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Introduction: Increased mortality owing to breast and lung cancer is an urgent
global medical issue. Nanotherapy is one of the most widely used and recent
procedures for combating cancer. Therefore, this study aimed to assess the
beneficial effects of multi-walled carbon nanotubes (MWCNTs) to precisely
target breast (MCF-7) and lung cancer (A549) cell lines. Multi-walled carbon
nanomaterials are considered as a typical biocompatible nanomaterial that can
be used in drug delivery without causing side effects. On the contrary, themetallic
nanoparticles, even that of noble metals, are reported to have side effects that are
still unavoidable.

Methods: The MWCNTs were purified and stabilized using Arabic gum in an
aqueous solution under ultrasonic radiation. Scanning and transmission electron
microscopy (SEM and TEM, respectively) were employed to characterize the
morphology of the MWCNTs, and elemental analysis was performed using SEM
to determine their chemical composition.

Results: The investigated MWCNTs had an average diameter of 10–12 nm and
were mainly composed of 99.4% carbon and other trace elements. The Arabic
gum emulsifying agent was found a powerful stabilizing agent for the investigated
MWCNTs in aqueous solutions. The cytotoxic effect of the MWCNT/ Arabic gum
colloidal solution on MCF-7 and A549 was evaluated by 3-(4,5- dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide and lactate dehydrogenase assays, and
the expression of apoptosis-related genes was assessed using quantitative real-
time polymerase chain reaction and a human apoptosis signaling antibody array.
This analysis aimed to clarify additional pathways involved, including those
mediated by interleukin-1, tumor necrosis factor-α, and ceramide signaling
pathways enrichments. Concerning the inhibition of cell growth, the efficacy of
MWCNT/Arabic gum IC50 of MCF-7 (48.23 μg/mL) was higher than IC50 of A549
(100.1 μg/mL). MWCNT/Arabic gum enhanced the mRNA expression of
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apoptosis-associated genes encoding P53, Bax, and Caspases (9, 8, and 3).
Upregulation of the apoptotic signaling pathway in the MCF-7 cell lysates was
observed before and after exposure to the MWCNT/Arabic gum colloidal solution.

Conclusion: The physicochemical properties of MWCNT/Arabic gum exhibited
remarkable apoptotic activity in breast and lung cancer cell lines. However, further
in vivo investigations are recommended to clarify the other molecular aspects
related to the use of MWCNT/Arabic gum.

KEYWORDS

multi-walled carbon nanotubes, Arabic gum, breast cancer, lung cancer, cell line,
apoptosis genes

1 Introduction

Cancer is a fatal disease and considered a critical global medical
health challenge (Kirtonia et al., 2021). In 2020, approximately
19.3 million new cases of cancer were diagnosed worldwide, with
over 10.0 million cancer deaths. With an anticipated 2.3 million new
cases, female breast cancer has exceeded lung cancer as the most
often diagnosed disease, although lung cancer remains the leading
cause of cancer-related deaths, with an estimated 1.8 million
fatalities (Sung et al., 2021). Various strategies and treatments,
such as chemotherapy, surgery, and radiation, are currently being
used to treat cancer. However, these choices have serious adverse
effects (Schirrmacher, 2019). Therefore, lowering harmful side
effects is desirable to enhance the performance of drugs and
improve the quality of life of cancer patients.

Nanotechnology represents a recent substitute for the layout and
composition of nanomaterials (Sani et al., 2023) that can be applied
as advanced tool for cancer diagnosis (Pourmadadi et al., 2023),
immunotherapy of cancer cells (Chen, 2023) and is presently a very
promising tool to treat different types of tumors (Casais-Molina,
2018). Nanoparticles are small and have large surface areas; hence,
considerable amounts of drugs can be loaded onto their surfaces to
reach the intended targets. Drug-conjugated AuNPs significantly
affect diseased cells. These effects are attributed to the fact that NP-
drug conjugates can disrupt cell membrane permeability and
eventually provoke cytolysis (Habib and Akbar, 2021).

Some nanomaterials, including nanotubes, exhibit various
physical, chemical, and biocompatibility properties, which has led
to recent scientific evidence that qualifies for the possibility of using
carbon nanomaterials in the remediation and release of eclectic
drugs, as well as cofactors in the diagnosis and limitation of tumors
(Chen et al., 2015).

The native forms of carbon nanomaterials have low solubility in
biological media. This insolubility is related to the exaggerated
accumulation of classical drugs and high stabilization of oxidative
enzymes, rendering the elimination process difficult (Ke, 2007).
Thus, the enhanced activity of carbon nanomaterials promotes their
solubility, lowers an organism’s toxicity, and enhances the
bioadministration of drugs (Lucafo et al., 2013). In addition, a study
(Cirillo et al., 2019) reported that multi-walled carbon nanotube
(MWCNT) hybrid materials have comprehensive physical and
chemical characteristics that enable them to synergize drug efficacy
in lung cancer cells while reducing toxicity to healthy cells.
Nanomaterials have attracted attention in nanomedical applications
as useful tools for cancer treatment and for optimizing therapeutic

results (Kumar et al., 2023) Carbon nanotubes (CNTs) have been
extensively studied to explore their potential implementation in cancer
remediation because of their prominent thermal, electrical, optical, and
chemical characteristics (Dizaji BF et al., 2020).

CNTs, with their unique features, are considered a suitable
option for avoiding the undesirable effects correlated with cancer
using conventional methods. Therefore, this study explored the
impact of CNTs on breast cancer cells (MCF-7) and lung cancer
cells (A549).

CNTs, a promising category of nanomaterials, have recently
emerged and possess unique properties such as a large surface-area-
to-volume ratio owing to the ability of graphene structures to
capture small molecules on their surfaces. The graphene structure
is suitable for various applications in electronic devices, drug
delivery systems, and biosensors (Zheng et al., 2006; Daoush and
Imae., 2015). Furthermore, CNTs have been successfully utilized in
different medical and pharmaceutical fields because of their high
surface-area-to-volume ratio, as they can absorb and bond with
multiple diagnostic and therapeutic agents, such as vaccines,
antibodies, and drugs (Akbar et al., 2022).

An important step during the fabrication of nanomaterials is to
stabilize the particles and prevent their agglomeration in solution.
Notably, the stabilization of nanoparticles through surface treatment
is a key parameter in ensuring the activity of nanoparticles in the
environment. In this regard, the benefits of nanotubes can be
maximized by proper dispersion in a solution (Liu et al., 2005;
Batool et al., 2021). The electroosmotic- or peristaltic-controlled flow
of CNTs through ionic solutions has been found to be an alternative
method for promoting the diffusion of CNTs in solution (Akram et al.,
2022; Abo-Dahab, 2023). This method of enhanced diffusion is
beneficial for controlled therapeutic trials concerning the delivery of
drugs to targeted cancer cells (Butt et al., 2023). As integratedmolecules,
CNTs have high chemical stability and low binding energies because of
the covalent bonds between the carbon atoms connected to the sp2

hybrid (Tans et al., 1998; Durgun et al., 2003). Therefore, it is necessary
to modify the graphene surface structure of CNTs to create the desired
functional groups that can link with metal clusters. Previous reports
have revealed that introducing specific functional groups onto the
surface of CNTs can help address this issue. Many studies have
focused on the surface functionalization of CNTs (e.g., by HNO3,

H2SO4/HNO3, and HCl/HNO3), which has been shown to improve
their dispersion in solution (Chen et al., 2005; Daoush, 2012). In
addition, the binding of organic molecules to the surface of CNTs
renders them more soluble, thereby extending their applications in
different fields (White, 2005; Daoush and Imae, 2015). In this respect,
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dendrimers (a type of polymer) have been found to be suitable for
attachment to CNT surfaces (Garcia-Martinez et al., 2003).

Conversely, previous studies have focused on the stabilization of
nanoparticles against agglomerations and the reduction of deposition in
solutions through the utilization of electrostatic stabilizing agents or
emulsifiers. Electrolytes composed of organic polymers, including
polyaspartate and polystyrene sulfonate, polymethacrylic acid, butyl
methacrylate, carboxymethyl cellulose, and potato starch and garlic
extract have been demonstrated to be effective surface modifiers that
resist aggregation in solution and control the size of nanoparticles and
the distribution of final dispersion (Tedeschi, 2007). In another study,
cactus leaf extract contained carboxymethyl (-O-CH2-COO-) and
sulfoxy (-OCH2-CHOH-CH2-O-CH2-CH2SO3-) functional groups,
which can interact with the surface of the nanoparticles and
enhance their stabilization in solution (Ijaz et al., 2017).

Arabic gum is a dried gummy exudate obtained from the stems of
Acacia senegal (colorless) and Acacia seyal (reddish) of the Acacia
Family Leguminosae. Its molecular weight is approximately
240,000–850,000 and comprises a high molecular weight
glycoprotein containing 90% carbohydrate (D-galactose, L-rhamnose,
L-arabinose, and D-glucuronic acid) and protein content, as well as a
lower molecular weight heterogeneous polysaccharide. Arabic gum has
a waddle-blossom structure composed of several polysaccharide block
units linked to a common polypeptide. It also contains the calcium,
magnesium, and potassium salts of Arabic acid, a polysaccharide acid. It
is predominantly a carbohydrate with approximately 2% protein-rich in
hydroxypropyl, prolyl, and seryl residues that are responsible for its
emulsifying activity (Johnson, 2005).

Carbon nanomaterials are known to have limited solubility in
the body fluids, and their hydrophilic properties can be considerably
enhanced by employing Gum Arabic that is consisted of high
molecular weight polymers of polysaccharides (90%) and
glycoprotein (10%) (Song, 2011). Therefore, Arabic gum is
considered as a powerful stabilizing and dispersing agent that
provides a biocompatible shell for nanostructures. The current
study aimed to evaluate the effect of MWCNTs dispersed in an
aqueous solution of Arabic gum (procured from local source) on
breast and lung cancer cell lines. SEM, EDS, TEM and XRD were
used to investigate the prepared and stabilized MWCNTs. The
cytotoxic effects of MWCNTs on MCF-7 and A549 cell lines
were evaluated by the aid of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide and lactate dehydrogenase assays.

2 Materials and methods

2.1 Preparation and investigation of
MWCNTs/Arabic gum colloidal solution

Multiwalled carbon nanotubes with surface area of ~200 m2/g were
purchased from Iljin Nanotech Co., Ltd. (Seoul, South Korea). Arabian
gum (Acacia senegal) tree exudates were collected elsewhere in Saudi
Arabia. The raw powder of theMWCNTswas subjected to a purification
process involving heat treatments at 450°C for 30 min to evaporate and
burn any organic binder that may have contaminated its surface.
Additionally, it was washed with acetone several times to remove any
soluble organic impurities. The heat-treated MWCNTs were then
chemically treated with 30 vol% HCl solution for 15 min to dissolve

any metallic impurities that may have contaminated the nanotubes
during manufacturing. The obtained MWNTs were washed extensively
with distilled water to remove any acid or soluble inorganic impurities
from their surfaces. An aqueous solution of the stabilizing agent of the
investigatedMWCNTswas prepared by boiling 1 g of previously ground
Arabic gum in 100mL of distilled water with continuous magnetic
stirring until complete dissolution. The resultant solutionwas cooled and
stored as a stock solution at room temperature (24⸰C). A calculated
amount of 100mg of MWCNTs was ultrasonicated for 15 min with
freshly prepared Arabic gum stock solution, which was used to prepare
0.1 wt% MWCNTs/Arabic gum colloidal solution. The obtained
colloidal solution was stored for further characterization and
investigation. Figure 1 illustrates a schematic flowchart of the step-
by-step synthesis process from the preparation of the Arabic gum
colloidal solution to the final product of the MWCNT/Arabic gum
colloidal solution. After the purification process, carbon, sulfur,
hydrogen, and nitrogen elemental analyses of the investigated
MWCNT/Arabic gum colloidal solution were performed (VarioEL III
CHNS Elementar GmbH).

In addition, the particle shape and size were investigated using
field-emission scanning electron microscopy (FE-SEM) (Philips XL
30SFEG). Furthermore, the surface morphology of the prepared
nanoparticles was investigated using the high-resolution
transmission electron microscope of the model (HITACHI H-7000).

2.2 In vitro studies

2.2.1 Cytotoxic 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay

MTT cell viability assay was utilized in the current investigation
to assess the antiproliferative effect of MWCNT/Arabic gum

FIGURE 1
Purification and stabilization of multi-wall carbon nanotubes in
Arabic gum colloidal solution.
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colloidal solution. Briefly, MCF-7 and A549 cells were cultured in
DMEM (Gibco, ThermoFisher Scientific, CA, United States) each
containing 10% v/v FBS. Cells were seeded at a 5 × 104 per 1 mL
density in 24-well cell culture plates and incubated at 37°C and 5%
CO2 for 24 h. Cells were then treated for 48 h with the MWCNT/
Arabic gum colloidal solution under investigation, and after the
incubation period, 100 μL of MTT reagent (Invitrogen Life
Technologies, CA, United States) (5 mg/mL in PBS) was added
to all wells and further incubated at 37°C for 2 h. Subsequently, 1 mL
of isopropanol-HCl was added to dissolve the crystalline formazan,
and reduced MTT formation was measured at a wavelength of
540 nm using a microplate reader (Thermo Fisher Scientific,
Waltham, MA, United States). The wells with untreated cells
were used as controls. The dose-response curve was used to
calculate the 0.5 IC50 (concentration needed to inhibit cell
growth by 50%). Cell viability was calculated using the following
equation:

Cell viability %( ) � mean absorbance MWCNTs( )/
mean absorbance control( ) × 100 (1)

2.2.2 Measurement of released lactate
dehydrogenase (LDH)

In order to confirm the cytotoxic action of MWCNT/Arabic
gum colloidal solution, cell viability and membrane integrity were
determined using an LDH assay kit (Cayman CHEMICAL, ItemNo.
601170, MI, United States). The procedure was performed as
follows: MCF-7 and A549 cells were seeded in 24-well (5 × 104

per 1 mL) followed by 24 h incubation at 37°C in 5% CO2 chamber.
The cells were then exposed to IC50 of the MWCNT/Arabic gum
colloidal solution and incubated for 48 h. Later, 100 μL from the cell
supernatant was transferred to a 96-well assay plate and 100 μL of
LDH Reaction Solution (prepared #3, see Cayman) was added to
each well. The plate was placed on a shaker for 30 min in an
incubator at 37°C. The absorbance was measured at 490 nm.
Finally, the cytotoxicity of each fraction was calculated as follows:

%( ) � Optical density OD[ ]of treated sample( )/

× ODof untreated sample( ) × 100% (2)

2.2.3 Quantitative real-time polymerase chain
reaction (qRT-PCR)

To clarify the cell death mode mediated by MWCNT/Arabic
gum colloidal solution, the expression levels of proapoptotic genes
(Bax, Caspases-3, 8 and 9) were explored. In brief, MCF-7 and
A549 cells (5 × 104 cells/well) were cultured in 25 cm flask culture
plates and treated with the prepared MWCNT/Arabic gum colloidal
solution at 0.5 IC50 for 24 h. After incubation, the total RNA was
prepared using QIAzol Lysis Reagent (Qiagen, Cat. No. 79306,
United States), and cDNA was synthesized with oligo dT primers
using the Superscript II Reverse Transcriptase cDNA Synthesis Kit
(Applied Biosystems, Thermo Fisher Scientific, Lithuania)
according to the manufacturer’s instructions. Polymerase chain
reaction (PCR) was performed using a Rotor-Gene machine
(PrimeQ, China) with gene specific primers as listed in Table 1.
Evaluation of mRNA expression using use 2−ΔΔCt with GAPDH as
the internal reference wad estimated by the following equation;

Fold change � 2−ΔΔCT (3)

2.2.4 Human apoptosis signaling array
To further understanding the effectiveness of MWCNT/

Arabic gum colloidal solution, the upregulation of apoptosis
signaling markers was studied on the protein levels. Treated
cell lysates were prepared according to the manufacturer’s
instructions and analyzed using a Human Apoptosis Signaling

TABLE 1 Primer sequence (forward and reverse) targeting GAPDH, P53 mRNA,
Bax, and Caspases 3, 8, 9.

Gene Sequence

GAPDH F: 5′-GGT ATC GTG GAA GGA CTC ATG AC -3′ (23mer)

R: 5′- ATG CCA GTG AGC TTC CCG TTC AGC-(24mer)

Bax F: 5′- GGA TGC GTC CAC CAA GAA G -3′ (19mer)

R: 5′- CCT CTG CAG CTC CAT GTT AC-3′(20mer)

Caspase-3 F: 5′- CTG GTT TTC GGT GGG TGT G-3′ (19mer)

R: 5′- ACG GCA GGC CTG AAT AAT GAA (21mer)

Caspase-8 F: 5′- CTG GTC TGA AGG CTG GTT GT -3′ (20mer)

R: 5′- CAG GCT CAG GAA CTT GAG GG -3′ (20mer)

Caspase-9 F: 5′- CAG GCC CCA TAT GAT CGA GG-3′ (20mer)

R: 5′- TCG ACA ACT TTG CTG CTT GC -3′ (20mer)

P53 F: 5′ CCCAGCCAAAGAAGAAACCA 3′

R: 5′ TTCCAAGGCCTCATTCAGCT 3′

FIGURE 2
The produced Arabic gum and the fabricated stabilized
MWCNTs/Arabic gum aquous colloidal solution. (A) Arabic gum
stabilizing agent, (B) the prepared colloidal solution of the investigated
multi-wall carbon nanotubes dispersed in 1 wt% Arabic gum
stabilizing agent.
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Antibody Array (RayBiotech, Peachtree Corners, GA,
United States).

2.2.5 Statistical analysis of data
The results were expressed as means ± SD of the three replicates.

Student’s t-test was used to compare data between groups
(p- < 0.05).

3 Results

3.1 Characterizations of MWCNTs/Arabic
gum colloidal solution

The produced Arabic gum and the fabricated MWCNT/Arabic
gum aquous colloidal solution are shown in Figures 2A, B. The
results indicate that the prepared MWCNT/Arabic gum colloidal
solution was completely homogeneous and dispersed for a
prolonged period owing to the continuous use of the stabilized
MWCNTs for subsequent investigations and experimental
procedures. The Arabic gum solution composed of 1 g of Arabic
gum dissolved in 100 mL of distilled water was observed as a suitable
stabilizing agent for purified MWCNTs in an aqueous solution.

The chemical composition of the MWCNTs was investigated
to analyze the elements content of the MWCNTs under
investigation. Table 2 lists the typical chemical compositions
of the MWCNTs investigated after purification. The results
showed that the carbon nanotube powder was highly pure and
mainly composed of approximately 99.4 wt%. In addition, the
fabrication process of the nanotubes resulted in the presence of
carbon and trace elements such as nitrogen, hydrogen, and sulfur,
as indicated by their respective percentages.

High-resolution SEM and TEM images of the untreated
MWCNTs were shown in Figures 3A, B. The untreated
MWCNTs had the texture of agglomerated filaments with
capped ending. It was also abserved that the MWCNTs were
composed of multiwalled graphitic carbon structures containing
hollow core in the center. In addition, high-resolution TEM
images of the stabilized MWCNTs in solution were presented
in Figures 3C, D. It was revealed that the stabilized MWCNTs in
solutions had core-multiwalled graphitic structure. The SEM
investigation showed that the MWNTs have an outer diameter
of 36 nm approximately, however the TEM investigation revealed
a median outer diameter of ~ 10–15 nm which is a more accurate
estimation due to higher resolution of the transmission electron
beam than the scanning beam.

TABLE 2 Elemental analysis of multi-wall carbon nanotube components after purification.

Sample weight, gm Nitrogen content, Wt. % Hydrogen content, Wt. % Sulphur content, Wt. % Carbon content Wt. %

2.487 0.143 0.132 0.320 99.405 (balance)

FIGURE 3
(A) FESEMelectronmicrograph, (B–D)HRTEMelectronmicrographswith differentmagnifications of the investigatedmulti-walls carbon nanotubes.
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3.2 In vitro study

3.2.1 MTT proliferation assay
Figure 4A shows the cytotoxic effects of MWCNT/Arabic gum

colloidal solution on MCF-7 and A549 cells. Our findings showed
that the investigated MWCNT/Arabic gum colloidal solution
inhibited cell growth in a dose-dependent manner and were
more effective against MCF-7 cells than against A549 cells, with
IC50 values of 48.23 and 100.1 μg/mL, respectively.

3.2.2 LDH assay
The effects of CNTs on MCF-7 and A549 cells were investigated

using an LDH release assay. As shown in Figure 4B, the investigated
MWCNT/Arabic gum colloidal solution showed remarkable
cytotoxic activity (p ˂ 0.05) 48 h after exposure to the IC50

concentration.

3.2.3 RT-PCR (real-time polymerase chain
reaction)

Apoptosis-related genes were significantly upregulated in the
MCF-7 and A549 cells treated with MWCNT/Arabic gum colloidal
solution. Fold changes were as follows: 1.42 ± 0.39, 5.34 ± 0.22 for
P53; 1.69 ± 0.73, 2.50 ± 0.69 for BAX; 1.63 ± 0.11, 1.57 ± 0.32 for
caspase 3; 2.58 ± 0.76, 1.53 ± 0.09 for caspase 8; and 1.66 ± 0.34,
1.79 ± 0.30 for caspase 9 in MCF-7 and A549 cells, respectively. For
the untreated control groups of MCF-7 and A549 cells, the

mean ± standard deviations were 1.0 ± 0.05 and 1.0 ± 0.03,
respectively. MWCNT/Arabic gum colloidal solution positively
affected apoptotic gene expression in MCF-7 and A549 cells, but
to different degrees. The expression of P53 gene in MCF-7 cells
showed statistically significant differences (p ≤ 0.05), while in
A549 cells, the expression was highly significant (p < 0.001). The
BAX genes in both MCF-7 and A549 exhibited statistically
significant expression (p ≤ 0.05). Additionally, the expression
of caspase 8 in MCF-7 was highly significant (p ≤ 0.005), while in
A549 cells, a slight increment in expression was observed.
Moreover, in MCF-7 cells there was a significant increase in
the expression of caspases 3 and 9. However, in A549 cells, these
caspases showed only a slight elevation, as shown in Figures 5, 6.

3.2.4 Human apoptosis signaling array
The total protein lysate of MCF-7 was treated with 48.23 μg/mL

MWCNT/Arabic gum colloidal solution for 24 h compared to the
control, as illustrated in Figure 7. The chemiluminescence was then
measured using the ChemiDoc system and quantified by ImageJ
software (Gomez-Perez et al, 2020) Figures 7A, B. The image and
semi-quantification confirmed the mRNA expression for p53 and
Caspase 3, shown in Figure 5. In addition, the analysis identified an
upregulation in 17 antigen-specific antibodies, which represent
proteins expressed in response to cell stress and apoptosis
signaling pathways. The list of proteins elevated in Figure 7A
and uploaded in Gene enrichment set Analysis (GESA) were
used to identify all the possible pathways, including interleukin-1
(IL-1), Tumor necrosis factor-α (TNF-α), and ceramide signaling
pathways, that could be activated by MWCNT/Arabic gum colloidal
solution, as presented in Table 3 and Figure 7C (Mootha et al., 2003;
Subramanian et al., 2005).

4 Discussion

The physicochemical properties of nanoparticles, including their
size and surface area, greatly affect their applications (Mahmoudi
et al., 2011). Nanoparticles possess a large surface-area-to-volume
ratio that determines their interactions with cellular proteins (Li and
Sarah, 2009). The adsorption and binding of proteins to
nanoparticles are controlled by their size, shape, surface area, and
surface charge, as well as the type of nanoparticles, for example,
metals, nonmetals, organic polymers, or carbon nanomaterials (Li
and Sarah, 2009; Monopoli et al., 2011; Verma et al., 2018). Binding
of the protein surface to nanoparticles has been the focus of several
studies. Therefore, the formation of a protein surface layer with
nanoparticles is an important issue. The surface protein-bound layer
is either soft (weakly bound) or hard (strongly bound) (Kihara et al.,
2019). The formation of soft or hard bonding layers is determined by
the surface morphology, biological environment surrounding the
nanoparticles, exposure time, and other physicochemical properties.

In this study, MWCNTs were dispersed by ultrasonic
emulsification in an aqueous solution of Arabic gum. The
MWCNTs in the aqueous solutions tended to aggregate and
form clusters. However, the Arabic gum emulsifier has powerful
stabilizing and emulsifying effects. Freshly prepared 1 wt% Arabic
gum solution is used to stabilize 0.1 wt% MWCNTs dispersed in an
aqueous solution under 40 kHz ultrasonic radiation. Many attempts

FIGURE 4
Effect of the investigated MWCNT/Arabic gum colloidal solution
on MCF 7 and A549 using MTT and LDH assays. (A) MTT formazan
absorbance was estimated at a wavelength of 540 nm in an ELISA
reader. (B) MCF-7 and A549 cells were treated with MWCNT/
Arabic gum colloidal solution for 48 h at 48.23 μg/mL and 100.1 μg/
mL, respectively. LDH activity was determined using ELISA reader at a
wavelength of 490 nm. The obtained data were represented as
means ± SD (pp < 0.05 was considered significant compared to
control) of three independent experiments carried out in triplicates.
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(Xu, et al., 2018) have been reported in previous work to disperse
MWCNTs in different suitable solvents. Dispersion methods
include both chemical and physical methods. Chemical
modification involves the formation of covalent bonds and the
introduction of functional groups (–COOH) on the surface of
MWCNTs. An oxidation process has been used to functionalize
the MWCNTs under ultrasonic radiation with a mixture of sulfuric
and nitric acids (Daoush, 2012). In addition, ultrasonic radiation can
enhance the fission of the H-OH bonds in the water molecules
forming OH and H radicals. This reaction is reversible or shifts to
produce H2 and H2O2. These redox activities are beneficial in
aqueous solutions where sonochemical reactions take place (Riesz
et al., 1985). The hyperoxidant H2O2 is subsequently released to
initiate the oxidation of the surface of the MWCNTs and introduce
some functional groups to enhance the stabilization of the
MWCNTs by the electrostatic attraction in the aqueous solutions
(Savun-Hekimoğlu, 2020). H2O2 oxidation under neutral conditions
can impact the morphologies and structures of MWCNTs by

forming functional groups on their surface. (Peng, 2006).
Reactive groups, including hydroxyl (−OH), carboxyl (−COOH),
and carbonyl (=C=O) groups, have been developed; however, the
prevalent group onMWCNTs’ surfaces is the hydroxyl group (Peng,
2006).

Physical methods used to disperse MWCNTs in solution include
the addition of various dispersants, surfactants, polymers, and
aromatic compounds during the synthesis process. When
surfactants are added to MWCNTs dispersions, the surfactant
molecules adsorb at the interface, followed by self-accumulation
into supramolecular structures, which helps to retain a stable
colloidal state in the MWCNT dispersion. Coulombic or
hydrophobic attraction plays a key role in achieving stable
colloidal systems using ionic or nonionic surfactants. There
are three basic principles for dispersing fine particles in water:
1) repulsion between the particles and their zeta potentials, 2) steric
hindrance of the adsorption layer, and 3) reduction of hydrophobic
linkages among the dispersed particles (Xu, et al., 2018).

FIGURE 5
Effect of the investigated MWCNT/Arabic gum colloidal solution on the expression of apoptosis-associated genes (mRNA expression). Fold change
of the genes encoding Bax, p53, and caspases 3, 8, and 9 in MCF-7 cancer cells exposed to IC50 concentration (48.23 μg/mL) for 24 h compared to
(DMSO/control). The obtained data were represented as means ± SD (pp < 0.05, ppp < 0.005, and pppp < 0.0005 compared to control) of three
independent experiments conducted in triplicates.

FIGURE 6
Effect of the investigated MWCNT/Arabic gum colloidal solution on expression of apoptosis-associated genes (mRNA expression). Fold change of
the genes encoding Bax, p53, and caspases 3, 8, and 9 in A549 cancer cells exposed to a concentration of 100.1 μg/mL (IC50) for 24 h. The obtained data
were represented as means ± SD (pp < 0.05, ppp < 0.005, and pppp < 0.0005 compared to control) of three experiments independently conducted in
triplicates.
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Arabic gum was used in the present research work as an
emulsifying agent. The polysaccharide and glycoprotein
macromolecules of the Arabic gum have the ability to surround
the MWCNTs and prevent their agglomeration in the aqueous
solutions without the need to a surface functionalization process.
It was reported that the use of a surface functionalization process can
break C=C bonds of the graphitic structure of the carbon nanotubes
and consequently affects the basic properties of carbon nanotubes
(Rashmi et al., 2011). Arabic gum as stabilizing agent can disperse
the carbon nanotubes in the solution without any change in their
properties. This is ascribed to the formation of an electrostatic
double layer by the interaction between the free electrons in the
Pz orbitals of C=C atoms in the MWCNTs and the different active
groups of polysaccharide and glycoproteins constituents of the
Arabic gum. This interaction greatly facilitates the suspension of
MWCNTs in aqueous solutions (Rashmi et al., 2011; Kumar and
Kumaresan, 2017). Figure 8 shows a schematic representation of the
interaction between the polysaccharide and glycoproteins
macromolecules composing the Arabic gum and the carbon
nanotubes in aqueous media. The amino, carboxyl and hydroxyl
groups on the surface of polysaccharide and glycoprotein
macromolecules of Arabic gum form hydrogen bonds with the
water molecules on one side, and with Pz electrons of C=C
bonds of the graphitic structure of MWCNTs on the other side
(Mzwd, et al., 2022). The preliminary trial of the current study
revealed that 1 wt% aqueous solution of Arabic gum is a powerful
stabilizing agent with sustaining of the Arabic gum ionization at
isoelectric point of pH 4.5. The ionization of the functional groups of

Arabic gum help interact with the carbon nanotubes. It was also
reported that Arabic gum can form a relatively thick coating layer of
high molecular weight on the surface of nanoparticles, hence
classified as “soft particles” that comprise spherical cover of
polymers. In addition, Arabic Gum has small surface potential
that implies dominant steric or electrosteric repulsive interaction
between the Arabic gum coat and the stabilized carbon nanotubes
surfaces (Song, 2011).

A previous study revealed that cellular proteins can be
adsorbed on the surface of nanoparticles based on protein
electrostatistics and their capability to provoke structural
deformities on the nanoparticles surface (Shemetov, et al.,
2012). Therefore, electrostatic interactions (ionic interactions
and hydrogen bonds) are crucial for the initial reaction, and
essential amino acids, including arginine and lysine, are
particularly critical for these electrostatic reactions on the
surfaces of stabilized nanoparticles. This initial step is
reversible, whereas the later step of adsorption depends on the
hardness of the proteins. Rigid (hard) proteins, such as lysosomal
proteins, are not deformed on the nanoparticle surface and thus
are not expected to be adsorbed.

In contrast, soft proteins are prone to deformities and are
structurally rearranged on the surface to increase the number of
interaction sites on the nanoparticle surface. During these protein
deformation changes, conformational changes occur, and
interactions take place between the surfaces of nanoparticles
surfaces and exposed proteins. This subsequent step is often
considered quasi-irreversible (Norde, 2008).

FIGURE 7
Upregulation of apoptosis signaling pathway in MCF-7 cell lysates treated with MWCNT/Arabic gum colloidal solution. (A) An apoptosis signaling
pathways array of human samples was used to detect the signaling pathways in MCF-7 cells. The control group consisted of MCF-7 cells treated with
DMSO (control), while the experimental group was treated with the IC50 concentration (48.23 μg/mL) for 24 h (B) Semi-quantitative detection of
19 antigen-specific antibody spot arrays in fold change after normalizing the data to the control. (C) The list of proteins elevated in (B) and uploaded
in Gene enrichment set Analysis (GESA) were used to identify all the possible pathways that MWCNT/Arabic gum colloidal solution activate.
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Application of the cancer cells with the CNTs are a promising
formularization technique that display an auspicious influence on
tumor cells, particularly with better cellular internalization. This
study reports the robust cytotoxic effects of CNTs on MCF-7 and
A549 cells. To estimate the cytotoxic effect on cell viability, MTT
and LDH tests are widely used as toxicological techniques and can be
applied to cytotoxicity studies in vitro (Xia et al., 2007). Cell viability
assays, such as the MTT assay, measure viable cells with active
metabolism and convert MTT into a purple-colored formazan
product, whereas the LDH leakage assay is based on the
measurement of lactate dehydrogenase activity in the
extracellular medium. As reported in the literature, another assay
should be used to confirm cytotoxicity in in vitro studies to increase
the reliability of the results obtained from one assay. Therefore, LDH
and MTT assays were employed in the current study to confirm the
results obtained (Fotakis, 2006). Both assays clearly show that the
investigated MWCNTs exerted cytotoxic effects against both cell
types tested in this study. These results are in line with those of our

previous study that demonstrated the anticancer capability of
CuNPs against both MCF-7 and LoVo tumor cell lines (Al-
Zahrani et al., 2021).

A similar cytotoxic effect involving LDH release has been
reported for QCuNPs previously (Mukhopadhyay, et al., 2018).
Furthermore, a study (Wang et al., 2015) demonstrated that
CuNPs can pass through cell membranes via diffusion or
endocytosis, enhancing their activity. Previous studies have
shown that CNTs can block cell proliferation and induce
apoptosis in several ways. Overall, CNTs can also cause
membrane deterioration, minimize the capability of cellular
adherence, increase intracellular reactive oxygen species leading
to oxidative stress, invigorate stressed endoplasmic reticulum,
and trigger cell death by autophagy (Dizaji BF et al., 2020).

The apoptotic pathway has emerged as a prominent target in the
discovery and development of novel anticancer therapies. Most
antitumor drugs currently used in clinical oncology exploit
apoptotic signaling pathways to initiate cancer cell death

TABLE 3 Detailed list of the pathways and significance compared to gene enrichment set analysis (GESA).

Gene set pathway Description Number of
genes in

the
overlap

p-value FDR-
q-value

GOBP_PROGRAMMED_CELL_DEATH [1950] This process begins when
a cell receives an internal
or external signal and
activates a series of
biochemical events
(signaling pathways). The
process ends with the
death of the cell. [GOC:lr,
GOC:mtg_apoptosis]

14 3.42 e−17 1.12 e−12

PID_BCR_5PATHWAY [63] BCR signaling pathway 7 1.68 e−16 2.76 e−12

GOBP_CELLULAR_RESPONSE_TO_STRESS [1869] Any process that results in
a change in the state or
activity of a cell (in terms
of movement, secretion,
enzyme production, gene
expression, etc.) due to a
stimulus indicating the
organism is under stress.
The stress is usually, but
not necessarily, exogenous
(e.g., temperature,
humidity, ionizing
radiation). [GOC:mah]

13 1.86 e−15 2.01 e−11

WP_TCELL_RECEPTOR_TR_SIGNALING_PATHWAHWAY [91] T cell receptor (TCR)
signaling pathway

7 2.45 e−15 2.01 e−11

WP_TNFALPHA_SIGNALING_PATHWAY [94] TNF-alpha signaling
pathway

7 3.09 e−15 2.03 e−11

WP_TNFRELATED_WEAK_INDUCER_OF_APOPTOSIS_TWEAK_SIGNALING_PATHWAY
[42]

TNF-related weak inducer
of apoptosis (TWEAK)
signaling pathway

6 6.52 e−15 3.57 e−11

PID_CERAMIDE_PATHWAY [44] Ceramide signaling
pathway

6 8.77 e−15 4.12 e−11

WP_INTEGRATED_CANCER_PATHWAY [45] Integrated cancer pathway 6 1.01 e−14 4.16 e−11

WP_RANKLRANK_SIGNALING_PATHWAY [55] RANKL/RANK signaling
pathway

6 3.6 e−14 1.31 e−10

WP_IL1_SIGNALING_PATHWAY [57] IL-1 signaling pathway 6 4.5 e−14 1.47 e−10
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(Pistritto et al., 2016). A previous study reported that the
functionalization moieties of CNTs can significantly influence the
cytotoxic effect and apoptosis induction. The inhibition of A549 cell
lines treated withMWCNT-OH andMWCNT-COOH (pristine and
functionalized MWCNTs) has been reported. It was found that the
original MWCNTs caused lower cell viability than functionalized
MWCNTs; however, functionalizedMWCNTs were more genotoxic
than pristine shape (Zhou L, et al., 2017). These previously reported
findings are in accordance with the results of the present
investigation concerning the positive effect of the prepared
MWCNT/Arabic gum colloidal solution on the expression of
apoptotic genes (Bax, P53, and caspases 3, 8, and 9) in both
types of the investigated cells (MCF-7 and A549).

The molecular mechanisms underlying apoptosis contribute
to establishing the basis for novel cancer therapies (Pfeffer, 2018).
In both intrinsic (mitochondria-mediated) and extrinsic
apoptosis, caspases (proteolytic enzymes) are activated to
induce organelle damage (Danial, 2007). Above all this,
P53 activates pro-apoptotic genes (BAX) in the intrinsic
pathway and catalyzes various caspases, eventually leading to
programmed cell death (Cheng, et al., 2015). This study
demonstrated that the reaction of MCF-7 and A549 cells with
the prepared MWCNTs increases the expression of P53 which in
turn enhances MWCNT-induced apoptosis. Caspases are
activated in all apoptosis pathways, and caspases 8 and 9 are
the main initiators of the active caspases employed in the
extrinsic and intrinsic apoptotic pathways, respectively. A
study by Srivastava et al. (Srivastava, et al., 2013) is in
accordance with our results and shows that p53 is among the
major contributors in organizing cellular reduction-oxidation
reactions, which may create oxidative stress and provoke DNA
damage, leading to the development of apoptosis.

Protein array analysis also showed a high upregulation of the
investigated MWCNTs treated cell lysis protein expression that
allied with p53 and caspase 3 gene expression. In addition,
17 critical proapoptotic proteins, such as BAD, dimerize with

BAX to induce cell death. Interestingly, BAX was significantly
elevated during RT-PCR (Attri et al, 2021).

Using the GESA database to overlap with the high protein
expression list (genes) revealed enrichment in cell damage and
stress response pathways, as expected. However, it also intersects
with TNF-α, TNF-related weak inducer of apoptosis, T cell
receptor, and IL-1 signaling pathways (Mootha, et al., 2003;
Subramanian, et al., 2005). In addition, the ceramide signaling
pathway, a key player in cancer proliferation, autophagy, and
drug resistance regulated by p53, is triggered (Jeffries, and
Krupenko, 2018).

This investigation illustrates the fundamental role of
MWCNT/Arabic gum colloidal solution in initiating apoptosis
pathways at both the RNA and protein expression levels and
other fundamental signals recognized as pro-apoptotic activators
that would enhance the effectiveness of MWCNT/Arabic gum
colloidal solution application on cancer cells and minimize drug
resistance.

5 Conclusion

This study demonstrated the cytotoxic effect of MWCNTs on
MCF-7 and A549 cells, as evaluated through MTT and LDH
assays. Additionally, the expression of apoptosis-related genes
was assessed using qRT-PCR, and the Human apoptosis signaling
antibody array was employed to examine the involvement of
TNF-α, IL-1, and ceramide signaling pathways in terms of
enrichments. The MWCNTs were dispersed in an emulsifying
agent composed of Arabic gum to handle and enhance the
effectiveness of the investigated cells. By using the Arabic gum
stabilizing agent as a natural and biocompatible polymer of low
cost; the synthesis process is less expensive, more ecofriendly,
and safe than the other acid or alkaline functionalization
processes. We recommend the use of Arabic gum as a good
emulsifying agent for medical applications as well as a good drug

FIGURE 8
Schematic representation of the stabilization of multiwalled carbon nanotubes by the Arabic gum stabilizing agent.
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carrier agent for cancer therapy. The future studies will focus on
the dynamic employ of MWCNTs and its metallic
nanocomposites with an adequate in vivo dose. Furthermore,
investigation will bem carried out to assess their potential adverse
effects in vivo.
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