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Abstract: Carbon nanotubes (CNTs) have tremendous applications in almost every walk of life; however, their harmful
impacts on humans and the environment are not well addressed. CNTs have been used in various applications ranging
from medical science to different engineering branches, to ease human life. Generally, the toxicological profile of CNTs
under laboratory conditions cannot be assessed primarily in medical science due to the inconsistent availability of
cytotoxic study data. CNT toxicity has been affected by many physicochemical properties (e.g., size, type of
functionalization), concentration, the extent of exposure, mode of exposure, and even the solvents/medium used to
dissolve/disperse CNTs for their application. These inconsistencies arise due to the variation in synthesis methods as
well as the mode of their human exposure. Besides their unlimited use in various fields, most of CNT toxicity aspects
and mechanisms remain uncertain. Additionally, in-depth knowledge of CNTs toxicity is scarce, and the available
literature shows dissimilarities in experimental data and exposure studies. To understand the toxicological issues, it is
the need of the hour to provide insight into the published data, post-exposure studies, and various factors that may
damage the cells due to CNTs toxicity. This review article analyses the hazardous potential through toxicological
implications and summarizes the detailed mechanism(s) of CNTs studied on the different model organisms, including
human cell lines. In this review article, we hypothesized that thorough knowledge of various aspects, as mentioned
above, helps us design and develop possible strategies to reduce the toxicity of nanomaterial to make them safer and

secure for humanity’s betterment.

10 years. Among the wide range of nanomaterials, carbon
nanotubes (CNTs) gained enormous nanotechnology
popularity for their unique physiochemical properties
(Turabekova et al., 2014). They have applications in various
fields, including electronics (transistor and integrated
circuits), energy (catalyst in a fuel cell), environment (air
and water purifier, bioremediation), healthcare (sensors,
drug delivery), and used in various consumer products (Li

Introduction

Science and technology to create purposeful systems and
devices at a molecular scale, which is about from 1 to 100
nm, are called nanotechnology (Labib et al, 2015).
Conversion of materials into nanoscale levels significantly
changes their physicochemical properties and thus
functions. The integration of scientific disciplines (e.g.,

physics, chemistry, biology, and engineering, etc.) diversifies
nanoscale material applications in broad areas. Rising
nanoscale materials applications are leading to their
multiplication in manufacturing materials (Costa and
Fadeel, 2016). Nanotechnology is likely to substantially
impact our economy and society within the next 5 to
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et al., 2014). CNTs have promising applications in the fields
of nanotheranostics and personalized medicine (the field of
delivering a suitable drug to the right individual in a specific
organ with precision and accuracy) and can be proved a
game-changer for cancer therapy, which is one of the
promising areas in nano-theranostics (Yaari et al., 2016).
The drug delivery across the blood-brain barrier (BBB)
remains a major challenge; studies have shown that CNTs
have potential in crossing the blood-brain barrier and the
possibility to cure the ailments related to neurological
disorders such as cerebral ischemia, Parkinson, Alzheimer,
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multiple sclerosis, etc. (Fadeel and Orrenius, 2005). The
design and synthesis of CNTs, including both single-walled
carbon nanotubes (SWCNTSs) and multiwalled carbon
nanotubes (MWCNTSs), require a set of experimental
procedures. Often the surface area is considered a deciding
factor in the synthesis of CNTs that allow the extended
application of nanodesigns in various fields (Aschberger
et al., (2010) and Allegri et al. (2016)). However, opting for
a synthesis method at the same remains link with toxicity as
well. It has been reported that improved surface area of
CNTs provides an increased rate and extent of absorption.
During the design and synthesis of CNTs, several
parameters that could introduce toxicity are functional
group, chelating agents, coating material, contaminants, and
agglomeration/sedimentation (Aschberger ef al., (2010) and
Allegri et al. (2016)). These parameters can be optimized to
reduce the toxicity of CNTs in the purification process.
However, CNTs, as a result of chemical synthesis, often
possess a higher tendency of toxicity over CNTs derived
from green synthesis. A summary of toxicity sources,
subcellular events associated with CNTs toxicity, and the
opportunity to optimize their synthesis have shown in Fig. 1.
Further, a higher probability of contaminants and ions as
part of CNTs synthesis brings toxicity level. The level of
toxicity among SWCNTs and MWCNTs differs and depends
on several factors, including length, diameter, purity, and
impurities associated. Comparing SWCNTs with MWCNTs,
characteristics such as fictionalization, twisting capacity, ease
in synthesis, use of catalyst, the arraignment of layers, and
extent of accumulation provide a comprehensive overview of
the nature and extent of toxicity (Kavosi et al, 2018). In
general, it is challenging to predict toxicity as level and or
extent among SWCNTs and MWCNTs by considering using a
standard parameter. However, it has been reported SWCTNs
are often more toxic than MWCNTs (Deng et al., 2007).
Although CNTs have shown promising applications in
nanotherapy, their extensive and unrestricted manufacturing
and disposal into the environment (soil, water, and air) may
impose human concerns leading to severe health issues
(Babele et al, 2018; Singh et al, 2014). There are
accumulating research evidence on the toxic effects of CNTs
describing the mechanism(s) of CNTs toxicity at the
cellular, subcellular and molecular levels depending on the
doses and mode of internalization using various model
organisms, including animals but the finding of these
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studies are often contradictory (Gedda et al., 2019). In vivo
studies proved that the toxic effects resulted from CNTs not
only vary from cell to cell but also from organism to
organism. Despite various drawbacks of in vitro studies, a
detailed CNTs toxicity analysis is fundamental to provide
new insights in this emerging area. It’s the time to explore
the potential hazards and unknown issues of the CNTs
toxicity on human health and the environment (Kota et al,
2017). To achieve this, a detailed understanding of CNTs
toxicity is significant for better utilization of these
nanomaterials in the near future. This review provides an
up to date analysis of routes of exposures of CNTs and their
connection to organ and tissue toxicity. We summarized
different in vitro and in vivo studies and describe various
toxicity mechanisms(s) at a molecular level conducted on
numerous microorganisms, human cell lines, lower and
higher animals. The knowledge summarized will enhance
our understanding of CNT toxicity and help us find new
strategies to synthesize nontoxic CNTs.

Synthesis and Functionalization of CNTs

A variety of methods have been developed to synthesize
CNTs; among those, three main techniques, such as
chemical vapor deposition (CVD) (require low
temperature), laser ablation, and carbon arc-discharge
(require high temperature), have gained significant interest.
These methods can easily control various CNT properties
such as length, diameter, alignment, purity, density,
orientation, etc. (Singh et al., 2014; Siddiqi et al, 2018;
Sasrimuang et al, 2020). CVD, which is further modified
using catalysts, plasma, oxygen, water, microwave plasma,
radiofrequency, hot-filament, etc., is one of the typical CNT
processing methods. Catalytic chemical vapor deposition
(CCVD) is currently the most standard method of carbon
nanotubes synthesis (Shah and Tali, 2016). CNTs are
further functionalized to improve their interfacial
interaction between CNTs and polymer matrix. This can be
done either by covalent bonding of functional groups onto
the surface of CNTs or by non-covalent functionalization
(Zhou et al., 2019). Covalent bond functionalization can be
done by reaction with molecules of high chemical reactivity
(Zhou et al., 2019). Initially, strong acids (HNOj, H,SO,,
etc.), strong oxidants (KMnO, ozone, etc.), or their

mixtures has become popular for the covalent
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functionalization, but these strong agents resulted in intrinsic
defects due to oxidative damage to the CNTs framework
leaving behind detrimental structures, hence hampering their
potential for practical applications and can also compromise
the mechanical properties (Shah and Tali, 2016). Therefore
non-covalent functionalization of CNTs with various other
agents like zinc porphyrin derivative and some biological
molecules onto CNTs surface with a high degree of control
and specificity tried by multiple researchers for better
functionalization between CNTs and the foreign matrix,
without any structural damage to the CNTs, for various
applications (Zhou et al., 2019).

Nano-Toxicity of Carbon Nanotubes

Routes of exposure, clearance and associated implications
CNTs can be administered into the body either purposely (as a
part of therapy, drug delivery, and diagnostic) or
unintentionally due to environmental pollution or accidental
release. In intentional procedures, usually intravenous,
intradermal, intramuscular, and peritoneal injections are
utilized. CNTs unintentionally may enter to lungs, skin, or
organs as airway exposure is one of the common routes for
CNTs in the working environment. Therefore inhalation
and intratracheal instillation are mainly used in animal
models to imitate human exposure to CNTs. Instillation
methods are well adopted than inhalation to study the
CNTs toxicity as CNTs were found to accumulate in the
lungs at a high-level (Morimoto et al., 2011; Ryman-
Rasmussen et al., 2009). CNTs injected intravenously in
animal models get concentrated near the entry site and
attain diverse locations through blood circulation or
biological barriers, resulting in varying accumulation levels
in different organs such as the liver and spleen (Qu et al,
2009). CNTs can reach deeper organs by traversing through
the standard physiological barriers; blood-air barrier, blood-
testis barrier, blood-brain barrier, and blood-placental
barrier (Simké and Mattsson, 2010). The lungs are a
potential route for the entrance of CNTs into the human
body through the airway.

The inhaled CNTs exert their potential toxicity by
damaging the pulmonary surfactant’s ultrastructure and
biophysical properties, which serve as the first line of host
defense (Valle et al., 2015). The agglomerated or dispersed
CNTs are engulfed by alveolar macrophages and deposited
on the inner alveolar surface within the alveoli (Wiemann et
al., 2016). It has been found that CNTs rarely pass through
the blood-brain barrier and hardly cause neurotoxicity, but
Blood-brain barrier research had made substantial progress
in this area to study the effect of CNTs toxicity and
pathology (Jain, 2012; Kafa et al, 2015). Large-sized and
oxidized MWCNTs can move across the blood-placenta
barrier (BPB), enter the fetus body, and restrict the
development of fetuses, and induced brain deformity
(Huang et al., 2014; Qi et al, 2014). These four barriers
were the most frequently mentioned barriers in the literature.

Moreover, the detailed molecular mechanism by which
CNTs pass through these barriers is not well known, and
more organized investigations are immediately required.
The inhaled CNTs are deposited and accumulated in the
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respiratory tract and quickly undergo a series of site-specific
clearance mechanisms. The clearance and excretion of
CNTs vary in different organs. Clearance from the lungs
includes fast bronchial clearance via mucociliary escalator,
slow bronchial clearance by airway macrophages,

transcytosis, and alveolar clearance wusing alveolar
macrophages and endocytosis by alveolar epithelium
(Sturm, 2014). Another study describes that lung

macrophages digest CNTs and, therefore, get cleared from
the lungs by a superoxide/NO* peroxynitrite-driven
oxidative pathway (Kagan et al, 2014). Recent research
describes the role of matrix metalloproteinases (MMP), a
class of extracellular endopeptidases that control various
processes related to tissue repair and inflammation. The role
of stromelysin-2 (MMP-10), a modulator of macrophage
activation and function, was assessed on MMP-10 null
(Mmp10™") mouse model in responses to inhaled
MWCNTs. It was reported that MMP-10 facilitates the
clearance of MWOCNTs and moderates the pro-
inflammatory response of exposed alveolar and infiltrated
macrophages (Vandivort et al., 2017). After administration,
CNTs were removed from the lungs, but these nanoparticles
can move to distant organs. Intratracheally instilled CNTs
can reach the liver, spleen, and bone marrow by passing
through the air-blood barrier (Czarny et al, 2014; Deng
et al, 2007). Hepatic accumulation and subsequent
hepatobiliary removal of functionalized CNTs have been
well reported in various animal models.

Hepatic and renal clearance of covalently functionalized

CNTs includes receptor-mediated endocytosis, cellular
trafficking, and biliary elimination. The water-soluble
functionalized =~ CNTs  prefer fenestrated  sinusoidal

endothelium localization instead of hepatocytes or resident
macrophages of the liver. It has been found nanoparticles/
nanotubes could be cleared by stabilin receptors mediating
endocytosis (Alidori ef al, 2016). The excretion paths of
CNTs have not been well explained, but renal and fecal
routes emerge to be the main removal routes for CNTs.
Numerous researchers have been reported nano-toxicological
excretion and spreading of CNTs in vivo models, but a
systematic toxicokinetics evaluation of the CNTs is still
needed. In most recent studies of CNTs toxicity, it focused
only on short-term toxicological assessments, whereas
assessment of long term toxicity studies is still unexplored.
Therefore, to ensure the biosafety of CNTs, their long-term
assessment deposition and excretion must be studied using
various cell lines and animal models before their final use in
medical and diagnostics (Gedda et al., 2019).

Toxicity of CNTs in organs

Biocompatibility and the toxicity of CNTs have been analyzed
and observed by theoretical and experimental studies. CNTs
can cause chronic injuries and acute inflammatory responses
by interfering with essential organs’ normal physiological
functions. After inhalation, CNTs translocated to lung
lymph nodes and resulted in lung injury and inflammation
(Aschberger et al., 2010). CNTs have primarily been used in
neurosurgery to deliver drugs or genes for brain tumor
treatment, biocompatible spinal devices, bio-sensing, and
bio-imaging techniques (Visalli et al, 2017). Studies of
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graphene on the chicken embryo model showed that
grapheme flakes halt the transcription and translation
processes of RNA and DNA, leading to brain tissue damage
(Gholamine et al, 2016). Most of the recent research of
CNTs mainly focuses on synthesis and applications rather
than their toxicological studies. The data of the toxic study
on CNTs is underway. CNTs also impose reproductive and
developmental toxicity (Gedda et al, 2019). Inhaled
MWCNTs translocated to extrapulmonary organs, and their
hydrophobicity allows them to cross the blood-brain barrier
(BBB). Neurotoxicity and neuroinflaimmation of pristine
functionalized MWCNTSs toxicity are time- and dose-
dependent and results in reactive oxygen species (ROS)
overproduction, mitochondrial impairment, DNA damage,
and decreased viability. It also increases the transcription
levels of TNFa, IL-1f, and IL-6 that is confirmed by an
ELISA test (Visalli et al., 2017; Facciola et al., 2019).

Possible toxicity mechanisms of CNTs
Although many researchers studied the toxicity of CNT's using
diverse model systems such as chicken, mouse brain, lungs,
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embryonic and pulmonary systems, the exact mechanism(s)
underlying the toxicity of CNTs remains vague. A schematic
of the possible primary mechanism(s) of CNTs cytotoxicity
is demonstrated in Fig. 2. Based on previous reports, the
toxicity mechanism involves different targets. Here, we
described various mechanisms in brief.

Physical Destruction, Membrane Damage, and Cellular
Uptake

It was postulated that nanomaterials induced physical injuries
to cells, and its subcellular components are one of the major
causes of nano-toxicity. The impairment of nanomaterials’
cellular structures is a determining factor of nano-toxicity
(Wu et al., 2012). The physical contact of CNTs with cell
walls/membranes is one of the leading causes of CNTs
cytotoxicity (Liu et al, 2012; Shimizu et al, 2013). The
strong interactions of CNTs with the cell membrane lead to
morphological changes. CNTs, when came in direct contact
with the cell membrane, lead to increase cell permeability,
ultimately cause cell death as proved by various studies
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FIGURE 2. Schematic of cellular cross-talks and cytotoxicity mechanisms: (1) CNTs get internalized by various pathways, through ion
channels and different endocytic pathways. (2, 7) CNTs can trigger several signaling cascades (NF-kB, NLRP3 inflammasome, p53, TGF-
B1, and MAPK pathways), dysregulation of these signaling pathways leads to abnormal gene expression and protein functions. (3) CNTs
induce ROS accumulation and lysosomal membrane permeabilization (LMP), resulting in the translocation of hydrolytic enzymes (e.g.,
cathepsins) to the cytoplasm. (4) ROS and LMP could potentially cause necrosis and autophagy/apoptosis dysfunction characterized by
cleavage of caspasel and downstream IL-1p release. (5, 6) Conditions resulting from effector-mediated loss of homeostasis such as
oxidative stress, inflammation, mitochondrial perturbation (release of CytC, disrupted mitophagy), ER stress (unfolded protein response-
UPR, accumulation of ubiquitinated protein aggregates). (8) Loss of homeostasis can result in the cell death pathways; necrosis and
apoptotic and autophagic cell death. Finally, CNT may result in oxidative stress or inflammatory responses that in turn have the potential
to damage DNA and alter transcriptional patterns by de-regulating various epigenetic events, (9) DNA methylation, (10) histone modification
and (11) miRNA expression
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conducted on bacterial cells (Arias and Yang, 2009; Kang
et al, 2007; Nepal et al., 2008; Rajavel et al., 2014). The
effects of MWCNTSs in macrophages (RAW264) cells were
examined. It has been found that MWCNTs are mainly
located on the surface of the plasma membrane and cause
direct physical perturbation of bio-membranes by
transmembrane current fluxes (Shimizu et al, 2013). It has
been reported that MWCNTSs traverse through the lipid
bilayer membrane and form CNTs channels that allow the
transport of ions from the cell membrane and ultimately
destroy the cells. (Corredor et al., 2013).

The degree of dispersion, the formation of supra-
molecular complexes, and the nanotube length are crucial
factors that determine their cellular uptake (ADME) and
toxicity (Raffa et al, 2010). A study conducted on human
lung epithelial (A549) and primary macrophages suggested
that the MWNT-NH;" got internalized in these cells via
membrane wrapping, translocation, etc. (Al-Jamal et al,
2011). Clathrin-mediated, caveolae-mediated, and
macropinocytosis are the most common endocytic pathways
associated with MWCNTs internalization into the human
bronchial epithelial cells and human mesothelial cells
(Maruyama et al., 2015). In human hepatocellular carcinoma
cells, depending on the size of the SWCNTs, clathrin-coated
pits, caseload-mediated endocytosis, and direct uptake
through an energy-independent pathway involving their
insertion and diffusion across the cell membrane are involved
in the internalization (Kang et al, 2010). In an integrated
systems toxicology study using Caenorhabditis elegans, the
toxicity of pristine and hydroxylated (OH™) multi-wall CNTs
(MWCNTs) was investigated. The result of pathway analyses
proposed that endocytosis, phagocytosis are the potential
mechanisms of MWCNTs uptake. The endocytosis- and
phagocytosis- related genes (ced-10 and rab-7) were
significantly up-regulated by CNTs exposure (Eom et al., 2015).

ROS Generation and Oxidative Stress-Induced
Endoplasmic Reticulum (ER) and Mitochondrial Damage

CNTs induced ROS generation leading to oxidative stress,
described as one of the most acceptable toxicity mechanisms
(Shvedova et al, 2012). Oxidative stress occurs when
increasing ROS levels surmount the activity of cellular
antioxidative defense systems. ROS can cause direct damage
to cellular biomolecules. Since ROS acts as second
messengers, they can induce various intracellular signaling
cascades leading to macromolecular damage (Genestra,
2007; Son et al, 2011). ROS break lipid membrane, cause
DNA fragmentation, protein degradation, and dysfunction
of mitochondria and ER that ultimately disturb the various
signaling pathways (Galluzzi et al, 2012; Nel et al., 2006;
Pulskamp et al., 2007). In the first step of the cytotoxicity
mechanism, CNTs interact with cellular entities that lead to
excessive oxidative stress and ROS generation cause
mitochondrial damage to cultured human lung cells
(Jacobsen et al., 2008; Pacurari et al., 2008; He et al., 2011).
Studies have also shown that SWCNT induces oxidative
stress and causes a significant decrease in superoxide
dismutase (SOD-1 and SOD-2) levels in lung epithelial (LE)
cells (Sharma et al, 2007). Exposure to CNTs causes
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concentration-dependent cytotoxicity in cultured HEK293
cells by increasing thiobarbituric acid reactive substances
(TBARS) and decreasing intracellular glutathione levels
(Reddy et al, 2010). MWCNTs induced ROS production
significantly reduce the activity of catalase and glutathione in
human lung epithelial cell line-A549 (Srivastava et al., 2010).

Investigation on rat lung epithelial (LE) cells showed that
the incubation of LE cells with 0.5-10 pg/mL of MWCNTs
caused a time-dependent increase in the formation of free
radicals, the accumulation of peroxidative products, the loss
of cell viability, and antioxidant depletion are the major
effects (Ravichandran et al, 2009). Mitochondria are the
energy factory of cells and are the primary source of
intracellular ROS (Murphy, 2009). They are involved in
many cell signaling pathways and play essential roles in
redox homeostasis and apoptosis (Finkel, 2012). Cellular
mechanisms leading to redox homeostasis involve their
interactions with other organelles, like the endoplasmic
reticulum (ER), and play an essential role in the folding and
trafficking of proteins. If any defects arise in the ER’s
protein-folding mechanism, it will induce aggregation of
miss-folded proteins that lead to apoptosis due to defected
cellular signaling process and redox homeostasis (Cao and
Kaufman, 2014; Zhang and Kaufman, 2008). Evidence
suggests that ROS mediated oxidative stress profoundly
affects mitochondria and ER’s functioning by activating
complex adaptive or pro-apoptotic signaling known as the
unfolded protein response (UPR) that alter the redox
homeostasis of ER, causing cell death (He ef al,, 2011).

Another study showed that SWCNTSs cause a reduction
of cytochrome C (Cyt C) and affect the redox activity of Cyt
C due to attenuated electron transfer and conformational
change of Cyt C. SWCNTs also modulates membrane
potential in mitochondrial and cellular respiration in human
epithelial cells (Ma et al., 2012). A Recent recent study on C.
elegans described that MWCNT causes significant ER stress
(Eom et al., 2015). Oxidative stress further modulates lipid
homeostasis, inflammatory pathways, autophagy, apoptosis,
and cell necrosis. In vitro studies conducted on neuronal
PC12 cells at the biochemical, cellular, and gene
expressional levels demonstrated that SWCNTs elicited
ROS, indicating oxidative stress. CNTs explicitly expressed
the gene involved in the dysfunction of oxidoreductase and
antioxidant activity, nucleic acid or lipid metabolism, and
mitochondria (Zhang et al., 2011). The integrated system
toxicology approach in C. elegans provided a comprehensive
insight into the toxic mechanism of MWCNTSs, Microarray,
and proteomic analyses that were conducted along with the
pathway analyses. A decreased expression of hsp-4 and
increased sensitivity of the hsp-4(gk514) mutant and at both
replication and translation level suggests that MWCNTs
may affect ER stress response (Eom ef al, 2015). A very
recent study conducted on THP-1 macrophages
documented that MWOCNT exposure promoted the
expression of ER stress gene DDIT3 as well as ER stress
protein p-chop as well as scavenger receptors, namely CD36
and MSRI. The results suggested that MWCNT could
promote lipid accumulation, which could be related to the
modulation of ER stress leading to upregulation of
scavenger receptors (Long et al., 2019).
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Inflammatory Response

Inflammation is defined as a defense response induced by
cellular damage and stress. The inflammatory process starts
with two types of stimuli: Direct damage to cell organelles
caused by external invaders and indirect effects caused by an
extreme imbalance of cellular homeostasis (Chovatiya and
Medzhitov, 2014). Cellular inflammation is characterized as
increased gene transcription factor activities known as a
nuclear factor-kappaB (NF-kB). CNTs get administered inside
the cell via intratracheal instillation or intravenous
administration. A high dose of CNTs elicits pulmonary edema,
granuloma formation, and inflammatory cell responses. It is
reported that Double-walled carbon nanotubes (DWCNTs)
could localize in mice lungs can trigger inflammation by the
accumulation of cytokines TNF-a, IL-1a, IL-1B, IL-6, IGF-1,
leptin, granulocyte colony-stimulating factor (G-CSF), a type
of growth factor, and vascular endothelial growth factor
(VEGEF), a signaling protein (Crouzier et al., 2010). Exposure
of MWCNTs to A549 cells led to induction in interleukin-8
(IL-8) gene expression and nuclear factor NF-kB activation
(Ye et al, 2009). A study on human keratinocytes suggests
that SWCNT activates stress-related kinases due to the
activation of NF-kB in a dose-dependent manner (Manna et
al., 2005). MWCNTs promote inflammation by activating the
NEF-kB signaling pathway in macrophages (e.g, RAW264.7) to
increase the secretion of cytokines and chemokines (TNFa, IL-
1B, IL-6, IL-10, and MCP1). NF-«B activation rapidly degrades
IxBa, nuclear accumulation of NF-kBp65, binding of NF-«B to
specific DNA-binding sequences, and transactivation of target
gene promoters. Moreover, MWCNTs cause fibrosis by
inducing the production of profibrogenic growth factors (e.g.,
transforming growth factor-beta 1 (TGF-fl) and platelet-
derived growth factor). The study revealed that MWCNTs
provoke a network of interconnected signal pathways resulting
in oxidative damage, production of cytokine production, and
transformation of myofibroblast that trigger the toxicity and
fibrosis in human lungs (He et al., 2011).

Histopathological studies revealed pulmonary fibrosis in
male C57BL/6] mice, resulting in adverse health outcomes in
the lung upon exposure to MWCNTs (Porter et al., 2010).
CNTs evoke an inflammatory response when bind to toll-
like receptors (TLRs) and activate the NF-xB signaling
pathway in cells that induce an excessive expression of
specific cytokines and chemokines (i.e., IL-8 and MCPI)
(Meunier et al., 2012; Turabekova et al, 2014). A study
compared the toxicity of CNTs with asbestos and reported a
similar type of toxicity. Like asbestos CNT also activate the
secretion of IL-1P from LPS-primed macrophages but only
long needle-like CNT induced IL-la secretion. siRNA
experiments suggested that the NLRP3 inflammasome was
essential for long, CNT, and asbestos-induced IL-1f
secretion (PalomiKi et al., 2011). In vitro and in vivo effects
of SWCNT were assessed on murine epidermal cells
(JB6 P+) and immune-competent hairless SKH-1 mice. The
findings revealed the generation of free radicals and
oxidative stress on the topical exposure of SWCNT. These
also activate NF-kB that ultimately causes dermal toxicity
besides increasing the number of dermal cells and skin
thickening due to the accumulation of polymorphonuclear
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leukocytes (PMNs) and mast cells (Murray et al., 2009).
SWCNTs exposure in mice significantly decreased their
brain to body ratio. SWCNTSs induce monocytes” production
into the bloodstream and significant hematological changes
and induce secretion of Th2-type cytokines (IL-10) in the
bronchoalveolar lavage (BAL) fluid. Activation of normal T
cells by CNTs increases the secretion of (RANTES), p53,
and induces nitric oxide synthase (INOS). Fibrotic
histopathological induce the expression of cyclooxygenase-2
(COX-2) and transcription 3 (pSTAT3) that decrease the
histamine secretion in BAL fluid (Park et al, 2011). It was
recently reported that CNTs might directly affect the
fibroblasts by induction of fibroblast proliferation and
differentiation by Smad signaling. Moreover, there was an
indirect activation of fibroblasts via the release of pro-
fibrotic (PDGF and TGF-B) and pro-inflammatory (IL-1P)
mediators by macrophages through the induction of
oxidative stress, inflammasome, or NF-kB (Vietti et al., 2015).

Apoptosis, Autophagy, and Necrosis

Apoptosis is defined as the self-destruction of a cell regulated
by many genes/proteins through a complex mechanism (Wei
et al, 2010). Activation of apoptosis is trigger by either
intrinsic cues or activation of the appropriate extrinsic
pathways by external stimuli. The extrinsic apoptosis
pathway is driven by caspase, whereas the intrinsic
apoptosis pathway may transpire by either caspase-
dependent or caspase-independent signaling (Fadeel and
Orrenius, 2005). Extrinsic apoptosis is mediated through
transmembrane receptors of the tumor necrosis factor
(TNF) receptor superfamily (Meier and Vousden, 2007).
Numerous types of cellular stress like DNA damage,
oxidative stress, overload, endoplasmic reticulum ER stress
activates the intrinsic pathway of apoptosis (Andén and
Fadeel, 2012). ROS-dependent activation of mitogen-
activated protein kinase (MAPK) p38 and TGF-f, as well as
a vascular endothelial growth factor (VEGF), related
signaling pathways, reported in cytotoxic response to CNTs
(Azad et al, 2012). MWCNTs-induced apoptotic changes
were studied in human lung epithelial cell line-A549.
Apoptotic changes were estimated by nuclear condensation,
DNA laddering, and expression of associated markers: p53,
p*! WARVCIPL Bax, Bcl,, and activated caspase-3 (Srivastava
et al, 2010). A previous study compares differences in
cytotoxicity between the acid-treated and taurine
functionalized MWCNTSs, using a murine macrophage
(RAW 264.7) cell line (Wang et al., 2012).

SWCNTs can inhibit HEK293 cells by inducing cell
apoptosis and decrease the expression of cell cycle-
associated genes (e.g., pl6, bax, p57, hrk, cdc42, and cdc37).
Also, a down-regulated expression of cell cycle genes such as
cyclin-dependent kinases (cdk2, cdk4, cdk6, and cyclin D3)
and signal transduction-associated genes (e.g., mitotic arrest
deficient 2, Janus kinase 1, and MAP Kkinases). Protein
associated with cell adhesion (laminin, fibronectin, cadherin,
FAK, and collagen IV) were also downregulated. It has been
found that ES cells exposed to MWNTs induce apoptosis in
mouse ES cells and activate the tumor suppressor protein
p53 within two h of exposure (Zhu et al, 2007).
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Investigation of the adverse effects of MWCNTSs in rat lung
epithelial (LE) cells showed stimulated apoptosis signaling
pathways through caspase activation. Incorporation of
deoxyuridine triphosphate (dUTPs) in the nucleus and an
increase in the activity of both caspases-3 and caspase-8 in
cells justify the hypothesis (Ravichandran et al, 2009). It
was reported that MWOCNT causes an alteration in
mitochondrial membrane integrity, increased the levels of
the mitochondrial apoptogenic factor, and nuclear
translocation of NF-kB in lung epithelial cells. Induction of
phosphorylated IxBa and its degradation and activation of
several apoptotic proteins and factors p53, p21, has been
reported to MWCNT treatment (Ravichandran et al., 2010).

Autophagy is the process of self-degradation of cellular
components and is recently recognized as a non-apoptotic,
lysosome-based pathway of cell death (Levine and Klionsky,
2004). Autophagy activation requires autophagosome
formation containing Beclin 1, multiple autophagy-related
proteins (ATG), microtubule-associated protein light chain 3
(LC3), and p62 (Stern et al, 2012). Exposer of various
nanoparticles led to the accumulation of autophagosome, but
the exact mechanisms are still unknown because
autophagosome accumulation can result in autophagy
blockade (Lee ef al, 2014; Wan et al., 2013). Some studies
have been conducted dealing with the CNTs induced
autophagy. Evaluation of SWCNTs toxicity revealed that
carbon nanomaterials cause adverse effects in murine
peritoneal macrophages. CNTs induced autophagosome
accumulation, and degradation of the autophagic p62 protein
was also inhibited. A study on CNTs infected lysosomes
revealed that the lysosome membrane was destabilized,
indicating reduced autophagic degradation (Wan et al., 2013).
Another study reported that carboxylated MWCNTs induce a
decrease in the viability of cultured human umbilical vein
endothelial cells (HUVECs); these cells are associated with
the accumulation of autophagosomes.

This autophagosomes accumulation was mTOR kinase-
independent and was caused by the blockade of the
autophagic flux (Orecna et al., 2014). Moreover, it has been
found that CNT-induced NLRP3 inflammasome activation
depended on ROS production, cathepsin B activity, tyrosine
kinases (PalomdKi et al, 2011). The increasing use of
nanoparticles also resulted in the development of a novel
class of autophagy activators. In an in vivo study, it was
reported that COOH-CNT induces autophagic cell death in
A549 cells through the AKT-TSC2-mTOR pathway and
causes acute lung injury. Inhibition of autophagy
significantly reduces COOH-CNT-induced autophagic cell
death and ameliorated acute lung injury in mice (Liu et al,
2011). Necrosis is another mode of cell death induced by
cellular damage and inflammatory responses. The exposure
of mouse macrophage cell line RAW 264.7 to CNTs induces
an inflammatory response, the release of tumor necrosis
factor-a (TNF-a), and cell death by necrosis and apoptosis
(Di Giorgio et al., 2011). Macrophages treated with a
mixture of lipopolysaccharide and SWCNTs induced cell
death via necrosis since SWCNTSs induced the expression of
TNFs (Kim et al, 2014). All these findings suggest that
CNTs may influence immune responses and causes
apoptosis and necrosis. MWCNT induces injury or necrosis
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of lung epithelial cells and releases HMGB1 and DNA into
the extracellular space (Hiraku et al., 2015).

DNA Damage and Epigenetic Changes

Due to small size and high surface area, CNTs may possess
significant genotoxic properties that may cause severe DNA
damage and influence epigenetic changes. Epigenetic
modifications such as DNA methylation, histone modification,
and microRNAs influence gene activity without affecting the
DNA sequence (Fabian and Sonenberg, 2012; Nishikura, 2010;
Smith and Meissner, 2013). DNA methylation, one of the
best-studied epigenetic modifications, can lead to chromatin
remodeling, comprising phosphorylation, ubiquitination, and
ATP-ribosylation (Portela and Esteller, 2010; Smith and
Meissner, 2013). CNTs interact with DNA and chromosome
and may cause chromosomal fragmentation, DNA strand
breakages, point mutations, and alterations and defects in
DNA repair pathways and blockade in cell cycle progression
(Catalan et al, 2015; Ghosh et al, 2011; Lan et al, 2014;
Moller and Jacobsen, 2017; Sasaki et al., 2016; Siegrist et al,
2014). MWCNTs can induce structural chromosomal
aberrations in cultures of isolated human lymphocytes
(Catalan et al., 20115 Sasaki et al., 2016). In an in vitro study,
the potential genotoxic effects of CNTs on human bronchial
epithelial BEAS 2B cells revealed that both CNTs are
genotoxic to the cells (Lindberg ef al, 2009). Another study
conducted on the Allium cepa, mouse bone marrow cells, and
pBR322 plasmid DNA suggests that MWOCNTs show
genotoxic effects on the plant and mammalian cells.
Chromosomal aberrations, DNA strand breakages, and
apoptosis were reported as the main genotoxic responses to
alter genomic activities (Ghosh et al,, 2011). The treatment of
MWCNTs does not cause significant DNA damage but halts
the DNA damage repair mechanism of the cells and
ultimately causes oxidative DNA damage (McShan and Yu,
2012). A quantitative toxicogenomics study evaluated the
nanotoxicity of SWCNTSs on yeast. The results designated that
oxidative stress and DNA damage were the principal
mechanisms of action for all the selected SWCNTSs. Level of
toxicity varied with length, surface functionalization, and
electronic structure of SWCNTSs. Short SWCNT exerts higher
toxicity than the long one. Surface functionalization, namely
carboxylation (higher) and hydroxylation, led to more overall
toxicity, especially genotoxicity, as compared to the non-
functionalized counterpart. The nucleus is likely the primary
target site for long, short, and carboxylated SWCNTs, and
mechanical damage is likely responsible for the DNA damage,
specifically related to degradation of the DNA double helix
structure. Finally, the metallic SWCNT exerting much higher
toxicity than the semiconducting one, which exhibited
minimal toxicity among all the SWCNTs (Jiang et al., 2020).
Zhu et al. (2007) reported overexpression of two protein
8-oxoguanine-DNA glycosylase 1 (OGG1), double-strand
break repair protein Rad 51, phosphorylation of H2AX
histone at serine 139, and SUMO modification of XRCC4 in
mouse embryonic stem cells under the stress of MWCNTs.
Within the centrosome, CNTs can be integrated with
microtubules and DNA strands. They can cause blockage in
the cell cycle, indicating a G1/S block in the cell cycle



274

PIYOOSH KUMAR BABELE et al.

TABLE 1

The table depicts a close association of physiochemical properties of CNTs with toxicity and benefits

Physicochemical Toxicity
properties of
CNTs

Benefits References

Size/shape of
CNTs

Inflammation, granuloma, lung fibrosis, ROS
generation, DNA damage, lysosomal damage,
mitochondrial dysfunction, and eventual cell
death via apoptosis or necrosis, agglomerated
CNTs have more cytotoxicity, cutaneous and
pulmonary toxicity.

Functional group  Granulomas and lung fibrosis, pneumonitis,

(functionalization persistent alveolitis and interstitial fibrosis,

of CNTs) immune-mediated cytotoxicity, reproductive and
developmental toxicity.

Production Peri-bronchial inflammation and necrosis,

method pulmonary fibrosis, focal fibrosis of the alveolar

(chemical or green wall, inflammatory infiltration in the visceral

synthesis) pleural and subpleural areas.

Impurities Local and systemic inflammation, inflammation

(purification and
processing of

and granulomas, DNA damage, persistent
inflammation, and fibrosis.

CNTs)
Conjugated vs. Inflammatory response, oxidative stress, collagen
non- deposition, inflammation, and multifocal

conjugated CNTs granulomas, cell-cycle inhibition,

Size defines a functional attribute for CNTs. The Aschberger
penetration of CNTs into the cellular and sub- et al. (2010)
cellular environment is size-dependent and offers Kang et al.

ease in drug delivery. (2010)

Low toxicity, a functional group often used to  Allegri et al.

change physiochemical properties of CNTs to a  (2016)

larger extent and toxicity as well. Poulsen et al.
(2016)

Green synthesis of CNTs now preferred as to Gedda et al.

remain associated with less toxicity and more (2019)

biocompatible

No increase in TNF-a. Liu et al.

Decrease in local oxidative stress (2012)

These CNTs are designed as per need and offer a Costa et al.
wide range of applications with extended efficacy (2016)
and safety

(Siegrist et al., 2014). The effect of MWCNTSs was tested on
three human leukemia cell lines (HL-60, U-937, and K-562).
There was a reduction of cell proliferation linked with an
arrest in the GO/G1 phase and the increase of apoptosis.
Diminished expression of cyclins D, E, A, Bl levels, and
CDK4 likely mediated growth inhibition.

Moreover, the apoptotic effect is presumably mediated
by the combined action of the survival and pro-apoptotic
AKT and mitogen-activated protein kinase (MAPK) signal
transduction pathways (Dinicola et al, 2015). Hiraku and
co-workers demonstrated that high mobility group box
protein 1 (HMGB1) and dsDNA from A549 cells could be
released into culture supernatant after MWCNT exposure.
The HMGBI1-DNA complex binds to RAGE on neighboring
cells, and then CpG DNA is recognized by TLRY in
lysosomes, which leads to the generation of nitric oxide and
contributed to carcinogenesis (Hiraku et al, 2015). A study
conducted on the R&D workers revealed significant hyper-
methylation of DNA-methyltransferase 1 (DNMT1).
However, no significant change was observed in the
sequence-specific DNA methylation in the promoter region
of ATM, SKI, and HDAC4 genes (Ghosh et al., 2016).

Genotoxic and alteration in DNA methylation have been
reported in human monocytic cells (THP-1) in response to
SWCNTs and MWCNTs. It was observed that the CNTs
induced methylation of promoter-specific genes, and about
1127 different genes were identified to be hypomethylated.
Several genes for signaling cascade pathways, vascular
endothelial growth factor, and platelet activation pathways got
methylated and contributed to epigenetic alternations

(Oner et al, 2016). A recent study suggests that exposure to
MWCNT for a long duration may affect 755 CpG sites,
mainly located at low-density CpG regions (Sierra et al., 2017).
Altogether, these data suggest that CNTs could significantly
alter gene expression programming by remodeling epigenetic
changes. However, studies of CNTs-induced epigenetic
changes are not many, and the epigenetic mechanism caused
by CNTs exposure is not completely understood.

To conclude, many studies have discussed CNT's toxicity
and revealed the involvement of four signaling pathways: Toll-
like receptors (TLRs), TGF-f, TNF-a, and MAPKs. These four
signaling pathways are correlative and start the inflammatory
response, autophagy, and apoptosis at the end of cycles, and
most importantly, oxidative stress activates these pathways.
However, GFNs toxicity investigated in very few papers to
date, and the network of signaling pathways need to be
explored in detail in the future.

Conclusion and Perspectives

Despite a commercial commodity, CNTs were remained
associated with several health issues and had a great concern
among researchers worldwide to overcome associated nano-
toxicity. First and most important, the CNTs toxicity with
biological tissues remains a major challenge for its applications
in diagnostics purposes as they are difficult to solubilize in
biological milieu, non-bio-degradable, -compatible, and
immunogenic. Apart from the biological application, the level
of synthesis and fabrication remains a major challenge for
CNTs synthesis. The physical properties of the CNTs
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depreciated due to their higher rate of self-assembling and
random distribution. For example, suppose a CNT is used for
bio-molecular therapy (Gene Therapy, gene silencing, and
enzymes). In that case, biomolecules (DNA, RNA, and
proteins) and the strength binds with CNTs will not be
adequate to complete delivery. Extrinsic residues such as
catalysts (As, Ni, Fe, etc.) may further negatively affect the
biological applications of CNTs in the milieu of biological
tissues. The determination of physical properties and synthesis,
purification, and microfabrication CNTs remains associated
with several challenges to end with specific CNTs (Tab. 1).
Further, large numbers of CNTs are being synthesized from a
chemical-based precursor, which had a negative impact on the
environment. Hence, there is an immense need to find novel
methods such as green synthesis of CNTs.

The CNTs and associated toxicity remain a concern in
developing approaches and strategies to minimize the
negative impact on biological tissues and the environment.
Several factors result in tissue-specific toxicity of CNTs,
including a functional group, purity of CNTs, and size of the
nanoparticle. It is essential to understand why these are
associated with CNTs toxicity. Now, optimizing all these
parameters will surely minimize CNTSs toxicity. Several ways
via CNTs get introduced into biological tissue include oral,
nasal, transdermal, subcutaneous injection, intraperitoneal,
etc. The toxicity of CNTs largely depends on the affinity of
CNTs with biological tissue and biomolecules. Hence,
optimizing physicochemical properties, mainly in synthesis
and purification of CNTs, will minimize affinity with the
biomolecule and reduce associated toxicity. Having a
centralized database for CNTs toxicity in the context of
physicochemical properties of CNTs will be added benefits to
minimize associated toxicity from the beginning, i.e.,
synthesis to purification. Specific studies were carried out in
organs, such as the spleen, liver, and kidney, and the injury
symptoms, damage index, and level of damage to these
internal organs were investigated thoroughly (Reddy et al,
2010; Gedda et al., 2019). Neurotoxicity studies of CNT's are
very scarce. Not many studied are conducted on how nerves
or brain tissues, how CNTs cause damage, and its effect on
the infected individual’s behavior are not well reported.
Therefore, these studies are extremely significant and require
considerable attention in the future. In conclusion, a well-
established in vivo system will be essential in understanding
the nature and extent of the toxicity of CNTs. Considering all
the given measures, it will be quite useful in minimizing
asthma, bronchitis, emphysema, and lung cancer reported as
major CNTs toxicity.
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