erol et al. 2016). The primary factors attracting interest in the creation of
photonic and electronic devices are CNTs’ excellent electrical conductivity and
mechanical stability (Mbuyise et al. 2017; Oseni et al. 2018). CNTs have indeed
been designed through numerous groups as effective gene-delivery vehicles (Kiran
and Gangadharappa 2019). The deoxyribonucleic acid (DNA)-SWCNT complex
demonstrates improved biostability and enhances the self-delivery capability of
DNA when compared to DNA employed alone because DNA probes are shielded
from enzymatic cleavage and interference from nucleic acid binding proteins when
linked to SWCNTs (Usui et al. 2012; Bekyarova et al. 2005; Li et al. 2008). Stable
interactions between plasmid DNA and cationic CNTs have shown improved gene
therapy potential in comparison to bare DNA. DNA-conjugated CNTs were discov-
ered to release DNA before it was destroyed by the cell’s defense mechanism,
dramatically increasing transfection (Liu et al. 2007a; Liao et al. 2011; Li et al.
2013). Because the CNT-gene complex has preserved the ability to express proteins,
it has been demonstrated that these designed structures can successfully transport the
genes inside mammalian cells and retain them intact (Li et al. 2008). New SWCNT-
DNA complexes that have been functionalized have been created (Pantarotto et al.
2004a) and have shown to have higher DNA expression than bare DNA. In the initial
investigations examining the capacity of f-CNT to deliver genes, it was discovered
that they also effectively complex (Lacerda et al. 2006) and translocate DNA inside
cells (Pantarotto et al. 2004b; Singh et al. 2005) because they are cationic under
physiological conditions. We have created supramolecular complexes, including the
beta-galactosidase marker gene on plasmid DNA and f-CNT. This unique method of
gene delivery can be viewed as promising because the expression of the marker gene
utilizing f-CNT was five to ten times higher than that of the plasmid DNA given
alone. For applications involving gene silencing, the potential of gene therapies
based on carbon nanotubes has been further investigated (Kam et al. 2005; Zhang
et al. 2006). To specifically target and eliminate cancer cells, complexes of single-
walled carbon nanotubes with small interfering ribonucleic acid (siRNA) strands
modified with a hydrocarbon tail were employed.
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6.4.4 Carbon Nanotubes for Tissue Regeneration and Artificial
Implants

Considering they are biocompatible, are resistant to biodegradation, and could be
functionalized with proteins to enhance organ regeneration, carbon nanotubes may
be the best tissue engineering candidate among a variety of substitute materials,
including natural and synthetic polymers for tissue scaffolds. CNTs can be used as
additions in this field to increase the mechanical strength of tissue scaffolding and
conductivity by integrating them with the host’s body (Usui et al. 2012; Zhang et al.
2010; Kateb et al. 2010; Bekyarova et al. 2005; Liao et al. 2011; MacDonald et al.
2005). A composite nanomaterial that acts as a scaffold for tissue regeneration has
been successfully created by combining polymer or collagen (poly-L-lactide or poly-
D,L-lactide-co-glycolide) with carboxylated SWCNTs (MacDonald et al. 2005).
Other CNT tissue engineering applications, such as cell tracking and labeling,
sensing cellular behavior, and enhancing tissue matrices, have also been the subject
of a recent study (Singh et al. 2012; Usui et al. 2012; Zhang et al. 2010; Kateb et al.
2010; MacDonald et al. 2005). For instance, it has been observed that CNTs
effectively enhance in vitro mouse bone tissue regeneration and neurogenic cell
differentiation caused by embryonic stem cells (Singh et al. 2012; Zhang et al. 2010).

6.4.5 Carbon Nanotubes for Neurodegenerative Diseases
and Alzheimer’s Syndrome

CNTs have been applied in neurosciences as a promising biological material (Singh
et al. 2012; Zhang et al. 2010; Liao et al. 2011; Yang et al. 2010b). Due to their small
size and openness to external alterations, CNTs can penetrate the blood-brain barrier
via a variety of targeting methods and serve as efficient delivery vehicles for the
target brain. Many more functionalized SWCNTs or MWSCNTs have been
employed as effective delivery vehicles for the treatment of brain tumors or neuro-
degenerative illnesses (Bekyarova et al. 2005; Liao et al. 2011; Digge et al. 2012).
Overall, these research findings showed that CNT-therapeutic molecule conjugates
had superior impacts on neuronal development to medicines taken on their own as an
individual drug compared to treating with a combination of medicine.

6.4.6 Carbon Nanotubes as Antioxidants

CNTs, specifically carboxylated SWCNTSs, are antioxidants by nature and may be
used medicinally to prevent chronic diseases, slow the aging process, and preserve
food (Daniels 1945; Galano 2008). SWCNTSs’ ability to scavenge free radicals was
proven to be increased by the presence of carboxylic acid (-COOH) groups, and it
was found that carboxylated SWCNTs are at least as good as, if not superior to, their
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nonfunctionalized counterparts (Francisco-Marquez et al. 2010). To protect the skin
from free radicals produced by the body or by ultraviolet (UV) light, their antioxi-
dant activities have been used in sunscreen lotions and antiaging cosmetics (Singh
et al. 2012; Digge et al. 2012). More research will be needed in the future to improve
the useful effect of different CNT forms as free radical scavengers because free
radicals are well known to be a very damaging species for biomedical and environ-
mental applications (Galano 2008; Pham-Huy et al. 2008).

6.4.7 Carbon Nanotubes as Biosensor Vehicles for Diagnostic
and Detection

A very intriguing application area for therapeutic monitoring and in vitro and in vivo
diagnostics is the use of CNTs in biosensing nanotechnology. For better accuracy
and easier manipulation than using biosensors alone, CNTs and glucose-oxidase
biosensors were coupled for blood sugar control in diabetic patients (Usui et al.
2012; Digge et al. 2012; Wang 2005). For various treatment monitoring and
diagnostics, further CNT-based dehydrogenase biosensors, peroxidase biosensors,
and catalase biosensors have also been produced (Wang 2005; Zhu et al. 2011).
Alkaline phosphatase (ALP) enzyme linked to CNTs had a greater test sensitivity for
electrical DNA detection than ALP alone. In comparison to conventional fluores-
cence and hybridization experiments, the sensitivity of the SWCNT-DNA sensor
assay was significantly higher, thanks to the integration of SWCNTs with single-
strand DNAs (ssDNA). By utilizing particular antibody-antigen recognition, this
CNT-biosensor-linked assay can be customized for antigen detection. As a result, it
might offer a quick and easy method for molecular diagnostics in illnesses that have
molecular markers, like DNA or protein (Liao et al. 2011; Wang 2005). It is strongly
advised to use CNTs as biosensor vehicles to build sensitive approaches for
diagnostics and analysis from the laboratory to the clinic due to their length scale
and distinctive structure.

6.4.8 Carbon Nanotubes for Therapeutic and Diagnostic
Applications

To produce CNT conjugates with pharmacological action, therapeutic agents can
further modify any new functional group, including amines and carboxylates.
Nanotubes with the capacity to carry one or more therapeutic moieties with optical
or other (e.g., magnetic) probes for imaging and/or specific recognition signals for
targeting may offer multimodal options in the treatment of cancer and other multi-
faceted diseases in which activity is only required at specific sites in the body.
Normally, even after these synthetic goals are accomplished, there will still be a
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number of technical issues to be resolved, mostly in the area of pharmaceutical
development. The stability of the complexes under physiological conditions, the
degree of in vivo aggregation, the right timing, and the place of drug release are a
few of these concerns. Despite this, CNT is a valuable technological foundation for
the development of candidates for simultaneous diagnostics, transportation, and
medication delivery due to the large range of conceivable combinations (Bianco
et al. 2005a, b). The possibility of developing CNT for biomedical applications
emerged as a reality after several effective ways for their functionalization were
made public (Tasis et al. 2006). The nanotubes have been rendered soluble and
suitable for physiological conditions utilizing a variety of techniques. This is a major
issue for its integration into environments with biological systems. The level of
toxicity of all CNT materials must be taken into consideration while establishing
their biocompatibility. The research so far suggests that the cytotoxic effects of
CNTs are greatly reduced by functionalization, while their biocompatibility is
increased (Sayes et al. 2006; Singh et al. 2006). The possibility of utilizing
nanotubes for medication administration is increased by evidence to date that
CNTs are safer the more functionalized they are, especially when compared to
pristine, purified CNT.

6.4.9 Functionalized Carbon Nanotubes for Vaccine Delivery

Their immunostimulatory peptide-based constructions fall under a different category
of carbon-nanotube-based therapeutic prospects. By combining functionalized
nanotubes with B- and T-cell peptide epitopes, it is possible to create a multivalent
system that can vigorously elicit an immune response (Pantarotto et al. 2003a, b).
Peptides can be attached to tubes using chemo-selective techniques (Goodman et al.
2002; Muller et al. 1999). Using peptides having a cysteine residue at one end,
functionalized carbon nanotubes with a maleimide group that easily combines with it
are created. The thiol group of the cysteine with the maleimide forms a long-lasting
covalent bond. This approach has the advantage of having the peptide, produced
through solid phase synthesis, completely deprotected and defined before being
joined to the nanotubes. By adding a lysine branch to the f-CNT, The antigenic
and immunogenic qualities of these conjugates were evaluated. In contrast to the
nonconjugated peptide, the antibody responses to f-CNT were particularly high. The
ability of the produced antibodies to neutralize the virus was also demonstrated,
highlighting the potential of carbon nanotubes as ingredients in the production of
synthetic vaccines.

6.5 Toxicity

See Fig. 6.9.
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Fig. 6.9 Toxicity associated with carbon nanotube as a drug delivery system

6.5.1 In Vivo Toxicity of CNTs

The level of toxicity of a substance determines how much harm it can do to
something with a metabolic function. The term “toxicity” can refer to the impact
on an entire organism, such as an animal, bacterium, or plant, as well as the impact
on an organism’s cells or organs, such as the liver (hepatotoxicity). As a result, not
all changes in organisms may be categorized as harmful reactions. When triggered
by alien items, organisms will naturally react (Francis and Devasena 2018). When
ingested, even flour powder can cause pulmonary alterations (Ren et al. 2010).
Additionally, a variety of parameters, such as dosage, contaminants, pretreatment
procedures, physical shape, surface chemistry, degree of aggregation, etc., appear to
affect how hazardous CNTs are. Recent years have seen extensive investigation into
CNT in vivo toxicology. In humans, cutaneous toxicity may result in an inflamma-
tory response through skin contact. Mice exposed to unpurified CNTs typically
develop localized alopecia, oxidative stress, glutathione depletion, an increase in
dermal cell number, and thickened skin (Koyama et al. 2009; Murray et al. 2009).
The number of metals, particularly iron, may have an impact on CNT toxicity. By
interacting mostly with the skin, producing oxidative stress, and activating redox-
sensitive transcription factors, metals can affect or trigger inflammation. However,
the absence of skin hair loss in mice implanted with incredibly pure and uncontami-
nated tubes suggests that purification is an effective strategy for improving the
biocompatibility of CNTs. The most likely site of CNT exposure is the lung.
Inhalation is the most appropriate method for determining the toxicity of CNTs for
a wide range of reasons. First, airborne CNTs are subjected to the physics of
impaction, sedimentation, and diffusion, whereas implanted CNTs are not. Second,
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inhaled CNTs pass the lung’s distal regions. Third, compared to an instilled bolus
dose in an aqueous medium, inhaled CNTs are much more diffused and less
aggregated. Because CNTs and asbestos fibers both have large aspect ratios (length
to width), there is fear that inhaling CNTs could result in similar lung diseases
(Crouzier et al. 2010; Elgrabli et al. 2008; Tantra and Cumpson 2007). The pleural
pathology brought on by asbestos fibers is distinct from the pathology caused by
MWCNTs. MWCNTs generated mononuclear cell agglomeration and focal
subpleural fibrosis (Ryman-Rasmussen et al. 2009), while asbestos induces diffuse
pleural fibrosis and pleural inflammation (granulomas) (Choe et al. 1997; Kane
2006).

Occupational situations, which require special consideration from an exposure
standpoint, may include high concentrations of CNTs. For handling CNTs in
professional environments and research labs, there are not many resources available.
Therefore, the study (Pauluhn 2010) is very valuable for establishing standards for
occupational exposure in the workplace environment and determining a fair occupa-
tional exposure limit (OEL), which will aid the government in developing relevant
regulations.

6.5.2 In Vitro Toxicity of CNTs

The impact of the potentially toxic effects of CNTs on cells is a crucial factor in
determining and understanding CNT compatibility vs. toxicity (Cheng et al. 2009;
Davoren et al. 2007; Gellein et al. 2009; Thurnherr et al. 2009; Tutak et al. 2009).
Cellular uptake and the processing of CNTs via various pathways; effects on cell
signaling; lipid bilayer disruptions; production of cytokines, chemokines, and reac-
tive oxygen species (ROS); overt toxic reactivity; cell apoptosis; and no obvious
toxicity are among the interactions with both cells and CNTs that are being studied
(Hillegass et al. 2010). The most common approaches typically involve the in vitro
culturing of primary cells or cell lines (tissue harvested) on plastic plates, with or
without serum, with bolus dosing of CNTs and, subsequently, monitoring of cell
activity. Various cellular types, including cancer cell lines and neuronal, phagocytic,
and other cell types, have also been chosen for study. It was found that the toxicity of
human lung cancer cell lines increased from evenly distributed CNTs to asbestos and
then to agglomerated CNTs (Wick et al. 2007a). CNTs are more hazardous than
metal oxide nanoparticles and do not demonstrate length-dependent cytotoxicity,
even in the presence of metal catalyst impurities (Simon-Deckers et al. 2008a). The
proportion of CNTs that are too long for cells to absorb in long and short samples is
likely approximately the same, and CNTs that cannot be taken by cells have effects
that are equivalent regardless of length, so the length made little to no difference.
Studies with functionalized CNTs demonstrated that purification could improve
their biocompatibility and reduce their cellular toxicity (Liu et al. 2007c). Even
though it is generally agreed that well-dispersed CNTs are less dangerous than
agglomerated ones (especially when using a bio-dispersant), various in vitro studies
have found different levels of apparent toxicity for CNTs. Due to the special
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characteristics of CNTs, evaluations of their toxicity may also depend on the
circumstances surrounding their modification and surface chemistry.

6.5.3 Cytotoxicity

An investigation of the cytotoxic potential of MWCNTSs and titanium oxide
nanoparticles was conducted (Simon-Deckers et al. 2008b). Investigations were
also conducted into intracellular nanomaterial accumulation and cell survival. The
findings of this study demonstrated that nanoparticles and nanotubes may both enter
cells and disperse within the cytoplasm. Metal oxide nanoparticles exhibit reduced
toxicity as compared to CNTs. The cytotoxicity of CNTs is unaffected by CNT
length or the presence of metallic contaminants (Simon-Deckers et al. 2008b). The
cellular membrane of rat macrophages (NR8383) was discovered to be penetrated by
CNTs in a recent study, which altered the macrophages’ physiology and cellular
function (Pulskamp et al. 2007). Commercial CNTs were found to lower the
potential of the mitochondrial membrane and increase intracellular reactive oxygen
species in human A549 lung cells and rat macrophages (NR8383). In pure CNTs,
which have a reduced metal content, these effects were either negligible or nonexis-
tent (Pulskamp et al. 2007). Researchers hypothesized that the biological impacts
could be caused by the metals linked with commercial CNTs based on the outcomes
of a recent experiment. It was discovered that CNTs dispersed in surfactant were less
hazardous than CNTs aggregated. It is interesting to note that string-like
agglomerated CNTs were more solid, rigid, and voluminous than asbestos (Wick
et al. 2007b). Even at small concentrations (0.001-0.1 mg/mL), CNT toxicity has
been shown to trigger immune-mediated cytotoxicity against a variety of human
cells. Lower concentrations of CNTs have been hypothesized to boost the release of
cytokines that signal lymphocyte activation and increase the expression of NF-kB in
immune cells, which results in indirect cytotoxicity (Sun et al. 2011).

6.5.4 Pulmonary Toxicity

Investigating the potentially harmful effects of these materials is strongly
encouraged by the possible applications of CNTs. Due to their use in innovative
products, nanotubes can now enter the body through a variety of exposure methods,
including cutaneous and gastrointestinal contact. During manufacturing, CNTs may
get into the workers’ respiratory systems and build up in their lungs. Nanotubes
could enter customers’ stomachs and intestines if they are utilized as fillers in food-
packaging items. SWCNTs and MWCNTs were harmful when ingested by rodents,
according to several reports. These investigations implied that CNTs might pose a
risk to people. Animals developed lung granulomas as a result of exposure to pure
and metal-doped SWCNT preparations in a dose-dependent manner. Inducing an
inflammatory response, oxidative stress, collagen deposition, and fibrosis in mice
were found to be more successful with inhaled SWCNTSs than pharyngeal aspiration.
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In a study on the respiratory toxicity of MWCNTs, MWCNTs or ground MWCNTSs
suspended in sterile saline (0.9% NaCl) (Muller et al. 2005) were used. After
2 months of exposure, granulomas rich in collagen began to form in the lung lesions
as a result of inhalation. MWCNTs and ground MWCNTs both encouraged tumor
necrosis factor (TNF) production. Moreover, by evaluating the amount of hydroxy-
proline in the lung tissue, dose-related pulmonary fibrosis was identified. The
outcomes supported MWCNTS’ toxicity. When compared to asbestos and carbon
black, the inflammatory effect of MWCNTSs had a middle level of severity (Muller
et al. 2005). After 14 days of whole-body inhalation exposure to MWCNTs at high
dosages, immune suppression was observed in mice, but MWCNTs did not exhibit
inflammation or granuloma formation, as previously reported (Mitchell et al. 2009).
Depending on the dosage and delivery method, highly distributed MWCNTSs may
result in pulmonary lesions (Morimoto et al. 2012). Pneumonia in guinea pigs has
reportedly been caused by CNTs of several sorts (Grubek-Jaworska et al. 2006).

6.5.5 Cardiovascular Effects

Initial animal investigations (Muller et al. 2005; Lam et al. 2004; Shvedova et al.
2005; Warheit et al. 2004) provided evidence that exposure to CNTs causes both
immediate and long-lasting pulmonary inflammation. The results of the research
suggested that CNT exposure should be assessed as a potential cardiovascular risk
factor based on the oxidative and inflammatory hypothesis of atherosclerosis and air
pollution (Simeonova and Erdely 2009) used acid-purified SWCNTs to examine
potential cardiovascular harm. According to the study, CNT-induced lung inflam-
mation generated inflammatory mediators and activated blood cells that had harmful
consequences on the cardiovascular system. Stress and dosage both affected the
damage to the mitochondrial DNA of the aorta that was seen after CNT mice were
exposed through pharyngeal aspiration. In comparison to controls, mice treated with
SWCNTs exhibited considerably more atherosclerotic plaque on the surface of the
aorta. Additionally, brachiocephalic arteries were shown to have an increase in
atherosclerotic lesions. The outcomes demonstrated that mouse atherosclerosis
progresses more quickly after exposure to SWCNTs (Li et al. 2007).

6.5.6 Reproductive and Developmental Toxicity

Studies examining the impact of functionalized CNTs revealed that after exposure to
very low concentrations (10 ng/mouse), resorptions and fetal abnormalities started
and increased. Also noted was an increase in ROS production in the placentas of
exposed dams (Pietroiusti et al. 2011). The effects of functionalized CNTs on
reproduction and development were investigated in Drosophila melanogaster as
well as in CD-1 mice. The results showed that severe morphological deformities,
skeletal abnormalities, and resorption rates were all significantly higher in fetuses
exposed to 10 mg/kg fCNTs. The external faults included open eyelids, abnormal leg
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structures, and abnormal tail structures. The percentage of fetuses with aberrant
cervical vertebrae reduced phalange ossification of the pectoral and pelvic limbs, and
variable sternal ossification was higher in these cases than in controls.

6.5.7 Toward the Reduction of Its Toxicity Issues

Toxicity issues with SWCNTs and MWCNTs are mostly caused by their physico-
chemical characteristics, which would include their aspect ratio, size, chemical
composition, form, crystal structure, stability, surface area, surface roughness,
surface energy, and surface charge (Gatoo et al. 2014; Kostal et al. 2015).
Modulating and/or changing these properties would therefore be the most effective
strategy for lowering the allied toxicities of the CNT. There is a critical necessity
guideline for building safer CNTs, given the broad range of applications for
CNT-based systems in the biomedical and healthcare sectors (Rahamathulla et al.
2021). Surface modification is the widely used method; due to their hydrophobic
surfaces, CNTs are insoluble in water, and direct contact of pure nanotubes with
biological systems may result in interactions with different biomolecules, leading to
toxicity (Fig. 6.10).

6.5.7.1 Covalent Modification

CNT sidewalls are frequently chemically altered in order to solubilize nanotubes in
aqueous solutions. Typically, it is achieved by grafting functional moieties onto
oxidized CNT sidewalls (Karousis et al. 2010; Banerjee et al. 2005). H,SO,4 and/or
HNO; are used to oxidize nanotubes in order to produce carboxylic groups. Further-
more, it was found that cells were exposed to several harmful effects when oxidized
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Fig. 6.10 Various methods involved in the reduction of toxicity issues associated with CNT
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CNTs were employed without additional coating. The direct, extended exposure of
oxidized CNTs to lung epithelial cells would stimulate the development of cancer
stem cells with malignant characteristics (Luanpitpong et al. 2014), and these cells
would become aggressive and form tumors. Due to surface flaws and the chemical
groups that oxidation introduces, these nanotubes may be more hazardous than pure,
unprocessed nanotubes (Kumarathasan et al. 2014). Therefore, oxidized CNTs
without additional surface modifications should be employed with caution in both
in vitro and in vivo applications. It was shown in this context that grafting antifoul-
ing polymers onto the nanotube backbone network is a successful technique for
decreasing direct interactions of CNTs with biological components. Consider the
often-used polyethylene glycol (PEG)-modified CNTs, which are typically created
by amidating the -COOH groups of oxidized nanotubes with the -NH, groups of
PEG. This procedure produces PEG-modified CNTs that maintain nanotubes as
single and/or tiny bundles in colloidal suspensions and are stable in conditions
with high salt and serum concentrations. The cellular toxicity of oxidized SWCNTs
is dramatically decreased by PEG covalent grafting techniques. The branching
PEG-modified CNTs appear to be more biocompatible than their linear
PEG-modified counterparts due to tight binding and wide nanotube coverage. This
is because fewer cellular components are in contact with the nanotube framework.

6.5.7.2 Noncovalent Encapsulation

The covalent modification of nanotube surfaces described above results in sp3
hybridization bonds by the addition of chemical groups. These changes may dra-
matically degrade the mechanical, physical, or chemical properties of nanotubes.
While these characteristics are the basis for many bio-applications of CNTs, exten-
sive covalent functionalization often reduces the intrinsic near-infrared (NIR)
photoluminescence capabilities of nanotubes (Cognet et al. 2007; Hong et al.
2015). Using biologically acceptable amphiphilic materials, noncovalent-based
nanotube solubilization is a typical approach for these purposes. In general, CNTs
can be enclosed, and surface coatings with cationic, anionic, or nonionic charges can
be used to control the outer charge of coated nanotubes. Because the plasma
membrane is negatively charged, interactions between nanotubes and cell
membranes, nanotube internalization pathways, and intracellular fate are greatly
influenced by the surface charge of encapsulated CNTs. Compared to neutral and
anionic nanoparticles, cationic nanoparticles frequently connect more strongly with
the cell membrane and have higher absorption efficiency (Tonga et al. 2014). It is
also known that negatively charged nanoparticles can be efficiently ingested through
membrane diffusion or pinocytosis (Frohlich 2012; He et al. 2010; Xiao et al. 2011).
Thus, maintaining neutrally charged nanotube surfaces seems to be the key to
decreasing nanotubes’ nonspecific binding to serum proteins and cell membranes.
Additionally, nanoparticle hydrophobicity needs to be managed because it affects
cellular absorption and subcellular destiny (Gupta et al. 2011; Moyano et al. 2012).
In the area of possible biological applications, DNA molecules constitute a different
class of biomolecules that are frequently utilized to solubilize CNTs (Zheng et al.
2003). DNA is a malleable biopolymer that can change the shape of its molecules to
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wrap around the exterior walls of CNTs by creating a helical configuration (Zheng
et al. 2003; Battigelli et al. 2013). The aromatic nucleotides along the DNA
perpendicular axis engage in noncovalent interactions, notably stacking interactions,
with the CNT backbone network. This small DNA wrapping may be CNT chirality
selective based on the DNA sequences (Shankar et al. 2014). Furthermore,
DNA-coated CNTs are anticipated to show reduced cytotoxicity since DNA is
intrinsically biocompatible. Numerous studies have suggested that the DNA
sequence, chirality, and length of the nanotubes may all have an impact on how
biological serum macromolecules attach to DNA-coated CNTs and how successfully
they are absorbed by cells (Salem et al. 2016; Becker et al. 2007).

6.5.7.3 Surface Coverage Density

The density of chemical functionalities on the sidewall of CNTs has a big impact on
how the nanotubes behave on their surface and how they interact with biological
systems. Noncovalently suspended carbon nanotubes demonstrated increased solu-
bility (Liu et al. 2009b) and decreased toxicity with increasing coverage of coating
molecules, corresponding to covalently modified CNTs. In addition to improving
CNT solubility in biological fluids for both covalent and noncovalent surface
coverage, increasing PEG density and branching degree also made nanotubes less
hazardous by lowering unintended interactions with biological elements, particularly
proteins (Heister et al. 2012).

6.6 Future Prospective

Carbon nanotubes have the chance to be a more affordable alternative to metal wires
because of their great electrical conductivity. They are candidates to replace current
computer chips due to their semiconducting qualities. In the future, CNTs are likely
to compete with carbon fiber for high-end applications, especially in applications
where weight is an issue, like Kevlar. CNTs have also been discovered to be a more
eco-friendly, flame-retardant component to plastics. A safer alternative to dangerous,
biocide-containing paints, MWNT-containing paints have also been found to lessen
the biofouling of ship hulls by preventing the attachment of algae and barnacles.

6.6.1 In 3DPC Efficiency Enhancement

CNT is anticipated to be a viable material for 3DPC. The configuration time of
3DPC can be significantly decreased and production efficiency increased by using
CNT. It can increase the printing quality, the early strength of 3DPC, and the drying
shrinkage of 3DPC. Last but not the least, it can fill the pores in 3DPC, increase its
hardness, and then increase the shape stability following extrusion. On
CNT-reinforced 3DPC, however, no related research has been done as of yet. The
primary problem is that domestic 3DP technology is still in its early stages and that
the 3DP method is not precisely specified. Carbon materials have a high cost of
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manufacturing and a difficult production procedure. These are the constraints of
using CNT to improve concrete in 3DPC. But when constructing small models, CNT
strengthening of the 3DPC becomes practical since 3DP can provide some intricate
designs in accordance with the model.

6.6.2 In Electrochemical Sensing

Carbon nanotubes should be able to facilitate electron transfer processes with
electroactive species in solutions, when utilized as electrode materials, according
to delicate electronic characteristics. Electrodes made of carbon nanotubes could
therefore be employed for electrochemical sensing. Carbon nanotubes demonstrated
better behavior as electrode materials than conventional carbon electrodes, which
would include good conducting ability and great chemical stability.
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