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Abstract

Carbon nanotubes (CNTs) were discovered in 1991, and since then, have been one of the most
intensely studied nanomaterials due to their improved functionalities and diversity of
applications. Specifically, CNTs are entirely composed of carbon atoms connected through sp?
bonds structured in several condensed benzene rings rolled up into a cylinder form. Depending
on the number of graphitic layers, CNTs can be classified into single-walled carbon nanotubes
(SWCNTSs) or multi-walled carbon nanotubes (MWCNTSs). The specific structural properties of
CNTs, leading to a strong loading capacity, high surface area, high strength, and enhanced
chemical and thermal stability, make these nanomaterials very promising for biomedical
applications. In this sense, this book chapter overviews the potential applications of CNTs in the
biomedical field, highlighting their usage on: (1) diagnosis, by the development of CNTs-based
biosensors and imaging methods; (2) tissue engineering; (3) delivery systems of several
anticancer and antihypertensive drugs, corticosteroids, genes, nucleic acids, among others; and
(4) target therapies, namely photothermal and photodynamic therapies. Additionally, particular
attention is given to the CNTs potential toxicity and different strategies to overcome this

controversial subject, namely by the adequate CNTs functionalization.
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1. Introduction

Due to their peculiar properties and nanoscale dimensions, nanomaterials have been largely
used as biomaterials in several fields of applications. Specifically, in biomedicine, these
miniaturized particles, whose dimensions are in line with those of the living cells, have been
opening new and important applications. Among nanoparticles, and particularly due to their
chemical and physical properties, carbon-based nanomaterials are becoming highly attractive
for biomedical applications, namely for cancer diagnosis and therapy, cell and tissue
engineering, targeted drug delivery, and biosensing [1-3]. According to the structural
arrangement of their atoms, there are several carbon allotropes, with fullerenes, carbon
nanotubes (CNTs) and graphene oxide (GO) being the most used in the field of biomedicine [4,
5].

CNTs were discovered in 1991 by Sumio lijima [6] using transmission electron microscopy. Since
then, they have been one of the most intensely studied nanomaterials, with thousands of
reports on a wide variety of applications [7]. CNTs provide improved functionalities due to their
specific structural properties [8], strong loading capacity [9], designed biocompatibility [10], high
surface area, high strength, and enhanced chemical and thermal stability [11].

CNTs consist entirely of carbon atoms connected through sp? bonds structured in several
condensed benzene rings rolled up into a cylinder form, presenting lengths in the order of um
and diameters up to 100 nm [12]. The orientation of benzene rings along the cylindrical surface
dictates their metallic, semiconducting, or superconducting electron transport properties [13,
14]. Depending on the number of graphitic layers, CNTs are classified into single-walled carbon
nanotubes (SWCNTs) or multi-walled carbon nanotubes (MWCNTs). SWCNTs own the simplest
morphology, consisting of a single layer of graphene with diameters between 0.4 and 2 nm,
generally existing as hexagonal close-packed bundles. MWCNTs comprise two or more
concentric cylinders, each made of a single graphene sheet surrounding a hollow core with inner
diameters between 1 and 3 nm. The outer diameter fluctuates from 2 to 100 nm [15, 16].

CNTs are generally synthesized by three techniques: chemical vapor deposition using
hydrocarbon sources (CO, methane, ethylene, acetylene), electric-arc discharge method using
arc-vaporization with two carbon rods, or laser ablation method using graphite [17]. To remove
CNTs impurities like amorphous carbon, fullerenes, and transition metals (used as catalysts in
their synthesis), a purification step is subsequently performed by acid refluxing, surfactant aided
sonication, or air oxidation methodologies [18, 19].

Combining CNTs structural dimensions with their exceptional characteristics makes them one of
the most potential nanomaterials for biomedical applications [20, 21]. Their unique electrical

and optical features make CNTs highly sensitive when exposed to biomolecules, leading to their
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successful application as sensing components for biosensors to detect proteins, cells, or
microorganisms [22]. Photoluminescence is another important characteristic of CNTs [23],
which, together with their strong optical absorption in the near-infrared region [24] and Raman
scattering [25], allow the CNTs orientation and quantification monitoring in biological media,
highly interesting for medical imaging. Their cylindrical graphitic structure and sp? character give
them excellent mechanical properties, translating into their high strength and stiffness [26].
CNTs also possess an exceptional tensile force, turning them into a robust product with
improved thermal conductivity [26]. Notably, the effective possibility of functionalized CNTs to
incorporate molecules, namely proteins, and their ability to cross biological barriers, like the cell
membrane and penetrate individual cells [27], enable them to act as effective drug carriers [28].
Several authors reported a more effective and safer administration of drugs into cells when
bonded to CNTs than by traditional techniques [18, 19]. This function allows overcoming the
problems associated with several medications, like low solubility, faster deactivation, and
limited bioavailability [29]. The possibility of internalization and release of CNTs from cells, along
with their incomparable photothermal response, allows their use as photothermal therapeutic
agents to reduce tumor size or even to destroy cancer cells by near-infrared laser irradiation [30,
31].

Despite their relevance in this field, the biomedical application of CNTs raises some questions
about safety and potential cytotoxicity issues. Intending a safe CNTs use, high purity CNTs are
preferred to limit potential toxic ions release during the application. However, this can be a real
challenge on a large scale, having to reach a compromise between quality and quantity [32]. The
CNTs toxicity has been a hot topic of discussion, with many publications but without a clear
conclusion.

This book chapter overviews the potential applications of CNTs in the biomedical sector,
highlighting their usage on diagnosis and devices, tissue engineering, delivery systems, and
target therapies (Figure 1). Particular attention is also given to the CNTs potential toxicity, and

attempts to overcome this issue.
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Figure 1. Scheme summarizing the biomedical applications of carbon nanotubes overviewed in this book

chapter.

2. Carbon nanotubes in biomedical applications

2.1. Carbon nanotubes in diagnostic

The success of disease treatment is majorly based on early diagnostic and improved detection
methods [32]. In this sense, several technologies based on CNTs have been developed to
improve the diagnostic and detection methods. Due to their electronic properties, CNTs have
been considered the key element of electrochemical sensors, and different kinds of label-free
CNT-based biosensors were developed [32, 33]. Additionally, CNTs can act as contrast agents in

other bioimaging methods [32, 34].

2.1.1. Carbon-nanotubes-based biosensors

Biosensors are analytical devices that combine a biological component and a physicochemical
detector to identify a target analyte [15]. CNTs-based biosensors are modern devices, while
representing an exciting application area for in vitro and in vivo diagnostics and therapeutic
monitoring, namely diabetes and bacterial infections [32]. Due to their length scale and unique

structure, the use of CNTs-based biosensors is highly recommended for sensitive diagnostics and



analyses, from laboratory to clinic applications. Specifically, CNT-based biosensors can be used
for the detection of several biological structures, such as glucose, antigens, viruses, DNA
(deoxyribonucleic acid), reactive oxidative species (ROS), and even whole cells, providing a fast

and straightforward solution for molecular diagnosis (Figure 2) [15].

Carbon nanotubes-based biosensors

Carbon nanotubes/ glucose-oxidase .
glucose detection

Carbon nanotubes/ nickel metal oxide

Carbon nanotubes/ DNA ]
DNA detection

Carbon nanotubes/peptides

PEG*-ligated copolymer/ Carbon nanotubes
8 2 / ROS detection

PEG-DNA/Mn,(PO,),/Carbon nanotubes

*PEG=polyethylene glycol; ROS=reactive oxidative species

Figure 2. Carbon-nanotubes-based biosensors used in the detection of several biological structures.

Several researchers have been developed CNT-based biosensors by coupling CNTs with glucose-
oxidase for blood sugar detection (Table 1). Zhou et al. [35] developed a glucose CNT-based
biosensor through the covalent linkage of ferrocene-grafted dendrimer on the surface of CNTs-
chitosan nanocomposite modified electrode able to immobilize a high-content of glucose
oxidase (CNTs-CHI/dendrimerFc/GOx). Due to the excellent electron transfer acceleration of
CNTs and the high loading content of the glucose oxidase and ferrocene mediator on the
electrode matrix, this biosensor showed excellent analytical performance, with a fast response
time of less than 10 s, a wide linear range from 0.02 to 2.91 mM and low detection limit down
to 7.5 uM [35]. Shrestha et al. [36] developed a highly electroactive bio-nanohybrid film of
polypyrrole-Nafion-functionalized MWCNTs nanocomposite prepared on the surface of glassy
carbon electrode (PPy-Nf-fMWCNTs) by an easy one-step electrochemical polymerization
technique followed by chitosan-glucose oxidase immobilization on its surface. This MWCNT-
based biosensor revealed an improved sensitivity (2860.3 pA mM™ cm™2), low detection limit (5
UM under a signal/noise ratio of 3), long-term stability, good repeatability, reproducibility, and
acceptable measurement of glucose concentration in real serum samples [36]. Using gold
nanoparticles decorated MWCNTSs, Devasenathipathy et al. [37] similarly prepared a CNT-based
biosensor (GR-MWCNTs/AuNPs) for the determination of glucose. Biopolymer pectin stabilized

gold nanoparticles were prepared at graphene and MWCNTs, where glucose oxidase was
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successfully immobilized. The manufactured glucose biosensor showed two linear ranges: 10
UM —2 mM with a limit of detection of 4.1 uM, and 2 mM — 5.2 mM with a limit of detection of
0.95 mM. Moreover, the biosensor exhibited appreciable stability, repeatability, reproducibility,
and practicality. Comparing the biosensor performance with other reported sensors revealed a
significant improvement in the overall sensor performance [37]. On the other hand, Zhang et al.
[38] described a non-enzymatic glucose detector composed of a porous nickel-based metal
oxide framework (Ni-MOF/CNTs), where the addition of CNTs enhanced the electrical
conductivity. These electrodes exhibited a low detection limit (0.82 uM), a high sensitivity of
13.85 mA mM™cm™2, a wide linear range from 1 uM to 1.6 mM, and a good reproducibility and
repeatability. In this sense, the proposed sensor is found as a relevant alternative for glucose
detection through immune complexes immobilization [38].

Other promising CNT-enzyme biosensors, such as CNT-based dehydrogenase biosensors [39] or
peroxidase [40] biosensors, have been developed for different therapeutic monitoring and
diagnostics. Beyond CNT-based biosensors for blood sugar detection, CNT-based biosensors to
detect DNA have been prepared. For example, He et al. [41] developed a CNT-DNA-based
biosensor by modifying CNTs with single-strand DNA chains. A gold-supported aligned CNT array
was firstly treated with acetic acid. Then, single-strand DNA chains with an amino group were
chemically bonded with the plasma-induced eCOOH group on the CNTs via amide formation.
Finally, ferrocenecarboxaldehyde was labeled to complementary DNA chains and other non-
complementary DNA chains. This CNT-DNA-based biosensor exhibited a high selectivity and
sensitivity for probing complementary DNA and target DNA chains of specific sequences [41].
Recently, Li et al. [42] developed a CNT-based biosensor for DNA recognition through a bio-
interaction between DNA and biomolecules. A CNT-peptide-based biosensor was prepared using
the peptide (with the sequence Fmoc-RRMEHRMEW) discovered by the authors, and which has
a special bio-interaction with tiny nucleic acids and causes a significant decrease in zeta
potential. Compared to the former reported universal DNA bio-detector and NanoDrop (a
spectrometer from Thermo Scientific™), this unique CNT-peptide-based DNA biosensor
demonstrated a broader sensing range (from 1.6 x 10 to 5 umol L) and a signficantly lower
detection limit (0.88 pg L) [42].

CNTs have been also used in vivo biosensing. Sudibya et al. [43] prepared CNT-based biosensors
by the functionalization of CNTs with bioactive monosaccharides. The authors demonstrated
that the CNT-monosaccharides-based biosensor could interact with living cells surface and
dynamically detect biomolecules [43]. Additionally, Hu et al. [44] reported a CNT-based
biosensor through the functionalization of CNT/polyethylene with DNA and Mn3(P0Q4),, and

detected ROS in situ released from cancer cells under drug stimulations. Living human breast
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carcinoma cells (MDA-MB-231) can grow on the CNT/polyethylene-DNA/Mn;(PQ4), biosensor
forming an MDA-MB-231/Mns3(P0O,),/DNA-polyethylene/CNT hybrid film, creating a very short
diffusion distance between cells and reaction sites, resulting in a highly sensitive method
(detection limit of 30 x 10 M and sensitivity of 9.6 and 20.8 pA pM™cm™ depending on the
linear range) for detecting ROS. Jin et al. [45] developed a CNT-based biosensor to detect ROS,
namely single-molecules of H,0,, using fluorescent SWNTSs, and found that epidermal growth
factor induces 2 nmol H,0; locally for 50 min. For the detection of local nitric oxide, lverson et
al. [46] have modified near-infrared fluorescent SWNTs with a polyethylene glycol-ligated
copolymer, enabling intravenous injection into mice and the selective detection of nitric oxide
concentration (detection limit of 1 puM) with no intrinsic immune reactivity or other adverse
response for more than 400 days. The half-life for liver retention is 4 h, with sensors clearing the
lungs within 2 h after injection, thus avoiding a dominant route of in vivo nanotoxicology. After
localization within the liver, it was possible to follow the transient inflammation using nitric

oxide as a marker and signaling molecule [46].
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Table 1. Examples of developed CNTs-based biosensors used in the detection of several biological structures and main results.

Biosensor Main Results Reference
CNTs-CS/dendrimerFc/GOx e fast response time (less than 10 s) [35]
Ferrocene-grafted dendrimer covalently e wide linear range (from 0.02 to 2.91 mM)
linked on the surface of CNTs-chitosan 4 low detection limit (down to 7.5 pM)
nanocomposite modified electrode
PPy-Nf-fMWCNTs e improved sensitivity (2860.3 uA mMcm™) [36]
Bio-nanohybrid film of polypyrrole-Nafion- o  |ow detection limit (5 M under a signal/noise ratio of 3)
functionalized MWCNTs nanocomposite .
e long-term stability
g prepared on the surface of glassy carbon
B clectrode e good repeatability and reproducibility
2 o
9 e acceptable measurement of glucose concentration in real serum samples
g GR-MWCNTs/AuNPs e Two linear ranges: [37]
9
g Biopolymer  pectin  stabilized  gold 10 pM — 2 mM with a limit of detection of 4.1 uM
nanoparticles prepared in MWCNTS 2 mM —5.2 mM with a limit of detection of 0.95 mM
e Appreciable stability, repeatability, reproducibility, and practicality
Ni-MOF/CNTs ¢ Low detection limit (0.82 uM) (38]
Nickel-based metal organic framework ¢ High sensitivity (13.85 mA mM‘lcm‘Z)
linked to functional CNTs i
e Linear range (1 uM-1.6 mM)
e Good reproducibility and repeatability
< $ c Gold-supported CNTs - DNA e High selectivity and sensitivity [41]
2 = o
a § = sensors




CNTs - peptide (Fmoc- Broader sensing range (1.6 x 10 to 5 pmol L™) [42]
RRMEHRMEW) Low detection limit (0.88 pg L)
CNTs/polyethylene- Low detection limit (30 x 107° M) [44]
S DNA/Mn3(POa,), High sensitivity (9.6 and 20.8 pA pM™cm™)
§ Fluorescent SWNTs Detection of single-molecules of H,0, [45]
e
> Fluorescent SWNTs/polyethylene Selective detection of nitric oxide concentration [46]
0
(o]
o

glycol-ligated copolymer

Low detection limit (1 uM)

No immune reactivity or other adverse response (for more than 400 days)
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2.1.2. Imaging methods using carbon nanotubes

Standard diagnostic techniques for monitoring and detect the tissue regeneration process in
small animals, namely histology analysis that is the most robust diagnostic technique, lead to
significant variation results and difficult the assessments of temporal results in a statistically
significant manner. In this sense, and taking advantage of intrinsic properties of CNTs, different
CNTs-based materials have been developed for applications in a multiplicity of imaging
modalities, such as photoluminescence imaging through near-infrared fluorescence,
photoacoustic tomography, Raman spectroscopy, magnetic resonance, and radionuclide-based
imaging, offering scientists a piece of spatial and temporal information in a faster and more

convenient manner (Figure 3) [47].

Photoacoustic imaging

Photoluminescence imaging

Raman spectroscopy

Magnetic resonance imaging

Radionuclide-labeled imaging

Figure 3. Imaging modalities where CNTs have been applied.

In photoluminescence imaging, SWCNTSs are excited emitting fluorescence in the near-infrared-
| (700-900 nm) and near-infrared-11 (1100-1400 nm) ranges, where tissues and water are almost
transparent, making it possible to reach deeper penetration depths. In fact, SWCNT fluorescence
was emerging as a reliable optical imaging method for vessel observation and used as an
alternative optical method to the expensive positron emission tomography-computed
tomography for brown fat detection [32]. Welsher and co-authors [48, 49] used this property to
optically detect in real-time the biodistribution of injected SWCNTs in mice deep tissues and
vessels. The authors synthesized phospholipid-polyethylene glycol-coated SWCNTs by
sonicating SWCNTs with sodium cholate, followed by surfactant exchange. They used these

materials as in vivo near-infrared photoluminescence imaging agents for live mice. The high-



resolution intravital image of tumor vessels beneath thick skin was achieved due to deep tissue
penetration and low autofluorescence background. Cherukuri et al. [50] also used near-infrared
fluorescence microscopy to image SWCNTs in macrophage cells. Macrophage samples were
incubated in growth media with SWCNTSs at different concentrations to track their ex vivo uptake
in mouse peritoneal macrophage cells. Near-infrared fluorescence imaging revealed no
difference in population growth, adhesion, morphology, and confluence between the control
and the cultures containing SWCNTs, and the SWCNTs uptake appears to occur through
phagocytosis. Additionally, Leeuw et al. [51] have used in vivo near-infrared imaging to assess
the biocompatibility of SWCNTs in an intact organism, Drosophila melanogaster. This study
showed the effectiveness of SWCNTs as near-infrared probes for studying individual nanotubes
in tissue specimens or inside living organisms during tissue regeneration. Based on all these
studies, photoluminescence imaging seems to be a promising method for tracking SWCNTs in
cells and small animals over long durations of time.

Beyond photoluminescence, the photoacoustic effect is another attractive way to use CNT near-
infrared absorption. Photoacoustic imaging measures the ultrasounds produced by tissue
expansion and heat emitted by CNTs exposed to near-infrared stimulation [32]. Improved
contrast on targeted tumor cells, using SWCNTs conjugated with Arginine-Glycine-Aspartate
peptides as well as an enhanced sensitivity and detection threshold, was obtained to pristine
SWCNT [52, 53]. SWCNT was reported as a technique that differentiates multipotent marrow
stromal cells (MSCs) toward osteoblasts [54]. It was demonstrated that a brief (10 min) daily
nanoparticle-facilitated exposure of MSCs to nanosecond pulse laser-induced photoacoustic
stimulation enhanced differentiation [54].

Raman scattering is also an imaging option due to the vibrational and low-frequency modes of
CNTs based on inelastic scattering, which appears at 1,590-1,600 cm™ (G band, due to stretching
along the C-C bond of graphene). Resonance-enhanced Raman bands for SWCNTs appear at
150-300 cm™ (radial breathing modes), which can be related to the diameter of the SWCNTs
[32, 55]. Thus, Raman imaging allows for the spatial and chemical imaging of SWCNTs in cells
and small animals. Heller et al. [56] applied Raman spectroscopy to monitor cells labeled with
CNTs. These nanotube aggregates remained in the cell and displayed scattering even after
several cycles of cell division, showing potential as markers in assessing the proliferation and
differentiation of cells in culture, long-term labeling of cell populations, and continuous
monitoring of the cellular environments [56]. Raman imaging was also applied in study
biodistribution and blood circulation of PEGylated SWCNTSs in a mouse model [57]. The results
showed SWCNT accumulation in the intestine, feces, kidney, and bladder of mice and suggested

excretion and clearance of SWCNTs from mice via the biliary and renal pathways [57]. Another
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study indicated Raman imaging for real-time monitoring of SWCNTs for disease (tumor)
targeting [58]. Specifically, disease targeting SWCNTs (RGD-SWCNT, arginine—glycine—aspartic
acid peptides) were examined for localization in diseased (tumor) mice as against plain SWCNT
[58]. The images showed a higher accumulation of RGD—-SWCNTs in the tumor than the non-
functionalized SWCNT mouse group, with a lower accumulation in the liver and spleen [58].
CNTs have also been shown to increase the contrast enhancement efficacy of metal ions, such
as gadolinium, commonly applied in magnetic resonance imaging as a contrast agent [59].
Magnetic resonance imaging is a non-invasive imaging modality regularly used to diagnose
several diseases and physio-chemical states of tissue and blood flow since it provides anatomical
details [60]. In magnetic resonance imaging it is applied an external magnetic field and
radiofrequency pulses, exciting proton spin states. From the excited state spin to equilibrium is
required a period, the relaxation time. This relaxation causes a change in the flux of the receiving
coil of the magnetic resonance imaging scanner, inducing a magnetic resonance signal. The
relaxation time affects the quality of the image, especially the contrast [60]. Contrast agents,
such as gadolinium, are used to improve the contrast since they can modulate the relaxation
time. Sitharaman et al. [61] reported the use of SWCNTSs as carriers of gadolinium. The authors
described the encapsulation of Gd** ions with SWCNTSs to sequester the toxic effect of Gd* ions
and amplify the contrast-enhancing efficacy. The results showed an increase in proton relaxation
time, increasing the contrast and enhancing the efficacy [61]. Therefore, GB-SWCNT-based
magnetic resonance imaging contrast agents could be dispersed throughout an engineered
tissue, and for instance, to monitor the process of tissue regeneration [61].

Efficient contrast agents were also developed by functionalizing MWCNTs with gadolinium
chelating agent, diethylene triamine penta-acetic acid, enabling tight attachment of gadolinium
(Gd) atoms onto the nanotube surface [59]. The resulting Gd-MWNTs contrast agents were
found to be three times better than the clinically approved T1 contrast agent Magnevist.
Moreover, the Gd-MWNTSs contrast agents were stable over two weeks in water and mouse
serum [59]. The functionalization method used by Servant and co-workers [59] was previously
applied by Radioprobes composed of metal halides (Na?°l), encapsulated within SWCNTs, were
developed for single-photon emission computed tomography imaging, another application of
CNTs in bioimaging [62]. In brief, metal halides were sealed inside SWCNTSs to create high-density
radio-emitting crystals, while SWCNTs surfaces were then covalently sealed with biantennary
carbohydrates, improving dispersibility and biocompatibility. The intravenous administration of
these radio probes in mice was tracked in vivo using single-photon emission computed
tomography imaging, resulting in ultrasensitive imaging and delivery of unprecedented radio

dose density [62].
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Beyond the examples of CNT-based contrast agents on studies that harness the intrinsic
properties of these nanomaterials, different investigations have shown that only
functionalization of the external carbon sheath of CNTs (SWCNTs or MWCNTSs) with appropriate

imaging agents allows molecular imaging [63, 64].

2.2. Carbon nanotubes in tissue engineering

Tissue engineering combines biological and material sciences, in which the fast development of
nanotechnology and nanomaterials is an opportunity to enhance biomedical engineering. CNTs
present several and very distinct properties, can be assembled into different morphologies, such
as fibers, films, and three-dimensional (3D) structures, and have a positive influence on living
cells. All these properties make of these nanomaterials suitable for tissue engineering [32, 65].
Several authors have described promising results in this field, with Lovat et al. [66] reporting
CNTs as a good surface for cellular growth and as potential devices able to improve neural signal
transfer while supporting dendrite elongation and cell adhesion. It was demonstrated the
growth of neuronal circuits on a CNT grid accompanied by a significant increase in the network
activity, which may be related to the specific properties of CNT materials, such as the high
electrical conductivity [66].

Mazzatenta and co-authors [67] developed an integrated SWCNT—neuron system to investigate
whether electrical stimulation delivered via SWCNTSs can induce neuronal signaling. To this end,
hippocampal cells were grown on pure SWCNT substrates and patch clamped, and neuronal
responses to voltage steps delivered either via conductive SWCNTs substrates or via the patch
pipette were compared. The results, also supported by mathematical models, revealed that
SWCNTs could directly stimulate brain circuit activity, highlighting SWCNTs as a promising
material [67]. Similarly, it was proved that neurons would preferentially grow on thin layers of
double-walled carbon nanotubes (DWCNTs) compared to SiO; surface, possibly explained by a
favorable surface texture and better adsorption of culture medium proteins, allowing patterning
of neurons networks [68]. Additionally, cell differentiation was also enhanced when the growth
occurred on DWCNTSs [68]. The success of pristine MWCNTS was reported in the growth and
proliferation of pancreatic cancer cells, exhibiting a new approach to studying this kind of cancer
[69]. Due to the ability of CNTs to form 3D architectures, MWCNT-based 3D networks as
scaffolds for cell growth were developed [70]. The 3D interlocking resistive network of MWCNTSs
was prepared by treating a vertically aligned MWCNT array with exerting chemically induced
capillary forces [70]. The proposed MWCNT-based 3D networks could be shaped to fit the best
natural tissue morphology but also remained stable in vivo. Seven days later fibroblasts had

covered entirely almost the whole surface of the MWCNT-based 3D scaffolds [70].
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For regenerative purposes, drugs or biofunctional molecules have been delivered by CNT-based
3D porous scaffolds to control their release profile and specific interactions with the attached
cells [71]. The common strategy is to bind proteins, such as growth factors or enzymes onto
functionalized CNTs [71]. MWCNT/chitosan composite scaffolds were prepared to support cell
recolonization [72]. Scaffolds were composed of MWNTs (up to 89%) and chitosan. These
MWNT/chitosan composite scaffolds showed a remarkable biocompatible character in both in
vitro and in vivo experiments. The authors also investigated the evolution of a cell line toward
an osteoblastic lineage in the presence of the recombinant human bone morphogenetic protein-
2 (rhBMP-2) in vivo [72]. The results obtained are based on rhBMP-2-adhered MWNT/chitosan
scaffolds used into subcutaneous pockets in the mouse back muscle tissue for 3 weeks [72].
After this time, most of the MWNT/chitosan scaffold structure was degraded and replaced by
cells, and bone tissue regeneration was clearly observed [72]. A fibronectin/CNT hybrid was also
produced, and it was found that fibronectins maintained their native structures upon CNT
binding [73]. The hybrid material displayed a stronger affinity to human mesenchymal stem cells
than the conventional fibronectin coated glass. Selective and accelerated growth of the cells was
also demonstrated on the patterned fibronectin/CNT hybrid nanostructures [73].

CNTs have been applied in nerve tissue engineering, namely by investigating the growth and
organization of neural networks to treat neural diseases. Keefer et al. [74] prepared CNTs coated
with conventional tungsten and stainless steel wire electrodes using electrochemical techniques
under ambient conditions. The CNTs coating enhanced both recording and electrical stimulation
of neurons in culture, rats, and monkeys by decreasing the electrode impedance and increasing
charge transfer. Similarly, platinum/tungsten microelectrodes coated with a polypyrrole-CNT
composite were reported as responsible for significantly reducing microelectrode impedance at
all neuronal signal frequencies and an improvement of the signal-to-noise ratio [75]. Lee et al.
[76] pre-treated rats with amine-modified SWNTs and found that the pre-treatment can protect
neurons and enhance the recovery of behavioral functions in rats with induced stroke. Less
tissue damage was observed in SWNT-treated rats than in controls. To understand the
mechanisms in which CNTs might affect the activity of cultured neuronal networks, single-cell
electrophysiology techniques, electron microscopy analysis, and theoretical modeling were
applied [77]. It was showed that CNTs improved the responsiveness of neurons by forming tight
contacts with the cell membranes that might favor electrical shortcuts between the proximal

and distal compartments of the neuron [77].
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2.3. Carbon Nanotubes in Delivery Systems

All types of active molecules can be potentially linked to functionalized CNTs (fCNTs), allowing
their application in drug, gene, and vaccine delivery [78, 79]. In fact, f{CNTs are broadly applied
as a delivery tool of therapeutic agents, namely anticancer drugs, antihypertensive drugs,
corticosteroids, genes and nucleic acids, proteins, enzymes, peptides, ligands to their specific
sites [80, 81] (Figure 4).
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Figure 4. Therapeutic agents applied in delivery systems using functionalized carbon nanotubes.

2.3.1. Anticancer drugs, antihypertensive drugs, and corticosteroids

Drug delivery systems (DDS) are tools allowing the introduction of therapeutics agents in the
body through a targeted and controlled release, improving their efficacy and safety [82].
Regarding DDS with anticancer drugs linked to CNTs (Table 2), Tan et al. [83] developed a
betulinic acid-oxidized MWCNTs (BA-MWCNTSs) nanocomposite through a 14.5%—14.8% (w/w)
loading of BA (low water-soluble drug) in MWCNT, while keeping its tubular structures. Along
22 h, 98% of BA was released using phosphate-buffered saline (PBS) solution at pH 7.4. Following
72 h, BA-MWCNTs (<50 pg mL?) showed no cytotoxicity for mouse embryo fibroblast cells.
Nevertheless, BA-MWCNTSs displayed anticancer activity against human lung and liver cancer cell
lines, revealing a half-maximal inhibitory concentration of 2.7 and 11.0 ug mL?, respectively [83].
Additionally, Tian et al. [84] designed camptothecin-functionalized MWCNTs (CPT-fMWCNTSs)
supramolecular complexes via the attachment of a non-water-soluble anticancer drug (CPT)
onto MWCNTs previously coated with Pluronic P123, a tri-block copolymer, through

noncovalent nt-stacking interaction to enhance it solubility. While fMWCNT only presented 10%
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of antitumor activity, CPT-fMWCNTSs showed around 37% of antitumor activity for HelLa cell lines
[84].

The platinum (Pt)-based anticancer drug carboplatin (CP) was successfully loaded onto CNTs, as
demonstrated by Arlt et al. [85], reaching a loading yield of 0.20 mg per mg of material. CP-CNT
continuously released up to 68% of its Pt load within 14 days, allowing its use for drug storage.
CP-CNT impaired up to 76%-94% of the clonogenic survival of prostate carcinoma (DU145, PC-
3), bladder carcinoma (EJ28), and renal cell carcinoma (A498) cells. Whereas free CP simply
induced 12% and 30% of apoptosis against DU145 cells, CP-CNT induced nearly 24% and 58%
using 2.5 pg mL? and 5.0 pg mL?, respectively [85]. Moreover, Guven et al. [86] encapsulated
cisplatin (CDDP), a broadly used anticancer drug, into ultra-short SWCNTs, whose coating with
the surfactant, Pluronic-F108, allowed a slow, controlled CDDP release upon dialysis in PBS at
37°C and a higher cytotoxicity against breast cancer (MCF-7, MDA-MB-231) cell lines than free
CDDP following 24 h [86].

Singh et al. [87] developed curcumin-CHI-ALG-SWCNTSs through the loading of the hydrophobic
anticancer drug curcumin, within SWCNTs, previously functionalized with polysaccharides,
namely alginate (ALG) and chitosan (CHI), enabling a good drug loading performance and
constant drug release. Treatment of human lung cancer (A549) cells with this DDS displayed
enhanced cytotoxicity than free curcumin at analogous dosage, while presenting dose-related
apoptotic induction [87].

Regarding DDS with docetaxel (DTX), carboxylated and acylated MWCNTSs coated or covalently
attached with D-a-Tocopherol polyethylene glycol 1000 succinate (TPGS), plus loaded with DTX
and fluorescent coumarin-6 via the nano-extraction technique was reported [88]. A drug
encapsulation efficiency of up to 76%, with an ICso value reduction of 80-fold compared with
commercial DTX injection (Docel™), was obtained with A549 cells after 24 h of incubation [88].
Following 72 h in PBS (pH 7.4), 45 ug to 102 pg of DTX were released, which could generate an
anti-cancer impact since those concentrations are superior to their 1Cso. DTX-TPGS-MWCNT
presented substantially superior cytotoxicity, early or late apoptosis, apoptotic cell death
percentage, besides minimal ROS generation and toxicity [88]. Singh et al. [89] showed
carboxylated MWCNTSs also loaded with TPGS and DTX, later covalently linked with transferrin
(Tf), reached a similar drug encapsulation efficiency (up to 74.9%) and a DTX continuous release
throughout 72 h. However, DTX-MWCNTs-Tf displayed enhanced cytotoxicity, with an I1Cso value
reduction up to 136-fold than Docel™, following 24 h incubation against A549 cells. DTX-
MWCNTSs-Tf presented augmented apoptotic cell death percentage, with nearly all cells in early
or late apoptotic stage using a 100-fold lower DTX concentration (0.25 ug ml?t) than Docel™ (25

pg mi?), while exhibiting low ROS levels, thus showing its efficacy and safety [89]. In the same
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line, Singh et al. [90] showed that DTX/coumarin-6 loaded chitosan-folate (CHI-F) conjugated
MWCNTSs reached a slightly higher drug encapsulation efficiency (up to 79%), as well as attained
an ICso value reduction up to 89-fold than Docel™, after 24 h incubation with A549 cell lines.
Furthermore, DTX-CHI-F-MWCNTs exhibited internalization into cancer cells via a folate
receptor-mediated endocytic route, substantially increased cytotoxicity and reduced toxicity,
confirming its potential for targeted lung cancer treatment [90].

Concerning the use of the anticancer drug doxorubicin (DOX) in DDS, a hyaluronic acid-MWCNT
(HA-MWCNT) conjugate loaded with DOX through m-it stacking interaction was developed. DOX-
HA-MWCNT showed a 3.2 times superior cytotoxicity, plus improved apoptotic activity than free
DOX in similar concentrations [91]. The conjugate displayed a 5 times higher tumor-growth
inhibitory impact than free DOX in similar concentrations, while lacking detectable
cardiotoxicity, hepatotoxicity, and nephrotoxicity in mice [91]. Multiple functionalization of
oxidized SWCNTs with DOX, fluorescein-labeled bovine serum albumin (BSA), and a monoclonal
carcinoembryonic antigen (CEA) antibody was also displayed at non-competing binding sites
[92]. The cellular uptake of DOX-BSA-CEA antibody-SWCNTs with consequent DOX translocation
to the nucleus was enabled, whereas the SWCNTs remained in the cytoplasm of WiDr colon
cancer cells [92]. SWCNTs coated with DOX via hydrazone linkage were also used for DDS, which
was successfully taken up by liver cancer (HepG2) cells leading to enhanced cytotoxicity [93].
Polysaccharides ALG and CHI DDS were used to functionalize SWCNTs, along with the targeting
promoter FA and DOX, which enabled pH-triggered DOX release, consequent nucleus
penetration, and induction of Hela cells death [94]. DDS consisting of DOX loaded onto
poly(amidoamine) dendrimers altered with fluorescein isothiocyanate (FI) and FA covalently
coupled to fMWCNTSs attained a drug encapsulation efficiency up to 97.8%, besides allowing a
pH-triggered DOX release and enhanced cytotoxicity against human epithelial carcinoma (KB)
cells [95]. DOX-MW(CNTs also led to increased cytotoxicity against MCF-7 cells [96].

DDS based on DOX loading of MWCNTSs functionalized with poly(acrylic acid) conjugated with
iron oxide magnetic nanoparticles (MNs) and coupled with FA enabled double targeted DOX
delivery via a magnetic field, plus ligand-receptor interactions [97]. DOX-FA-MN-MWCNT
displayed high DOX loading efficiency, as well as increased cytotoxicity toward human
glioblastoma (U87) cells [97]. DOX-FA-MN-MWCNT was internalized by U87 cells with
consequent intracellular DOX release and transport into the nucleus, whereas the nanoparticles
remained in the cytoplasm [97]. DDS, including DOX, loaded onto the surface of SWCNTs,
previously coated by FA-terminated polyethylene glycol (FA-PEG) via adsorption, reached an
extremely high loading efficiency (149.3+4.1%) [98]. DOX-FA-PEG-SWCNTs showed negligible

cytotoxicity against normal (3T3) cells, whereas selectively entered Hela cells via clathrin-
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mediated endocytosis, where DOX was released due to the acidic pH, subsequently entered the
nucleus, thus causing cell death via transcription inhibition [98]. The association between
noninvasive magnetic resonance imaging plus specific magnets positioning was reported [99].
Improved DOX loaded anti-CD105 conjugated magnetic SWCNTSs targeting lung metastatic sites
in a breast cancer animal model was obtained, showing its potential in cancer treatment
efficiency at early plus late phases of cancer progression [99]. Besides, it was shown that DOX
loaded onto dexamethasone (DEX) conjugated fMWCNTs (DEX-fMWCNTSs) attained high loading
efficiency (92.6£0.5%) while displaying low hemolyticity, plus higher cytotoxicity against A549
cells, suggesting DOX-DEX-fMWCNTSs as a promising carrier for future cancer therapy [100]. The
nanocomplex DOX-PEI-B-MWCNTs-siRNA (polyethyleneimine (PEI) covalently coupled with
betaine (PEI-B) and MWCNTs and combined with DOX and survivin siRNA) were able to co-
deliver DOX and siRNA into A549 cells, leading to the increase of the apoptotic index [101]. DOX-
PEI-B-MWCNTSs-siRNA reduced the tumor volume in nude mice with A549 tumor cells without
causing any damages to normal tissues, confirming its potential for codelivery of anticancer
drugs, as well as genes [101].

PEG-grafted MWCNTs (PEG-MWCNTSs) hybrid nanosystem was used as a carrier of the lung
cancer drug etoposide (VP-16) and Bcl-2 phosphorothioate antisense deoxyoligonucleotides
leading to higher cytostatic efficacy, besides an enhancement of the apoptotic cells against the
small cell (SCLC; DMS53) and non-small cell lung cancer (NSCLC; NCIH2135) cell lines [102].
Novel anticancer DDS, e.g., GEM-SWCNTs and GEM-PEG-SWCNTs via carboxylation, acylation,
amination, and PEGylation of pristine SWCNTSs followed by gemcitabine (GEM) coupling, were
developed, achieving a GEM loading capacity of 43.14% (w/w) and 37.32%, respectively [103].
While GEM-SWCNTs were more cytotoxic against A549 and human pancreatic carcinoma (MIA
PaCa-2) cell lines, GEM-PEG-SWCNTSs presented superior efficacy in tumor growth suppression
in B6 nude mice [103].

Regarding the use of methotrexate (MTX), a new theranostic prodrug, based on fMWCNTSs co-
tethered with MTX, a tumor targeting module (folic acid (FA)), a fluorochrome (Alexa-fluor
(AF488/647)), and a radionuclide (Technetium-99m (99mTc)) was developed [104]. MTX-FA-AF-
fMWCNTSs were selectively internalized by folate receptor (FR) positive A549 and MCF-7 cancer
cells via FR-mediated endocytosis, consequently presenting superior anticancer activity due to
lysosomal trafficking [104]. The tumor-specific accumulation of MTX-FA-AF-fMWCNTSs in Ehlrich
Ascites tumor-bearing mice was nearly 19 and 8.6-fold superior to free MTX and MWCNTSs
without FA, respectively [104]. MTX-FA-AF-fMWCNTs displayed superior tumor growth arrest
without showing any hepatotoxicity, cardiotoxicity, and nephrotoxicity in mice [104]. Overall,

MTX-FA-AF-fMWCNTSs allowed enhanced MTX therapeutic efficacy against FR positive cancer
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cells, besides real-time monitoring of the treatment reaction via multimodal imaging [104]. A
new MTX-CHI-MWCNT nanohybrid was developed, showing negligible toxicity against healthy
(MRC-5) cells, in addition to a selective and pH-responsive MTX delivery to human lung cancer
(H1299) cells [105].

A novel synergic lung cancer treatment based on the ROS-mediated cooperation between
fSWCNT/graphene oxide flakes and paclitaxel (PTX) was shown to display superior cell death
against NCI-H460 cells and mitogen associated protein kinase activation, as proven by the
bromodeoxyuridine (BrdU) incorporation against A549 cells [106]. In addition, Sobhani et al.
[107] reported MWCNTs initially functionalized with hyperbranched poly citric acid (PCA), whose
carboxyl functional groups were afterward coupled with PTX shaping PTX-PCA-MWCNTs,
reaching a drug encapsulation efficiency of 38% (w/w), pH-responsive PTX release into tumor
tissues and cells, negligible toxicity against A549 and ovary cancer (SKOV3) cells, higher
cytotoxicity than free PTX over an inferior incubation time, and enhanced cell penetration.
Furthermore, PTX physically loaded via immersion of PEG-SWCNT and PEG-MWCNT exhibited a
saturated PTX solution in methanol, achieved a loading capability of 26% (w/w) and 36% (w/w),
respectively [108]. Both PEG-SWCNT and PEG-MWCNT displayed sustainable PTX release in
buffer solution and superior efficacy against HeLa and MCF-7 cells, as shown by the ICs value
inferior to free PTX, suggesting its potential for cancer therapeutics [108]. The co-exposure of
SWCNTs and PTX led to increased cell death and apoptosis induction of human ovarian cancer
(OVCAR3) cells, implying its potential for cancer treatment progress [109]. A novel DDS PTX/HA-
CHI-SWCNTs comprising CHI non-covalently linked to SWCNTs was shown to enhance
biocompatibility, combined with HA connected to the outer CHI layer to provide targeting
features later attached to PTX [110]. PTX/HA-CHI-SWCNTs displayed negligible toxicity toward
normal fibroblast cells, and enhanced toxicity and apoptosis induction to A549 cells, showing
potential for cancer therapy [110].

Feazell et al. [111] developed a Pt(IV)-fSWCNT conjugate, which successfully delivered a lethal
dosage of cis-[Pt(NHs),Cl;] upon intracellular reduction. Whereas cis-[Pt(NHs),Cl;] was almost
non-toxic, Pt(IV)-fSWCNT exhibited a substantially enhanced cytotoxicity profile against
testicular carcinoma (NTera-2) cells [111]. Besides that, the properly load of CDDP or of an inert
Pt(IV) complex into fMWCNTs was managed, whose administration in mice considerably
augmented the Pt content in certain tissues (especially lung, liver, and spleen) while not causing
inflammatory reaction or necrosis [112].

In the field of CNTs, antihypertensive drugs have also been applied in DDS (Table 2). The only
work found showed a dual-targeting, plus co-delivery method, applying iRGD-PEI-MWCNT-SS-

CD/pAT2 complexes formed by tumor-homing peptide (iRGD) attached to PEI connected to
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MWOCNT skeleton, combined with CD linked via cystamine (SS) to the MWCNT, all of which were
assembled by plasmid AT2 (pAT2) [113]. iRGD-PEI-MWCNT-SS-CD/pAT2 complexes were
designed for antiangiogenesis therapy in lung cancer, which targeted the renin-angiotensin
system (RAS) dysregulation through the synergistic regulation of angiotensin Il type 1 receptor
(AT1R), plus type 2 receptor (AT2R) pathway. iRGD-PEI-MWCNT-SS-CD/pAT2 complexes
displayed significant neovascularization and tumor growth suppression in A549 xenograft nude
mice [113].

In addition to the previously described drugs, corticosteroids have also been used (Table 2).
Komane et al. [114] showed vertically aligned (VA)-MWCNTs functionalized and PEGylated,
before the loading of the anti-inflammatory glucocorticoid, led to the enhancement of its
release, displaying 55%, 65%, and 95% release at pH 7.4, 6.5 and 5.5, respectively. VA-fMWCNTs
(20 to 20,000 pug mL1) exhibited a shallow cytotoxicity effect in PC-12 cells, revealing their

potential in ischemic stroke treatment [114].
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Table 2. Anticancer drugs, antihypertensive drugs, and corticosteroids used in drug delivery systems with carbon nanotubes and corresponding main results.

Therapeutic agents Drug delivery systems Main Results Reference
Betulinic acid (BA) BA-MWCNTSs nanocomposite o 14.5%-14.8% (w/w) BA loading [83]
e 98% of BA was released at pH 7.4 (along 22 h)
e No cytotoxicity for mouse embryo fibroblast cells
e Anticancer activity against human lung and liver cancer cell lines
Camptothecin (CPT) CPT-fMWCNTs supramolecular e Around 37% of antitumor activity for Hela cell lines [84]
complexes
Designed via the attachment of CPT onto
g,o MW(CNTSs previously coated with Pluronic
_g P123, a tri-block copolymer, through
o noncovalent n-stacking interaction
§ Carboplatin (CP) CP-CNT e 0.20 mg per mg of material of loading yield [85]
g e Continuously released up to 68% of its platinum (Pt) load within
14 days
e Impaired up to 76%-94% of the clonogenic survival of prostate
carcinoma (DU145, PC-3), bladder carcinoma (EJ28), and renal
cell carcinoma (A498) cells
e Induced nearly 24% and 58% of apoptosis against DU145 cells
using 2.5 pg mL* and 5.0 ug mL*
Cisplatin (CDDP) CDDP-SWCNTs e Slow, controlled CDDP release upon dialysis in PBS at 37°C [86]




CDDP encapsulation into ultra-short
SWCNTs coated with the surfactant

Pluronic-F108

Higher cytotoxicity against breast cancer (MCF-7, MDA-MB-231)
cell lines than free CDDP following 24 h

Curcumin

Curcumin-CHI-ALG-SWCNTs

Loading of curcumin, within SWCNTs,
previously functionalized with
polysaccharides, namely alginate (ALG)

and and chitosan (CHI)

Excellent drug loading performance and constant drug release
Treatment of human lung cancer (A549) cells displayed
enhanced cytotoxicity than free curcumin at analogous dosage

while presenting dose-related apoptotic induction

[87]

Docetaxel (DTX)

DTX-TPGS-MWCNT

Carboxylated and acylated MWCNTs
coated or covalently attached with D-a-
Tocopherol polyethylene glycol 1000
succinate (TPGS), loaded with DTX and
fluorescent coumarin-6 via the nano-

extraction technique

Drug encapsulation efficiency up to 76%

ICso value reduction of 80-fold when comparing with commercial
DTX injection (Docel™), following 24 h incubation with A549 cells
Following 72 h in PBS, 45 pg to 102 pg of DTX were released,
which could generate anti-cancer impact since those
concentrations are superior to their 1Cso

Substantially superior cytotoxicity, early or late apoptosis,
apoptotic cell death percentage, minimal ROS generation, and

toxicity

[88]

DTX-MWCNTs-Tf

Carboxylated MWCNTSs loaded with TPGS
and DTX, later covalently linked with

transferrin (Tf)

Drug encapsulation efficiency up to 74.9%
DTX continuous release throughout 72 h
Enhanced cytotoxicity, an ICsp value reduction up to 136-fold

than Docel™, following 24 h incubation against A549 cells

[89]
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Augmented apoptotic cell death percentage, with nearly all cells
in early or late apoptotic stage using a 100-fold lower DTX
concentration (0.25 ug ml?') than Docel™ (25 pug ml?), while

exhibiting low ROS levels

DTX-CHI-F-MWCNTs
DTX/ coumarin-6 loaded chitosan-folate

(CHI-F) conjugated MWCNTSs

Drug encapsulation efficiency up to 79%

ICso value reduction up to 89-fold than Docel™, after 24 h
incubation with A549 cell lines

Internalization into cancer cells via a folate receptor-mediated
endocytic route substantially increased cytotoxicity and reduced

toxicity

[90]

Doxorubicin (DOX)

DOX-HA-MWCNT
Hyaluronic acid (HA)-MWCNT conjugate
loaded with DOX through m-mt stacking

interaction

3.2 times superior cytotoxicity, plus improved apoptotic activity
than free DOX in similar concentrations

5 times higher tumor-growth inhibitory impact than free DOX in
concentrations  while detectable

similar lacking any

cardiotoxicity, hepatotoxicity, and nephrotoxicity in mice

[91]

DOX-BSA-CEA antibody-SWCNTs
Multiple functionalization of oxidized
SWCNTs with DOX, fluorescein-labeled
bovine serum albumin (BSA), and a

monoclonal carcinoembryonic antigen

Cellular uptake with consequent DOX translocation to the
nucleus, whereas the SWCNTs remained in the cytoplasm of

WiDr colon cancer cells

[92]
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(CEA) antibody at non-competing binding

sites

DOX-SWCNTs e Successfully taken up by liver cancer (HepG2) cells leading to [93]
SWCNTSs coated with DOX via hydrazone enhanced cytotoxicity

linkage

DOX-FA-CHI-ALG-SWCNTs e pH-triggered DOX release, consequent nucleus penetration, and  [94]
SWCNTs  functionalized  with  the induction of Hela cells death

polysaccharides alginate (ALG) and

chitosan (CHI), along with the targeting

promoter FA and DOX

DOX-FI-FA-fMWCNTSs e Drug encapsulation efficiency up to 97.8% [95]
DOX loaded onto poly(amidoamine) e pH-triggered DOX release and enhanced cytotoxicity against
dendrimers altered with fluorescein human epithelial carcinoma (KB) cells

isothiocyanate (FI) and FA covalently

coupled to fMWCNTs

DOX-MWCNTs e Increased cytotoxicity against MCF-7 cells [96]
DOX-FA-MN-MWCNT e High DOX loading efficiency [97]
DOX loading of MWCNTs functionalized e Increased cytotoxicity toward human glioblastoma (U87) cells

with poly(acrylic acid) conjugated with | Internalized by U87 cells with consequent intracellular DOX

iron oxide magnetic nanoparticles (MNs)

coupled with FA enabled double targeted release and transport into the nucleus, whereas the

DOX delivery via a magnetic field, plus nanoparticles remained in the cytoplasm

ligand-receptor interactions

DOX-FA-PEG-SWCNTs e Extremely high loading efficiency (149.3+4.1%) [98]
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DOX loaded onto the surface of SWCNTSs,

previously coated by FA-terminated

Negligible cytotoxicity against normal (3T3) cells, whereas

selectively entered Hela cells via clathrin-mediated endocytosis,

polyethylene  glycol (FA-PEG) via
] where DOX was released, subsequently entered the nucleus,
adsorption
thus causing cell death
DOX loaded anti-CD105 Improved targeting towards lung metastatic sites in a breast [99]
conjugated magnetic SWCNTs cancer animal model
Potential in cancer treatment efficiency at early, plus late phases
of cancer progression
DOX-DEX-fMWCNTSs High loading efficiency (92.6+0.5%) (100]
DOX loaded onto dexamethasone (DEX) Low hemolyticity
conjugated fMWCNTs . .. .
Higher cytotoxicity against A549 cells
Nanocomplex DOX-PEI-B- Able to co-deliver DOX and siRNA into A549 cells, leading to the [101]
MWCNTSs-siRNA increase of the apoptotic index
Polyethyleneimine  (PEI)  covalently Able to reduce the tumor volume in nude mice with A549 tumor
coupled with  betaine  (PEI-B) and cells without causing any damages to normal tissues
oMWCNTs and combined with DOX and
survivin siRNA
Etoposide (VP-16) PEG-grafted MWCNTs (PEG- Higher cytostatic efficacy [102]

oMWCNTSs) hybrid nanosystem

Carrier of the lung cancer drug VP-16 and
Bcl-2 phosphorothioate antisense

deoxyoligonucleotides

Enhancement of the apoptotic cells against the small cell (SCLC;
DMS53) and non-small cell lung cancer (NSCLC; NCIH2135) cell

lines
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Gemcitabine (GEM)

GEM-SWCNTSs';

GEM-PEG-SWCNTs"

GEM-SWCNTs and GEM-PEG-SWCNTs via
carboxylation, acylation, amination, and
PEGylation of pristine SWCNTs followed

by gemcitabine (GEM) coupling

GEM loading capacity of 43.14% (w/w)' and 37.32%"

More cytotoxic against A549 and human pancreatic carcinoma
(MIA PaCa-2) cell lines

e Superior efficacy in tumor growth suppression in B6 nude

mice"

[103]

Methotrexate (MTX)

MTX-FA-AF-fMWCNTs

Theranostic prodrug, based on fMWCNTs
co-tethered with MTX, a tumor targeting
module (folic acid (FA)), a fluorochrome
(Alexa-fluor  (AF488/647)), and a

radionuclide (Technetium-99m (99mTc))

Selectively internalized by folate receptor (FR) positive A549

and MCF-7 cancer cells via FR-mediated endocytosis,
consequently presenting superior anticancer activity

The tumor-specific accumulation of MTX-FA-AF-fMWCNTSs in
Ehlrich Ascites tumor-bearing mice was nearly 19 and 8.6-fold
superior to free MTX and MWCNTs without FA, respectively.
MTX-FA-AF-fMWCNTSs displayed superior tumor growth arrest
while not showing any hepatotoxicity, cardiotoxicity, and

nephrotoxicity in mice

[104]

MTX-CHI-MWCNT nanohybrid

Negligible toxicity against healthy (MRC-5) cells
Selective and pH-responsive MTX delivery to human lung cancer

(H1299) cells

[105]

Paclitaxel (PTX)

PTX-fSWCNT/graphene oxide

flakes

Superior cell death against NCI-H460 cells and mitogen

associated protein kinase activation

[106]
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PTX-PCA-MWCNTs

MWCNTs initially functionalized with
hyperbranched poly citric acid (PCA),
whose carboxyl functional groups were

afterward coupled with PTX

Drug encapsulation efficiency: 38% (w/w)

pH-responsive PTX release into tumor tissues and cells
Negligible toxicity against A549 and ovary cancer (SKOV3) cells
Higher cytotoxicity than free PTX over an inferior incubation

time, indicating enhanced cell penetration

[107]

PTX-PEG-SWCNTt; Loading capability: 26% (w/w)* and 36% (w/w)# [108]
PTX-PEG-MWCNT# Sustainable PTX release in buffer solution
PTX physically loaded via immersion of Superior efficacy against HeLa and MCF-7 cells
PEG-SWCNT, plus PEG-MWCNT
PTX-SWCNTs Increased cell death and apoptosis induction of human ovarian [109]
Co-exposure of SWCNTs and PTX cancer (OVCAR3) cells
PTX/HA-CHI-SWCNTs Negligible toxicity toward normal fibroblast cells, besides [110]
Chitosan  non-covalently linked  to enhanced toxicity and apoptosis induction to A549 cells
SWCNTSs, combined with HA connected to
the outer CHI layer, later attached to PTX
Pt(IV) Pt(IV)-fSWCNT conjugate Successfully delivered a lethal dosage of cis-[Pt(NH3).Cl>] upon [111]

intracellular reduction
Substantially enhanced cytotoxicity profile against testicular

carcinoma (NTera-2) cells
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Pt(IV)-FMWCNTSs

Properly load an inert Pt(IV) complex into

fMWCNTs

Administration in mice considerably augmented the Pt content
in certain tissues (especially lung, liver, and spleen) while not

causing inflammatory reaction or necrosis

[112]

Candesartan (CD) iRGD-PEI-MWCNT-SS-CD/pAT2 e Significant neovascularization and tumor growth suppression in  [113]
o .
> complexes A549 xenograft nude mice
(7]
§ o Tumor-homing peptide (iRGD) attached
S
[} E to PEl connected to MWCNT skeleton,
g
E combined with CD linked via cystamine
)
f( (SS) to the MWCNT, all of which
assembled by plasmid AT2 (pAT2)
" Glucocorticoid VA-fMWCNTs e Enhancement of drug release, displaying 55%, 65%, and 95% [114]
o . .
'S Vertically  aligned  (VA)-MWCNTs release at pH 7.4, 6.5, and 5.5, respectively
9 functionalized and PEGylated, before the . .
"g ’ y e Shallow cytotoxicity effect in PC-12 cells
9 loading of glucocorticoid
£
o
o

Drug delivery systems: 'GEM-SWCNTs; " GEM-PEG-SWCNTSs; t PTX-PEG-SWCNT; ¥ PTX-PEG-MWCNT.
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2.3.2. Genes and nucleic acids

Several DDS containing genes and nucleic acids, such as oligodeoxynucleotides,
oligonucleotides, plasmid DNA (pDNA), aptamers, and small-interfering RNA (siRNA) linked to
CNTs were studied aiming their intracellular transporting and controlled release [27, 115-118].
In this field, Jia et al. [115] developed a double functionalization of MWCNT delivery method
comprising therapeutic gene antisense oligodeoxynucleotides and fluorescent labeling probes
mercaptoacetic acid-capped CdTe quantum dots, through electrostatically layer-by-layer
assembling. These fMWCNTs enabled a successful intracellular transporting, cell nucleus
localization, delivery efficiency, and anticancer activity against Hela cells, revealing the potential
for biological delivery and gene therapy [115]. Polyamidoamine dendrimer modified MWCNTs
(dMWCNTSs) coupled with the Fl-labeled antisense c-myc oligonucleotides displayed high
transfection efficiencies and successfully hindered cell growth in time- and dose-dependent
ways in MCF-7, MDA-MB-435 and HepG2 cells, showing its potential for cancer therapy and
molecular imaging [117].

A novel pDNA-fSWCNTs-based gene delivery vector method was developed [27] based on
fSWCNTs complexed with pDNA. These were prepared via electrostatic interactions, which could
bind and enter Hela cells, while enhancing DNA uptake and gene expression in Chinese hamster
ovary (CHO) cells [27]. Ammonium-functionalized SWCNTs with pDNA (pDNA-NH3*-SWCNT)
complexes, as well as established lysine (Lys)-functionalized SWCNTs (pDNA-NH3*-Lys-SWCNT)
and NHs*-functionalized MWCNTs with pDNA (pDNA-NH3*-MWCNT) complexes, were able to
transfect A549 cells with distinct efficiency levels, displaying their potential as a successful gene
delivery vector method [119].

EpCAM RNA aptamer-piperazine-PEI-SWCNT based on RNA aptamer against epithelial cell
adhesion molecule (EpCAM) physically attached to SWCNT conjugated to piperazine—PEl
derivative was reported to specifically induce apoptosis in MCF-7 cells, besides leading to BCL9I
(related to breast and colorectal cancers) protein level decrease, further showing its targeted
silencing activity [120]. In a similar work, anti MUC1-aptamer-cMWCNT hybrid based on anti
MUC1 (membrane-associated glycoform overexpressed on a wide range of epithelial cancer
cells)—aptamers covalently grafted onto cMWCNTs were able to translocate into MCF-7
cytoplasm via a receptor-independent manner [116].

Regarding DDS with siRNA, Varkouhi et al. [121] showed the potential of MWCNTs covalently
functionalized with PEI (PEI-MWCNTs) and MWCNTs non-covalently functionalized with cationic
pyridinium (Pyrr-MWCNTs) complexed with anti-luciferase siRNA in displaying a silencing

activity between 10 and 30% and cytotoxicity between 10 and 60%. These results were similar



to the controls (PEI and reference transfectants (Lipofectamine 2000, pDMAEMA)) [121]. Polo-
Like Kinasel (PLK1) was confirmed as a cancer gene therapy target through the association
between PLK1 siRNA and fMWCNTs as delivery vectors [118]. This association allowed the
enhancement of siRNA retention in a solid tumor and increased tumor cellular uptake in vivo,
which subsequently prolonged animal survival of human lung carcinoma (Calu6) xenografts
bearing mice [118]. Furthermore, siTOX-NH3;*-MWCNT complexes based on proprietary
cytotoxic siRNA sequence (siTOX) complexed with NH3*-functionalized MWCNTSs (NH5*-MWCNT)
were able to delay tumor growth [122]. siTOX-NH3*-MWCNT complexes enhanced the survival
of xenograft-bearing animals following its intratumoral administration [122]. Al-Jamal et al.
[123] revealed the perilesional stereotactic administration of Caspase-3 siRNA (siCas 3) delivered
by NH3*-MWCNT enabled neuroprotection, following focal ischemic damage caused by
Endothelin-1 in the motor cortex of both mice and rats, leading to functional recovery as
displayed by the “skilled reaching” test in living rats. In the same line, Ladeira et al. [124] showed
that siRNA-fSWCNTSs could be applied as delivery systems to different cell types, such as non-
metastatic human hepatocellular carcinoma (SKHep1l), cardiomyocytes, and rat dorsal root
ganglion (DRG) neuron cells, while displaying a successful target gene silencing with high
specificity and reduced toxicity. Kam et al. [125] also developed siRNA-SS-PL-PEG-SWCNTs based
on the strong binding of phospholipid molecules with PEG (PL-PEG) to SWCNTs, followed by the
cleavable disulfide linkage between PL-PEG-SWCNTs and siRNA, which attained high siRNA
efficiency delivery in Hela cells. Chen et al. [126] reported SWCNTSs functionalization with DSPE-
PEG-Amine allowed siRNA binding via disulfide bonds, reaching a siRNA loading efficiency of
83.55%. In fact, siRNA specifically targeting the oncogene Murine Double Minute Clone 2
(MDM2 siRNA) coupled with fSWCNTs managed to enter breast cancer (B-Cap-37) cells, with
MDM?2 siRNA being subsequently released due to disulfide bonds digestion by intracellular
enzymes, thus inhibiting cell proliferation and promoting apoptosis [126]. Bartholomeusz et al.
[127] demonstrated that siRNA-SWCNTs complexes with hypoxia-inducible factor 1 alpha (HIF-
la)-targeted siRNA (HIF-1a siRNA) were able to inhibit cellular HIF-1a activity in a pancreatic cell
line with HIF-1a/ luciferase reporter (MiaPaCa2-HRE) cells. HIF-1a siRNA-SWCNTs complexes
intratumorally administrated in mice bearing MiaPaCa-2/HRE tumors led to HIF-1a activity

inhibition, showing its potential in human cancer cases with resistance to therapy [127].

2.3.3. Proteins, peptides, and ligands

Numerous proteins, peptides, and ligands, namely BSA, trypsin, pepsin, lysozyme, ferritin,

fibrinogen, papain, hemoglobin, recombined ricin A chain protein (RTA), Streptavidin (SA),
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asparagine-glycine-arginine (NGR), and tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL), linked to CNTs were applied in DDS, envisioning their uptake by cells and increased
cytotoxicity [128-131]. Parra et al. [132] developed AZc6-BSA-CNTs conjugates based on
azoxystrobin (AZ), a strobilurin fungicide, and a derivative bearing a carboxylated spacer arm
(hapten AZc6) covalently linked to BSA, afterward covalently associated to fCNTs with distinct
shapes and sizes. Immunization of New Zealand rabbits and BALB/c mice with AZc6-BSA-CNTs
conjugates triggered significant IgG responses with and without an adjuvant, thus showing CNTs’
self-adjuvant ability. From all tested conditions, the best antibody response was produced by
short and thick AZc6-BSA-CNTs conjugates. In fact, low dosages (0.05 pg) of AZc6-BSA-CNTs
conjugates had strong anti-AZ immune responses in rabbits [132]. CHI NPs-MWCNT hybrids
were synthesized via an ionotropic gelation method enabled high (76.8%) BSA immobilization
efficiency and biocompatibility with Hela cells since cell viability is 81%, following 24 h
incubation with 100 pg mL? [133]. SWCNTs were functionalized with cationic-designed
amphiphilic polypeptides and subsequent protein binding, e.g., BSA, trypsin, pepsin, lysozyme,
ferritin, fibrinogen, papain, and hemoglobin or DNA via a bilayer approach [128]. Their delivery
efficiency into Hela cells was affected by the complexes charge, showing its potential as delivery
systems [128]. This model that predicts natural proteins’ adsorption onto SWCNT, based on its
structure and composition, was reported for the first time [128]. RTA-MWCNTSs conjugates
induced target destruction of tumor cells, particularly Hela cells, whose cell mortality reached
around 75% [134]. Actually, HER2-RTA-MWCNTs obtained by attaching HER2 onto RTA-MWCNTs
conjugates led to selective destruction of HER2 overexpressing breast cancer cells [134]. SA-
biotin-SWCNTs conjugates based on fluoresceinated SA, a protein with anticancer applications
complexed with the biotin-SWCNTSs transporter, were uptake through endocytosis into human
promyelocytic leukemia (HL60) and human T (Jurkat) cells, displaying dose-dependent
cytotoxicity [129].

Concerning the use of peptides in DDS, TAM-NGR-SWCNTs conjugates based on SWCNTs
functionalized with NGR, subsequently loaded with tamoxifen (TAM), an anticancer drug,
attained high cellular uptake, cytotoxicity, and cell apoptosis in vitro due to its receptor-
mediated tumor-targeting potential [130]. In another work with SWCNTs, TRAIL-based SWCNTs
nanovectors shown to be highly efficient in triggering cancer cell killing, increasing apoptosis in

vitro due to their capacity to enhance caspase-8 activation [131].
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2.4. Carbon Nanotubes in Targeted Therapies

CNTs have intrinsic physical features, which allied with suitable functionalization, enable their
use in photothermal therapy (PTT), photodynamic therapy (PDT), and the combination of both
[30, 135, 136].

2.4.1. Photothermal therapy

PTT is a noninvasive, harmless, and efficient therapeutic technology that enables tumor cells’
death via locally heated tumor tissues by near-infrared region absorption [30, 137, 138].
Therefore, CNTs have been applied in PTT due to their ability to absorb light in the near-infrared
region and successfully transform absorbed energy into released heat [30, 139-142].

Regarding PTTs using SWCNTs, Shao et al. [143] prepared anti-IGF1-anti-HER2-SWCNTSs hybrids
based on SWCNTs functionalized with insulin-like growth factor 1 receptor (IGF1R), as well as
human endothelial receptor 2 (HER2) specific antibodies. These hybrids targeted their
corresponding receptors in breast cancer cells, allowing SWCNTSs' internalization, and by a near-
infrared region they were able to destroy all treated cells, whereas non-specific-antibody—
SWCNT hybrids only killed 20% of the cells [143]. Specific binding of SWCNTSs dispersions were
prepared with human anti-CD22 antibodies, followed by exposure to near-infrared region
leading to highly specific ablation of human Burkitt’s lymphoma cells in vitro [31]. FA-CoMoCAT®
SWCNTs conjugates exhibited an effective increased photothermal destruction on tumor cells
while sparing non-targeted normal cells in both in vitro and in vivo experiments [144]. Xiao et al.
[145] demonstrated the selective photothermal ablation after near-infrared region irradiation
of HER2 immunoglobulin Y (IgY)-SWCNT complexes based on the covalent conjugation between
cSWCNTs and anti-HER2 chicken IgY antibodies, specifically targeted HER2-expressing SK-BR-3
cells. HER2 IgY-SWCNT complexes allowed the detection, and selective photothermal ablation
of receptor-positive breast cancer cells without cells’ internalization [145]. A combination
between intratumoral injection of PEG-SWCNTs and near-infrared irradiation allowed the
complete destruction of solid malignant tumors devoid of side effects or tumor recurrence over
6 months [146]. The majority of injected SWCNTs were excreted from mice bodies in 2 months
via biliary or urinary pathways [146]. The combination between the injection of SWCNTs and 10
minutes of near-infrared region irradiation eradicated squamous cell carcinomas, and SWCNTs
remained exclusively in the tumor even 3 months following injection [147]. Mitochondria
targeting SWCNTSs, after near-infrared region irradiation, were able to destroy the targeted
mitochondria selectively, thus inducing apoptosis, and tumor growth suppression was achieved

in a breast cancer model [148]. Zhou et al. [149] displayed glycated CHI-SWCNTs, after near-
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infrared region irradiation, induced photothermal death of mouse mammary tumor (EMT6) cells
in vitro and in vivo, enabling complete tumor regression, as well as long-term survival in several
cases. NGR-siRNA-PEI-SWCNTs, based on the functionalization of SWCNTs with PEI, were further
conjugated with the tumor-targeting NGR peptide and loaded with hTERT siRNA, which were
enabled in vitro apoptosis induction in PC-3 cells, besides high antitumor activity in vivo [150].
The combination of DOX-loaded SWCNTs (DOX-SWCNTs) and near-infrared region irradiation
enabled an efficient MDA-MB-231 cell death via mitochondrial disruption, as well as ROS
generation [151]. The combination of water-soluble fSWCNTs, followed by 2 minutes of
radiofrequency field treatment, led to the destruction of almost all hepatocellular cancer
(HepG2, Hep3B), plus pancreatic adenocarcinoma (Panc-1) cells in vitro [140]. In fact, fSWCNTs
injection into hepatic (VX2) tumors in rabbits, immediately followed by radiofrequency field, led
to total necrosis of all treated tumors after 48 hours [140].

Concerning PTTs using MWCNTs, Torti et al. [152] reported that nitrogen-doped MWCNTSs (CNx
-MWCNTs) led to the destruction of kidney cancer cells following near-infrared region
irradiation. Anti-GD2 monoclonal antibody conjugated to MWCNTs highly internalized by
neuroblastoma (stNB-V1) cells, through GD2-mediated endocytosis and irradiated with near-
infrared region treatment, led to necrosis of all stNB-V1 cells, whereas all nontargeted normal
cells remained viable [153]. Complete photothermal kidney tumor ablation was achieved using
MWCNTs; 80% of mice were alive, plus tumor-free, following 3 months treatment with a proper
amount of MWCNTSs [154]. Intratumoral injection of DNA-encased MWCNTSs, followed by near-
infrared region irradiation, enabled a total eradication of PC3 xenograft tumors in all treated
mice [142]. In fact, DNA-encasement allowed a 3-fold decrease in the concentration of MWCNTs
needed for a 10°C temperature rise in bulk solution temperature [142]. Also, Burlaka et al. [155]
demonstrated MWCNTSs led to the destruction of 95.2% of Erlich ascitic carcinoma (EAC) cells,
following 1.5 min of near-infrared region irradiation [155] and the conjugation between P-
Glycoprotein-targeted MWCNTs and near-infrared region irradiation caused high cytotoxicity in

multidrug resistance cancer cells [156].

2.4.2. Photodynamic therapy

PDT is a local noninvasive cancer treatment, which comprises the administration of a nontoxic
photosensitizer, afterward activated by a suitable harmless light source [135, 157, 158]. The
photosensitizer generates highly reactive singlet oxygen (*03) via light energy transfer to the
tissue oxygen, an aggressive chemical species that mediates cellular toxicity leading to cell

damage and eventually cell death [135, 157, 158]. For instance, Zhu et al. [135] reported, as a
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proof of concept for PDT, that single-stranded DNA aptamer (ssDNA AP)-photosensitizer-
SWCNTs based on the attachment of ssDNA AP and photosensitizer on SWCNTs, allowed
controllable 10, generation via target binding [159]. The noncovalent interaction between
pyrenyl-functionalized distyryl-dodipy sensitizer and SWCNTs generated 0, after irradiation at
660 nm [159]. Additionally, Xiao et al. [160] prepared CHI-Ce6-SWCNTs based on the
noncovalent attachment of the photosensitizer chlorin e6 (Ce6) and SWCNTs, afterward
wrapped by CHI to improve biocompatibility and aqueous solubility, and demonstrated their low
dark toxicity and efficient PDT efficacy towards Hela cells. PEI-SWCNTs based on SWCNTs
covalent functionalized with PEI revealed a strong photodynamic in vitro and in vivo effect on
mice melanoma B16F10 cells and tumor-bearing mice, showing their potential for cancer PDT

[161].

2.4.3. Combination of photothermal and photodynamic therapies

The combination of PTD and PDT has received significant interest in cancer treatment due to its
potential synergistic effect [162]. Shi et al. [163] reported the HMME-HA-SWCNTSs based on HA-
derivatized SWCNTs, followed by the adsorption of hematoporphyrin monomethyl ether
(HMME), enabled in vivo melanoma B16F10-bearing mice growth inhibition via a synergistic
effect of local specific PDT, as well as external near-infrared region PTT. Ru-SWCNTs were loaded
with two-photon luminescent Ru(ll) complexes onto SWCNTs [162]. After irradiation at 808 nm,
Ru(ll) complexes are released, producing 0, upon two-photon laser irradiation. High anticancer
efficacies were obtained in Hela cancer cells, in addition to multicellular tumor spheroids, as
well as in vivo tumor ablation [162]. mTHPC-MWCNTs performance comprising the
photosensitizer m-tetrahydroxyphenylchlorin (mTHPC) and MWCNTs depend on the irradiation

conditions, leading to the synergistic apoptosis of the whole SKOV3 cell population [136].

3. Toxicity of carbon nanotubes

The toxicity of CNTs is a subject of some controversy in the literature. A significant amount of
works dealing with this issue can be found, particularly to address whether or not CNTs are
potentially harmful to organisms and if they have potential application in biomedicine. CNTs
toxicity was determined by both in vivo and in vitro tests. In vivo toxicity analysis of CNTs is
commonly performed by evaluating specific organs and biodistribution in mice and rats, while
in vitro toxicity tests use animal cell lines and microbes (bacteria, yeast). In particular, the CNTs
toxicity was evaluated through cell proliferation/viability tests, apoptosis detection, ROS

generation, and superoxide dismutase quantification [164, 165].
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Injection, ingestion, and inhalation are the three possible ways for CNTs to enter the human
body. Once inside the organism, CNTs can interact with cells in different ways or even cross
them, reaching the bloodstream and spread to numerous parts of the body [166]. The main
effects behind CNTs toxicity are oxidative stress, inflammatory responses, DNA damage or
mutation, malignant transformation, interstitial fibrosis and granuloma [19, 167-169], thus
affecting several organs, like liver and kidney [170], and pulmonary [171], reproductive [172,
173] and nervous [174] systems. For instance, Czarny et al. [175] reported a high CNTs bio-
persistence, remaining in the organism for 12 months. CNTs organ biodistribution and bio-
persistence depend on diverse physicochemical properties, such as CNTs degree and type of
surface functionalization, dispersibility, length, and metal impurities [176].

Several authors have been reporting the reduction of CNTs toxicity by functionalization. For
example, Ali-Boucetta et al. [176] showed that the higher the functionalization degree of the
CNT surface, the less the accumulation in reticuloendothelial system (RES) organs and the higher
the CNTs urinary excretion. Jain et al. [177] also observed a rapid elimination from the organism
of highly oxidized MWCNTSs through renal excretion without causing nephrotoxicity. In contrast,
pristine and less oxidized MWCNTs revealed greater retention in RES organs. Another work
showed reduced toxic effects on human umbilical vein endothelial cells when exposed to
hydroxylated or carboxylated MWCNTSs [178]. The conjugation with biocompatible materials,
like PEG, has also proved to reduce CNTs toxicity [179]. No toxic effects of PEGylated SWCNTs
was reported after 3 months of in vivo tests in mice [57]. Conversely, De Marchi et al. [180]
demonstrated that carboxylated MWCNTSs induced toxicity in suspension-feeding polychaetes
Ficopomatus. enigmaticus, negatively affecting their biochemical and physiological status.

The degree of dispersibility is also an important parameter to take into account regarding CNTs
toxicity. More dispersed CNTs cause less toxic effects since agglomerated particles tend to
accumulate more quickly in vital organs, leading to inflammatory responses or possible cell-
damaging [181]. Yang et al. [182] detected long-term cytotoxic effects promoted by the
aggregation of SWCNTSs and their accumulation in the lungs of mice. However, the toxicity of the
dispersant and its dosage must be taken into account. An increase in the SWCNTSs toxicity was
demonstrated with the solubilizing agent toxicity [183]. Additionally, the SWCNTSs dispersion in
water by sodium dodecyl sulfate (SDS) was studied, revealing an inhibition of the growth of
kidney epithelial cells (NRK-52E) in rats at low concentrations and an increase in the number of
cells in the apoptotic sub-G(1) phase with increasing dispersant concentration [184].

The particle length affects the CNT toxicity essentially regarding their cellular internalization.
Raffa et al. [185] demonstrated that the smaller the CNTs, the easier the penetration to the cell

membrane. In turn, Murphy et al. [186] studied the direct instillation of long and short CNTs into

38



the pleural cavity. They observed the clearance of short CNTs, whereas the retention of the long
ones caused acute inflammation on the parietal pleura. It has to be noted that during the
functionalization process, most of the CNTs are broken into smaller particles, making it difficult
to confirm which parameter most influences their toxicity, whether functionalization or length.
Nevertheless, more recently, in a study about the influence of MWCNTs diameters on the
toxicity to human endothelial cells, a decrease in cytotoxicity with the increase of MWCNTSs
diameters was reported [187]. The smallest MWCNTSs induced cytokine release, THP-1 monocyte
adhesion, and ROS generation. Also, Yamashita et al. [188] revealed that the CNTs toxicity
depends not only on their length but also on their thickness. These authors evaluated SWCNTs
and different sized MWCNTs, detecting DNA damage and severe inflammatory effects caused
by long and thick MWCNTs, but not by short and thin ones or by SWCNTs.

Another important factor in CNTs toxicity is the amount and type of metal impurities introduced
during the synthesis step. It was observed that commercial non-purified CNTs caused oxidative
stress in cells, while acid-purified ones, with almost no metal content, revealed slight or no
cytotoxic effects [189]. Inhibition of cell proliferation by MWCNTSs impurities was also reported
[190]. Nevertheless, Cheng et al. [191] did not detect differences in human macrophage cell
death after exposure to non-purified or heat-purified MWCNTSs. In fact, the CNTs impurities
contribution toward toxicity should consider the impurities dosage, the administration method,
and the method used to detect that contribution [19].

The potential CNTs toxicity is still a topic of debate, which is even more exacerbated due to the
CNTs panoply, i.e. with diverse morphologies and purities, as well as several biological media
with different concentrations (in vitro, in vivo, primary cells, cancer cell lines, several animal
models) and numerous techniques of dispersion, exposure and characterization of CNTs.
Moreover, the CNTs exposure to real circumstances is difficult to measure, and the dosages used
are far from reality. Further toxicity studies are crucially needed to identify the CNTs safety limit

value and to elucidate their toxicological mechanism.

4. Conclusions and future perspectives

CNTs are promising materials and have been extensively investigated for biomedical
applications due to their unique structure and excellent properties, such as strong loading
capacity, biocompatibility, high surface area, high strength, and enhanced chemical and thermal
stability. CNTs have been applied in the pharmacy and medicine fields, namely in diagnostics
and diseases monitoring, due to their high conductivity; tissue engineering; drug and gene
delivery to cells or organs owing to their large surface area; and targeted therapies, on account

of their nanoscale diameters that enable them to penetrate the cell membrane. However, their
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use in biomedical applications raises some questions in what concerns safety and potential
toxicity. However, up to date it is clear that CNTs toxicity depends on their structure,
morphology and surface functional groups. To decrease their toxicity and improve
biocompatibility, surface functionalization of CNTs has been widely investigated.

Although numerous reports described CNTs for biosensing, bioimaging, drug delivery, and
therapy, additional investigations are still needed to spread the CNTs use in the biomedical field
in the future and under safe conditions. In specific, more efforts on the evolution of the in vitro
and in vivo CNTSs toxicity are required to clarify their long-term effects so that their application

could become more frequent and widespread.
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