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ABSTRACT

The increased volumes of carbon nanotubes (CNTSs) being utilized in industrial and
biomedical processes carries with it an increased risk of unintentional release into the
environment, requiring a thorough hazard and risk assessment. Following exposure via
inhalation, intratracheal instillation or ingestion CNTs have been shown to translocate to
the liver. The liver has a crucial role in metabolic homeostasis, as it is responsible for the
storage, synthesis, metabolism and redistribution of carbohydrates, fats and vitamins, and
numerous essential proteins. Nanoparticle (NP) exposure might promote hepatic
steatosis, but relatively few studies investigated the influence of multi-walled carbon
nanotubes (MWCNTS) on lipid accumulation in hepatocytes in vitro. It's been observed
that MWCNT showed hepatotoxicity in vitro at the concentration above 20ug/ml but its
effect on liver cells at lower concentrations is not yet explored. Here, we performed
integrated systems toxicology approach for detailed study to evaluate the dose-
dependent response of hepatocytes against CNT and the possible role of lipophagy
(autophagic degradation of lipid droplets) in MWCNT-exposed HepG2 cells. For this
purpose, hepatocytes cell line was treated with MWCNT of different concentration ranging
100pg/ml to 5ug/ml. Pristine MWCNTs were internalized, accompanying cytotoxicity,
lysosomal destabilization, and intracellular reactive oxygen species (ROS) production.
DAPI staining revealed that MWCNT at higher concentration caused significant damage
to the DNA and decreases the cell viability. Apoptosis was assessed using propidium
iodide/acridine orange (PI/AO) staining, compared to nontreated controls. Furthermore,
the propidium iodide/acridine orange (PI/AO) staining showed an increased apoptosis
after treatment. The intracellular lipid accumulation was observed by Oil Red O staining
methods. Combined, these results suggested that MWCNT exposure might promote lipid

accumulation in hepatocytes probably through the modulation of lipophagy pathway.


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/systems-toxicology
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CHAPTER 1
INTRODUCTION

Nanotechnology is the understanding, design, and development of new materials
with interesting characteristics at the nanometric scale where the effects of quantum
mechanics are noticeable. These nanomaterials have at least one dimension between
1 and 100 nm, and adapt the shape of nanopatrticles, nanotubes, or nano surfaces. On
the other side, nanobiotechnology refers to the intersection of nanotechnology and
biology, combining the efficacy of biological materials and the rules and tools of basic
sciences like physics and chemistry. It is also defined as the science that investigates,
beyond the molecular level, the design and development of highly ordered structured
materials that offer specific responses when exposed to stimuli. The development of
these nanomaterials has reached a wide use in numerous scientific and technical felids,
including water treatment electrocatalysis, catalysis, materials, and biomedical
applications from cancer treatment to regenerative medicine. In fact, these structures
have become increasingly useful in two main areas of biomedicine: (1) nanomedicine,
with noteworthy applications in imaging, biosensors, drug delivery systems, and photo
thermal therapy; and (2) tissue and implants engineering either as scaffold-based
nanomaterials or as components of biomedical devices. These nano compounds can
be subcategorized into four wide groups depending on their composition: carbon-
based, inorganic-based, organic-based, and composite-based.

Among the carbon-based materials, carbon nanotubes (CNTs) found by ljima in
1991—constitute a new allotrope of carbon that deserves special interest due to
distinctive physical and chemical characteristics that make them especially suitable for
preclinical applications. SWCNT (Single-walled carbon nanotube) and MWCNT (Multi-
walled carbon nanotube) are two types of nanotubes. SWCNTSs are carbon nanotubes
that have a structural arrangement similar to that of a graphite sheet coiled up into a
cylinder(Ohadi et al.,, 2022). In contrast, MWCNTs have a larger diameter than
SWCNTs because they are made up of several single-walled tubes stacked one within

the other in concentric layers(Johnston et al., 2010). While SWCNTs are recognized



for distinct electrical, optical, or chemical capabilities existing at the nanotube scale, the
unique features of MWCNTs are mainly related to the bulk material(Jha et al., 2020;
Khan et al., 2021). Post-synthesis chemical and thermal modification processes adjust
aggregate features of MWCNTSs such as large surface area, thermal conductivity, or

tensile strength for specific applications(Shimizu et al., 2020),(Kang et al., 2008).

Single walled Multi walled
Carbon nanotube Carbon nanotube
(SWCNT) (MWCNT)

Created in BioRender.com bio

Fig 1.1: Structure of CNT, SWCNT and MWCNT (created using Biorender tool)

Multiple studies on the uses of carbon nanotubes in biology and medicine have
been investigated in recent years(Sinha et al., 2021). CNTs (Carbon nanotubes) are
currently used as drug delivery systems, membrane components in gene therapy,
tissue engineering materials, neural scaffolds, and drug delivery systems. Carbon
nanotubes can be utilised to simulate neural fibres for the formation of neurons,

according to in vitro research. Additionally, carbon nanotube surfaces can be



chemically altered to provide electrically charged spots that can bind a variety of
biomolecules(Sinha et al.,, 2016),(Fraczek et al., 2008). As the use of carbon
nanotubes in increasing the quality and efficacy of drug delivery systems expands, so
will their exposure to humans. As a result, it is critical to explore the difficulties related
to CNT toxicity(Wu et al., 2020). Numerous data and research have been presented to
assess the kind of toxicity introduced by the usage of CNTs in biological systems,
particularly during the administration of medications (Mohanta et al., 2019a),(Yi &
Chen, 2013). MWCNTs have previously been found to inhibit cell growth and produce
oxidative damage, apoptosis, or necrosis in vitro. MWCNT inhalation causes lung injury
or a systemic inflammatory response, oxidative damage, and genotoxicity. CNTs
attached to proteins in systemic circulation are deposited in organs of the
reticuloendothelial system, such as the liver and spleen via blood transport, where they
might have therapeutic or potentially harmful effects. An in-depth investigation of CNT-
protein interactions is critical for drug delivery applications and CNT biological safety
concerns (T. Zhang, Tang, etal., 2019; Y. Zhang et al., 2016). Regardless of the dosing
mode, almost all nanopatrticles studied, including MWCNTSs, accumulate predominantly
in the liver. Furthermore, nanoparticles have been demonstrated to stay in the liver for
a long time, usually months or years. A high concentration of nanopatrticles in the liver
induces inflammation and has the ability to impair various metabolic activities (Y. Zhang
et al., 2016).

Moreover, carbon-based particle exposure could promote lipid accumulation in
hepatocytes and consequently lead to the development of hepatic steatosis, which
might further develop into non-alcoholic steatohepatitis (NASH) and liver cancers
(Galassi et al.,, 2018). However, the mechanisms linking NP exposure and lipid
accumulation remain poorly understood. In mammalian cells, neutral lipids are stored
in lipid droplets for energy generation and membrane homeostasis, and the regulation
of lipid droplets is heavily dependent on the proper function of the autophagy-
endoplasmic reticulum (ER) system (Tsukahara & Haniu, 2011). Lipid droplets could
be fused with lysosomes before the selective breakdown of the autophagic machinery,
a process termed lipophagy. Lipophagy is a form of lipid metabolism in different types
of mammalian cells, such as liver cells and macrophages. Lipophagy might also

3



influence lipid droplet formation since autophagy and ER stress are closely
interconnected (H. Yang et al., 2019). ER is a major organelle involved in the regulation
of de novo biogenesis of lipid droplets, and the perturbation of the normal function of
ER could result in ER stress and consequently abnormal lipid droplet biogenesis
(Henderson et al., 2015; Z. Liu et al., 2014; C. Zhao et al., 2018). However, relatively
few studies investigated the possible involvement of lipophagy in NP induced lipid
accumulation (Long et al., 2019). High concentrations of MWCNTs could modulate
autophagy-ER stress gene expression. Given the importance of autophagy-ER stress
in lipid metabolism, MWCNT exposure could also influence lipid droplets in liver
cells(Jena et al., 2017).

In this study, we are planning investigated lipid accumulation in HepG2 cells after
exposure to pristine MWCNTs and the potential role of the lipophagy pathway.
Cytotoxicity is to be assessed by cell MTT assays. Lysosomal destabilization
measurement by acridine orange staining, whereas oxidative stress is indicated by the
measurement of intracellular reactive oxygen species (ROS). Lipid accumulation is
determined by oil red staining, and lipid droplet formation is observed by confocal

microscopy.



CHAPTER 2

LITERATURE SURVEY

2.1 PROPERTIES OF MWCNT

Because of their superior chemical and physical properties, including great chemical
stability, thermal conductivity, mechanical strength, and electrical properties,
MWCNTSs, which are made up of an enrolled cylindrical graphitic sheet, have many
uses in a variety of industries(Xu et al., 2010). Due in part to technical glitches in
detecting and quantifying nanoparticles in biological settings, current research on the
evaluation of the toxicity of nanomaterials mainly concentrates on one element of their
properties at a time in order to identify the reasons of toxicity(Rezazadeh Azari &
Mohammadian, 2020). In order to create prediction models for the safe design of
nanomaterials and to comprehend nano biological interactions, it is essential to have a
thorough grasp of the physicochemical properties of nanoparticles that influence their

cytotoxicity.

2.1.1 Chirality

The chiral vector C, defined by the integers, completely describes the structure
of a SWCNT (n,m) It is believed that the enantio-selective adsorption and intracellular
distribution of chiral NPs will have an impact on their toxicity through their direct impact
on NP biodistribution. Furthermore, variable surface chemistry, surface reactivity, and
enantio-selective corona formation caused by chirality may impact the toxicity of NPs.
It is also crucial to remember that chirality may modify exposure parameters like rates
of aggregation, which are influenced by the relative interplay between attractive van
der Waals forces and repulsive electrostatic interactions(Utembe, 2019). This means
that chirality may not only affect NPs' toxicity by their direct interaction with biological

systems.



2.1.2 Surface property

Large surface area caused band gap changes, a lower melting point, and
increased reactivity. These characteristics have major consequences including
pneumonitis, cytotoxicity, and toxicity in vivo. When employed as medication carriers,
fillers, or cosmetics, a bigger surface area may result in increased reactivity with

adjacent particles, perhaps having negative effects.

2.1.3 Mechanical property

The CNT is superior to other traditional reinforcing fibres in terms of strength and
elastic modulus. About 1.2 TPa and 30 GPa (Gigapascal) were the elastic modulus and
flexural/tensile strength of CNT, respectively. As a result, CNT is added to a range of
nanocomposites during processing. Although solvents and water in general do not
solubilize CNT, surface alterations like fluorination and acid treatment can provide more

stable solubilization in solvents.

The experimental evidence demonstrates that small concentrations of COOH
groups improve the strength of CNTs in comparison to that of defected CNTs, whereas
higher concentrations result in tube degradation. carboxylation enhances the
biodegradation of CNTs in comparison to other forms of functionalization (such as

ozone treatment or aryl sulfonation)(Milowska, 2015).

COOH groups lead to the formation of active sites that serve as points of entry for
further oxidative degradation. It reduces the possibility of long-term negative effects
from drug delivery and selective therapeutic targeting of cancer cells using CNT. The
impact of disorder on the stiffness of these nanotubes must be studied in order to
appropriately simulate the impact of carboxylation on the mechanical characteristics of
CNTs



2.2 INTRODUCTION OF MWCNT TOWARDS VARIOUS BIOLOGICAL
SYSTEMS

2.2.1 In prokaryotes

In some recent studies conducted on the antibacterial effects of CNTSs, it has
been observed that MWCNTSs have antibacterial effects on E. coli and Streptococcus
and that SWCNTs have a more effective antibacterial effect than MWCNTSs, due to the
stronger Van der Waals forces(Nagajyothi et al., 2021). It has been revealed that CNTs
adsorb bacteria, inhibit the growth of E. coli through Van der Waals forces and package
them into blocks(Ertas & Dinc, 2022). Studies have been conducted showing that CNTs
induce oxidative stress in bacteria and thus cause damage to the bacterial membrane.
In some other reports, it was concluded that CNTs showed antibacterial effects as a

result of mechanical interaction with bacteria.
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Fig 2.1: Bacterial interaction with CNTs (created using Canva tool)



The results and properties of CNTs used in these studies are different and they
revealed bacterial inhibition results that may be due to many factors such as functional
groups on CNT surface, concentration, shape, and size on antibacterial properties
emerged(Ertas & Dinc, 2022; Hamouda et al., 2021; Hartono et al., 2018; Kang et al.,
2008). Electron microscopy investigations of bacteria exposed to MWCNTSs revealed
that membrane integrity might be lost by piercing or entrapment. MWCNT toxicity
appears to be increased in hypotonic and nutrient-free solutions(Atiyah et al., 2019; El
Mrabate et al., 2021; Lagana et al., 2021). The incorporation of microorganisms with
CNTs for the removal of pollutants would thus be dependent on the incubated medium
and bacterial strain, with a high nutrient medium appearing to lower CNT

toxicity(Hartono et al., 2018).

2.2.2 In aquatic organisms

Genotoxicity induced by carbon nanotubes (CNTSs) can be attributed to a number
of factors, involving acute interaction with DNA, an indirect effect resulting from ROS,
ion release or interactions with cellular components. Despite this, only a few studies in
aguatic toxicology have investigated the genotoxic consequences of carbon
nanotubes. Water genotoxic impacts can have long-term consequences on aquatic
ecosystems, and the existence of genotoxic substances in water can affect non-aquatic
species through the food web or simply by potable water. Fish are frequently utilised
as sentinel creatures in eco-toxicological investigations because they play various roles
in the trophic web, can rapidly absorb toxic compounds, and respond to low xenobiotic
concentrations(Seixas et al., 2018),(Song et al., 2019a). Nanocomposites may be
absorbed by fish through the digestive system and gill surface before being delivered
by the blood to target organs such as the spleen and liver. The liver has been employed
in various toxicological investigations since it is an important organ in xenobiotic
detoxification. The spleen, on the other hand, is an essential component of the immune
system, acting as a selective filter of the vascular system and playing an important part
in the response to pathogen invasion. MMC (Melanomacrophage centres) are



pigmented macrophage accumulations in the head, kidney, liver, and spleen of various

fish species (Silva et al., 2021).

MMCs have been employed as biomarkers in multiple investigations involving
teleost exposed to various xenobiotics. Thus, the action of stressors correlates with a
rise in the number of MMCs, the area, and the kinds of pigments. However, research
evaluating the deleterious effect of nanocomposite such as MWCNT on primary culture
from fish melanomacrophages have yet to be established. Macrophage primary
cultures from the cranial kidney and fish spleen have been generated to define this cell
type morphologically and biochemically. As MWCNTs were exposed to
melanomacrophages from Nile tilapia and Oreochromis niloticus the spleen and liver
macrophages behaved differently, with the liver melanomacrophages being mainly
lysed when compared to the spleen melanomacrophages. Furthermore, MWCNT
inclusions were seen in the cytoplasm of macrophages, indicating phagocytic activity,
and a concentration of 1 g mL* of the nanocomposite utilised was cytotoxic for both
macrophages(Cimbaluk et al., 2018; Silva et al., 2021; Song et al., 2019a, 2019b).

Several studies investigated the possible toxicity of MWCNTSs in Xenopus larvae.
In larvae, growth inhibition was detected, resulting in acute and chronic toxicity. Among
the harmful consequences, genotoxicity has the potential to have long-term impacts on
aguatic ecosystems(J. Zhao et al., 2020, 2021). Initially, the association of genotoxic
substances with DNA may cause morphological changes in the DNA molecule.
Unrepaired damage might result in cell injuries which results in tumour
formation(Mouchet et al., 2010).

2.2.3 In mammals

MWCNTs are important since they allow researchers to establish whether the
genotoxic threat is consistent. MWCNT reference materials are also desirable since
they are well-characterized and require little effort to specify(Mgller et al., 2021). Data
from cell culture research, which largely uses the comet test and the micronucleus

assay to detect DNA strand breaking, dominate our understanding of the genotoxicity



of MWCNT. Some animal research examined genotoxic effects in extrapulmonary
organs but found no link between exposure and levels of DNA damage. According to a
literature review, around 1% of the CNTs deposits in the passageways trans locates to
the liver, spleen, and bone marrow (with the greatest quantity found in the liver). As a
result, the translocated dosage of MWCNTSs in extra-pulmonary organs may be too low
to produce noticeable DNA damage(M@ller & Loft, 2010).

The results of a meta-analysis of strand breaks in DNA and a comprehensive
analysis of all types of genotoxicity in cell cultures reveal a significant degree of
response heterogeneity. It is always difficult to generalize data from basic in vitro
systems and animal models to people. In particle toxicology, it is common practice to
discover indicators of genotoxicity in humans by monitored doses, such as a
randomized clinical trial with appropriate contrast in exposure, such as employees and
a control population(Demir & Marcos, 2018; Joshi et al., 2018; Mgller et al.,
2021). Several human biological monitoring studies have looked at biomarkers that
may be associated with degrees of DNA damage in particle-exposed individuals,
implying that they are linked in the same causal network. Significant amounts of
inflammatory markers in sputum and/or blood were discovered in a study of workers at
a Russian MWCNT production factory(Fatkhutdinova et al., 2016).

2.3 TOXICOLOGICAL PROPERTY OF MWCNT

Before CNTs may be used safely for targeted medication delivery, a thorough
understanding of their toxicological characteristics is also necessary. To fully
comprehend nanotubes' potential for targeted drug administration, it is crucial to
research their toxicological characteristics, preferably at a physiologically meaningful
dosage. Studies utilizing both in vivo (using mice and rats) and in vitro (using cell lines)
models are often used to evaluate the human toxicity of a wide range of nanomaterials.
The following objectives have been addressed in research to date, including identifying
the factors that contribute to CNT toxicity: 1. Physical parameters such as diameter and

length (determined by the number of walls), 2. Agglomeration status, 3. Composition

10



which includes contaminants and surface modifications, and 4. The potential for

unexpected outcomes due to an ineffective experimental design(Johnston et al., 2010).

2.3.1 Invivo toxicity study

CNTs are delivered into the body by a variety of methods, including inhalation, intra-
peritoneal, oral, intravenous, subcutaneous, and transdermal. Because of the more
apparent and definitive outcomes in the reported tests, the most commonly stated
methods of administration in vivo are intratracheal and inhalation. According to several
investigations, inhaling CNTs causes substantial irritation as compared to intravenous
injection, oral, or dermal delivery(Mohanta et al., 2019b). When CNTs enter the body,
they interact with proteins or cells, which may result in metabolism or the CNTs
retaining their original shape. They can also be dispersed to other organs of the body,

where they can either remain local, translocate, or be eliminated.

An increasing number of studies have shown that several signalling pathways are
triggered by CNT and mediate the biological response to CNT, offering fresh molecular
insights into the process by which CNT causes toxic outcomes. Numerous studies have
demonstrated that CNT can have a positive or negative impact on a number of
signalling pathways, including the NF-kB (Nuclear factor Kappa B), NLRP3 (nucleotide-
binding oligomerization domain-like receptor: pyrin domain-containing 3),
inflammasome, p53, TGF-bl (transforming growth factor-bl), and MAPK (mitogen-
activated protein kinase) pathways, which are important in both physiological and
pathological circumstances. Dysregulation of these pathways results in aberrant
protein function and gene expression, which in turn causes the onset and progression

of disease.

The NF-kB and NLRP3 inflammasome activation play crucial roles in the
inflammatory reactions brought on by CNT. Under the influence of CNTs, TGF-bl
signalling induces fibrosis via inducing EMT (epithelial-mesenchymal transition) and
the transformation of fibroblasts into myofibroblasts. Through mis regulating cell

proliferation and death, abnormal p53 function is crucial in the development of tumours
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brought on by CNT. Although no in vivo investigations have been done, NF-kB, p53,
and/or MAPK pathways may contribute to the development of fibrosis, and NF-kB,
TGF-b1, and/or MAPK activation is anticipated to be implicated in carcinogenesis after
CNT exposure. In the meantime, after exposure to CNT, inflammation may start and
encourage both fibrosis and carcinogenesis as a crucial and quick immunological

response.

2.3.1.1 Effect of CNTs on liver

One of the vital organs in the body, the liver is essential for carrying out the body's
many metabolic pathways. Therefore, each substance administered to the body is
either directly or indirectly metabolized by the liver. Studying and examining the harmful
effects of CNTs on liver tissues is so crucial. It is crucial to research how these
nanoparticles are digested in our biological systems to produce simpler molecules that
can be quickly eliminated from the body. However, these metabolic processes are
difficult to identify or track due to a lack of analytical equipment. The build-up of CNTs
in liver cells was revealed by several in vivo scanning techniques including TEM
(Transmission electron microscopy) and SEM (Scanning electron microscopy)

analyses.

MWCNTSs were orally administered to Swiss albino mice in an in vivo experiment,
and the effects on the mice were then evaluated in toxicological tests(Mohanta et al.,
2019a). The liver's histopathological analysis revealed coagulation of the blood,
inflammation, and an elevated level of oxygen free radicals in addition to damaged
macrophage cells (Kupffer cells)(Jin et al., 2021; T. Li et al., 2021). The experimental
findings suggested that liver dysfunction resulted from either acute or long-term
exposure to the toxicants in CNTs. Kupffer cells were activated in the mice's liver after
MWCNTSs treatment.

These cells are important for maintaining homeostasis and proper functioning.
When harmful chemicals come into touch with liver cells, Kupffer cells are triggered.

Toxic agents that can enter either directly or indirectly cause the release of growth
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factors, inflammatory and pro-inflammatory responses, and ROS (Reactive oxygen
species )(Roth et al., 2020; Sun et al., 2020). The increasing number of Kupffer cells
implies that CNTs are the primary source of liver damage(Mohanta et al., 2019a).
Effects of CNTs caused in liver cells are explained in Figure 2.2

Carbon nanotubes

Effect of CNT < “ —_—
exposure to liver 7 MEERENNY  Nucleus

cell | N Do |

cell necrosis blood coagulation v enzyme activation ﬁ

increased level of damaged macrophage swelling

oxygen free radicles cell K
Created in BioRender.com bio

Fig 2.2: CNT toxicity in hepatocytes (created using biorender tool)
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Table 2.1 in vivo toxicity assessment in various organism

_ Name of _
Nanomaterials _ Observation Reference
organism
Liver function destruction and lipid
) _ ~ | (H. Y. Zhang
MWCNTs Mice droplet accumulation in
et al., 2018)
hepatocytes
_ _ (Muller et al.,
MWCNT Rat Pulmonary fibrosis
2005)
_ _ (Poland et
MWCNT Mice Inflammation and granulomas
al., 2008)
Granuloma and collagen | (Morimoto et
MWCNT Rat N
depositions al., 2012)
(Grubek-
MWCNTs and _ _ N
Guinea pigs | Pneumonitis Jaworska et
SWCNTs
al., 2006)
. (Francis et
Inflammation, granuloma, and lung
MWCNT Rat o al., 2015)
fibrosis

2.3.2 Invitro toxicity studies

In vitro toxicity tests are a helpful tool for conducting well-controlled studies on the
toxicity of MWCNTs under closely regulated environments. CNT toxicity has been
investigated in vitro using cell types from the lung, skin, cardiovascular system, and

immune system. The assessment of CNT toxicity to the lung in vitro has focused on the
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impact of exposure on airway epithelium, as well as macrophages that reside in the
lungs. A variety of cells present in the lung have been demonstrated to be susceptible
to CNT toxicity, which manifests as inflammatory, reactive, and toxic. The poisonous
reaction of CNTSs, on the other hand, is not frequently replicated by various researchers,
and could therefore be connected to the physicochemical features of the CNTs utilized,
or the methodology used to test their hazardous potential(Davoren et al., 2007; Muller
et al., 2005; Wick et al., 2007).

The in vitro evaluation of CNT cutaneous toxicity has primarily used cell lines and
has mostly focused on the impact of CNTs on keratinocytes. MWCNTSs may trigger an
inflammatory response after dermal exposure. Two-dimensional gel electrophoresis
and mass spectrometry were used to study protein expression changes associated with
MWCNT exposure. Proteins involved in metabolism, cell signalling, the cytoskeleton,
and vesicle trafficking were the most severely damaged(Monteiro-Riviere et al., 2005;
Witzmann & Monteiro-Riviere, 2006). Several investigations have offered hypotheses
for CNTs' harmful impact on heart muscles. Cells from the rat heart cell line H9c2 were
treated with highly pure SWCNT in an in vitro study to examine cell proliferation and

morphology.

Microscopic examination revealed that CNT attachment to cell walls resulted in a
modest conformational shift in the cell shape. The investigation concluded that long-
term CNT exposure caused obvious cardiovascular damage(Mohanta et al.,
2019c).Further research is still needed to properly understand the possible toxicity of
MWCNTSs. The potential impact of nanoparticles (NPs) on the accumulation of lipids
has recently gained research attention(Long et al., 2019). Lipids are stored in lipid
droplets in mammalian cells to meet energy needs, and abnormal lipid metabolism has
been linked to the emergence of chronic illnesses including atherosclerosis. MWCNT
exposure has been linked to lipid buildup in macrophages, liver cells, and skeletal

muscle cells, according to earlier research(Galassi et al., 2018).

Nevertheless, the chemical mechanism is still unclear, despite suggestions that
MWCNT-induced oxidative stress may be involved. Although the regulation of lipid

metabolism is a complicated process, it is generally acknowledged that the appropriate
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functioning of the endoplasmic reticulum is crucial for the production of lipid droplets
(ER)(Jena et al., 2017). Normal ER function is disturbed by ER stress, which causes
lipid dysregulation and has been linked to the emergence of chronic illnesses.
Interestingly, recent research has also indicated that NP exposure may be able to
control ER stress. To the best of our knowledge, however, only a small humber of
studies have looked into whether NP can cause lipid accumulation through the
modulation of ER stress, whereas many earlier studies have focused on ER stress as
the mechanism for NP-induced cytotoxicity(H. Yang et al., 2019).

Given the importance of autophagy-ER stress in lipid metabolism, MWCNT
exposure could also influence lipid droplets in liver cells. In a study lipid accumulation
in HepG2 cells after exposure to pristine and carboxylated MWCNTs and the potential
role of lipophagy pathway were investigated. carboxylation is one of the most
commonly used surface functionalization of MWCNTSs, particularly for bio medicinal
purposes(Tsukahara & Haniu, 2011). Cytotoxicity of MWCNTSs was investigated by cell
counting kit-8 (CCK-8) and neutral red uptake assays, and the internalization was

observed under transmission electron microscope (TEM).

Intracellular reactive oxygen MWCNT exposure may have an impact on lipid
droplets in liver cells since autophagy-ER stress is crucial for lipid metabolism. In a
study, the possible contribution of the lipophagy pathway and lipid accumulation in
HepG2 cells following exposure to unmodified and carboxylated MWCNTs were
examined. One of the most popular surfaces functionalization of MWCNTSs, particularly
for biomedical applications, is carboxylation(Z. Liu et al., 2014). Cell counting kit-8
(CCK-8) and neutral red uptake tests were used to study the cytotoxicity of MWCNTS,

and transmission electron microscopy was used to analyse the internalisation (TEM).

Acridine orange staining was used to detect lysosomal instability, and the analysis
of intracellular reactive oxygen species revealed oxidative stress (ROS). The
expression of ER stress genes, including ATG7 (autophagy related 7), PLIN2 (perilipin
2), and BECNL1 (beclin 1), as well as lipophagic genes, including ATG7 (autophagy
related 7), XBP-1s (spliced X-box binding protein 1), and HSPA5 (heat shock protein
family A (Hsp70) member 5), ATF4 (activating transcription factor 4), ATF6 (activating
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transcription factor). These genes serve as both important regulators of lipid droplet
production and indicators for autophagy/ER stress(Henderson et al., 2015; C. Zhao et
al., 2018).

Table 2.2 Cytotoxicity of CNTs in different cell lines

Nanomaterials Cell lines Observation Reference

HEK (Human | Decrease in cell viability . o
(Monteiro-Riviere

MWCNTs embryonic and increase in IL-8
_ o & Inman, 2006)
kidney) Cell-cycle inhibition
SWCNTs and | Alveolar SWCNTs showed higher |
o (Jia et al., 2005)
MWCNTSs macrophages | toxicity than MWCNTs
_ Cytotoxicity and
Ground Rat peritoneal _ (Muller et al,
overproduction of
MWCNTs macrophage 2005)

proinflammatory cytokines

Cytotoxic effects by the _
(Hirano et al.,

MWCNTs J774.1 rupturing of plasma
2008)
membrane
Alveolar
MWCNTs Cell death (Murr et al., 2005)
macrophages
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Pristine

MWCNTs and _ (Bottini et al.,
L T lymphocytes | Apoptosis

oxidized 2006)
MWCNTSs

Induction of cytotoxicity, | (Patlolla et al.,
MWCNTSs NHDF o _
genotoxicity, and apoptosis | 2010)

2.3.3 Mechanisms involving with the toxicity aspects

CNTs are regarded as a potential drug delivery vehicle among the different reported
vehicles(Maruyama et al., 2015). However, before they may be used for medicinal
purposes, their impact on various organs must be studied. CNTs have been studied
several times to understand the methods by which they infiltrate cells through the lipid
bilayer of cellular walls. Several studies have suggested that endocytosis is the cellular
absorption mechanism for CNTs(Jain et al., 2012; Witzmann & Monteiro-Riviere, 2006).
CNT penetration into the plasma membrane of the cell generates oxidative stress,
which can result in inflammation and cytotoxicity(Nikzamir et al., 2021; Saleemi et al.,
2021). Because carbon nanotubes (CNTSs) serve as a foreign entity to the host, the
FBR (Foreign body response) is triggered, and substances are created to kill the CNTSs.
It has been discovered that carbon nanotubes cause oxidative stress in cells(Azizi-
Lalabadi et al., 2020; Cao & Luo, 2019; Saleemi et al., 2021; Seo et al., 2018;
Vijayalakshmi et al., 2022).

The key signalling mechanisms that govern cytokines in response to oxidative
stress caused by CNTs are protein kinases and NF-kB. One probable explanation for
CNT cellular toxicity is the production of free radicals, which leads to oxidative
stress(Malik et al., 2011; Valko et al., 2007). It is well recognised that excess free radical
oxidises DNA (Deoxyribonucleic acid), proteins, and lipids in cells. They also regulate
stimulating transcription and activator protein-1 that are involved in systemic

inflammation(Malik et al., 2011). CNT length, metal content, ability to agglomerate, and
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surface chemistry are among the characteristics of CNTs that have been identified as
most likely to cause the observed toxicity. The involvement of the fibre framework in
CNT toxicity is especially remarkable, as the length of nanotubes seems to be important
to their hazardous potential(Johnston et al., 2010).

2.4 RECENT ADVANCES IN THE FUNCTIONALIZATION OF CARBON
NANOTUBES

2.4.1 CNTs in drug administration and pharmacokinetics analysis

CNTs distinct physico-chemical properties, along with their capability of
adaptation, have resulted in a wide range of applications in this interesting field. CNTSs,
in addition to other applications, are prospective drug carriers in target drug-delivery
systems for oncology and other therapeutics(W. Zhang et al., 2011). Moreover, the
capacity to functionalize their membrane with a wide diversity of biological and chemical
species provides access to a wide range of medical uses. CNTs easily overcome
numerous physiological barriers, slipping through the plasma membrane and entering
the cytoplasm due to its nano needle structure method, allowing loaded molecules or
medicines to be transported and delivered into the target region. CNTs are considered
ideal candidates because of their satisfactory biocompatibility levels, threadlike
structure, and large surface area, which allows for extensive modification, as well as a
molecular ligand binding mechanism that allows for the transportation and distribution
of drugs into the target tissue. In the medical area, CNT molecules conjugated with
chitosan have very efficient drug-loading and -releasing properties that might be
applied as a transdermal drug delivery system that responds to skin heat signals,
sometimes known as a "patch”(Bhunia et al., 2013; Chakrabarti et al., 2015; Jhawat et
al., 2013).

Since the safety concern regarding CNTs was first raised, the pharmacokinetics
and bio-distribution of CNTs have been researched. The blood circulation and
accumulation of CNTs in animals have an impact on their toxicity and biological

applications. Long blood-circulated CNTs may accumulate more in tumors while acting
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as a drug delivery system, making them effective for the detection and therapy of
cancer(S. T. Yang et al., 2012). Aggregated CNTs, on the other hand, are quickly
eliminated from the circulation by macrophage recognition. Their use in medication
delivery is constrained by this quality. However, simply scattered CNTs might have a
use in thermal therapy and diagnostics. CNTs can be identified by lymphocytes and
can move via lymphatic channels. CNTs may therefore be potential materials for the
essential cancer therapy technique of sentinel lymph node detection(S. T. Yang et al.,
2012). Additionally, because CNTs migrate slowly, they are perfect for thermal therapy

because once injected into a tumour, they remain there for a long time.

2.4.2 Tissue regeneration and artificial implantation

CNTs have remarkable thermal, mechanical, and electrical capabilities, allowing
them to be used as reinforcements in a variety of materials to improve their qualities.
The goal of tissue engineering is to replace damaged or diseased tissue with biological
substitutes that can eventually re-establish the tissue's natural and original
function(Bhunia et al., 2013). Significant advancements in this field have aided the
anticipated growth of tissue regeneration engineering and medicine. The body typically
rejects implants due to post-administration pain, however, carbon nanotubes easily
attach to other protein molecules and can be used to implant prosthetic joints avoiding
host rejection(Sahithi et al., 2010). Biomaterials containing polymers are frequently
used in conjunction with osseous tissue. CNTs are often employed in osteo-
biomaterials, mostly to promote better mechanical properties, and they are expected to
work as scaffolds to assist and facilitate bone tissue regeneration(Gutiérrez-Hernandez
et al., 2017).

2.4.3 CNTs in genetic engineering

CNTs are employed in the creation of bioimaging genomes, proteomics, and tissue

engineering to control genes and atoms. Gene therapy involves inserting a DNA
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molecule into the cell nucleus to fix a faulty gene that causes some chronic or inherited
disorders(Z. Liu et al., 2009),(He et al., 2013). Nanotubes crosslinked with DNA were
revealed to liberate DNA before it was killed by a cell's defence system, resulting in a
significant rise in transfection. Antiviral activity of nanostructures towards respiratory
syncytial virus, a virus that causes severe bronchitis and asthma, has been discovered.
Nanoparticles and gene-slicing technologies are typically used in therapy.
Encapsulated within nanotubes, RNA snippets capable of blocking a protein are
delivered as nasal sprays or drops. Nanotubes have been shown to aid in the helical

crystallization of proteins and the formation of embryonic rat brain neurons.

2.4.4 Biomedical imaging

CNTs are fascinating nanomaterials that have a lot of potential for use in the
biomedical sector. In contrast to spherical nanopatrticles, needle like nanopatrticles have
superior flow dynamics and a greater ability to permeate cellular membranes in the field
of biomedical imaging. From an imaging and therapeutic perspective, it is possible to
take advantage of CNTs inherent features. SWCNTs can be employed for
photoacoustic imaging and photothermal therapy because of the significant optical
absorption in the near-infrared region (NIR). It is understood that owing to the emission
range of SWCNTs (800-2000 nm), which falls well within the biological tissue window,
it is thereafter capable of different biological imaging applications. It is because of their
superior mechanical, electronic, optic, and chemical properties, carbon-based
nanomaterials have become key agents for bio-imaging applications in recent
years(Puett et al., 2018).

Functionalized SWCNTs coated with Ag Nps recently displayed an amazing
surface-enhanced Raman scattering property, which was subsequently exploited for
cell imaging(Puett et al., 2018; Ursu et al., 2017). Recent research has revealed that
light with even longer wavelengths exhibits considerably lower tissue absorption and,
more critically, noticeably lower scattering by biological tissues, enabling in vivo

fluorescence imaging with increased tissue penetration and significantly higher spatial
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resolutions. Principle component analysis (PCA) significantly improved the anatomic
resolution of the organs. After PCA analysis of NIR-II fluorescence images of mice with
SWCNTs injection, even the pancreas, which could not be resolved from real-time raw
images, could be distinguished(Gong et al., 2013).
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CHAPTER 3

AIM AND SCOPE

¢ To analyse the biophysical characteristics of MWCNTSs.

¢ To study the cytotoxicity of MWCNT

e To understand the processes of lipid accumulation in hepatocytes.

¢ To investigate influence of MWCNT on the lipophagic pathway in hepatocytes
¢ To evaluate the biocompatibility of MWCNT on Liver cells.

¢ The goal of this study is to investigate the medicinal use in treatment of different

health conditions.

e The purpose of toxicity testing is to develop data that can ensure appropriate
protection of public health from the adverse effects of exposures to

environmental agents.
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CHAPTER 4

MATERIALS AND METHODS

4.1 MATERIALS

The chemicals used in the current experiments were: Pristine MWCNT
(Code: 41335) were procured commercially from Sisco Research Laboratory, India of
99.99 % purity grade with no further purifications. Supplementary Table 4.1 lists their
characteristics as reported by the vendor. The solvent used in this study was double-
distilled water.

Table 4.1 Specifications of MWCNT provided by Sisco Research Laboratory

ITEMS RESULT

Appearance (Colour) Black

Appearance (Form) Powder

Assay min. 95%

oD 30 - 50nm

Length 10- 30um
4.2 METHODS

4.2.1 MWCNT sample preparation

The pristine MWCNTs (Code: 41335) were acquired from Sisco Research
Laboratories Pvt. Ltd., and Supplementary Table S1 lists their physico-chemical
characteristics as reported by the vendor. MWCNTSs were sonicated in MilliQ water
containing utilizing an ultrasonic processor FS-250N three times for 40 minutes to
create the suspensions. The suspensions were then diluted to the necessary

concentrations in double distilled water
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4.2.2 Cell culture and treatment

The tests employed HepG2 cells, which were purchased from NCCS, Pune. With
10% v/v fetal bovine serum and 100 U/mL penicillin, 100 pg/mL streptomycin added as
supplements, Dulbecco's modified Eagle's medium/high glucose media with additives
was used to sustain cell lines in tissue culture flasks. The cells were grown at 37 °C
and 5% CO:2 in 95% air humidified incubator and divided when they reached high
confluence (mostly twice a week). In the instance of the HepG2 cells, cells were seeded
in several well plates using 8.5 x10* cells/cm?.

The cells were incubated with prepared pristine MWCNT solutions at various
concentrations (5, 10, 20, 40, 80 or 100 pg/ml) for 24, 48, or 72 h as required. Control
cells were incubated with double distilled water alone. The MWCNT exposure was
estimated as pg/cm? growth area rather than pg/ml culture volume since culture

containers of various volumes were employed during the studies.

4.2.3 Characterization studies

4.2.3.1 UV-vis spectroscopy

Ultraviolet-visible spectroscopy refers to absorption spectroscopy or reflectance
spectroscopy in the ultraviolet-visible spectral region. This means it uses light in the
visible and adjacent ranges. The absorption or reflectance in the visible range directly
affects the perceived colour of the chemicals involved. In this region of the
electromagnetic spectrum, atoms and molecules undergo electronic transitions. This
spectroscopy helps in identification of presence of Nanoparticles. The nanoparticles
give unique absorption spectra over the range of wavelengths (Kumar, 2013; Pinheiro
et al., 2004).

A double-beam UV-vis spectrophotometer (JascoV-630) in the 200-1200 nm
range was used. The supernatant phase adsorption for water was measured in 1 cm
quartz cell at 25 -C. These dispersions were diluted to keep their measured absorbance

values in the 0.1-2 range throughout the entire wave-length range.
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4.2.3.2 FTIR (Fourier Transform Infrared Spectroscopy)

FTIR is used to analyse the functional groups present in the surface of the
sample. An FTIR spectrometer simultaneously collects high-spectral-resolution data
over a wide spectral range. Fourier-transform spectroscopy is a less intuitive way to
obtain the same information. Rather than shining a monochromatic beam of light at the
sample, this technique shines a beam containing many frequencies of light at once and
measures how much of that beam is absorbed by the sample. Next, the beam is
modified to contain a different combination of frequencies, giving a second data point.
This process is repeated many times. Afterward, a computer takes all this data and
works backward to infer what the absorption is at each wavelength. In nano particle
FTIR analysis will help to find out whichever chemical groups helped in the fabrication
and stabilization of the nanoparticles (Latifi & Hayati, 2021).

In order to confirm any potential structural characteristics in the samples, Fourier
FTIR spectrum studies of the pure MWCNT a were carried out. Using Fourier transform
infrared spectroscopy, the surface of MWCNTSs chemical functionalization by oxidation
can be analysed. FTIR analysis was carried out on Agilent Cary 630 FTIR in mid-
infrared range of 7000-350 cm™. FTIR spectra of powdered MWCNT ground in KBr
pellet were captured, with 200 scans averaged at a resolution of 1 cm*?

4.2.3.3 Raman spectroscopy

In Raman spectroscopy, vibrational modes are identified by measuring the energy of
scattered photons generated from a sample exposed to intense laser light. Raman
spectra of MWCNTSs typically consist of a graphitic or G-band, from highly ordered
MWCNT sidewalls, while disorder in the sidewall structure results in a D-band. By
determining the ratio between these two bands (Ip:lc), a quantitative measure of defect
density in the MWCNT sidewall can be determined. Consequently, Ip:lc band analysis
can be used to obtain information regarding structural changes as a result of
functionalization. Unfortunately, many MWOCNTs can have amorphous carbon

adsorbed on the sidewalls, which also contributes to the D-band. In the absence of
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amorphous carbon, however, Ip:lc ratios can be very useful for determining changes in
structure that occur as a result of functionalization strategies, such as those that involve
the attachment of organic moieties (Costa et al., 2009; Curran et al., 2005; Kumatr,
2012).

Prepared powder samples of MWCNT were subjected to Raman spectra and
defect intensities of the nanomaterial were evaluated using a 785 nm Micro-Raman
Spectrophotometer  (Renishaw, UK, Invia0719-17) in spectral frequency
100 to 3,500 cm with spectral resolution of 0.75 cm™ (FWHM)

4.2.3.4 Transmission electron microscope

Transmission electron microscope (TEM) was used to investigate the internal
structures of pristine MWCNTSs by placing droplets of finely prepared ethanol-dispersed
samples on the carbon-coated copper grids TEM uses a high-energy electron beam
(up to 300 keV) to image MWCNTSs based on electron transmission. The length and
dispersion state of MWCNTSs can be assessed by TEM at low magnification. At high
magnifications, TEM can be used to count the number of walls in MWCNTSs, measure
inner and outer diameter, assess structural integrity, and identify structural changes
caused by surface modification. Although TEM is capable of imaging the structure of
MWCNTSs, including the presence of sidewall damage, the electrons used for imaging
can themselves also cause sidewall damage and structural modification. To avoid this
problem, it has been recommended that analysis areas only be exposed to the electron
beam for very shot durations (<15 s), and that beam energies should be limited t0o100
keV. As in many imaging techniques, verification that an observed structure remains
unchanged with respect to irradiation time is the best way to ensure that the analysis
technique is non-destructive (Ghasempour & Narei, 2018; Hassan et al., 2016; Hwang
et al., 2007).

For the analyses, the powdered samples were deposited on carbon-coated,
copper grids [300 mesh size, regular grip, spi 2030 C] and allowed to dry overnight.
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The resulting samples were viewed in HR-TEM [Talos F200S G2 TEM] at a frequency
of 80 Hz.

4.2.3.5 Field Emission Scanning Electron Microscopy

The surface topography of the membrane top-layer and pore shape of the
powdered MWCNT was observed using FE-SEM [EVO-60, Zeiss company]. It is also
used to analyses the distribution or dispersion of MWCNTSs. The powdered samples of
MWCNT were drop-casted on to the surface of a glass coverslip and dried overnight.
The resulting samples were viewed under an FE-SEM at an operating voltage of 20 kV.
The particle size of the MWCNT was calculated using a technique for determining the
layer thickness and the particle diameter based on the use of a raster scanning mode
(Daraei et al., 2013; Kapoor et al., 2017).

The analysis was done by FE-SEM EVO-60, Zeiss company]. The changes in
membranes top-layer thickness were monitored by FESEM microphotographs in
different casual locations of membrane cross section and the average measurements

was reported.

4.2.3.6 X-Ray diffraction analysis

The X-Ray diffraction (XRD) was used to ascertain the crystallographic
properties of the MWCNTSs. The radiation used was Cu Ka source at 1.8 kW power in
a theta/theta scan mode with a wavelength of 0.15406 nm to determine the crystalline
structure and lattice planes in the material. The samples were scanned at diffraction
angle ranged from 206 = 5° to 80° (the step size is 0.025 degree/step) with exposure
time 0.1 s/step. The applied voltage and current were 40 kV and 40 mA, respectively.
In order to avoid systematic errors from misalignments and thermal expansions of the
sample holder, the 206 scan data were corrected using the Nelson—-Riley (NR)
approximation (Latifi & Hayati, 2021). The Nelson—Riley method is an extrapolation

procedure where the systematic error introduced by the eccentricity of the sample with
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respect to the rotation axis in the diffractometer is corrected. This eccentricity has been
found to be proportional to cos? (B). For the correction, the calculated lattice parameter
“a” from the raw data is plotted against cos? (8)/ sin(B), which is a widely used function
for cubic systems. The obtained points are later linearly fitted and the intersection with

the y-axis provides the corrected lattice parameter(Suarez et al., 2013).

XRD analysis was carried out on ARL EQUINOX 3000. Different lattice planes
against specific diffraction angles were calculated and used to determine the intrinsic

details of the structure based on the diffractogram.

4.2.3.7 PSA and Zeta potential

Dispersion efficiency could be evaluated by zeta () potential analysis Zeta
potential is a convenient tool and gives valuable information about the charges
(magnitude of electrical double layer) around particles which are accounting for
repulsion between similarly charged particles and hence indicates degree of dispersion
efficiency. Combining zeta potential measurements with UV—-Vis spectroscopic results
could yield valuable information in finding optimized dispersant to MWCNTSs
ratio(Tantra et al., 2010). The z-average hydrodynamic particle diameter dhz ave iS
obtained from the cumulant analysis of the normalized electric field autocorrelation
function. It is calculated by the Stokes—Einstein equation with the diffusion coefficient
determined from the decay time of autocorrelation function. In addition, there is certain
probability that the light scattered by larger particles will swamp the light scattered by
smaller particles since the light intensity of a scattered particle is proportional to the
diameter in the sixth power. That means that larger particles are overestimated in the
dispersions. For this reason, the change of dh,z ave With ultrasonic treatment time shows

only a trend in the change of particle size (Krause et al., 2010).

The particle size and zeta-potential of the powdered MWCN at room
temperature were analysed using a Horiba nanoPartica SZ-100V2 [Horiba, Kyoto,
Japan]. The dried samples were first adequately diluted in Phosphate Buffer Saline
solution [0.15 M, pH 7.2]. Aliquots of the MWCNT, at a concentration of 40 ug/ml from

29



a stock [1 mg/ml], were subjected to further analysis under nanoparticle analyser.

Particle size distribution was determined at a scattering angle of ~90 °C.

4.2.4 Cytotoxicity analysis

4241 MTT assay

The MTT assay was used to determine the cytotoxicity of pristine MWCNTSs.
Briefly, HepG2 cells (NCCS, Pune, India) were cultured in DMEM with glutamax and
high-glucose medium supplemented with 2 mM glutamine, 100 U/mL penicillin, 100
pg/mL streptomycin, and 10% FBS. The cells were cultured at 37 °C and 5% CO2 in
95% air humidified incubator to near confluence and were deprived of serum for 18 h
they were stimulated with agonists. The harvested cells are sub-cultured using 0.25%
trypsin, 0.53 mM EDTA and then were seeded overnight into fat-bottomed 96-well
plates at approximately 1x10° cells/well. A series of dilution of pristine MWCNT solution
(5, 10, 20, 40, 80, 100 pg/ml) in medium was added. After 24 h of incubation, medium
was removed where 20 pl of MTT (5 mg/mlin PBS) was added to treat the cells in fresh
medium and was kept further in dark for 2 h of incubation. After 2 h, formazan crystal
was formed in each well and solubilized in 100 ul/well of DMSO and absorbance was
read at 570 nm, using a (Spectramax M5, Sunnyvale, CA). Percent cytotoxicity was

expressed as ICso (concentration of MWCNTS to induce 50% cell mortality).

Cell viability percentage was calculated and the result was expressed as percent
mean of viability£standard error of the mean (Sharma et al., 2020; Vijayalakshmi et al.,
2023)

Viability (%) = (Mean absorbance of treated cells/Mean absorbance of control) x 100
Cytotoxicity (%) = 100 — Viability (%).

Cell relative survival rate (RSR) and relative growth rate (RGR) were calculated

according to the following equations:
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RSR = {absorbance value (experimental group) / absorbance value (control group)} x
100%]

RGR= {average absorbance value (experimental group) / average absorbance value

(control group)} x 100%

4.2.4.2 Acridine orange

Acridine orange is a dye which, when irradiated with intense blue light, causes
damage to the lysosome’s membrane. Acridine orange is a weak base metachromatic
dye capable of crossing plasma membranes and staining nucleic acids and lysosomes.
At low concentrations, it can differentiate lysosomes (reddish-orange granules) from
other cellular components (diffuse green). Acridine orange molecules become
protonated under acidic conditions and hence get trapped within lysosomes.
Accumulation of acridine orange molecules in lysosomes leads to a shift in excitation
from green = 530 nm to red = 620 nm. When pH of the lysosomes rises or if their
membranes are damaged, acridine orange molecules become deprotonated, and
these molecules can then cross back into the cytoplasm. This shifts the emission back
from red to green. Therefore, extended exposure (>1 min) of acridine orange loaded
cells to blue light leads to lysosomal membrane damage and a shift in the lysosomes’

colour from red to green (Hamilton et al., 2012; Sohaebuddin & Tang, 2013).

Acridine orange staining was used to assess the lysosomal destabilization.
Briefly, 1x108 per well HepG2 cells were seeded in 96-well black plates and grew for 2
days prior to incubation with 40ug/ml concentration of MWCNTS. After 24 h, the cells
were incubated with acridine orange (Sigma-Aldrich, USA) as described earlier.

4.2.4.3 Intracellular ROS analysis

Intracellular ROS production was measured using the oxidation-sensitive
fluoroprobe 2',7'- dichlorofluorescin diacetate (DCFH-DA, Sigma-Aldrich). DCFH-DA is

31



a nonfluorescent compound that is freely taken up by cells and hydrolysed by esterase
that remove the DA group. DCFH is then oxidized to fluorescent dichlorofluorescin
(DCF) by cellular oxidants, thereby indicating the level of intracellular ROS (Karlsson
et al., 2008; X. ming Tan et al., 2009a).

The DMEM medium was removed from the wells in the 96-well plate, and particle
suspensions were added to a final concentration of 20 or 40 pug/cm? (40 and 80 pg/mL).
Briefly, 1x10° per well HepG2 cells were seeded on 96-well black plates and grew for
2 days. The cells were then exposed to the particles for 4 h in a humidified atmosphere
at 37 °C and 5% COs.. After exposure, the particle suspensions were removed, and the
cells were washed with DMEM medium. Thereafter, 40 uM DCFH-DA diluted in 37 °C
DMEM was added to each well, and the cells were incubated for 30 min. The DCFH-
DA was then removed, and each well was washed with 400 uL PBS (37 °C). Two
hundred microliters of PBS were added, and fluorescence was measured in a
computerized micro plate fluorometer. During the whole procedure with DCFH-DA, the
plate was kept out of light to minimize the fading of the fluoroprobe.

4.2.4.4 Oil red o staining

The total intracellular lipid content was evaluated by Oil Red O staining. 1x10°
per well HepG2 cells were seeded on 6-well plates and grew for 2 days before exposure
to 40 pg/mL pristine MWCNT for 24 h. As positive control, the cells were also exposed
to 1 mM free fatty acids (FFA, oleate:palmitate 2:1; Sigma-Aldrich, USA) for 24 h. To
figure out the possible role of lipophagy pathway, HepG2 cells were also pre-incubated
with 10 mM NH4Cl or 100 nM bafilomycin for 1 h before treatment by MWCNTSs. The
cells were thoroughly rinsed by using Hanks solution, and fixed by using 4%
paraformaldehyde for 10 min at room temperature. The fixed cells were rinsed by using
water and 60% isopropanol, respectively, followed by staining with 2.1 mg/mL oil red
(prepared in 60% isopropanol; Sigma-Aldrich, USA) for 10 min. After rinsed twice, the
oil red incorporated into cells was dissolved in isopropanol, and the OD values were
read at 500 nm by an ELISA reader (Leng et al., 2018; J. F. Liu et al., 2011).
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TG content was measured using a colorimetric assay. To remove glycerol, the
cells were washed with PBS twice before being dissolved in standard diluent. The
mixture was divided into two parts; 500 ul of the mixture was centrifuged at 2000 rpm
for 10 min and the supernatant was collected. The absorbance of this dye is
proportional to the concentration of TG present in each sample, and the absorbance
was quantified at 550 nm following these reactions. The protein content of the
remainder of the mixture was measured according to BCA methods. All samples were
tested in duplicate, and the TG values were expressed as mmol of TG/g of protein
(Bernardi et al., 2018; Jiang et al., 2016).

4.2.45 DAPI staining

Changes in cell morphology characteristic of apoptosis were examined by
fluorescence microscopy of DAPI-stained cells (4',6-diamidino-2-phenylindole).
Nuclear condensation and fragmentation can also be measured by nucleic acid staining
with DAPI. HepG2 cells were cultured on a glass cover slip at a density of 1x10° cells
per well in a 4-well dish. The cells were supplemented with 10% fetal bovine serum in
RPMI-1640 medium-containing 1% penicillin, streptomycin, and incubated for 24 h at
37 °C under humidified 5% CO2 atmosphere.

The cells were treated with MWCNTs samples at 40 ug/mL for 24 h. The cells
grown on the cover slip were washed thrice with 1x phosphate-buffered saline (PBS)
and fixed in 4% para formaldehyde for 20 min, and stained with DAPI after washing
again with 1x PBS twice, and after rinsing it with 1xPBS, it was mounted on the glass
slide using Vectashield mounting medium (Vector Labs). The images were captured on
confocal microscope system (Zeiss LSM780NLO). The percentage of apoptotic nuclei
was determined by [% of apoptotic cells / (total number of apoptotic nuclei/total number
of cells counted) x100](R. H. Lee et al., 2015; Rohit Singh & Ezhilarasan, 2019).
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4.2.4.6  Fluorescent Microscope

Fluorescent images were acquired using a Zeiss LSM 710 confocal laser
scanning unit (Oberkochen, Germany) equipped with argon and an HeNe laser
mounted on an Axio Observer Z1 Inverted Microscope. Hep2G cells or human
hepatocytes from the suspension were briefly rinsed with PBS and fixed in 4%
formaldehyde (pH 7) for 15 min. After three washing procedures in PBS for 15 min, the
slides were covered for 60 min with a serum-free blocking buffer. The dying procedures
were made in accordance with manufacturers’ protocols. Specific visualization of cell
structures was performed using DAPI (BP 385—-470 nm emission), AO/PI (BP505-550
emission) and DCFH-DA (BP 590-650 nm emission)

4.2.4.7 Statistical analysis

Error limits cited and error bars plotted represent simple standard deviations of the
mean using Microsoft excel. When comparing different samples, results were
considered to be statistically significant when P<0.05 (Student’s t test for unpaired

samples)
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CHAPTER 5

RESULS AND DISCUSSION

5.1CHARACTERIZATION STUDIES

5.1.1 UV-visible spectroscopy

Powdered form of samples was used for analysis. The instrument used is JascoV-
630, Japan, the commercially acquired MWCNT was analysed using UV Vis
spectroscopy at the range of 200 to 1200nm. The MWCNT showed a maximum of
absorbance (OD) at 1.4. Fig. 5.1 represents the UV-Vis absorption spectra of the
pristine MWCNT nanoparticle. The nanoparticle gave a sharp absorption peak at
200nm. This indicates the presence of nanopatrticle in the solution. Intensity of the peak
in spectrum could be used to quantify the amount of individual MWCNTS in the solution.
It could be observed that with increasing amount of MWCNTs in the solution,

absorptivity peaks increased referring to larger number of individual CNTSs.

Studies from (Zaman et al., 2020) stated that hypochromic shift is observed in the
200-250 nm spectral region of the absorbance spectrum of MWCNTs which is the
result of -1 stacking interaction of dispersant with nanotube surface. CNTs exhibit
broad absorptions at the UV region due to Plasmon resonances in the free electron
cloud of 11 electrons and this adsorption has a long tail extending beyond near infrared
region of the spectrum. Another study reported absorbance value at 253nm in which
individual CNTs are active in the UV-visible region and exhibit characteristic bands
corresponding to additional absorption due to 1D van Hove singularities(Goyanes et
al., 2007). Therefore, it is possible to establish a relationship between the amounts of
CNTs individually dispersed in the solution and the intensity of the corresponding
absorption spectrum. Moreover, UV-visible spectroscopy can be used to monitor the

dynamics of this CNT dispersion process (Hwang et al., 2007).
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Fig 5.1: UV-visible spectroscopy of pristine MWCNT

5.1.2 FTIR (Fourier Transform Infrared Spectroscopy)

In nano particle FTIR analysis will help to find out whichever chemical groups
helped in the fabrication and stabilization of the nanoparticles. For the analysis the
sample is given in the powder form. The instrument used is Agilent Cary 630 FTIR in
mid-infrared range of 7000-350 cm. Fig. 5.2 indicates the FTIR analysis of the pristine

MWCNT. Powdered form of samples was used for analysis.
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Fig 5.2: FTIR analysis of pristine MWCNT

The results show various chemical group involved in the formation of
nanoparticles. The peaks at ~2363 cm™ and ~2110 cm™? indicates the presence of
functional groups of C-O. In pristine MWCNTS, this stretching could be due to the partial
oxidation of outer surface during their purification that led to the formation of carboxyl
groups (O=C-OH and C—OH) or due to the presence of unsaturated H2O molecules in
the KBr powder. The peak at ~2663 cm™ corresponds to C-H vibrations involved in

stabilization of nanoparticle confirming the peak was either due to the presence of
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unsaturated water molecules from KBr or due to the formation of carboxyl groups during

their refinement by the manufacturer.

Studies have similar results in which a broad peak in the spectra of MWCNTSs
were observed around 2445 cm™. Another noticeable peak was observed at
2715 cmt. Small asymmetric stretching at 2260 cm and 2320 cm* were observed
due to methyl and methylene stretching band, respectively. Such bands are due to the
presence of these groups on the sidewalls of MWCNTSs as defects (Gaurav and Singh
2019).

5.1.3 Raman spectroscopy

Raman spectroscopy is an important analytical tool that provides both qualitative
and quantitative data on nanomaterials based on its chemical composition and
structure. The Raman plot in Fig. 5.3 contains the Ip/lc ratio of ~1.17, which is
characteristic of powdered pristine MWCNT. The defect ratio represents the
compromised proportion and lesser quantified nature of the available defects present
in the MWCNTSs. More specifically, it indicates the presence of a slightly lower number
of dangling bond associations in the native structure of the MWCNTS, compared to the

previously reported MWCNTSs forms that have a value of 1.25.

Such observations indicate a more conductive nature for pristine MWCNT, relative
to its other counterparts [COOH-MWCNT, etc.], making it suitable as an inhibitory anti-
cancerous agent that can be used against a variety of cancer cells (Curran et al.,
2005).Further, from the Raman analyses it is becoming evident the nature of the
symmetry of the available D and G bands, which in returns dictates the formation of the
defects associated with the pristine MWCNT Such defected symmetry is mainly
occurring due to the presence of available sp2 hybridization of the carbon architecture
in the MWCNT. As it has been reported previously that G band peak refers to the
symmetry of the carbon atoms whereas D band peak refers to the disorder induction in

the available carbon atoms. This is in agreement with a previous work performed by Li
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and co-workers in which the Ip/lc ratio is 1.2. No significant shifts were observed in the
peaks position (Y. Li & Cao, 2018).

However, the D band intensity has increased(Q. Li et al., 2008). A similar shape
was found on the Raman spectra of synthesized MWCNT. In a recent work performed
by Costa et al. the Raman spectra of CNTs with different stacking degrees were
compared. An extra peak on the Go band profile was also observed and explained as
a stacking effect in graphite. The two peaks observed in the Go band are assigned to

the splitting in the p-electrons dispersion (Costa et al., 2009).
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Fig 5.3: Raman spectroscopy of pristine MWCNT

39



5.1.4 Transmission electron microscope

The primary purpose of the High Resolution-Transmission Electron Microscopy
(HR-TEM) analysis was to observe high magnification images of the internal structure
of the MWCNT and gather information related to the crystalline structures, internal
fractures, stress, and contamination of the test sample. Information on the internal
structure allows one to have greater confidence in the potential application of the
nanomaterial and predict potential effects on the target system. HR-TEM observations
indicated that the internal structure of the prepared MWCNT possesses a tubular

morphology.

1O m

110 [ 20/ nm

Fig 5.4: TEM images of pristine MWCNT; A, B, C of scale bar = 10 nm;
D of scale bar =20 nm
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The presence of undulating rolls and rough edges in the carbon nanotubes are
evidence of the presents of MWCNT as previously noted by several authors. HR-TEM
Imaging enables one to visualize the internal, structural architecture of the prepared
MWCNT, which is not possible by FE-SEM. In contrast, HR-TEM provides a clear
picture of the internal structure of MWCNT at a resolution of 2 microns. The layers of
the MWCNT can be readily seen in Fig. 5.4. The lateral thickness of the MWCNT was
~ 9 nm. (McClory et al., 2010; Ruelle et al., 2009)

5.1.5 Field emission scanning electron microscope

Scanning electron microscope is used to know the size, shape and morphology
of the synthesized nanoparticle. The image shows the approximate size and the
morphology of the nanoparticle. Data on the surface morphology is highly useful
regarding the potential use of the nanomaterials in medical devices and for other
applications. The typical surface topography of MWCNT was evident in the FESEM
analysis (Fig. 5.5). Surface undulations were evident in MWCNT (Fig. 5.5), as well as
rough edges. Undulations and rough edges are the result of reaction kinetic
phenomenon of MWCNTS (S. H. Lee et al., 2008; Park & Choi, 2009)

0.00 ysics,Inspect F |l 2 0.00 kV | 160 500 X 1’: mm |1.86 um Jadavpur Un “e;w };rwszcs Inspect H
Fig 5.5: FESEM images of pristine MWCNT; A of scale bar =1 pym;
D of scale bar =500 nm

80 000 x| 13.9 mm 3.73 uym [Jadavpur University
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5.1.6 X-Ray diffraction analysis

The X-Ray Diffraction [XRD] analysis (Fig. 5.6) revealed the presence of lattice
planes that are characteristic for powdered MWCNT. Notably, (002), (100), (004) and
(110) lattice planes at a diffraction angle of ~10° were evident. These characteristic
lattice planes indicate the nature of the available crystallinity of MWCNT. The
polycrystalline nature of MWCNT is evidence that such lattice planes are present and
were corroborated by the TEM pattern. It is usually noticed from the X-Ray Diffraction
studies that different phase purity of the synthesized MWCNT at the different amount

of KMNO4 reagent as oxidizing agents
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Fig 5.6: XRD pattern of pristine MWCNT
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The differential peak of lattice planes as evident from the Fig. 5.6, is mainly
because of pristine MWCNT. The crystalline lattice planes at around (002)
demonstrates the formation of well-ordered crystalline nature of the. The studies
explain the interlayer spacing distance of 0.19 nm, which is in parity with previous
findings in which he strongest and sharpest diffraction peak for all samples are within
20 = 25.85° which labelled as d (002). Compared to normal CNTs, 26 = 26.5°, this peak
shows a downwards shift, which denoted an increase in the sp2 C=C layer spacing.
Besides, there is also a small diffraction at 26 = 43.0° for all samples of MWCNTSs (Pisal
et al., 2014).

5.1.7 PSA and Zeta potential

MWCNT exhibits a - potential of -14.9 mV, which is thought to be the most
colloidal stable form (Fig. 5.7). An augmented cytotoxic effect against cancerous cells
is observed by MWCNT due to its surface anionic charge. The percolation tendency of
MWCNT may be attributed to the average size and overall tension occurring in the
membranes of cancerous cells, which ruptures the membrane and allows entry of the

material into the cell (Das et al., 2015).

Endocytosis appears to be the prime mechanism underlying the entry of
MWCNT into cells, however, further validation is required to confirm the mechanism by
which MWCNT enter and exit living cells. The interface of MWCNT with biological cells
is also attributed to the electrical disruptions that occur at the material-bio interface. In
this regard, the dimensions, size, shape, and intrinsic chemical composition of MWCNT
play a significant role in the net cytotoxicity of the nanoparticles in biological systems.
Colloidal stability of the MWCNT was observed, which determines the surface charge
of the powdered nano tubes. The average colloidal stability of the material was
determined to be ~29.3 mV.

Colloidal stability has been observed in this study which determines how much
is the surface charge existing over the powdered sample when experimented. It is

clearly understood that the MWCNT of differential particle distribution and colloidal
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stability makes it a potential candidate for the net electrostatic interaction between the
material and the cellular architecture. The colloidal stability also enables to understands
the materials thermodynamical free energy associated with its intrinsic atomic
configuration which makes it a suitable biomaterial when tested into different biological

systems safely (Krause et al. 2010).
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Fig 5.7: Zeta potential of pristine MWCNT
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5.2CYTOTOXICITY ANALYSIS

5.2.1 MTT assay

After successful characterization of pristine MWCNTSs, cytotoxicity has performed in
vitro MTT assay study in HepG2 cell line by spectrophotometric absorption at 570 nm.
The results showed that the viability of the HepG2 cells line was influenced by various
concentrations (5, 10, 20, 40, 80, 100 pug/ml) of pristine MWCNTSs drug solution. After
incubation, cell viability was evaluated by applying the 2-(4-lodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium.

The data obtained showed that there was statistically significant difference on cell
viability at 5, 10, 20, 40, 80, 100 pg/ml doses compared to the control group as shown
in Fig. 5.9 On the other hand, there was a statistically significant decrease in cell
viability of the group exposed to the highest dose of 100 pg/ml. Fig. 5.10 shows the
Dose-response curve of MWCNT against HepG2 cells that results in reduced the
number of viable malignant HepG2 cells in a dose dependent manner. Fig. 5.11 is the
microscopic images of HepG2 cells when treated with different concentrations of
Pristine MWCNT. Furthermore, the prepared exhibited an ICso value of 69.82 pg/ml for
24 h as shown in Fig. 5.12. Similar observation was seen where 1Cso value was found
to be 72.97 pug/ml (J. M. Tan et al., 2014; Yuan et al., 2011, 2012).

This observation is in accordance with the cytotoxicity studies of Lei et al performed
in A549 and HepG2 using pristine MWCNTSs at three concentrations (40, 200, and 400
pg/mL). Their findings suggested that that MWCNT demonstrated significant cell
growth inhibitory to A549 cells and moderate cell growth inhibitory activity to HepG2 in
a concentration-dependent manner. The ICso of MWCNT in A549 and HepG2 cell lines
was 52.7 and 71.0 pg/mL, respectively. And results showed that the viable cells were
reduced by 40% at a concentration of 40 pg/ml. However, their lactate dehydrogenase
results demonstrated that there was no significant cellular lactate dehydrogenase
release, indicating that the membrane of the cells was not damaged (Lei et al., 2009)
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Fig 5.10: Cell Viability Dose-Response curve of MWCNT treated HepG2 cells.
Values represent means + SD (*P< 0.05 was considered significant compared to

control) of three independent experiments carried out in triplicates
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Fig 5.11: Morphology of HepG2 cells under phase contrast; after 24 h
incubation with A) 5 ug/ml, B) 10 pg/ml, C) 20 pug/ml, D) 40 ug/ml, E) 80 pug/ml, F)

100 pg/ml, G) Represents control cells, with normal morphology.

Scale bar = 100 pm
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Fig 5.12: IC50 calculated from dose vs. response graph; (MTT assay 24h In
this graph, R square is 0.9891. (P < 0.05 and this difference is considered to be

extremely statistically significant.)

The above graph is in the form of straight line (R? almost equals 1)
y = mx-c, where m = 0.7548 and c = 2.7.64

To calculate 1Cso value substitute y= 50 in the above equation
Where, ICso is found to be 69.82 ug/ml

To calculate 1Cg0 value substitute y= 90 in the above equation

Where, ICq is found to be 122.82 pg/ml
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5.2.2 Acridine orange

AO/PI staining was based on the membrane integrity and incorporation of these
dyes with cellular DNA. AO and PI intercalate with DNA once inside the cell, and emit
green and red fluorescence, respectively. Pl doesn’t enter into viable cells with intact
membrane so only viable cells will take only AO and appear green in fluorescent
microscope. Non-viable cells will take both dyes and appear orange to red due to the
dominance of PI. In treated groups, there were large number of cells-stained orange
to red colour of Pl due to membrane damage but untreated cells were almost uniform
in size and shape, and emit green fluorescence of AO (Lei et al.,, 2009; Nagai &
Toyokuni, 2012).

The effects on the endocytic compartment of exposed cells for 120 and 180 min
were studied by AO. Conversely to PBS-treated cells which showed a rich set of intact
lysosomes, the cells exposed both to pristine MWCNTSs (80 ug/ml) clearly revealed
lysosomal damage. After 180 min of exposure, we highlighted a diffuse green cytosolic
fluorescence (Fig. 5.13) that was associated with the morphological changes of cell
death, as pyknosis and karyorrhexis. Damage was more pronounced in p MWCNT-
treated cells, several of which emitted only green fluorescence and showed blebs
surrounding the cells. AO emission was also determined by quantitative cytofluorimetric
analyses. Morphological investigations using this staining confirmed that cells showed
typical characteristics of apoptosis such as cell shrinkage, membrane blebbing and
ruffling when treated with MWCNT (Goepfert et al., 2011; Kntayya et al., 2018; Oberoi
et al., 2018).

AO/PI staining is also used in morphological assessment of apoptotic cells. In a
study after 24 h of incubation with MWCNT, there were clear indications of chromatin
condensation of the HepG2 cells. Upon 72 h of incubation, small apoptotic bodies and
dead cells were identified. The morphological changes as well as the shift from green
to orange fluorescent cells that were observed from the AO/PI staining were sequential
from 24 h up to 72 h of MWCNT treatment, indicating gradual cell death via apoptosis
with increasing length of exposure (Hou et al., 2015; Tripathi et al., 2019).
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Fig 5.13: Acridine orange (AO, green) and propidium iodide (PI, red) double
staining fluorescent micrographs of MWCNT treated HepG2; AO Control group

(A), AO in MWCNT treated HepG2 cells (B), Pl Control group (C), Pl in MWCNT
treated HepG2 cells (D), PI/AO in MWCNT treated HepG2 cells (E); Arrows

indicate red/orange stained endosomal/lysosomal vesicles; Scale bar: 200 um
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5.2.3 Intracellular ROS

The disruption in the balance between ROS and the endogenous antioxidant
systems contributes to oxidative damage of cellular macro-molecules ultimately leading
to cell death. DCFH-DA is a dye molecule that can pass through the lipid membrane
and is reduced to DCFH by esterase. Coming into contact with ROS such as OH" or
Oz, DCFH is converted to the fluorescent molecule DCF. The fluorescence intensity
measured for each cell via flow cytometry is proportional to the amount of ROS
generated inside the cell (Requardt et al., 2015; Shen et al., n.d.; Wan et al., 2015).

The maximum MWCNT concentration was decreased from 100 to 80 pg/ml to
ensure a sufficient MWCNT removal from the cell suspension, with a limited number of
three centrifugation and resuspension steps. Results are shown after 24 h of exposure
(results after 48 h are indicated in the supplement data) because of the short-lived
nature and time-dependent occurrence of ROS (lavicoli, n.d.; X. ming Tan et al., 2009b;
Ye etal., 2009)Fig. 5.14 shows the results for cell lines after 24 h of MWCNT exposure.
In the cell lines, the production of ROS was significantly increased when the cells were
exposed to the MWCNTSs at a concentration of 40 ug/cm2.

Based on the physical and chemical properties of the MWCNTSs, it could be
expected that an increased number of delocalized electrons on their surface and,
hence, an increased hydrophobicity could lead to an enhanced formation of ROS. This
in turn could be attributed to an inductive effect as a result of a dense electron cloud.
Our data using the DCFH-DA assay showed that 80 pg/ml MWCNT led to a significantly
increased intracellular production of ROS following a 24 and 48 h exposure, The
increased production of ROS and the increase in oxidative stress following MWCNT
exposure was also reported for various cell lines, including HepG2 cells, by several

other research groups (Requardt et al., 2019; C. Zhao et al., 2018)

52



Fig 5.14: Confocal images of ROS generation in HepG2 cells; at 24 hrs after
MWCNT treatments; Control group (A), MWCNT treated HepG2 cells (B); Arrows
indicate DCFH stained cells; Scale bar: 200 um
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5.2.4 Lipid accumulation

Four main pathways relating to hepatic lipid metabolism have been identified to
contribute to hepatic TG accumulation (Fig. 5.15), namely 1) uptake of circulating
fatty acids derived from the diet or adipose tissue; 2) hepatic fatty acid synthesis
also known as de novo lipogenesis (DNL); 3) secretion of TGs in the form of very
low-density lipoprotein (VLDL) particles; and 4) fatty acid oxidation (FAO). Recently,
turnover of lipid droplets (LDs) by lipophagy, a form of autophagy specifically
involved in the degradation of LDs has been identified as a novel pathway that also
contributes to NAFLD (Han et al., 2021; Z. Li et al., 2020).
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Fig 5.15: Overview of the main pathways contributing to TG accumulation in

NAFLD (created using biorender tool)

A specific form of autophagy is lipophagy which mediates the liberation of lipids
stored in LDs. Lipophagy is a relatively recent discovery compared to the four

pathways. However, disturbances in lipophagy have been linked to NAFLD and
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hepatic TG accumulation and this process can therefore be considered the fifth

pathway controlling NAFLD development (Z. Li et al., 2020).

In order to protect against lipotoxicity, several organs including the liver store
neutral lipids such as TGs in specialized single membrane vacuoles known as LDs.
LDs are predominantly generated at the ER and increase in size by lipid transfer
from the ER or by fusion with other LDs. LDs consist of a single phospholipid
membrane filled with neutral lipids and harbour a variety of lipolytic enzymes and
other LD regulatory proteins. Adipose triglyceride lipase (ATGL), hormone sensitive
lipase (HSL), di- and monoglyceride lipase (DGL and MGL, respectively) facilitate
the hydrolysis of TGs into fatty acids (T. Zhang, Liu, et al., 2019).

Additionally, members of the perilipin family (PLIN1-PLIN5) are colocalized on
the LD-membrane where they serve a regulatory function for lipolysis. PLIN2 and
PLINS are highly expressed in the liver and contribute to the formation and
regulation of lipolytic activity at the LDs membrane. The regulatory role of PLIN2
was demonstrated when PIlin2 knockout mice did not develop hepatic steatosis in
response to a high-fat diet. Their regulatory role was associated to an occupational

function on the LDs, reducing the special availability for lipolytic enzymes.

Hepatic PLIN5 protein synthesis and activity were both induced in mice by
fasting, and signals via sirtuin-1 (SIRT1) to promote autophagy and reduce hepatic
inflammatory injury under starvation. In addition, PLIN5 was shown to regulated the
phosphorolytic state of lipolytic enzymes (ATGL, HSL, and MGL), and thereby
altering their lipolytic activity. These examples of dysfunction of LD-associated
proteins elegantly illustrate the regulatory and inducible axis between LDs, cytosolic
lipolysis, and lipophagy (Fukaya et al., 2021; T. Zhang, Liu, et al., 2019).

LDs and their content are among the structures that are degraded in the
lipophagic process. As such, lipophagy is important to liberate fatty acids from the
TGs stored in the LDs. A recent study reported that lipophagy-derived fatty acids
undergo a cycle of efflux followed by reuptake before a subsequent reincorporation
into cellular LDs. However, if lipophagy is associated with reduced hepatic lipid

content, it is likely that some of the liberated fatty acids will be directed towards
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FAO. In general, it is considered that lysosomal acid lipase (LAL) hydrolyses the

TGs to generate fatty acids. The presence of a second lipolytic enzyme, e.g. ATGL,

necessarily contributes to the degradation of the LD (Fukaya et al.,

al., 2020).
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autophagosome envelope elongating the bi-layer. P62 secures ‘chunks’ of the LD as

lipid-cargo in the lumen of the autophagosome. After LC3-I is spliced by ATG4 to LC3-

I, the autophagosome closes carrying its cargo. Upon fusion with the acidic lysosome
(LAMP and V-ATPase driven), LAL can hydrolyse TG and CE into FFA and free

cholesterol, respectively. FFA are directed towards either beta-oxidation or to the ER

for further metabolism. Cytosolic Lipolysis — At basal conditions, LDs are covered in

PLIN2 molecules that regulate the accessibility for lipolytic enzymes. When stimulated
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PLIN2 releases and grants access at the membrane for ATGL and HSL (bound to
PLIN5), which activate under phosphorylation. When stimulated, SIRT1 activates CMA
to release PLIN2 and replace PLINS at the LD membrane, thereby mediating the
lipolytic activity through autophagy (Y. Li et al., 2019; Schott et al., 2019).

Oil red O staining indicated that MWCNT exposure concentration-dependently
promoted lipid accumulation in HepG2 cells. Significantly increased oil red staining was
observed in cells following exposure to 69.82 pug/ml (ICso value) of p-MWCNT as shown
in Fig. 5.17. At the concentration the pristine MWCNT induced significantly higher lipid
accumulation in HepG2 cells. FFA as the positive control resulted in approximately two-
fold increase of oil red staining. Under the confocal microscope (Fig. 5.18), control cells
showed sparse lipid droplets, whereas MWCNT exposed cells appeared to have more
lipid droplets. ImageJ analysis indicated increased fluorescence area from BODIPY
staining in cells exposed to NPs (lavicoli, n.d.; X. ming Tan et al., 2009b; Ye et al.,
2009)
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Fig 5.17: TG content assay of HepG2 cells treated with IC50; concentration of
MWCNT for 24 h. Intracellular TG contents were normalized by total protein,
and both originated from one sample. The data were presented as the mean +

SD. *p<0.05 versus the control group
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Fig 5.18: Intracellular lipid droplets in HepG2 cells stained with Oil Red O;
Control group (A), MWCNT treated HepG2 cells (B);
Arrows indicate lipid accumulated cells-stained cells; Scale bar: 200 pm.
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Fig 5.19: The accumulation of lipids. HepG2 were incubated with 1Cso
concentration of MWCNT for 24 h, and then lipid accumulation was quantified
by using Oil Red O staining and OD were measured, *P < 0.05, compared with

control.

Oil Red O bases this technique on the staining of intracellular lipid droplet. Oil
Red O staining showed that 69.82 ug/ml MWCNT treatment for 24 h induced the
accumulation of lipid droplets in almost all HepG2 cells (Fig. 5.18B). There were no

visible lipid droplets in HepG2 cells in the normal group (Fig. 5.18A).

Triglyceride assay showed that the triglyceride contents in HepG2 cells treated
69.82 ug/ml MWCNT treatment for 24 h were significantly increased compare with that
in the normal group (P < 0.05, Fig. 5.19). These data suggested that 69.82 pg/mi
MWCNT successfully induced steatosis in HepG2 cells. When treated with MWCNT
the intra-cellular TG contents in differentiated HepG2 cells were increased by 38.2%,
as shown in Fig. 5.19. These results indicated that the metabolism of TG in HepG2
cells may be regulated by MWCNT (lkeda et al., 2014; Oberoi et al., 2018; Pei et al.,
2019).
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5.2.5 DAPI staining

To further understand the action mechanisms of the cytotoxic activity of the pristine
MWCNTSs, this study examines how the MWCNTSs interact with HepG2 cells using
fluorescence microscopy. Fluorescent dyes (DAPI), as an indicator of cell membrane
damage, are used to assess the cytotoxic activity of all samples. Living cells are
observed as blue. Fig. 5.20 shows a fluorescence microscopy image of the control
sample where no MWCNTSs are added. The cells are not aggregated and all the cells

were alive (blue).

Fig. 5.20 shows images of the cells treated with the MWCNTSs at 80 pg/mL for 60
min. The formation of aggregates, including HepG2 cells and MWCNTSs, is clearly
observed, which is consistent with the results reported in other studies where MWCNTSs
have strong ability to capture hepatocytes and form aggregates. Interestingly, the blue-
stained cells existed mainly in the external field of each aggregate. This is likely due to
the tighter contact between the hepatocyte and MWCNTSs in the central field than in the
outer field of the aggregates. The tight contact provides more opportunity for the
MWCNTSs to interact with the cell membranes and destroy the cell membrane structure
(Bai et al., 2012; lancu et al., 2011; M. Wang et al., 2010)

DAPI staining is also performed to investigate if the drug induces apoptosis in the
HepG2 cells is also use in identifying apoptotic cells. During apoptosis there is a loss
of membrane asymmetry due to the translocation of phosphatidylserine from the inner
to the outer layer of the cell membrane. This translocation occurs before nuclear
breakdown and DNA fragmentation. The results showed in Fig 5.20 indicates that
MWCNT causes nuclear fragmentation of the HepG2 cells, which is hallmark of
apoptosis. Taken together, these results strongly indicate that MWCNT contains
compounds that are able to induce apoptosis in a human hepatocyte (Vizetto-Duarte
et al., 2016; J. Wang et al., 2017).
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Fig 5.20: Fluorescent images of DAPI for the HepG2 cells exposed to MWCNT;
Control group (A), MWCNT treated HepG2 cells (B); arrows depict apoptotic
cell; Scale bar: 200 pm.
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CHAPTER 6
SUMMARY AND CONCLUSION

In this study, we investigated the Physical characterization of the commercially
acquired pristine MWCNT. UV - Vis spectroscopy proves to be an effective tool for the
assessment of dispersion state of MWCNTSs in water, which were further backed by the
FESEM images. The covalent linkage between the carbon nanotube and functional
group was characterized by FTIR. The peaks indicate the presence of functional groups
such as carboxyl groups (O=C-OH and C-OH). In XRD analysis it was found that the
p-MWCNT were crystalline in nature. In terms of CNT structure, Raman spectroscopy
provides information about sidewall integrity in which the Ip/lc ratio was found to be
~1.17, although without TEM, Ip:lc band analysis can be misleading. TEM and Raman
spectroscopy are among the techniqgues most widely used to provide chemical and
structural information about CNTs. The maximum absorbance and high negative zeta
potential of the suspension were measured as 1.485 abs and -14.9 mV, respectively
for the best dispersibility of MWCNT.

Previous literatures showed that MWCNT could inhibit cell viability of human ocular
cells and human keratinocyte cells. Similar to these studies, this study also found that
the MWCNTSs decreased cell viability of HepG2 in a concentration-dependent manner.
Some literatures showed that the modification could increase the cytotoxicity of
MWCNTs. The MWCNTs used in this study included p-MWCNTSs, so the possible
influence of surface modification could be investigated TEM images showed the
presence of MWCNTSs in single-layer membrane vesicles inside cells, which indicated
the internalization of MWCNTs via endocytic pathways. The cytotoxicity assays
indicated a modest but significant decrease of cellular viability after exposure to
40 pg/ml MWCNTs as shown by MTT. In this study, we also found that MWCNT
significantly promoted intracellular ROS, which suggested that oxidative stress could
be induced in MWCNT exposed hepatocytes. Interference on plasma membrane was
also commonly used to assess the cytotoxic effects of CNTs. The size and shape of

MWCNTs make them easily interact with cell surface. Thus, the damages in plasma
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membrane induced by MWCNTs might more sensitive than cell viability and
intracellular ROS generation. DAPI staining images showing induction of apoptosis by
the introduced on the HepG2 cell images. Apoptosis was confirmed by DAPI staining
which showed apparent changes in the nuclear morphology (chromatin condensation

and nuclear fragmentation) of the MWCNT treated cells.

Morphological investigations using AO/PI staining confirmed that cells showed
typical characteristics of apoptosis such as cell shrinkage, membrane blebbing and
ruffling when treated with MWCNT. AO and PI intercalate with DNA inside the cell, and
emit green and red fluorescence, respectively. Pl doesn’t enter into viable cells with
intact membrane so only viable cells will take only AO and appear green in fluorescent
microscope. Non-viable cells appeared orange to red because of Pi dominance. In
treated groups, there were large number of cells-stained orange to red colour of Pl due
to membrane damage but untreated cells were almost uniform in size and shape, and
emit green fluorescence of AO. Collectively, the results from this study showed that
pristine could be internalized into HepG2 cells, leading to lipid accumulation without
external lipid supply. MWCNT pre-incubation with autophagy inhibitors will also
promote MWCNT induced lipid accumulation, which indicates a possible role of
lipophagy. This also suggests that when using NPs for bio medicinal purposes, it may
be necessary to consider the influence of NPs on lipophagy pathway and lipid

accumulation. The achieved results are in full agreement with the literature.

Based on existing studies, it can be suggested that MWCNT Nps can act as
nanocarrier of drug molecules for targeted drug delivery. However, so far, the scientific
paradigm for the possible (adverse) reactivity of nanoparticles is lacking and we have
little understanding of the basics of the interaction mechanism of nanoparticles within
organisms. A conceptual understanding of biological responses to nanomaterials is
needed to develop and apply safe nanomaterials in drug delivery in the future.
Furthermore, a close collaboration between those working in drug delivery and particle
production is necessary for the exchange of concepts, methods and know how to move

this issue ahead.
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ANNEXURE

Submitted the book chapter “Emerging graphene-based nanomaterials as DNA
biosensor(s) using lab-on-chip, computational approaches, and robotics” was
submitted on 12th August to Elsevier, CRC press (Taylor & Francis) and it was

accepted on 1st February, 2023.

M

Acceptance for the Contributed book chapter
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Dr. Yugal Kishore Mohanta <ykmohanta@gmail.com> Wed, 1 Feb, 2023 at 8:02 pm
To: Dr. Kunal Biswas <kunalbiswas.irc@sathyabama.ac.in>, Dr. Kunal Biswas <kunal.sapiens@gmail.com>

Dear Dr K Biswas
Greetings!
|l am glad to inform you that the submitted chapter from your team EMERGING GRAPHENE-BASED NANOMATERIALS AS

DNA BIOSENSOR(S) USING LAB-ON-CHIP, COMPUTATIONAL APPROACHES, AND ROBOTICS has been accepted for

publication in the book Graphene Nanomaterials in Food, Health & Agriculture sectors published by CRC Press

The final proof will be sent to you by the CRC publisher for your final corrections

Best Wishes
Editorial Team

Dr Yugal Kishore Mohanta (he/him/his)
Assistant Professor I Department of Applied Biology

School of Biological Sciences

University of Science and Technology Meghalaya (USTM)
9th Mile, Techno City, Baridua,Ri-Bhoi-793101,
Meghalaya,India

E-mail: ykmohanta@gmail.com/ yugalkmohanta@ustm.ac.in
WhatsApp: +919439093024
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Presented the article “Multi-walled carbon nanotube-based therapy to
cancer and the brain beyond the blood-brain barrier: A Review” on 11" February
in GCORT’23 conducted by Anna University and the abstract has been published in

the GCORT proceedings by “Association of pharmacy professionals”
Proceedings GCORT'23 — Book of abstracts

POSTER PRESENTATION (virtual mode)

PROSPECTS OF MULTI-WALLED CARBON NANOTUBE-BASED
THERAPY TO CANCER AND THE BRAIN BEYOND THE BLOOD-

BRAIN BARRIER: A REVIEW
1* Sandhyd. S., 'Thyagarajan R, 2 Kunal Biswas

'Department of Biotechnology, Sathyabama Institute of Science and Technology,
Chennai-600119, Tamil Nadu, India.

2 Centre for Nanoscience & Nanotechnology, International Research Centre, Sathyabama
Institute of Science and Technology, Jeppiaar Nagar, Chennai-600 119, Tamil Nadu,
India.

Corresponding author: kunalbiswas.ircl@sathvabama.ac.in

The most common type of central nervous system tumour that affects people of all
ages 1s a brain tumour, which recently exceeded leukaemia as the leading cause of cancer-
related mortality. There are currently few effective therapies for tumours and disorders
related to the central nervous system. The lack of treatment 1s because of the challenges given
by medication msolubility, poor distribution across cells, lack of selectivity, failure to pass
cellular barriers, and blood-brain barrier (BBB). The blood-brain barrier (BBB) 1s a covert
barrier that guards the brain, enables only a narrow range of substances to enter the brain,
and contributes to the regulation of brain homeostasis. The BBB is made up of several
molecular parts and transport mechanisms, which in turn provide facilities for drug efflux or
blockages to drug entrance into the brain. Effective treatments for brain tumours are still
difficult to find because of the BBB's low permeability and high selectivity to conventional
anticancer medications.

Multi-walled carbon nanotubes (MWCNTs) have various unique properties that make
them good candidates for drug delivery to the brain and cancer. Thus, to address this
challenge 1 the treatment of brain tumours, effective drug delivery modification and unique
therapeutic approaches are required in addition to the usual treatments. These characteristics
mclude good electronic properties, a remarkable ability to penetrate the cell membrane, high
drug-loading and pH-dependent therapeutic unloading capacities, thermal properties, a large
surface area, and ease of molecular modification. MWCNTSs might deliver drugs with great
effectiveness, increased specificity, and reduced adverse effects. CNTs have mostly been
used to treat cancer, although a few research have concentrated on employing MWCNTSs to
treat and diagnose disorders of the central nervous system.

Here, we evaluate the present status of in vitro and in vive studies on CNT-based
tumour-targeted drug delivery systems (DDS), photodynamic therapy (PDT), and
photothermal therapy for the treatment of cancer (PTT). In the meanwhile, we examine the
state of the art of in vivo and in vitro studies of CNT-based medication delivery to the brain.
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Presented the article “Effect of Multi-Wall Carbon Nanotube on Hepatocyte

and its impact on lipid metabolism” on 215t March was submitted for ICONN’23
conducted by SRM University and the abstract has been published in the ICONN’23
proceedings.

7" International Conference on Nonoscience and Nanotechnology (ICONN 2023), SRM IST, Chennai.

Effect of Multi Walled Carbon Nanotube on various bio interphase and its impact on lipid

metabolism
Sandhya Selvakumar', Thyagarajan Rajendiran', Kunal Biswas®*

' Department of Biotechnology, Sathyabama Institute of Science and Technology, Chennai-
600119, Tamil Nadu, India

2 Centre for Nanoscience & Nanotechnology, International Research Centre, Sathyabama
Institute of Science and Technology, Jeppiaar Nagar, Chennai-600 119,

*Corresponding author’s email: kunalbiswas.irc(@sathyabama.ac.in

Abstract

Multi-walled carbon nanotubes (MWCNTSs) are carbon-based nanomaterials that have gained

significant appeal in nanotechnology. They are highly coveted for usage in the industrial, environmental,
and medicinal fields because of their remarkable one-dimensional hollow nanostructure and distinctive
physicochemical features. Despite their extensive use, limited information i1s known about how they

affect the environment and living organisms. The first stage in determining the biosafety and
biocompatibility of nanoparticles is to determine their toxic concentration in humans. Therefore, it 1s

critical to have precise knowledge about how MWCNTSs affect specific organs in order to determine
their effectiveness and potential implications on health. Numerous metabolic processes can be hindered
by a high nanoparticle concentration in different organs. Recent research demonstrated that exposure to
MWOCNT could cause lipid accumulation in different biosystems. However, the mechanisms linking

MWOCNT exposure and lipid accumulation remain poorly understood. This study focuses on the recent

research on the toxicity of MWOCNT and its potential impact on lipid metabolism in various organ
systems (bio-interphase).
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H. Y. Zhang, R. L. Chen, Y. Shao et al. 2018. Toxicology Research, 2018.
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Submitted the review article “Current advances on biomedical applications
and toxicity of MWCNTS: a review” on 24" November in Bionanoscience Journal,

Springer.

Received response for acceptance of paper on 19" April, 2023.
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Prior to publication, our production team will check the format of your manuscript to ensure that it conforms to the
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Checking the proofs
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Abbreviations

BBB Blood-brain barrier

CNTs Carbon nanotubes

CTS-HNTs Chitosan-functionalized-halloysite nanotubes

Cu Copper

DNA Deoxyribonucleic acid

ED Electron Diffraction

EMT Epithelial-mesenchymal transition

FBR Foreign body response

F-HNT Functionalized halloysite nanotubes

GPa Gigapascal

HEK Human Embryonic Kidney

HNTs Halloysite nanotubes

Lac Laccase

MAPK Mitogen-activated protein kinase;

MMC Melanomacrophage centres

MWCNTs Multi-walled carbon nanotube

NASH Non-alcoholic steatohepatitis

NF-kB Nuclear factor Kappa B

NLRP3 Nucleotide-binding oligomerization domain-like receptor: pyrin domain-
containing 3

NMs Nano materials
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Nps Nanoparticles

NIR Near-infrared region

PCA Principle component analysis
RNA Ribonucleic acid

ROS Reactive oxygen species

SEM Scanning electron microscopy
SWCNTs Single-walled carbon nanotubes
TEM Transmission electron microscopy
TGF Transforming growth factor

TPa Terapascal
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ABSTRACT

Recently, carbon nanotubes (CNTs) have become a possible new choice in variable
disciplines such as gene therapy, bioengineering, cancer treatment and
nanotechnology applications in devices, and optics. This is because MWCNTSs are
more durable and possess high electrical and thermal conductivity along with some of
the significant unique physico-chemical characteristics. As the manufacturing and
usage of CNTs rises, the likelihood of exposure to CNTs, whether directly or indirectly,
is higher in the general population. As a result, it becomes crucial to examine the
problems related to the toxicity of CNTs and identify the most effective solutions to
address such concerns. Available data demonstrates unequivocally that nanotubes
may, in some circumstances, pass membrane barriers and enter the organ which may
lead to adverse consequences such as inflammatory and fibrotic responses. So, the
first step in assessing the biosafety and biocompatibility of CNTs in living organisms is
to quantify their abundance. This review article discusses the toxicity mechanisms of
MWCNTSs in vitro and in vivo in different bio-systems (specifically liver) and their
interaction mechanism. In addition, it highlights the latest advances in carbon

nanotubes in the healthcare and pharmaceutical sector from multiple perspectives.

Keywords: Multiwalled-carbon nanotubes, in vivo toxicity, in vitro toxicity, hepatocytes,

bio-systems
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1. INTRODUCTION

Engineering fields utilizing nanoparticles, structures with characteristic diameters
ranging from 1 to 100 nm, have shown tremendous growth[1], [2]. When nanopatrticles
are properly engineered, they display a wide range of unique and adjustable chemical
and physical characteristics. Because of these properties, synthesized nanoparticles
have become essential components in a wide range of developing technologies. These
distinct qualities may result in similarly diverse biological outcomes|[3]. lijima published
the first description of carbon nanotubes over ten years ago[4]. SWCNTs (Single-walled
carbon nanotubes) and MWCNTs (Multi-walled carbon nanotubes) are two types of
nanotubes. SWCNTs are carbon nanotubes that have a structural arrangement similar

to that of a graphite sheet coiled up into a cylinder[5]. In contrast,

MWCNTs have a larger diameter than SWCNTs because they are made up of
several single-walled tubes stacked one within the other in concentric layers[6]. While
SWCNTs are recognized for distinct electrical, optical, or chemical capabilities existing
at the nanotube scale, the unigue features of MWCNTSs are mainly related to the bulk
material[7], [8]. Post-synthesis chemical and thermal modification processes adjust
aggregate features of MWCNTSs such as large surface area, thermal conductivity, or
tensile strength for specific applications[9]. The emphasis on targeted modification of
the bulk properties of MWCNTSs influences the interpretation of research demonstrating

the effects of MWCNTs on human health or the environment[10].

Multiple studies on the uses of carbon nanotubes in biology and medicine have
been investigated in recent years[11]. CNTs (Carbon nanotubes) are currently used as

drug delivery systems, membrane components in gene therapy, tissue engineering
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materials, neural scaffolds, and drug delivery systems. Carbon nanotubes can be
utilized to simulate neural fibers for the formation of neurons, according to in vitro
research[12]. Additionally, carbon nanotube surfaces can be chemically altered to
provide electrically charged spots that can bind a variety of biomolecules[13]. CNTs
easily diffuse through biological tissue and cellular membranes within the living body
and migrate via the skin, hair follicles and the digestive and respiratory systems. CNTs
are useful materials as medication and gene carriers due to these characteristics. Their
adaptability to biological systems is a particularly beneficial quality in diagnostic, gene-
delivery, and drug-delivery devices[14]. As the use of carbon nanotubes increases the
quality and efficacy of drug delivery systems expands, so will their exposure to humans.
As a result, it is critical to explore the difficulties related to CNT toxicity[15]. Numerous
data and research have been presented to assess the kind of toxicity introduced by the
usage of CNTs in Dbiological systems, particularly  during  the

administration of medications[16].

CNTs have been demonstrated in recent investigations to be harmful to microbes
and mammalian cells[17]. Both SWCNTs and MWCNTs are poisonous to Gram-
positive and Gram-negative bacteria, but to varying degrees depending on their
physicochemical qualities. They revealed that when CNTs come into close contact with
bacterial cells, they may severely damage the cell membranes, causing the cells to lose
structural integrity and, as a result, inactivate them[18]. MWCNTs have previously
been found to inhibit cell growth and produce oxidative damage, apoptosis, or necrosis
in vitro. MWCNTSs inhalation causes lung injury or a systemic inflammatory response,

oxidative damage, and genotoxicity. However, few studies have been conducted on
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the interactions of carbon nanotubes with biological macromolecules. CNTs attached
to proteins in systemic circulation are deposited in organs of the reticulo-endothelial
system, such as the liver and spleen via blood transport, where they might have
therapeutic or potentially harmful effects. An in-depth investigation of CNT-protein
interactions is critical for drug delivery applications and CNTs biological safety
concerns[19], [20]. Regardless of the dosing mode, almost all nhanoparticles studied,
including MWCNTSs, accumulate predominantly in the liver. Furthermore, nanopatrticles
have been demonstrated to stay in the liver for a long time, usually months or years. A
high concentration of nanoparticles in the liver induces inflammation and has the ability

to impair various metabolic activities[20].

In this review, the data published on the toxicity of CNTs that are likely to influence
the cellular internalization process is addressed. Other parameters, such as electronic,
electrical, surface mechanical, tribological property, nanotube diameter and chirality
are also explained along with the interaction of MWCNTs with various potential bio-

systems.

2. PHYSICO-CHEMICAL PROPERTIES OF MWCNTs

Because of their superior chemical and physical properties, including great chemical
stability, thermal conductivity, mechanical strength, and electrical properties,
MWCNTSs, which are made up of a rolled cylindrical graphitic sheet, have many uses in
a variety of industries[21]. Due in part to technical glitches in detecting and quantifying
nanoparticles in biological settings, current research on the evaluation of the toxicity of
nanomaterials mainly concentrates on one element of their properties at a time in order
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to identify the reasons for toxicity[22].

In order to create prediction models for the safe design of nanomaterials and to
comprehend nano-biological interactions, it is essential to have a thorough grasp of the

physico-chemical properties of nanoparticles that influence their cytotoxicity.

2.1.CHIRALITY
The chiral vector C, defined by the integers, completely describes the structure of an
SWCNT detailed in Figure 1[23]. This index, which controls the electrical characteristics
of the tubes, may be discovered by scanning tunnelling microscopy or by ED (Electron
Diffraction) of individual tubes[24]-[27]. An MWCNTs is more challenging to
characterize since it requires knowledge of the walls' configuration, especially whether
they are nested tubes (a "Russian doll" structure) or rolled-up carbon sheets, in addition

to the chirality (scrolls)[28]-[30].
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Armchair(m,m) Zigzag(m,0) Chiral(m,n)

Carbon nanotubes

Fig:1 Chirality and geometry of CNTs. The lattice vectors a1 and az as well as
the roll-up vector Ch=nai + mazare shown in this schematic of a two-
dimensional graphene sheet. The limiting examples of (n,0) zigzag and (n,n)
armchair tubes are shown by black lines. Here, the zigzag design and Ch are at

a negative angle. (Created using Canva tool)

It is believed that the enantio-selective adsorption and intracellular distribution of
chiral Nps will have an impact on their toxicity through their direct impact on Nps bio-
distribution. Furthermore, variable surface chemistry, surface reactivity, and enantio-
selective corona formation caused by chirality may impact the toxicity of Nps[31]. It is
also crucial to remember that chirality may modify exposure parameters like rates of

aggregation, which are influenced by the relative interplay between attractive Van der
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Waals forces and repulsive electrostatic interactions[32]. This means that chirality may
not only affect Nps' toxicity by their direct interaction with biological systems. For
instance, it has been demonstrated that chirality affects the aggregation kinetics
of SWCNTSs. In this instance, the stronger Van der Waals contacts in the armchair
SWCNTs, which led to noticeably greater aggregation, might be attributed to the
influence of chirality on SWCNTs[33]. The given dose of NMs can be considerably
impacted by chirality by altering the aggregation kinetics, which contributes to the

inconsistent results of numerous in vitro investigations.

There were also enantioselective rates of absorption, where CNTs with lower chiral
indices (lower chirality) were found to enter lipid bilayer cell membranes more quickly
than those with higher chirality[32]. Due to their reduced adherence to the membrane,
CNTs with lower chirality needed less time to translocate through the membrane. Since
creating CNTs with a specific chirality is a considerably more difficult task, chiral indices
were used in this study. Targeting inflammation and liver fibrosis, studies showed that
the technique is promising for the treatment of NASH (Non-alcoholic steatohepatitis) by
using sorted chiral SWCNTs for multigene/multidrug delivery[33]. Different tissue cells
can be penetrated by CNTs, which can then cause oxidative stress, inflammation, or
even necrosis[34]. CNTs harm macrophages and cause the necrosis of hepatic cells in

the liver[35].

2.2.SURFACE PROPERTIES
Large surface area causes band gap changes, a lower melting point, and increased
reactivity[36]. These characteristics have major consequences including pneumonitis,
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cytotoxicity, and toxicity in vivo. When employed as medication carriers, fillers, or
cosmetics, a bigger surface area may result in increased reactivity with adjacent
particles, perhaps having negative effects[37]. Surface hydrophobicity is recognized to
have an impact on surface energy, tribological properties, and friction behaviors. As a
result, CNT's surface characteristics may be changed to suit certain tribological and
medicinal applications[38]. Reactive surfaces may function as efficient catalysts, but
when used biologically, reactive groups on surfaces may have negative health effects.
For this reason, surface chemistry at the interface or of the shell is a crucial factor to
consider from the perspective of toxicity. Studies on lung cytotoxicity have shown that
particle surface reactivity, as opposed to the core particle or just the particle size and

surface area, has a significant impact in evoking an inflammatory response[39].

2.3.MECHANICAL PROPERTIES

The CNTs is superior to other traditional reinforcing fibers in terms of strength and
elastic modulus. About 1.2 TPa (Terapascal) and 30 GPa (Gigapascal) were the elastic
moduli and flexural/tensile strength of CNTs, respectively. As a result, CNTs is added
to a range of nanocomposites during processing. Although solvents and water in
general do not solubilize CNTs, surface alterations like fluorination and acid treatment
can provide more stable solubilization in solvents. To get a more homogenous
dispersion of CNTs in a polymer matrix, and therefore a greater reinforcing impact on

the elastic modulus, it is frequently helpful to modify the surface of CNTs[40].

The experimental evidence demonstrates that small concentrations of COOH
groups improve the strength of CNTs in comparison to that of defected CNTs, whereas
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higher concentrations result in tube degradation. This improvement in strength is
caused by the carboxylation of CNTs with different diameters, numbers of walls, and
metallic and semiconducting characteristics[41]. The critical concentration above which
the coexistence of COOH groups and vacancy defects will cause substantial changes
in the structure of the nanotube, resulting in a considerable reduction in Young's
modulus, rendering the CNTs unsuitable as reinforcement in composites Above critical

density, carboxylic group concentrations would begin to lessen the toxicity of CNTSs.

Studies have shown that surface functionalization affects the SWCNTSs' bio
durability. Particularly, carboxylation enhances the biodegradation of CNTs in
comparison to other forms of functionalization (such as ozone treatment or aryl
sulfonation)[42]. COOH groups lead to the formation of active sites that serve as points
of entry for further oxidative degradation. It reduces the possibility of long-term negative
effects from drug delivery and selective therapeutic targeting of cancer cells using
CNTs. The impact of disorder on the stiffness of these nanotubes must be studied in
order to appropriately simulate the impact of carboxylation on the mechanical

characteristics of CNTs[43],[44].

3. RECENT ADVANCES IN THE FUNCTIONALIZATION OF CARBON
NANOTUBES
3.1.CNTs IN DRUG ADMINISTRATION AND PHARMACOKINETICS ANALYSIS
CNTs distinct physico-chemical properties, along with their capability of adaptation,
have resulted in a wide range of applications in this interesting field. CNTs, in addition
to other applications, are prospective drug carriers in target drug-delivery systems for
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oncology and other therapeutics[45]. Moreover, the capacity to functionalize their
membrane with a wide diversity of biological and chemical species provides access to
a wide range of medical uses. CNTs easily overcome numerous physiological barriers,
slipping through the plasma membrane and entering the cytoplasm due to its nano
needle structure method, allowing loaded molecules or medicines to be transported

and delivered into the target region.

CNTs are considered ideal candidates because of their satisfactory biocompatibility
levels, threadlike structure, and large surface area, which allows for extensive
modification, as well as a molecular ligand binding mechanism that allows for the
transportation and distribution of drugs into the target tissue. In the medical area, CNT
molecules conjugated with chitosan have very efficient drug-loading and -releasing
properties that might be applied as a transdermal drug delivery system that responds
to skin heat signals, sometimes known as a "patch"[46]-[48]. Since the safety concern
regarding CNTs was first raised, the pharmacokinetics and bio-distribution of CNTs
have been researched. The blood circulation and accumulation of CNTs in animals

have an impact on their toxicity and biological applications.

Long blood-circulated CNTs may accumulate more in tumors while acting as a drug
delivery system, making them effective for the detection and therapy of cancer[49].
Aggregated CNTs, on the other hand, are quickly eliminated from the circulation by
macrophage recognition. Their use in medication delivery is constrained by this quality.
However, simply scattered CNTs might have a use in thermal therapy and
diagnostics. CNTs may therefore be potential materials for the essential cancer

therapy technique of sentinel lymph node detection[49]. Additionally, because CNTs
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migrate slowly, they are perfect for thermal therapy because once injected into a tumor,

they remain there for a long time.

3.2. TISSUE REGENERATION AND ARTIFICIAL IMPLANTATION

CNTs have remarkable thermal, mechanical, and electrical capabilities, allowing
them to be used as reinforcements in a variety of materials to improve their qualities.
The goal of tissue engineering is to replace damaged or diseased tissue with biological
substitutes that can eventually reestablish the tissue's natural and original function[48].
Significant advancements in this field have aided the anticipated growth of tissue
regeneration engineering and medicine. The body typically rejects implants due to post-
administration pain, however, carbon nanotubes easily attach to other protein
molecules and can be used to implant prosthetic joints avoiding host rejection[50].
Biomaterials containing polymers are frequently used in conjunction with osseous
tissue. CNTs are often employed in osteo- biomaterials, mostly to promote better
mechanical properties, and they are expected to work as scaffolds to assist and

facilitate bone tissue regeneration[51].

3.3.CNTs IN GENETIC ENGINEERING

CNTs are employed in the creation of bioimaging genomes, proteomics, and tissue
engineering to control genes and atoms. Gene therapy involves inserting a DNA
molecule into the cell nucleus to fix a faulty gene that causes some chronic or inherited

disorders[52],[53]. Nanotubes crosslinked with DNA were revealed to liberate DNA
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before it was killed by a cell's defense system, resulting in a significant rise in
transfection. Antiviral activity of nanostructures towards respiratory syncytial virus, a
virus that causes severe bronchitis and asthma, has been discovered. Nanoparticles
and gene-slicing technologies are typically used in therapy. Encapsulated within
nanotubes, RNA snippets capable of blocking a protein are delivered as nasal sprays
or drops. Nanotubes have been shown to aid in the helical crystallization of proteins

and the formation of embryonic rat brain neurons.

3.4.BIOMEDICAL IMAGING

CNTs are fascinating nanomaterials that have a lot of potential for use in the
biomedical sector. In contrast to spherical nanoparticles, needlelike nanoparticles have
superior flow dynamics and a greater ability to permeate cellular membranes in the field
of biomedical imaging. From an imaging and therapeutic perspective, it is possible to
take advantage of CNTs inherent features. SWCNTs can be employed for
photoacoustic imaging and photothermal therapy because of the significant optical
absorption in the near-infrared region (NIR). It is understood that owing to the emission
range of SWCNTs (800-2000 nm), which falls well within the biological tissue window,
it is thereafter capable of different biological imaging applications[52]. It is because of
their superior mechanical, electronic, optic, and chemical properties, carbon-based
nanomaterials have become key agents for bio-imaging applications in recent

years[54].

Roy et al. developed variable fluorescence quantum yield carbon nanoparticles and
used them as high-brightness fluorescent probes for labelling human blood platelets
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with excellent target specificity[55]. Functionalized SWCNTs coated with Ag Nps
recently displayed an amazing surface-enhanced Raman scattering property, which
was subsequently exploited for cell imaging[54], [56]. For scientific investigation and
clinical applications, fluorescence imaging is essential. Recent research has revealed
that light with even longer wavelengths exhibits considerably lower tissue absorption
and, more critically, noticeably lower scattering by biological tissues, enabling in vivo
fluorescence imaging with increased tissue penetration and significantly higher spatial
resolutions. Principle component analysis (PCA) significantly improved the anatomic
resolution of the organs. After PCA analysis of NIR-II fluorescence images of mice with
SWCNTs injection, even the pancreas, which could not be resolved from real-time raw

images, could be distinguished[57].

4. TOXICOLOGICAL PROPERTY OF MWCNTs

Before CNTs can be used safely for targeted medication delivery, a thorough
understanding of their toxicological characteristics is also necessary. To fully
comprehend nanotubes' potential for targeted drug administration, it is crucial to
research their toxicological characteristics, preferably at a physiologically meaningful
dosage. Different nanomaterials are tested for their human toxicity by testing different
in vitro (cell lines) and in vivo (mice, rats etc.) models. Different parameters were
analyzed for differential toxicity of CNTs in biological systems. Some of them are a)
Agglomeration tendency of CNTSs in the treating solutions; b) The inherent chirality and
the diameter along with the aspect ratio of synthesized CNTs; c) Different forms of

surface functionalization which involves chemical and biological; and d) The different
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forms of biological toxicity are also seems to be attained by poor laboratory conditions

and lack of followed protocol during synthesis of CNTs][6].

4.1.IN VITRO

In vitro toxicity tests are a helpful tool for conducting well-controlled studies on the
toxicity of MWCNTSs under closely regulated environments. Usually, in vitro systems
like skin, cardiovascular systems, immune systems and lungs cell types have been
studied by the treatment of CNTs toxicity. Different forms of CNTs toxicity have been
studied rigorously in different forms of cell lines like immune system, skins, lungs etc.
In the lungs cell types, specifically in the macrophages residing inside the lung airways
epithelium were primarily targeted by CNTs treatment[57]. A variety of cells present in
the lung have been demonstrated to be susceptible to CNTs toxicity, which manifests
as inflammatory, reactive, and toxic. The poisonous reaction of CNTs, on the other
hand, is not frequently replicated by various researchers, and could therefore be
connected to the physico-chemical features of the CNTs utilized, or the methodology

used to test their hazardous potential[58]-[60].

The in vitro evaluation of CNTs cutaneous toxicity has primarily used cell lines and
has mostly focused on the impact of CNTs on keratinocytes. MWCNTs may trigger an
inflammatory response after dermal exposure[6l]. Two-dimensional gel
electrophoresis and mass spectrometry were used to study protein expression changes
associated with MWCNTSs exposure. Proteins involved in metabolism, cell signaling,
the cytoskeleton, and vesicle trafficking were the most severely damaged[3], [62].
Several investigations have offered hypotheses for CNTs harmful impact on heart
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muscles.

Cells from the rat heart cell line H9c2 were treated with highly pure SWCNTs (0.2

mg/mL) in an in vitro study to examine cell proliferation and morphology. The

comparative analysis (novelty) of the present and previous studies involving different

types of CNTs and their toxicological implications with the different cell lines is shown

in Table 1. Microscopic examination revealed that CNTs attachment to cell walls

resulted in a modest conformational shift in the cell shape. The investigation concluded

that long-term CNTs exposure caused obvious cardiovascular damage.

Table 1 Comparative analysis of the recefindings and previous discovery

involving different types of CNTs and their toxicological implications with the

different cell lines.

Nanomaterials

Cell lines

Recent findings in

Previous discovery

nanomaterial treated | in nanomaterial
cells treated cells

MWCNTs Keratinocytes | Increase epidermal | Decrease in cell
thickness, mast cell and | viability and
basophil degranulation | increase in IL-8 Cell-
ultimately leading to skin | cycle inhibition[64]
allergies[63]

SWCNTs and | Alveolar MWCNTSs, causes | SWCNTs  showed
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MWCNTSs

macrophages

inflammatory response,

due to mitochondrial
dysfunction and SWCNTs
causes oxidative stress
which leads to apoptosis
through NF-kB

induction[65]

higher toxicity than

MWCNTS[66]

Ground

MWCNTSs

Rat peritoneal

macrophage

Induce inflammation,

apoptosis and impaired

mitochondrial function[65]

Cytotoxicity and
overproduction  of
proinflammatory

cytokines[58]

MWCNTSs

Reticulum

cells

Induce ER stress which
increases lipid

accumulation level[67]

Cytotoxic effects by
the rupturing of
plasma

membrane[68]

MWCNTSs

Alveolar

macrophages

MWCNTs alters ribosomal
protein translation,
cytoskeleton arrangement
induced

and pro-

inflammatory response[69]

Cell death[70]

Pristine

MWCNTs and

oxidized

T

lymphocytes

Causes fibrosis and induce
adaptive immune

response[71]

Apoptosis[72]
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MWCNTs
MWCNTs NHDF Damages DNA by increase | Induction of
(normal in the percent tail DNA | cytotoxicity,
human dermal | causing genotoxicity[73] genotoxicity, and
fibroblast) apoptosis[74]
4.2.IN VIVO

CNTs are delivered into the body by a variety of methods, including inhalation, intra-
peritoneal, oral, intravenous, subcutaneous, and transdermal. Because of the more
apparent and definitive outcomes in the reported tests, the most commonly stated
methods of administration in vivo are intra-tracheal and inhalation. According to several
investigations, inhaling CNTs causes substantial irritation as compared to intravenous
injection, oral, or dermal delivery[75]. When CNTs enter the body, they interact with
proteins or cells, which may result in metabolism or the CNTSs retaining their original

shape.

They can also be dispersed to other organs of the body, where they can either
remain local, translocate, or be eliminated. It has been studied and uncovered in detail
that the molecular level of CNTs toxicological outcomes from the targeted biological
systems emanated from different molecular signaling pathways associated with the
treatment[63]. Numerous studies have demonstrated that CNTs can have a positive or
negative impact on a number of signaling pathways, including the NF-kB (Nuclear
factor Kappa B), NLRP3 (nucleotide-binding oligomerization domain-like receptor: pyrin

domain-containing 3), inflammasome, p53, TGF-bl (transforming growth factor-b1l),
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and MAPK (mitogen-activated protein kinase) pathways, which are important in both

physiological and pathological circumstances.

Dysregulation of these pathways results in aberrant protein function and gene
expression, which in turn causes the onset and progression of disease. The NF-kB and
NLRP3 inflammasome activation play crucial roles in the inflammatory reactions
brought on by CNTs.Under the influence of CNTs, TGF-b1 signaling induces fibrosis
via inducing EMT (epithelial-mesenchymal transition) and the transformation of
fibroblasts into myofibroblasts. Through mis-regulating cell proliferation and death,
abnormal p53 function is crucial in the development of tumors brought on by CNTSs. It
is understood from different toxicological studies pertaining to CNTs toxicity mechanism
in biological systems, fibrosis may be induced by MAPK, p53 and NF-kB pathways,
whereas carcinogenesis may be induced by the TGF-b1l, MAPK and NF-kB activation
after the CNTSs introduction in cellular systems. On the other hand, after exposure to
CNTs, inflammation may start and encourage both fibrosis and carcinogenesis as a

crucial and quick immunological response.

4.2.1 PULMONARY EXPOSURE TO CNTs

With instillation, aspiration, and inhalation approaches being used to expose rats
and mice, pulmonary models have by far been used in the majority of research that
investigates CNTSs toxicity[76].Mice were exposed to MWCNTSs in an experiment, and
the findings indicated inflammation, increasing fibrosis, and granuloma development in

the lung airways[16]. When MWCNTSs are inhaled into the lungs, they are identified by
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macrophages, resulting in failed phagocytosis. Failed phagocytosis triggers a severe
inflammatory response, which raises oxidative stress through the production of pro-

inflammatory cytokines detailed in Figure 2[65],[66].

MWCNT inhaled into lungs

e
Mice exposed to MWCNT
I 3h 3|
- _~ o (3
# -.._,ﬁx._.)

Increases oxidative stress by production

Causes pulmonary fibrosis of cytokines such as TNF «, IL 1 and 2

and granuloma development

Created in BioRender.com bio

Fig:2 The degree of fibrogenesis, which is influenced by the physico-chemical
properties of the nanotubes and genetic vulnerability, is decided by pulmonary
exposure to carbon nanotubes, which can result in direct contact with lung
cells and increase the population of myofibroblasts. (Created using

Biorender.com)

Mitchell et.al. experimented on mice exposing them to MWCNTSs and evaluating
their pulmonary and general immune systems. It was noticed that alveolar

macrophages swallowed MWCNTSs. Despite the dispersion of MWCNTSs across the
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lung, there was no elevation in the infiltration of the inflammatory cell was discovered,
and there was no inflammatory response, granuloma formation, scarring and tissue
injury was verified through histological investigation[79]. Due to the suppressed T-cell
dependent antibody responses as retrieved from the spleen-derived cells, pulmonary
side effects seem to be minimized owing to compromission of the systemic immunity,
also there is an occurrence of reduction in the proliferation of T-cells post stimulation,
rise in the oxidative stress level along with the associated altered NK-cell killing rate,

all resulting into vulnerability of infections.

4.2.2 CENTRAL NERVOUS SYSTEM (CNS) TOXICITY

Scientists have intensively investigated CNTs as drug delivery vehicles to the
CNS due to their unique interaction with the component neural system[80]. Pristine
CNTs are typically insoluble in aqueous solvents, but with some modification to the
nanomaterial, they can even cross the BBB (Blood-brain barrier), which is the most
difficult barrier for treatments[81]. Because of these unique features of CNTs, they are
rapidly being investigated as a diagnostic for CNS illnesses such as Alzheimer's and
Parkinson's[80]. As a result, the rising usage of nanomaterials has sparked a serious
discussion over CNTs neurotoxicity. To establish CNTs toxicity, it is critical to
understand how these molecules interact with the BBB. In an experiment conducted by
Kafa et al, a neuro-inflammatory response was seen when MWCNTSs were introduced
into the brains of mice. Brain tissues take up the MWCNTS, resulting in a variety of
neuro-inflammatory reactions[82]. The results of this investigation demonstrated
elevated levels of cytokine and stimulation of glial cells, indicating oxidation of the CNTs
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surface, which may result in an inflammatory response in neurons.

4.2.3 DERMAL AND SUBCUTANEOUS TOXICITY

CNTs enter the body through the skin, which is the most easily exposed surface
to the environment. In a study, it was observed there was a development of granuloma
with MWCNTs aggregation trapped within the subcutaneous tissues of mice[83].
Keratinocytes and dermal fibroblasts, which are primarily in charge of maintaining skin
connective tissue, are abundant in the epidermis[84]. CNTs treatment of these
keratinocytes reduces cell viability, produces genotoxicity and increases
inflammation[85]. Inflammatory kind of skin reactions are usually noticed when exposed
to CNTs. Post cutaneous exposure, systemic availabilities of CNTs should be taken
care-off. It is argued that irrespective of the route of administration of CNTSs,
subcutaneous granulomas could be re-occurred irrespective of the tissue type infected

with CNTs and is not restricted to only mesothelium or any respiratory systems.

4.2.4 EFFECT OF CNTs ON LIVER

One of the vital organs in the body, the liver is essential for carrying out the
body's many metabolic pathways. Therefore, each substance administered to the body
is either directly or indirectly metabolized by the liver. Studying and examining the
harmful effects of CNTs on liver tissues is so crucial. It is crucial to research how these
nanoparticles are digested in our biological systems to produce simpler molecules that

can be quickly eliminated from the body. However, these metabolic processes are
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difficult to identify or track due to a lack of analytical equipment. The buildup of CNTs
in liver cells was revealed by several in vivo scanning techniques including TEM
(Transmission electron microscopy) and SEM (Scanning electron microscopy)
analyses. MWCNTs were orally administered to Swiss albino mice in an in vivo
experiment, and the effects on the mice were then evaluated in toxicological tests[16].
The liver's histopathological analysis revealed coagulation of the blood, inflammation,
and an elevated level of oxygen free radicals in addition to damaged macrophage cells
(Kupffer cells)[86], [87]. The experimental findings suggested that liver dysfunction
resulted from either acute or long-term exposure to the toxicants in CNTs. Kupffer cells

were activated in the mice's liver after MWCNTSs treatment.

These cells are important for maintaining homeostasis and proper functioning.
When harmful chemicals come into touch with liver cells, Kupffer cells are triggered.
Toxic agents that can enter either directly or indirectly cause the release of growth
factors, inflammatory and pro-inflammatory responses, and ROS (Reactive oxygen
species )[88], [89]. The increasing number of Kupffer cells implies that CNTs are the
primary source of liver damage[16]. Effects of CNTs caused in liver cells are explained

in Figure 3.

In a related study that looked at the potential of MWCNTs as drug delivery
vehicles, the dispersion of radioactively labelled taurine-conjugated MWCNTSs following
exposure via a variety of routes was investigated. The MWCNTSs surface was shown to
benefit from a taurine attachment, increasing their water solubility, and TEM analysis
showed that the MWCNTs structure was unaltered. Following intravenous

administration, the liver was the site of MWCNTSs accumulation with only little lung and
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spleen localization[90]. The fact that MWCNTs were phagocytosed by Kupffer cells
explained the MWCNTs accumulation in the liver, and serum markers and
histopathological studies both showed that the high level of MWCNTs accumulation
was not harmful. The MWCNTSs rapidly dissipated after being injected intra-tracheally;
at the end of the 28th day, only 20% of the initial dosage remained in the lung,
confirming the evacuation of deposited MWCNTs. There has been no instance of
obtaining MWCNTSs in the blood, whereas majority of the orally administered MWCNTs
have been seen to be found in the faces, guts and small and larger intestines,
respectively. MWCNTSs were also observed to remain intact in the tissues where they
were found as well as in faces, indicating that they may be resistant to degradation or

transformation and, if not expelled, may remain in the body[91].

Pure MWCNTSs were created in mouse serum to improve their biocompatibility.
To make MWCNTs more hydrophilic and hence water soluble, they were alternatively
functionalized with ammonium[92]. It was noticed that reduction in the CNTs
aggregation is more pronounced in case of the serum-dispersed MWCNTS, whereas
the ammonium functionalized MWCNTs seems to be more personalized. Mice were
injected with CNTs via their tail veins, and 24 hours later the lungs, kidney, spleen, and
liver were investigated using the histological examination. It was shown that the
propensity for tissue accumulation decreased as the functionalization of the CNTs
surface increased. Quick excretion and minimized retinene in the body are observed
for the functionalized MWCNTs, when introduced into living biological systems.
Different mice were adversely impacted by the serum-coated MWCNTS, as seen by

their depressed behavior, slumped posture, decreased activity, and respiratory
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distress. The Comparative analysis of present and previous studies involving MWCNTSs

and SWCNTs among in vivo toxicity assessment in various organisms is shown in

Table 2. Large, black clusters of the MWCNTSs that dispersed with serum gathered

mostly in the liver and lungs. The buildup of CNTs in the pulmonary tissues was most

likely the cause of the respiratory discomfort brought on by serum-dispersed

MWCNTS[93].
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Fig:3 Toxic chemicals released due to CNT exposure enter either directly or

indirectly and causes the release of growth factors, inflammatory and pro-
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inflammatory responses, and ROS resulting in hepatotoxicity (Created with

BioRender.com)

Table 2 Comparative analysis of recent findings and previous discovery

involving MWCNTs and SWCNTs among in vivo toxicity assessment in various

organisms

Nanomaterials

Name of

organism

Recent findings in

nanomaterial treated cells

Previous discovery
in the nanomaterial

treated cells

MWCNTSs

Mice

Liver function destruction

and lipid droplet
accumulation in

hepatocytes[94]

Causes low acute

hepato-toxicity[95]

MWCNTSs

Rat

Causes chronic lung fibrosis

and act as carcinogen[96]

Pulmonary

fibrosis[58]

MWCNTSs

Mice

Induces oxidative stress
damage, nephrotoxicity and

neurotoxicity[97]

Inflammation and

granulomas[98]

MWCNTSs

Rat

Schwann cell matrix-coated
MWCNTs nanofibers is a
conduit for peripheral nerve

regeneration[99]

Granuloma and
collagen

depositions[100]

MWCNTs and

Guinea pigs

Inhibit  cell  proliferation,

Pneumonitis[102]

126




SWCNTs induce apoptosis[101]

MWCNTs Rat MWCNT-induced Inflammation,
carcinogenicity via cytokine | granuloma, and lung
expression by | fibrosis[104]

macrophages[103]

4.3. MECHANISMS INVOLVING WITH THE TOXICITY ASPECTS
CNTs are regarded as a potential drug delivery vehicle among the different reported
vehicles[105]. However, before they may be used for medicinal purposes, their impact
on various organs must be studied. CNTs have been studied several times to
understand the methods by which they infiltrate cells through the lipid bilayer of cellular
walls. Several studies have suggested that endocytosis is the cellular absorption
mechanism for CNTs[62], [106]. CNTs penetration into the plasma membrane of the
cell generates oxidative stress, which can result in inflammation and cytotoxicity[107],
[108]. Because carbon nanotubes (CNTSs) serve as a foreign entity to the host, the FBR

(Foreign body response) is triggered, and substances are created to kill the CNTs.

It has been discovered that carbon nanotubes cause oxidative stress in cells[108]—
[112]. The key signaling mechanisms that govern cytokines in response to oxidative
stress caused by CNTs are protein kinases and NF-kB. One probable explanation for
CNTs cellular toxicity is the production of free radicals, which leads to oxidative
stress[113], [114]. It is well recognized that excess free radical oxidizes DNA

(Deoxyribonucleic acid), proteins, and lipids in cells. They also regulate stimulating
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transcription and activator protein-1 that are involved in systemic inflammation[114].
Influential factors responsible for the observed toxicity of CNTs are mainly surface
chemistry, length, metal content, ability to agglomerate etc. The involvement of the fiber
framework in CNTs toxicity is especially remarkable, as the length of nanotubes seems

to be important to their hazardous potential[6].

4.3.1 IN PROKARYOTES

In some recent studies conducted on the antibacterial effects of CNTSs, it has been
observed that MWCNTs have antibacterial effects on E. coli and Streptococcus and
that SWCNTs have a more effective antibacterial effect than MWNTSs, due to the
stronger Van der Waals forces[115]. It has been revealed that CNTs adsorb bacteria,
inhibit the growth of E. coli through Van der Waals forces and package them into
blocks[116]. Studies have been conducted showing that CNTs induce oxidative stress

in bacteria and thus cause damage to the bacterial membrane details in Figure 4.
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Fig:4 The piercing of the CNTs results in lysis and loss of bacterial membrane

potential, trigger the release of internal components including DNA and RNA,

leading to the full eradication of the bacterium. (Created using Canva tool)

In some other reports, it was concluded that CNTs showed antibacterial effects as

a result of mechanical interaction with bacteria[117]. The results and properties of

CNTs used in these studies are different and they revealed bacterial inhibition results

that may be due to many factors such as functional groups on CNTs surface,

concentration, shape, and size on antibacterial properties emerged[10, 80-82]. Electron

microscopy investigations of bacteria exposed to MWCNTSs revealed that membrane

integrity might be lost by piercing or entrapment. MWCNTSs toxicity appears to be

increased in hypotonic and nutrient-free solutions[120]—-[122]. The incorporation of

microorganisms with CNTs for the removal of pollutants would thus be dependent on
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the incubated medium and bacterial strain, with a high nutrient medium appearing to

lower CNTSs toxicity[118].

4.3.2 IN AQUATIC ORGANISMS

Genotoxicity induced by carbon nanotubes (CNTSs) can be attributed to a number of
factors, involving acute interaction with DNA, an indirect effect resulting from ROS, ion
release or interactions with cellular components. Despite this, only a few studies in
aquatic toxicology have investigated the genotoxic consequences of carbon
nanotubes[123]. Water genotoxic impacts can have long-term consequences
on aquatic ecosystems, and the existence of genotoxic substances in water can affect
non-aquatic species through the food web or simply by potable water. Fish are
frequently utilized as sentinel creatures in eco-toxicological investigations because they
play various roles in the trophic web, can rapidly absorb toxic compounds, and respond
to low xenobiotic concentrations[124],[125]. Nanocomposites may be absorbed by fish
through the digestive system and gill surface before being delivered by the blood to
target organs such as the spleen and liver. The liver has been employed in various
toxicological investigations since it is an important organ in Xxenobiotic
detoxification[126]. The spleen, on the other hand, is an essential component of the
immune system, acting as a selective filter of the vascular system and playing an
important part in the response to pathogen invasion. MMC (Melanomacrophage
centers) are pigmented macrophage accumulations in the head, kidney, liver, and

spleen of various fish species[127].

MMCs have been employed as biomarkers in multiple investigations involving
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teleosts exposed to various xenobiotics. Thus, the action of stressors correlates with a
rise in the number of MMCs, the area, and the kinds of pigments. However, research
evaluating the deleterious effect of nanocomposites such as MWCNTs on primary
culture from fish melanomacrophages have yet to be established. Macrophage primary
cultures from the cranial kidney and fish spleen have been generated to define this cell
type morphologically and biochemically. As MWCNTs were exposed to
melanomacrophages from Nile tilapia and Oreochromis niloticus the spleen and liver
macrophages behaved differently, with the liver melanomacrophages being mainly
lysed when compared to the spleen melanomacrophages. Furthermore, MWCNTs
inclusions were seen in the cytoplasm of macrophages, indicating phagocytic activity,
and a concentration of 1 g mL* of the nanocomposite utilized was cytotoxic for both

macrophages[125], [127]-[129].

Several studies investigated the possible toxicity of MWCNTSs in Xenopus larvae. In
larvae, growth inhibition was detected, resulting in acute and chronic toxicity. Among
the harmful consequences, genotoxicity has the potential to have long-term impacts on
aguatic ecosystems[130], [131]. Initially, the association of genotoxic substances with
DNA may cause morphological changes in the DNA molecule. Unrepaired damage

might result in cell injuries which results in tumor formation[132].

4.3.3 IN MAMMALS

MWCNTs are important since they allow researchers to establish whether the
genotoxic threat is consistent. MWCNTSs reference materials are also desirable since
they are well-characterized and require little effort to specify[133]. Data from cell culture
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research, which largely uses the comet test and the micronucleus assay to detect DNA
strand breaking, dominates our understanding of the genotoxicity of MWCNTSs. Some
animal research examined genotoxic effects in extrapulmonary organs but found no
link between exposure and levels of DNA damage. According to a literature review,
around 1% of the CNTs deposits in the passageways translocates to the liver, spleen,
and bone marrow (with the greatest quantity found in the liver). As a result, the
translocated dosage of MWCNTSs in extra-pulmonary organs may be too low to produce

noticeable DNA damage[134].

The results of a meta-analysis of strand breaks in DNA and a comprehensive
analysis of all types of genotoxicity in cell cultures reveal a significant degree of
response heterogeneity. It is always difficult to generalize data from basic in vitro
systems and animal models to people. In particle toxicology, it is common practice to
discover indicators of genotoxicity in humans by monitored doses, such as a
randomized clinical trial with appropriate contrast in exposure, such as employees and
a control population[133], [135], [136]. Several human biological monitoring studies
have looked at biomarkers that may be associated with degrees of DNA damage in
particle-exposed individuals, implying that they are linked in the same causal network.
Significant amounts of inflammatory markers in sputum and/or blood were discovered

in a study of workers at a Russian MWCNTSs production factory[137]
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Fig:5 An overview of various applications of carbon nanotube in

pharmaceutical and Biomedical sector along with toxicity assessment in

various biosystems (Created with BioRender.com)

5. COMPARING CNTs AND HNTs

Halloysite nanotubes (HNTs) are tubing clay nanomaterials formed from

aluminosilicate kaolin sheets that have been repeatedly rolled. The surface of HNT

contains siloxane and aluminol groups, which help form hydrogen bonds with the

biomaterials that are adhered to it. Owing to such unique properties, HNTs find

applications ranging from forensic sciences, nanoelectronics, glass coatings, different

catalytic studies etc[138]. Additionally, HNTs are enable in a wide range of biomedical

and nanomedical applications, including bioimaging, tissue engineering, cancer and
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stem cell isolation, medication administration, gene delivery, and tissue engineering.

HNTs are stratified aluminosilicates of tubular hollowed structures with high aspect
ratios[138]. Typically, 10 to 15 alumosilicate layers (Al2Si20s (OH)4 nH20) are wrapped
into a hollow cylinder with multilayer walls and a frequency of 0.72 nm in pure
state[139]. Halloysites have lengths between 0.4 and 1 micrometres, inner lumen
diameters between 10 and 70 nm, and outside (gross) diameters between 20 and 200
nm. It is important to compare halloysite to CNTs due to the tubular structure. There
are various uses for halloysite in biocompatible nano-containers. The chemistry of
aluminium silicate is non-toxic and strong mechanically[140]. HNTs are more promising
because of their non-toxic aqueous manufacturing, and even though carbon nanotubes
have several engineering uses, they are unsafe for use in healthcare[141]. Also, the
cost of halloysite is low, and the global availability exceeds a thousand tonnes annually

(average of 4 dollars per one kilogram)[142].

In consideration of this, a real mass-scale may be utilised in industrial settings.
Unlike the gram-scale CNTs producing at a very high cost (500 dollars per one
kilogram)[143]. Moreover, HNT has a bigger mesoporous and macroporous structure
than a number of artificial porous materials, including CNTs[144]. Lastly, it is known
that CNTs have a very narrow, 1 nm-diameter lumen that can only load the tiniest
molecules. An excellent nano reservoir for the absorption of active chemical agents,
ranging from big and complex molecules like proteins and polymers to tiny molecules
like medicines and corrosion inhibitors, is the empty lumen of HNT, in contrast[145].
These characteristics enable numerous potential applications, such as the ingestion of

biomacromolecules by a nano-carrier.

134



Due to the biocompatibility attributes of HNTs, it finds applications in the anti-
cancerous therapeutic materials along with the applications in the prolonged
administration of biologically active ingredients in pharmaceuticals and biomedical
fields[146], [147]. Toxicity towards living things must be carefully considered because
HNT use has risen in recent years. To demonstrate the biocompatibility of the
nanotube, various human cell lines, including epithelial adenocarcinoma cells and
dermal fibroblasts, were subjected to toxicity tests using HNT. Animal cells including
yeast, bacteria, algae, and micro worms were examined in a similar manner[148]. In
vitro testing of HNT's cytotoxicity on human cell cultures and microbial cells has been
documented in several papers. By altering the surface properties of iron oxide (FesOa4)
nanoparticles and decreasing their innate toxicity on bacterial cells, HNT decreased the
cytotoxicity of iron oxide nanoparticles[149]. Several interesting and encouraging
results have been exhibited by cell lines like MCF-7, NIH-3T3, HeLa and A549 upon
treatment with HNTs[148]. Another in vivo eukaryotic nematode named Caenorhabditis
elegans have exhibited a safety response of HNTs treatment even at the higher dosage

concentration of 100 mg mL1[149].

On the other hand, significant cytogenetic toxicity at 100 mg mL™* has been
observed by HNTs by limiting the passage of cell cycle. Also, several important cell
lines along with Human peripheral lymphocytes also exhibited a bio-compatibility nature
of HNTs treatment at the in vitro conditions. Such studies propose the biocompatible
HNTSs as upcoming nano-scaled delivery agent in the biomedical arena which could be
used in translational science as well[150]. Several researches have been performed

including Paramecium caudatum toxicity, which has evaluated for the HNTs toxicity
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when compared to similar different family nano-scaled materials like Graphene, kaolin,
bentonite etc. It has been found that HNTs stand out from all the other nano and allied
lower scaled materials, when introduced into biological systems in terms of bio-safety
at different concentration dosages[151]. Hence, HNT has a wide range of useful

applications in the fields of biology and other relevant sciences.

5.1. APPLICATION OF HNTs IN ENVIRONMENTAL SCIENCE

Nanomaterials differ from their bulk equivalents due to their nano size and high
surface-to-volume ratio. They have a wide range of applications in the environmental
sectors because of this feature. They offer exceptional adsorptive and catalytic
capabilities, which are crucial for applications including nanofiltration, monitoring
contaminant levels by sensing, and remediating pollutants from contaminated soil and
water[150]. Eco-friendly HNTs in particular have emerged as an effective substitute for
traditional materials based on nanotechnology for the detection and removal of many
types of pesticides[151]. In the environmental sector, HNTs functionalized with various
surface-modification agents can be used extremely effectively as an eco-friendly
nanomaterial for detecting, degrading, or eliminating various pesticides present in soll
and water. In a recent work, chitosan-functionalized HNT (CTS-HNT) was employed as
a receptive nano-support for the grafting of copper (Cu) and laccase (Lac) for the

breakdown of the pesticide chlorpyrifos[152].

In addition, HNTs exhibit outstanding adsorptive and catalytic capabilities, which
are critical for applications including nanofiltration, contaminant level detection, and
pollutant cleanup from polluted soil and water. Studies have revealed that
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a functionalized halloysite nanotubes (f-HNT) containing 3-aminopropyltriethoxysilane
(APTES) is extremely effective in removing the ions Fe?* and Fe3* from water[153]. The
outer surface of HNTs has also been functionalized using polyphenols, which are
predominantly sourced from plants. Tannic acid, a polyphenol, has zwitterionic qualities
that not only enable the attachment of a certain functional group onto a surface but also
provide the surface of HNTs with zwitterionic capabilities. HNTs can be employed as

antifouling agents for the treatment of wastewater thanks to their qualities[154].

5.2. APPLICATION OF HNTs IN BIOMEDICINE

HNTs have been employed in several research and publications as nanocontainers
or nanocarriers for both general medication delivery and targeted drug delivery.
Adsorption, intercalation, and tubular entrapment are the three main techniques for
loading medicines into the lumen or onto the surface of HNT (vacuum method)[151]. In
research, the effects of alkali activation on HNT were examined before it was loaded
with ofloxacin (OFL). The OFL that was adsorbed onto the surface of HNT released
slowly using this approach. This provided a productive way to improve cationic
medication adsorption and release. In order to study DNA damage and repair, HNT
was bound to the DNA intercalator acridine orange[155]. As the inner lumen of HNT is
positively charged at most pH conditions and the outside surface is negatively charged,
hence are vulnerable to numerous modifications. Such unique attributes of HNTs
makes it an ideal candidate in the applications of drug delivery, scaffolds for the tissue
engineering and for the improved human cellular adhesion applications. This is possible

due to inherent increased biocompatibility and lower cytotoxicity of HNTSs.
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The characteristics of HNTs, such as their wide surface area, tubular lumen,
superior adsorption capacity, and changeable surface chemistry, might be
advantageous in the field of forensic science when gathering evidence, such as
fingerprints, and when detecting materials, such as DNA and explosives. The HNTs'
nanoscale structure can facilitate their easy development and collection of fingerprints
as well as their easy dispersion over a vast sample gathering area. These materials'
mesoporous properties have been investigated for loading different dye molecules for
fingerprinting purposes[156]. By immobilizing fluorescent dyes and agents on the
surface and inside the lumen of HNTS, this capability may be applied during the creation

of fingerprinting applications.

6. DISCUSSION

As a result of the fast growth of nanotechnology, humans will be exposed to
nanoparticles by ingestion, inhalation, skin absorption, and vein injection. Although
CNTs are very promising nanomaterials, very little is known about how they affect
human health. Apart from that, variable outcomes have been noted as a result of using

various CNT forms.

This review emphasizes the importance of toxicity and the interaction of MWCNTs
with bio-systems. In order to design a safer and effective pharmaceutical material, more
such molecular studies involving the CNTs, and its associated molecular toxicity
profiles need to be researched extensively to derive its complete pharmacokinetics and
pharmacodynamical analysis at the laboratory scale. It could be extremely beneficial in
the expansion of biomedical CNTs applications and its associated implications.
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Evaluation of the research previously reported on shown the challenges in determining
the toxicity of CNTs materials. The state of aggregation, length, stiffness, concentration,
time of exposure, and other factors are the key determinants of CNT toxicity. New types
of carbon nanotubes have been created for biological applications uses, to reduce
cytotoxicity. Nevertheless, several disadvantages of carbon nanotubes, such
nonbiodegradability and intrinsic toxicity on the lungs, skin, and eyes, may restrict their
utility. The results of several in-vitro and in-vivo toxicological investigations have been
conducted, although they are not quite clear-cut to the point of being contentious.
Because of the inherent toxicity of CNTs in various biological organ systems, they are
not yet widely used in controlled medicine. An extensive study of CNTs toxicity at bio-
interfaces should be performed at different lengths for efficient application in biomedical

sciences and therapeutics.

The adoption of safety precautions in the manufacturing facilities and research
laboratories would open the door for fabricating safer and newer nano scaled MWCNTs
based products in the upcoming medical and clinical fields. Finally, CNTs are compared
to HNT, a nanomaterial equivalent to CNTs due to similar tubular structure. HNTs are
perceived to be of more biocompatible and less toxicological nature compared to CNTs
owing to their unique physio-chemical properties and ease of formation of hydrogen

bonding with biomaterials, paving the way into diverse biomedical applications.

7. CONCLUSION
Regardless of the numerous applications and relevance of carbon nanotubes, their
toxicity levels and consequences in the human body continue to be a source of worry
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across the world. Its biocompatibility challenge in the in vivo circumstances is the key
barrier preventing it from being used widely in multiple treatments. Despite several
animal and cell line studies, the precise cause of CNTs toxicity remains highly unclear.
However, it has been noted that CNTs toxicity may be caused by the building up of
CNTs particles and the subsequent formation of ROS in the biological systems.
Furthermore, structural change, size distribution, surface charge, contaminants, and
functionalization have all been linked to the increased CNTSs toxicities in bio-systems.
However, preliminary findings indicate that pharmaceutical applications are technically
possible and may be done safely, but the current knowledge also cautions us about
seriously considering the necessity for creation of strategies to avoid the toxicity

provoked by the otherwise fantastic carbon nanotubes.
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