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Abstract: Hybrid nanomaterials with unique physiochemical
properties have received a lot of attention, making them
attractive for application in different fields like cancer treat-
ment. This study was designed to investigate the combined
effects of single-walled carbon nanotubes (SWCNTs) hybridized
with silver titanium dioxide composite (SWCNTs@Ag–TiO2).
Transmission electron microscopy and field emission scanning
electron microscopy images demonstrated the accumulation of
SWCNTs with Ag–TiO2 due to an increased main grain size with
functionalization to 40nm. The D and G bands in SWCNTs

@Ag–TiO2 shifted to 1,366 and 1,534 cm−1, respectively.
SWCNTs@Ag-TiO2 were assessed for their cytotoxicity
and autophagy induction in liver cancer cells (Hep-G2) using
the lactate dehydrogenase assay, MTT assay, and flow
cytometry methods. The results showed that SWCNTs
and SWCNTs@Ag–TiO2 exhibited strong anti-cancer activity
in vitro against Hep-G2 cells by inducing apoptosis and
autophagy in liver cancer cells via controlling the AKT and
JNK mitogen-activated protein kinase pathways. The results
show that SWCNTs and SWCNTs coated with silver/titanium
dioxide (SWCNTs@Ag–TiO2) reduce the cells’ viability and
proliferation. It was shown that an excessive amount of
reactive oxygen species was a crucial mediator of both the
cell death caused by SWCNTs and the cell death caused by
SWCNTs combined with Ag–TiO2. Based on these findings,
it appears that SWCNTs and SWCNTs@Ag–TiO2 have the
potential to be developed as nanotherapeutics for the treat-
ment of liver cancer cells.
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1 Introduction

Cancer is a disorder characterized by uncontrolled cell
differentiation, and in the past few decades, it has been
managed using approaches, including chemotherapy, radia-
tion therapy, and surgical removal of the affected tissue [1].
Although each of these treatments appears to be successful
in killing cells, they all have severe and nonselective adverse
effects on patients. Recently, there has been a lot of interest
shown in cancer therapy involving nanomedicine-mediated
modalities due to their active/passive targeting, high solubi-
lity/bioavailability, biocompatibility, and multi-functionality.
This is to overcome the side effects that are associated with
traditional cancer treatments [2–4]. Nanotechnology is an
exciting new science that has the potential to revolutionize
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a wide variety of industries, including cancer treatment. The
majority of the interactions between biomaterials and cells
take place at the nanoscale, which is why efforts have been
undertaken to develop new anti-cancer medicines, including
the use of nanotechnology. In addition, nanomaterials can
engage in interactions with biomolecules located on the sur-
face of cells, embed themselves within cells, and exert their
effects on organelles [5–7]. The size, shape, surface area, and
chemical composition of nanoparticles (NPs) are the primary
characteristics that determine their biological activity
[8–10]. Other important parameters include their surface
area. Autophagy, sometimes known as “self-eating,” is a
complicated catabolic mechanism that, by way of the lyso-
some, facilitates the breakdown of cytoplasmic components
that are either surplus or undesired. The accumulation of
autophagic vesicles, which are responsible for sequestering
harmful or foreign material, and the activation of macroau-
tophagy are often induced by nanomaterials [11,12]. Further-
more, nanomaterials act as autophagy activators [13,14].
Autophagy and apoptosis are both characterized by the
death of cells. In addition, a variety of nanomaterials were
discovered to aggregate inside autophagosomes and even to
encourage the development of autophagosomes. Quantum
dots were found to have an inducing influence on autop-
hagy, which was initially documented by Seleverstov et al.
Silica, gold, alumina, rare earth oxides, and fullerenes were
among the several types of nanomaterials that were shown
to collect within autophagosomes after further investigation
[15,16]. The nanoscale size appears to be a common denomi-
nator for accumulation into autophagosomes as well as the
possible triggering of autophagy. In addition, it was discov-
ered that the accumulation of autophagosomes that was
generated by carbon nanotube (CNT) treatment was con-
nected with the death of cells [17]. Biofunctionalized single-
or multi-walled CNTs have the capability of being taken up
by a wide variety of cells, moving across a variety of cellular
barriers, and interacting with DNA [18–20]. Because the
ligand-modified surfaces of CNTs make it possible for com-
plexes to be formed with DNA, these NPs are excellent can-
didates for use as gene-delivery vehicles [21]. CNTs were also
utilized to transport tiny proteins such as recombined ricin
A chain protein toxin (TAT) to breast cancer cells so that they
could be targeted. Because their surfaces were modified,
CNTs now have improved biocompatibility and the ability
to perform several activities; as a result, the therapeutic effect
was greater than it had been in the past, particularly in the
treatment of cancer. Because of their needle-like forms, CNTs
have high aspect ratios and are very tiny. This gives them
large specific surface areas, which enable them to adsorb
onto or bind with a wide variety of medicinal compounds
[22]. Internalization of CNTs into target cells is made possible,

in part, by the needle-like form of the CNTs. As a result, CNTs
are seen as potentially useful nanocarriers for the transport
of pharmaceuticals, geneticmaterial, and proteins. CNT-based
nanocarriers have been the subject of extensive research for
the delivery of anticancer drugs [23–25]. Titanium dioxide
(TiO2) possesses several beneficial biological features, including
non-toxicity, chemical stability, and low cost [26,27]. TiO2–Ag
biomaterials display a combination of the biocompatibility of
TiO2 and the biological characteristics of silver. In addition,
numerous studies have been conducted on the electrical,
photoactive, and electrochemical characteristics of TiO2

[28,29]. Because of the dual role of Ag sites, the photocata-
lytic characteristics of TiO2 in particular affect the sub-
stance’s biological properties, such as its antibacterial and
anticancer activities, and this effect has been the subject of
extensive research [30,31]. Second, because its Fermi level is
located below the conduction band of TiO2, silver acts as an
electron-scavenging center, which separates pairs of elec-
trons and protons. Finally, Ag NPs have the capability of
inducing a surface plasmon resonance effect in TiO2 NPs,
which ultimately results in a markedly improved photoca-
talytic activity of TiO2 NPs in the visible range [32,33]. Pre-
vious studies demonstrated that an abnormally high level of
oxidative stress is hazardous to the cell and results in severe
cytotoxicity [34]. Reactive oxygen species (ROS) are gener-
ated in the mitochondria of a cell. ROS causes severe
damage to cellular macromolecules, particularly DNA. The
level of DNA damage that a cell sustains either stops the cell
cycle, causes DNA repair to take place or activates the path-
ways that lead to apoptosis [35]. In addition, damage to DNA
can lead to the breaking apart of chromosomes and the
production of micronuclei. The activation of caspases is
caused by the loss of mitochondrial membrane potential
(MMP), which exposes cytochrome c to the intermembrane
space. The exposure of cytochrome c is responsible for its
leakage, which in turn activates caspases [36]. Consequently,
ROS are a prominent and crucial participant in both apop-
tosis and autophagy, both of which result in the death of
cells. The excessive stimulation of autophagy and cellular
self-consumption that might result from cellular damage
can eventually lead to cell death [37]. A previous study iden-
tified autophagy as a significant mode of cell death that can
be caused by a wide variety of NP-induced toxicity, although
the precise processes that underlie this phenomenon are not
fully understood [38]. Previous study has shed light on the
relationship between mitochondrial damage and autophagy
that was triggered by nanomaterials [38]. This is consistent
with the theory that autophagy is a mechanism that reduces
damaged mitochondria. This could result in the formation
of NPs. Lysosomal dysfunction is an additional significant
mechanism that NPs generate as part of the autophagy

2  Majid S. Jabir et al.



pathway’s malfunction. Nanomaterials have been shown
to produce lysosomal dysfunction in many different inves-
tigations [7,39,40]. Inhibition of enzyme capacity and bio-
persistence are just two of the numerous possible causes
of lysosomal dysfunction that can be attributed to NP exposure.
In the current study, we demonstrate that exposure to single-
walled carbon nanotubes (SWCNTs) and SWCNTs@Ag–TiO2

nanocomposite modulates the ROS signaling pathway in the
human liver cancer cell line Hep-G2, which results in the
induction of apoptosis and autophagy. The results that were
presented have the potential to lead to the development of
more effective medicines for the treatment of human liver
cancer.

2 Materials and methods

2.1 Reagents and antibodies

The following regents were used: Triton X-100 (Sigma,
I3021), MTT stain (Sigma, M5655), crystal violet (Sigma,
C0775), lactate dehydrogenase (LDH) (Sigma, L2500), acri-
dine orange (AO) (Sigma, 235474), VitaBright-48TM (Denmark),
DCFH-DA (Thermo Fisher Scientific, D399), Rhodamine 123
(Sigma, R8004), RPMI 1640 (Thermo Fisher Scientific,
11835063), paraformaldehyde (Sigma, 441244), SDS (Thermo
Fisher Scientific, 28362), fetal calf serum (Gibco, A4766801),
anti-annexin A1(Invitrogen, 71-3400), anti-NADPH oxidase 4
(NOX4) (Invitrogen, PA5-53304), anti-cleaved PARP (Abcam,
ab32064), anti-cleaved caspase-3 (Abcam, E83-77), anti-
cleaved caspase-9 (Invitrogen, PA5-105271), anti-LC3 (Abcam,
ab192890), anti-tubulin (Sigma, T8328), anti-SQSTM1/p62
(Abcam, ab109012), Alexa fluor 488 (ab194106) (Sorensen’s
phosphate buffer, glutaraldehyde, OsO4, ethanol, uranyl
acetate lead citrate [all stains from Agar scientific]),
Annexin V FITC (Abcam, 14085), and ECL kit (GE Healthcare,
RPN2209).

2.2 Functionalization of SWCNTs

Raw SWCNTs with properties of purity of 99%, diameter
of 1–2 nm, and length of ∼1–2 μm were purchased from
Merck. To make functionalized SWCNTs, 20 mg of raw
SWCNTs were treated in 120 mL of sulfuric acid (97%,
Merck) and nitric acid (62%, Merck) in a volume ratio of
3:1 v/v. The mixed acid was ultrasonicated for 20 min, then
diluted with distilled water, vacuum filtered (0.22 μm), and
baked at 90°C overnight [41].

2.3 Synthesis of Ag/TiO2

The Ag-doped TiO2 nanocomposites were synthesized by
the sol–gel approach [18]. In a 100-mL volume of absolute
ethanol, 15 mL of silver nitrate and titanium (IV) isoprop-
oxide (Ag/TiO2 = 5 vol.%) were mixed using an ultrasonic
device. Then, the mixture was rapidly stirred for 20 min at
room temperature. About 3 mL of HNO3 was added to the
combined solution to adjust the pH to about 4. The mixture
was then mixed for 30min, dried for 24 h at 80°C, and
baked for 2 h at 450°C.

2.4 Decoration of Ag–TiO2 onto SWCNTs

Briefly, 10 mg of mixed Ag–TiO2 nanocomposite in 50mL of
ethanol was stirred at 25°C for 25 min. Then, 100mg of
modified-SWCNTs were dispersed in 50mL of ethanol by
sonication for 30min. Subsequently, SWCNTs were inserted
into the Ag–TiO2 nanocomposite solution and stirred for
20min. By adding 3mL of HNO3 to the combined solution,
the pH was adjusted to around 4. The mixture was filtered
before being heated at 100°C for 1 day.

2.5 Characterization of SWCNTs/Ag–TiO2

UV–vis spectroscopy (UV–vis) was utilized to measure the
absorption spectra of SWCNTs and Ag–TiO2-functionalized
SWCNTs [42]. Rotational, vibrational, and low-frequency
modes were examined using Raman spectroscopy to ana-
lyze the structural fingerprint [43]. The morphology of all
samples was analyzed using transmission electron micro-
scopy (TEM, Zeiss) and field emission scanning electron
microscopy (FESEM) [44].

2.6 LDH release assay

For testing the LDH release, the liver cancer cell line (Hep-
G2) was treated with different concentrations (6.25–200 µg/
mL) of SWCNTs and SWCNTs/Ag–TiO2 for 24 h. The cell's
supernatant was collected for the next step. LDH release
assay was performed according to the manufacturer’s pro-
tocols. In brief, for this experiment, a sterile, clean, clear,
flat-bottomed 96-well plate was used. In order to guarantee
that the liver cancer cell membranes were fully destroyed,
10 µL of 1% Triton X-100 was added to each of the positive

SWCNTs@Ag  3



control wells. The results were examined using an ELISA
plate reader that had a reference wavelength of 490 nm.

2.7 Cytotoxicity assay

The cytotoxicity of SWCNTs and SWCNTS/Ag–TiO2 was
investigated by the MTT protocol. After cultivation over-
night, Hep-G2 and L-02 cells were seeded into 96-well plates at
a density of 1 × 104 cells per well. After removing the growth
medium, it was replaced with 200 µL of new medium con-
taining various concentrations (6.25–200 µg/mL) of SWCNTs
and SWCNTS/Ag–TiO2 NPs for 27 h [45]. Then, the cells were
washedwith PBS and subjected to a 3-h treatment with 2mg/mL
MTT solution (Invitrogen, Carlsbad, CA, USA). After that, the
solution was drained out of each well, and then 100 µL of
DMSOwas added to each one. Amicroplate readerwas utilized
to determine each sample’s absorbance at a wavelength of
492 nm [46]. The rate of inhibition of cell growth, also known
as the percentage of cytotoxicity, was determined as follows:

=
−A B

A
Cytotoxicity% ,

where A represents the optical density of the control and B
represents the optical density of the samples [47].

2.8 Colony-forming assay

At a density of 100,000 cells/mL, Hep-G2 cells were planted
onto 24-well plates and allowed to grow. After 24 h, the
cells were treated with SWCNTs and SWCNTS/Ag-TiO2 at
inhibitory concentration IC50 concentrations of 28.67 and
19.87 µg/mL, respectively. When the cells attained mono-
layer confluence, the medium was removed, and the final
rinsing was done with PBS. The colonies were preserved
using methanol in its purest form. After that, they were
dyed for 15 min with crystal violet (Sigma–Aldrich) and
then washed with running water to remove any excess dye.

2.9 AO/ethidium bromide staining (AO/EtBr)

In 12-well plates, Hep-G2 cells were collected and plated.
Following a 24-h incubation period, the cells were exposed
to SWCNTs and SWCNTS/Ag–TiO2 NPs at IC50 concentrations
of 28.67 and 19.87 µg/mL, respectively, for 24 h. Following
that, the cells were stained with 10 µg/mL AO/EtBr for
2min at 37°C and detected using a fluorescence microscope.

2.10 Analysis of intracellular glutathione
(GSH) levels

The number of free thiols in SWCNTs and SWCNTS/Ag–TiO2-
treated liver cancer cells was measured by staining the cells
with VitaBright-48TM (VB-48TM). This experiment was done
according to the manufacturer’s protocol.

2.11 Flow cytometry assay

A flow cytometry test was utilized to measure the produc-
tion of ROS in cells. Hep-G2 cells were seeded at a density of
1 × 106 per well. Following overnight incubation, the cells
were treated with SWCNTs and SWCNTS/Ag–TiO2 NPs at
IC50 concentrations of 28.67 and 19.87 µg/mL, respectively,
for 6 h. After that, a ROS probe DCFH-DA at a concentration
of 15 µM was added to the new medium and incubated for
another 30min in the dark. The fluorescence intensity of
the cells was measured using a flow cytometer. In addition,
flow cytometry assays were used to measure mitochon-
drial dysfunction using a Rhodamine probe, and MMP
using the JC-1 probe, p-JNK, p-AKT, and autophagy marker
LC3, SQSTM1/p62, in the liver cell line after treatment with
SWCNTs and SWCNTS/Ag–TiO2 NPs at IC50 concentrations
28.67 and 19.87 µg/mL, respectively. The fluorescence inten-
sity of the cells was measured using a flow cytometer and
CyAn ADP (Beckman Coulter, CY20030) according to the
manufacturer’s protocols.

2.12 Immunofluorescence

Hep-G2 cells were plated at 106/well in a 4-well chamber
slide in the RPMI 1640 medium. Then, cells were treated
with SWCNTs and SWCNTS/Ag–TiO2 NPs at IC50 concentra-
tions of 28.67 and 19.87 µg/mL, respectively. After that, the
cells were fixed with 4% paraformaldehyde for 20 min.
Hep-G2 cells were washed twice with PBS and then per-
meabilized with 0.1% sodium dodecyl sulfate for 15 min.
Fetal calf serum (10%) was used to block the cells for
60 min. After blocking, cells were incubated for 2 h at
room temperature with monoclonal primary antibodies
against Annexin A1, NOX4, cleaved PARP, cleaved caspase-
3, cleaved caspase-9, and LC3. Cells were washed three times
using PBS containing 0.1% bovine serum albumin. The sec-
ondary antibodies (Alexa fluor 488) were added to the cells
and incubated for 1 h. As a final step, cells were washed five
times in PBS. Finally, fluorescence images were captured
using a confocal microscope [48].

4  Majid S. Jabir et al.



2.13 TEM

Hep-G2 cells treated with SWCNTs and SWCNTS/Ag–TiO2

NPs at IC50 concentrations of 28.67 and 19.87 µg/mL, respec-
tively, for 10 h were washed with Sorensen’s phosphate
buffer and prefixed with 1.5% glutaraldehyde, followed by
post-fixation with 1% OsO4 in 7mM Sorensen’s phosphate
buffer. All sample pellets were dehydrated stepwise in a
graded series of ethanol and embedded in araldite CY212.
Ultrathin sections were double-stained with uranyl acetate
and lead citrate. Sections were examined using a Tecnai trans-
mission electron microscope (model number 943205018411,
FEI Company; Czech Republic) equipped with an Olympus
digital camera (VELETA).

2.14 Immunoblot analysis

Hep-G2 cells were treated with SWCNTs and SWCNTs/
Ag–TiO2 NPs at IC50 concentrations of 28.67 and 19.87 µg/mL,
respectively for 24 h. The following antibodies were used:
monoclonal anti-tubulin and anti-LC3B. The bound antibody
was visualized using anti-rabbit (Cell Signaling Technology,
7074s) horseradish peroxidase-coupled immunoglobulin and
the chemiluminescence ECL kit.

2.15 Apoptosis detection by annexin V/PI
assay

Cell apoptosis was investigated using aflow cytometry assay. Liver
cancer cells (Hep-G2) were treated with SWCNTs and SWCNTs/
Ag–TiO2 NPs at IC50 concentrations of 28.67 and 19.87µg/mL,
respectively. The cells were taken out and collected after 24h.
Cells were washed twice with cold PBS and stained for 30min
with an Annexin V FITC and PI solution. The labeled cells were
then evaluated using a flow cytometry assay.

2.16 Statistical analysis

The presented data are the results of three independent
experiments. Data are represented as a mean ± standard
deviation (SD). The two-tailed Student’s t-test was utilized
so that the significance of the differences could be evalu-
ated. GraphPad Prism was utilized to carry out the statis-
tical analysis (USA). When p < 0.05, statistical significance
was recorded [49].

3 Results and discussions

3.1 Characterization

The inset of Figure 1(a) shows the absorbance profiles of
SWCNTs (left panel) and the SWCNTs@Ag–TiO2 nanocom-
posite (right panel) in the range of 200–800 nm. The π–π*
transition in the carbon double bonds of the SWCNT’s
structure is related to a distinctive absorption band located
at a maximum intensity of UV-Vis spectra. When Ag–TiO2

NPs are attached to SWCNTs, the absorption edge shifts to a
higher wavelength (red shift). More NPs are attached to
SWCNTs, which decorate the surface, increasing the sur-
face area and demonstrating a plasmonic resonance beha-
vior in the absorption. As illustrated in Figure 1a, SWCNTs
had a bandgap of 3.8 eV, while the Ag–TiO2-decorated
SWCNT nanocomposite had a bandgap of 3.3 eV. The incor-
poration of Ag–TiO2 on SWCNTs reduces the bandgap of
SWCNTs [50], attributed to the development of Ti–O–C che-
mical bonds between SWCNTs and the nanocomposite.
SWCNTs capture the electrons and result in decreasing the
electron–hole recombination rate. Besides, Raman spectro-
scopy was used to better understand the production of
SWCNTs and the SWCNTs@Ag–TiO2 nanocomposite. The
Raman spectra of SWCNTs and SWCNTs@ Ag-TiO2 samples
are shown in Figure 1(b). The distinctive bands known as the
G-band, D-band, and 2D-band can be observed in the spectra
of carbon nanostructures. The D-band is connected to sp3

bond flaws in SWCNTs. The G-band is the graphitic struc-
ture’s distinguishing band and is required for all sp2-hybri-
dized SWCNTs. The 2D band corresponds to the disorder-
induced double resonance characteristic, which provides
information on the stress on SWCNTs. The spectrum of
SWCNTs shows peaks at 1570.4 cm−1 (G-band), 1342.6 cm−1

(D-band), and 2654.8 cm−1 (2D-band), while similar peaks
for the SWCNTs@Ag–TiO2 nanocomposite were detected at
1564.8, 1340.1, and 2681.7 cm−1. After decorating Ag–TiO2,
these peaks shifted in the spectra of the nanocomposite
sample, as shown in Figure 1(b). When compared to
SWCNTs, both the shifting of the peak position and an
increase in the intensity may be attributed to the increase
in disorder. This increasing intensity of the nanocompo-
site is related to the high energy of Ag–TiO2 NPs, which
destroy the nanotube surface and form defect sites. After
treatment with a mixture of H2SO4/HNO3, numerous oxygen
functional groups are introduced to the walls of SWCNTs,
increasing their chemical reactivity and dispersing capacity,
as revealed by Raman analysis 1B. Furthermore, via electro-
static interactions, these negatively charged functional groups
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easily attract positively charged ions in suspension, aiding the
interaction between SWCNTs and the Ag–TiO2 precursor.

More detailed information on the morphology and
microstructure of SWCNTs and the nanocomposite was
obtained using TEM and FESEM analyses to confirm the
decoration of the Ag–TiO2 nanocomposite on the surface
of SWCNTs, as shown in Figure 2(a) and (b). Further, the
TEM image of SWCNTs after being functionalized with a
mixed acidic solution is shown in Figure 2(a) (left panel).
Long SWCNTs with rather well-aligned and curving tubes
were examined. Figure 2(a) and (b) (right panel) depict
TEM and FESEM images of Ag–TiO2 decorated SWCNTs
formed by the sol–gel technique. After Ag–TiO2 was depos-
ited, a semispherical shape of Ag–TiO2 particles of various
sizes was seen attached to SWCNTs. Furthermore, the TEM
images of SWCNTs demonstrated that the average dia-
meter of nanotubes was about 45.7 nm and the average
particle size of the decorated Ag–TiO2 NPs was about
25.5 nm using the ImageJ program, as shown in Figure
2(a). By using EDX analysis, we can verify the presence of
Ag–TiO2 NP-decorated SWCNTs as shown in Figure 2(c),

which reveals the C, Ag, Ti, and O and confirms the forma-
tion of the SWCNT@Ag–TiO2 nanocomposite.

3.2 SWCNTs@SWCNT/Ag–TiO2 increase the
release of LDH

The enzyme LDH controls the transition from lactate to
pyruvate, which is necessary for the production of cellular
energy. The cytotoxic effects of SWCNTs and SWCNT/
Ag–TiO2 on liver cancer cell lines were evaluated with
LDH. The damage in SWCNTs and SWCNT/Ag–TiO2-exposed
Hep-G2 cells leads to the release of LDH from the cyto-
plasm, which in turn causes the formation of formazan
from the tetrazolium salt. The generation of formazan is
measured at a wavelength of 490 nm, which provides
information about the percentage of LDH release in suf-
fering or dying liver cancer cells after being treated with
SWCNTs @SWCNT/Ag–TiO2. This may imply that SWCNTs
and SWCNT/Ag–TiO2 can penetrate the treated cells, trigger

Figure 1: UV-Vis spectrum of (a) SWCNTs (left panel) and SWCNTs@Ag–TiO2 (right panel) and (b) Raman spectra of SWCNTs (left panel) and
SWCNTs@Ag–TiO2 (right panel).
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Figure 2: Characterization of SWCNTs (left side), and SWCNTs@Ag–TiO2 nanocomposite (right side): (a) TEM, (b) FESEM, and (c) EDX.
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vesicle development, and then enter the cells. The potential
of SWCNTs @SWCNT/Ag–TiO2 to release LDH varies
depending on the concentration, as shown in Figure
3(a). SWCNTs @SWCNT/Ag–TiO2 NPs can penetrate cells
and other biological components, which can result in
considerable cellular breakdown and stimulate the
release of LDH. Simultaneously, cells might take in
NPs measuring 100–200 nm, which could set off harmful
phenomena such as alterations to genetic material or
damage to DNA. It is possible that the toxicity of NPs is
linked to mechanisms that increase the oxidative stress
levels in the body by disrupting the antioxidant system
[51]. Free radicals such as ROS are responsible for the
damage of several membranes, including those that pro-
tect the cell and the mitochondria. As a consequence, the
elements of cells, such as proteins, fatty acids, lipids, and
nucleic acids, are responsible for the death of cells, which
disrupts the process responsible for the electronic trans-
mission of information. There is a possibility that oxida-
tive stress, which leads to cellular disintegration, is respon-
sible for the cytotoxicity of Hep-G2 cells. In addition, cell
membrane damage may be involved in the concentration-
dependent release of LDH that is caused by SWCNTs and
SWCNT/Ag–TiO2. The concentration-dependent LDH release
that is produced by SWCNTs and SWCNT/Ag–TiO2 may be
connected to the degradation of cellular membranes, which
results in the release of cellular enzymes such as LDH into
the surrounding environment.

3.3 Anticancer activity of NPs against liver
cancer cells

After 72 h of treatment with various concentrations (6.25, 12.5,
25, 50, 100, and 200 g/mL) of SWCNTs and SWCNTs@Ag–TiO2,
the ability of SWCNTs and SWCNTs@Ag–TiO2 to inhibit
growth and proliferation of liver cancer cells was determined.
This was done in order to determine the inhibitory effects of
SWCNTs and SWCNTs@Ag–TiO2 when compared to the con-
trol group. SWCNTs and SWCNTs@Ag–TiO2 suppressed cell
viability in a dose-dependent manner, as shown in Figure
3(b). The IC50 for SWCNTs was 28.67 µg/mL, while that of
SWCNTs@Ag–TiO2 was 19.87 µg/mL. After 72 h of treatment
with high concentrations of SWCNTs and SWCNTs@Ag–TiO2

at high concentrations, the viability of Hep-G2 cells dropped
to practically 10%. Figure 3(c) presents the antiproliferative
effects of the prepared SWCNTs and SWCNTs@Ag–TiO2 on
Hep-G2 cells, thus further confirming the cytotoxic effect of
SWCNTs and SWCNTs@Ag–TiO2.Further, they exhibited high
activity in suppressing the colony-formation ability of Hep-G2
cells in comparison with control untreated Hep-G2 cells. The
reduction in colony formation suggested that the cells that
were subjected to continuous treatment were killed within
24–48 h, which suggested that SWCNTs and SWCNTs@Ag–TiO2

were taken up by cells, which led to the induction of apoptosis.
This was supported by the fact that the cells were killed within
24–48 h after exposure to continuous treatment. This study
suggested that the SWCNTs and the SWCNTs@Ag–TiO2 caused

Figure 3: Cytotoxic effects of SWCNTs and SWCNT/Ag–TiO2 NPs in liver cancer cells. (a) SWCNTs and SWCNT/Ag–TiO2 NPs increase LDH release in liver
cancer cells. (b) Antiproliferative activity of SWCNTs and SWCNTs@Ag–TiO2 in liver cancer cells (Hep-G2) by MTT assay. (c) Colony-forming assay.
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cell death. In addition, the nuclear morphology of the treated
cells was examined using a dual-staining method consisting
of AO and EtBr. DNA damage was used as the criterion for
evaluating apoptotic cells. Under the scope of this study, the
effectiveness of SWCNTs and SWCNTs@Ag–TiO2 was also
determined. The AO–EB staining was utilized so that the var-
ious apoptotic characteristics of the nuclear changes could be
investigated. After being stained with AO-EtBr, cells that had
not undergone apoptosis were green in color, whereas apop-
totic cells were orange or red. As can be seen in Figure 4(a), the
cells that were treated with SWCNTs and SWCNTs@Ag–TiO2

had many more apoptotic cells than the control cells. To con-
firm the current results, the percentage of apoptotic cells was
determined by staining the cancer cells with annexin V-FITC
using flow cytometry. The flow cytometry results showed that
the cells undergoing apoptosis were labeled with annexin V in
quadrant Q3. Figure 4(b) shows dot plots of Hep-G2 cells treated
with SWCNTs and SWCNTs@Ag–TiO2 for 24 h at IC50 concen-
trations. In the control Hep-G2 cells, the majority (93.9%) of
cells were viable and non-apoptotic, and in Hep-G2 treated
with SWCNTs and SWCNTs@Ag–TiO2, there was a decrease

in viable cells and an increase in cells undergoing apoptosis.
The percentage of apoptotic cells in the control Hep-G2was 2.92%.
In Hep-G2 cells treated with SWCNTs and SWCNTs@Ag–TiO2, the
percentage of apoptotic cells increased to 25.5 and 30.6%,
respectively. In addition, the results of this study have
demonstrated that there is a non-toxic effect of SWCNTs
and SWCNTs@Ag–TiO2 against the human liver normal
cell line (L-02), as shown in Figure 5. CNTs have been
hypothesized to harm lung cancer cells via several different
processes. One of these mechanisms is that they act as oxi-
dative stimuli, which in turn promote inflammation and
DNA damage [52]. When cells were treated with SWCNTs
and SWCNTs@Ag–TiO2, the results of our study showed
that the viability of Hep-G2 cells was significantly reduced.
Bisht et al. showed that high dosages of ZnO–Fe3O4 magnetic
composite NPs induced a cytotoxic impact in a human
breast cancer cell line (MDA-MB-231) but did not induce
this effect in normal mouse fibroblast (NIH 3T3) [53]. A pre-
vious study has demonstrated that the production of free
radicals and ROS may be responsible for the cytotoxicity of
metal NPs [54]. It has also been reported that excessive ROS

Figure 4: SWCNTs and SWCNT/Ag–TiO2 NPs induce apoptosis in liver cancer cells. (a) AO/EtBr double staining assay. (b) Apoptosis marker (Annexin V)
using flow cytometry assay.
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can cause apoptosis by activating FOXO3a, a protein that can
promote apoptosis signaling by inducing the expression of
pro-apoptotic members of the Bcl2 family of mitochondria-
targeting proteins. This finding supports the hypothesis that
excessive ROS can cause apoptosis. This discovery was made
feasible as a result of the activation of FOXO3a that occurs
when there is an excessive amount of ROS. The results of the

ROS assay showed that the amount of ROS generation in the
K562 cell line was greatly increased when ZnO/CNT@Fe3O4

was present. It was intriguing to note these results. Signifi-
cantly, recent research revealed that K562 cells became more
sensitive to the lethal action of ZnO/CNT@Fe3O4 when the NF-
kB pathway was blocked by the well-known proteasome inhi-
bitor bortezomib. This result confirms the hypothesis that the
sensitivity of K562 cells to ZnO/CNT@Fe3O4 is most likely
reduced by the activation of the nuclear factor-ƙB pathway.

3.4 Internalization of SWCNTs and SWCNTs/
Ag–TiO2

To study the ability of SWCNTs and SWCNTs/Ag–TiO2 to
internalize inside a HepG2 cell, FITC-labeled SWCNTs and
SWCNTs/Ag–TiO2 were investigated by confocal fluores-
cence microscopy imaging. As shown in Figure 6(a) (white
arrows), green fluorescent SWCNTs and SWCNTs/Ag–TiO2

were observed FITC-labeled SWCNTs and SWCNTs/Ag–TiO2

appeared inside the cytoplasmic vesicles of HepG2 cells.
Additionally, phase-contrast microscopy was used to deter-
mine the presence of SWCNTs, SWCNTs/Ag–TiO2 inside the
HepG2 cells, as indicated in Figure 6(b) (red arrows).

Figure 5: Cytotoxic effect of SWCNTs and SWCNT/Ag–TiO2 NPs in normal
liver cell line (L-02). The results are represented as mean ± SD.

Figure 6: Internalization and colocalization of SWCNTs and SWCNTs/Ag–TiO2 in cytoplasmic vesicles of Hep-G2 cells. (a) Confocal images of Hep-G2;
the nucleus was stained with DRAQ5-red. Green fluorescence represented internalized SWCNTs and SWCNTs/Ag–TiO2 into HepG2 cells (exposed for
60 min to 2.5 mg/L FITC SWCNTs and SWCNTs/Ag–TiO2. (b) Hep-G2 cells incubated for 60 min with 2.5 mg/L FITC– SWCNTs and SWCNTs/Ag–TiO2

visualized by phase-contrast microscopy (×200 magnification). (c) TEM images showing aggregates of SWCNTs and SWCNTs/Ag–TiO2 surrounded by
cytoplasmic vesicles, confirming the presence of nanomaterial inside the cell (×35,000 magnification).
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Intracellular aggregates of SWCNTs and SWCNTs/Ag–TiO2

appear as dark spots in the cell cytoplasm. Furthermore, the
cellular vesicles that appeared to contain SWCNTs and SWCNTs/
Ag–TiO2 were further investigated by TEM analysis. SWCNTs
and SWCNTs/Ag–TiO2 were identified in the form of intracel-
lular aggregates, as shown by the red arrows in Figure 6(c).

3.5 SWCNTs and SWCNTs@Ag–TiO2 disorder
oxidative balance in Hep-G2 cells

Oxidative stress-associated parameters were studied to
determine if SWCNTs and SWCNTs@Ag–TiO2 generate ROS

production and alter redox equilibrium in treated liver
cancer cells. At first, an analysis was performed to deter-
mine the total amount of free thiols, which included reduced
GSH. As an ROS scavenger, GSH works to maintain intracel-
lular redox balance in cells, and it is widely acknowledged as
an important endogenous component in the pathways leading
to antioxidant defense. In practice, a decrease in its intracel-
lular level causes cells to undergo an excessive amount of
oxidative stress, which ultimately leads to cell death. As shown
in Figure 7 (left panel and top right panel), treatment of liver
cancer cells with SWCNTs and SWCNTs@Ag–TiO2 led to sig-
nificant depletion of GSH and a shift in the cellular cytosol
from a reducing to an oxidizing environment. This was caused
by interference with the GSSG–GSH balance. When compared

Figure 7: Distraction of oxidative balance in SWCNTs and SWCNTs@Ag–TiO2-treated Hep-G2 cancer cells. The left panel represented a flow-cytometry
analysis of GSH levels. The upper right panel represented a decrease of the intracellular (GSH) levels in SWCNTs, and SWCNTs@Ag–TiO2-treated Hep-
G2 cells. The lower right panel represented immunofluorescence results of NADPH expression in SWCNTs and SWCNTs@Ag–TiO2-treated Hep-G2
cancer cells. (a) Control untreated cells. (b) SWCNTs-exposed cells. (c) SWCNTs@Ag–TiO2-exposed cells.
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to untreated cells, the number of cells exhibiting decreased
GSH levels increased from 17.33 to 53% and 64.67% (for cells
treated with SWCNTs and SWCNTs@Ag–TiO2, at IC50), respec-
tively (Figure 7, upper right panel). In a different series of tests,
the increased expression of NADPH subunit 4 (NOX4) that was
driven by AuP NPs was validated by immunofluorescence
staining, as shown in Figure 7 (lower left panel). Upregulation
of its expression was found in cancer cells that have been
treated with ROS modulators, proving that NOX4 plays an
essential part in oxidative stress and that this involvement is
important [55]. Because of the treatment of Hep-G2 with

SWCNTs and SWCNTs@Ag–TiO2, we observed a considerable
increase in the NADPH levels, as shown in Figure 7 (lower left
panel), which validates our theory regarding the disruption of
redox balance in treated Hep-G2 cells.

A considerable increase in the generation of ROS was
observed in cells treated with SWCNTs and SWCNTs@Ag–TiO2.
The fluorescence signal resulting from ROS was found to be
higher when compared to the control cells. The buildup of
ROS in liver cancer cell lines after treatment with SWCNTs
and SWCNTs@Ag–TiO2 was investigated in the current study.
An increase in ROS was seen in cells that had been treated with

Figure 8: SWCNTs and SWCNTs@Ag–TiO2 induce ROS generation and mitochondrial dysfunction in Hep-G2 cancer cells. (a) Control untreated cells.
(b) SWCNTs-exposed cells. (c) SWCNTs@Ag–TiO2-exposed cells.
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SWCNTs and SWCNTs@Ag–TiO2. ROS levels were measured
with a DCFH-DA probe, as demonstrated in Figure 8 (left panel).
When the liver cancer cells were treated with SWCNTs and
SWCNT-coated Ag–TiO2, the results revealed that the ROS level
was enhanced. In conclusion, this study suggests a loss of mito-
chondrial potential in cells in which the GSH intracellular level
falls below a threshold level, and the findings of another study
that highlights crosstalk between mitochondria and NADPH
activity [56], we investigated whether or not SWCNTs and
SWCNTs@Ag–TiO2-mediated treatment affects the functioning
of mitochondria. Rhodamine dye, which displays potential-
dependent accumulation in the mitochondria, was used to iden-
tify the loss of the MMP. The findings of the current study
showed that the percentages of mitochondrial membrane depo-
larized cells significantly increased after exposure to SWCNTs
and SWCNTs@Ag–TiO2 at IC50 doses for 24 h, as shown in Figure
8 (right panel). JC-1 staining was performed on Hep-G2 cells in
order to assess the healthy and damaged mitochondria. The
effect of SWCNTs and SWCNTs@Ag–TiO2 is evaluated on liver
cancer cell lines. For determining whether or not mitochondrial
damage has occurred, it is known that MMP (ΔΨm) is produced
by the proton pump of the electron transport chain, which is a
component that is required for the production of ATP. For this
reason, we additionally assessed MMP using JC-1 staining. As
indicated in Figure 9, the promotion of JC-1monomers increased
noticeably depending on the type of treatment given to liver
cancer cell lines. According to the findings presented above,
the treatment of liver cancer cells Hep-G2 is accompanied by a
disruption of the oxidative balance in cancer cells as well as an
impairment of protective anti-oxidative molecules. This causes
cells to be subjected to excessive oxidative stress and mitochon-
drial dysfunction, which leads to the subsequent release of

cytochrome c, which causes the activation of caspase-9 and cas-
pase-3 pathways.

3.6 Effect of SWCNTs and SWCNTs@Ag–TiO2

in apoptosis-related proteins

Apoptosis begins with a series of processes known as early
events, which include a decrease in the cellular GSH con-
centration and dysregulation of the mitochondrial trans-
membrane potential [57]. Because we observed both these
effects in liver cancer cells that had been treated with
SWCNTs and SWCNTs@Ag–TiO2, we concluded that the
anti-cancer activity of SWCNTs and SWCNTs@Ag–TiO2 is
linked to apoptosis. We investigated the modifications in
the expression of selected apoptosis-related proteins that
occurred upon exposure to SWCNTs and SWCNTs@Ag–TiO2

NPs. Our aim was to gain a better understanding of how
SWCNTs and SWCNTs@Ag–TiO2 NPs affect this process. By
immunofluorescence staining, we were able to determine
whether or not any changes in the functioning of phospho-
lipid-binding proteins from the annexins group, especially
annexin A1 (ANXA1), occur in cells that have been treated
with SWCNTs and SWCNTs@Ag–TiO2. Although it was
reported that ANXA1 was involved primarily in inflamma-
tory processes, it also has pro-apoptotic functions. Some of
these functions, including the activation of p38 and JNK
signaling pathways [58,59], co-localization with LC3-II on
the cell’s outer plasma membrane [60], lead to stimulation
of caspase-3 [61]. As can be seen in Figure 10, the signal from
immunofluorescent ANXA1 is significantly amplified in cells

Figure 9: SWCNTs and SWCNTs@Ag–TiO2 reduce MMP in Hep-G2 cancer cells. (a) Control untreated cells. (b) SWCNTs-exposed cells. (c)
SWCNTs@Ag–TiO2-exposed cells.
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that have been treated with SWCNTs and cells that have
been treated with SWCNTs@Ag–TiO2, which is evidence
that treated liver cancer cells (Hep-G2) link the apoptotic
signaling pathway.

In this study, we confirmed the apoptosis process in liver
cancer cells exposed to SWCNTs and SWCNTs@Ag–TiO2 using
an immunofluorescence assay of effector caspases (caspase-3
and caspase-9) and PARP expression. This was done because
some caspases are not involved in the initiation of the apop-
tosis signal, but rather are involved in signaling, which leads to
cytokine production during the inflammation process and
other types of cell death. As can be seen in Figure 11, cleavage
of caspase-3, caspase-9, and PARP was caused by exposure to
SWCNTs and SWCNTs-coated Ag–TiO2. The findings suggest
that both SWCNTs and SWCNTs@Ag–TiO2 were responsible
for the induction of cell death in Hep-G2 cells by the activation
of a pathway involving caspase-dependent apoptotic signaling.

3.7 SWCNTs and SWCNTs@Ag–TiO2 induce
autophagy in Hep-G2 cells

We examined the expression of LC3, which is an important
autophagy-related protein, using western blot, TEM, immu-
nofluorescence, and flow cytometry assays in order to deter-
mine whether or not autophagy is induced in SWCNTs and
SWCNTs@Ag–TiO2-treated Hep-G2 cells. To quantify the
autophagy process, we monitored the alteration of the pro-
tein microtubule-associated protein 1 light chain 3 beta (LC3)
to its lapidated form (LC3 II) by western blot as shown in
Figure 12(I). Our results demonstrated a marked increase in
the absolute amount of LC3 II relative to β-tubulin following
cells exposed to SWCNTs@Ag–TiO2. The TEM technique
established the presence of autophagosomes containing
cytoplasmic contents (Figure 12(II)). The results showed
the double-membrane structure of the autophagosome. To
confirm these results, we investigated the localization of
endogenous LC3 to autophagocytic vacuoles using immuno-
fluorescence as shown in Figure 12(III). Finally, a flow cyto-
metric assay was used to quantify intracellular LC3 II
staining as shown in Figure 12(IV). In addition to LC3 pro-
tein, we investigated the role of p62 as an autophagy marker
as shown in Figure 12(V). The results of the current study
showed that the level of autophagy was increased when
Hep-G2 was exposed to SWCNTs and SWCNTs@Ag–TiO2,
and there was an increase in the expression of the LC3
protein. The expression of LC3 was shown to be higher in
SWCNTs and SWCNTs@Ag–TiO2-treated cells as compared to
control cells. In recent years, researchers have discovered
that a wide range of nanomaterials can trigger autophagy.
In addition, the results of a previous study [62] suggested
that CNTs are becoming a class of autophagy inducers. ROS
generation was discovered to be capable of providing a
signal that might upregulate SIRT1, which is a member of
the NAD-dependent class III histone deacetylases [63]. This,
in turn, has an effect on the advancement of the cell cycle by
inducing an arrest in the G1 or G2/M phase of the cell cycle
[64]. ZnO/CNT@Fe3O4 induced an increase in the expression
of SIRT1 and blocked the progression of the cells out of the
G1 phase of the cell cycle by inducing an increase in the
expression level of cyclin-dependent kinase inhibitors p21
and p27. This was in agreement with the increased levels of
ROS. Based on these findings, the growth-inhibiting impact
of ZnO/CNT@Fe3O4 appears to have been mediated, at least
in some cases. It has been demonstrated in several studies
that the presence of SIRT1 in cancer cells may result in the
stimulation of autophagy [65]. This is in addition to the fact
that the presence of SIRT1 controls the progression of the
cell cycle. The type of cancer cell that is being researched

Figure 10: SWCNTs and SWCNTs@Ag–TiO2 induce annexin 1A protein in
Hep-G2 cancer cells. (a) Control untreated cells. (b) SWCNT-exposed cells.
(c) SWCNTs@Ag–TiO2-exposed cells.
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can determine whether or not the induction of autophagy
will result in the death of cells or the production of a resis-
tant phenotype [66]. A previous study has demonstrated that
silver NPs (Ag NPs) have a significant therapeutic potential
against a wide variety of cancer cells. This is accomplished
by modulating the action of autophagy either as cytotoxic
agents or as nanocarriers that, in conjunction with other
treatments, deliver therapeutic molecules [67]. It has been
hypothesized that the harmful effects of AgNPs are caused
by the lysosome-dependent release of silver ions, which
then results in the generation of abundant ROS. These ROS
create a breakdown in the integrity of the lysosomal mem-
brane, which in turn facilitates the escape of AgNPs into the
cytosolic space, which is the pathway through which they
then target other subcellular compartments [68]. In addition,
AgNPs-induced lysosomal dysfunction, which can include a
loss of membrane integrity or an increase in internal acidity,
is associated with an altered autophagosome–lysosome

fusion process [69], which significantly disrupts the autop-
hagy machinery’s ability to perform its role. AgNPs have a
high affinity for thiol groups, which are essential for protein
folding and function as ROS scavengers. AgNPs also have a
high surface area. As a result, AgNPs are responsible for the
misfolding of proteins, which in turn causes ER stress and
GSH depletion, which ultimately results in an imbalance in
ROS metabolism. These outcomes collectively speed up the
autophagy process, which ultimately leads to the death of the
cell. AgNPs are possible sources of oxidative stress, which,
when exposed to NIH3T3 mouse embryonic fibroblast cells,
results in the generation of ROS and, ultimately, the induction
of autophagy. This finding has been supported by a different
study that the delivery of AgNPs led to an increase in the
expression of the LC3-II protein, which also accumulated in
liver tissue [70]. In addition, the use of AgNPs in conjunction
with medicines resulted in a synergistic enhancement of the
cytotoxicity toward cancer cells. Ag NPs have been shown to

Figure 11: SWCNTs and SWCNTs@Ag–TiO2 induce apoptotic proteins’ expression: cleaved-caspase-3, cleaved-caspase-9, and cleaved-PARP in Hep-G2
cancer cells. (a) Control untreated cells. (b) SWCNTs-exposed cells. (c) SWCNTs@Ag–TiO2-exposed cells.
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Figure 12: SWCNTs and SWCNTs@Ag–TiO2 promote autophagy in Hep-G2 cancer cells. (I) Western blot of LC3-I and LC3-II in Hep-G2 exposed to
SWCNTs and SWCNTs@Ag–TiO2. β-Tubulin is shown as a loading control (of three independent experiments). The graph represents the ratio of LC3-II/
β-tubulin in three independent experiments. (II) TEM images of autophagosomes in Hep-G2 cells. (III) Immunofluorescence images of LC3 in Hep-G2.
LC3 staining is shown as green and nuclei blue. The scale bar indicates 5 mm. The graph represents the number of LC3 puncta in Hep-G2 cells exposed
to SWCNTs and SWCNTs@Ag–TiO2. (IV) Expression of LC3 protein using flow cytometric assay. (V) Expression of p62 in Hep-G2 using flow cytometric
assay. (a) Control untreated cells. (b) SWCNTs exposed cells. (c) SWCNTs@Ag–TiO2-exposed cells. Data are represented by mean ± SD. ***, ****
indicates statistically different from control untreated cells.
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inhibit autophagic flux in addition to inducing autophagy;
this results in the buildup of autophagosomes, which impedes
the differentiation of monocytes into macrophages [71]. It was
found that the cytotoxic effect of Ag-NPs was significantly
greater on PANC1 cancer cells than it was on non-tumor cells
originating from the same tissue. Specifically, compared to
non-tumor cells, PANC-1 cells were substantially more suscep-
tible to death from NPs’ stimulation of apoptosis and autop-
hagy, which led to a reduction in the cells’ viability [72]. It has
been demonstrated that RAW264.7 cells originating from
mouse peritoneal macrophages can be stimulated to undergo

pro-survival autophagywhen exposed to Fe3O4 NPs. Following
the treatment with Fe3O4-NPs, an increase in autophagy mar-
kers and ROS levels was seen, which was accompanied by
an activation of the ERK pathway, which was necessary for
cell survival [73]. Mitogen-activated protein kinases (MAPKs)
are key regulatory mechanisms that play a significant part
in the biological translation of cell autophagy and apoptosis
[74]. We hypothesized that SWCNTs and SWCNTs@Ag–TiO2

induce autophagy in controlling the AKT and JNK mitogen-
activated protein kinase pathways. To test our hypothesis,
a flowcytometry assay was used to measure the protein

Figure 13: Role of AKT and JNK mitogen-activated protein kinase pathways in promoting apoptosis and autophagy in Hep-G2 cells. (a) Control
untreated cells. (b) SWCNTs-exposed cells. (c) SWCNTs@Ag–TiO2-exposed cells.
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expression levels of MAPKs, such as p-JNK1/2, and p-AKT in
liver cancer cell lines that had been treated with SWCNTs
and SWCNTs@Ag–TiO2. According to the findings, p-AKT
was decreased, while p-JNK was increased in Hep-G2 cells
as shown in Figure 13. Based on our outcomes, it appears
that the activation of AKT and JNK1/2 may play a role in
the regulation of SWCNTs, and SWCNTs@Ag–TiO2-induced
autophagy and apoptosis.

4 Conclusions

The findings from the in vitro studies show that SWCNTs
and SWCNTs@Ag–TiO2 can induce apoptosis and autop-
hagy in Hep-G2 cells via ROS-mediated pathways. These
findings also suggest that SWCNTs and SWCNTs@Ag–TiO2

have a significant amount of untapped potential as nanother-
apeutics. It is both justifiable and clinically important to
pursue more research to elucidate the safety and detailed
therapeutic potential of such NPs when used in in vivo situa-
tions. In the current study, we demonstrate that exposure to
SWCNTs and SWCNTs@Ag–TiO2 nanocomposite modulates
the ROS signaling pathway in the human liver cancer cell
line Hep-G2, which results in the induction of apoptosis and
autophagy. The results presented have the potential to lead to
the development of more effective medicines for the treat-
ment of human liver cancer.
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