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ABSTRACT

Cancer is a denying disease and among a number of cancers types, breast cancer is usual in females, and
affect the worldwide. For these reason, the work presented here to show the cytological and apoptotic
evaluation of breast (MCF-7) cancer cells with functional carbon nanotubes (FCNTs) and rare earth mate-
rial (REE) neodymium oxide. At initial, the CNTs were functionalized with acid treatment method,
whereas neodymium oxide nanorods (Nd,O3NRs) were synthesized and characterized. The Fourier trans-
form infrared (FTIR) was used to check the functional characteristics of CNTs, whereas crystalline prop-
erty, particle size and phase of Nd,O3NRs were confirmed via X-ray diffraction pattern (XRD) respectively.
The morphologies of nanostructures were observed via scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) correspondingly. The cytological efficiencies of cancer cells were
evaluated with FCNTs and Nd,O03NRs at varied concentrations (1, 2, 5, 10, 25, 50 and 100 pg/mL) verified
via MTT and NRU assays. The ROS was enhanced in Nd,OsNRs as compared to CNTs with control. The
gene expression study were also conducted and it unveils that the level of mRNA with Nd,O3NRs were
upregulated and it depicts the apoptosis in cells. The study designates that the Nd,O3NRs are more effi-
cient as compared to the functional CNTs with MCF-7 cancer cell.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Among various types of cancers, the breast cancer is very com-
mon and deadliest after the lung cancer especially in female candi-
date. This shattering disease is increasing rapidly and affected
world widely (Alshareeda et al., 2023). As according to the report
by World health organization (WHO), ~2.3 million women diag-
nosed with breast cancer and 685,000 deaths globally and grasp
more and more (WHO fact-sheet detail for breast cancer 2021). A
number of cases increase very rapidly such as ~421,000 cases were
diagnosed for cancers in 2008, ~49,500 cases were found in 2009-
2010 only in Europe (Ferlay et al., 2008). An estimated data shows
that ~42,170 women in U.S. to die in 2020 (Breast Cancer Facts &
Figures (2019)-2020) and affected word widely. As per the WHO, in
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Saudi Arabia, 3629 new cases of breast cancer for all ages were
reported in 2018 (Alshareeda et al., 2023; Alghamdi et al., 2021).
A number of therapies and surgical options were opted to control
this devastating disease such as radio, Chemo, proton beam, har-
mone, drug and immune therapy etc. Including to these, the surgi-
cal options were also opted to remove the cancer cells from the
particular organ of the body (Wahab et al., 2022).

Numerous options are available to remove the cancer cells from
the body but all these options are costly and not easy to opt for low
income or deprived families (Wahab et al., 2021). The nano tech-
nology is the best alternative to treat such disease at a very low
cost, effective against cancer cells not to affect the other organs
in the body (Al-Khedhairy and Wahab, 2022). In this continuation,
a REE, which is generally known as toxic material in nature and can
be directly or indirectly affect to human beings (Brouziotis et al.,
2022). Among a range of REEs, neodymium is one of the material,
which exhibt magnetic properties and thats why largely applied in
different sectors such as audio, phones, magnets, spekers, hard
drives in computers, catalysts etc (Miinchen et al.,, 2017, Tang
et al.,2020 and Ramos et al., 2016). Due to the larger utlity and
demand in different sectrors, the neodymium production is
enhances very fast with its annual turnover is 7,300 tons and
accounts in production as a fourth largest REEs in the world
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(Majhi and Yadav, 2022). A numbr of chemical toxicities studied
were conducted and doccumented in detail (Bergsten-Torralba
et al., 2022; Kurvet et al., 2017) but very few ressearch is avaialble
that show the effect of toxicities studies on human beings.

Inclding the oxide based material, the carbon nanotubes, which
are clasified as multiwalled (diameter 10-15 nm, length 2-4 pm)
and single walled (diameter ~0.2-0.3 nm and length extents up
to 1-2 um) structure, exhibit unique structural and chemical prop-
erties, high aspect ratios, large surface areas, enough surface and
chemical functionalities etc (Wahab et al., 2009). The CNTs exhibit
multi-purpose, vast applications and are largley applied in various
directions such as chemical, biological, sensors and energy storage
etc. (Venkataraman et al.,, 2019). Ample studies are documented
related to the applications CNTs in electronics but a few studies
are available to use CNTs as a biological or biomedical purposes
with cytotoxicity studies against cancer cells (Prajapati et al.,
2022). The literature available in this directions for instance CNTs
were utilized for cytological study against human lung epithelial
cells (A549), murine macrophages (J774), mesenchymal stem cells
(MSCs) (Kumarathasan et al, 2015; Czarnecka et al., 2020).
MWCNTs were employed for to examine the cytotoxicity against
rat alveolar macrophages (NR8383) cells with inhalation toxicity
(Fujita et al., 2020).

The purpose of the current study is to compare the cytotoxicity
studies with FCNTs and Nd,0sNRs against MCF-7 cells with varied
concentrations of the material. The Nd,O3NRs were formed with
solution method and characterized. The morphology of cultured
and treated cells were retrieved via microscopy. The cytotoxicity’s
of Nd,O3NRs and functional CNTs were tested via 3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT)
and Neutral Red Uptake (NRU) assays. The reactive oxygen species
(ROS) and real-time reverse transcription-polymerase chain reac-
tion (RT-PCR) study were also performed to show the role of Nd,-
OsNRs and carbon based materials on cancer cells.

2. Experimental
2.1. Material and methods

2.1.1. Functionalization of CNTs

The raw CNTs were purchased from Sigma Aldrich chemical
corporation, U.S.A, cleansed and functionalized with concentrated
acid reflux method (HNOs; and H,SO,4) as described earlier
(Wahab et al., 2009). The product was transferred in a centrifuge
tubes (~50 mL capacity) and centrifuge (Eppendorf, 5430R, Cen-
trifuge, Germany) at 3000 rpm for 3 min and dried at room temper-
ature. The functional CNTs were analyzed in terms of their
morphological and chemical characteristics.

2.1.2. Synthesis of neodymium oxide/REEs

The REE/neodymium oxide nanostructures were formed with
the use of neodymium nitrate (Nd (NOs),-6H,0) and sodium
hydroxide (NaOH) (Sigma Aldrich Chem Co. U.S.A) as described
earlier with minor alteration (Ahmad et al, 2022). At initial, neody-
mium nitrate (Nd(NO3),-6H,0, ~0.3 M) was dissolved in double
distilled water in a 100 mL capacity beaker. When the Nd(NOs3),-
-6H,0 was completely dissolved, NaOH (0.3 M in 100 mL) was
added and assorted softly. The pH of this solution was checked
and it touch to 12.8. The aqueous solution of Nd(NO3),-6H,0 and
NaOH was moved for heating in glass pot and heated at 80 °C for
4 h. After the completion of the reaction, the aqueous powder pro-
duct was centrifuged at 3000 rpm for 3 min (Eppendorf, 5430R,
Centrifuge, Germany) to remove the impurities during the reaction
process, afterward, it was transferred on to glass petri dishes and
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dried at 60 °C in an oven. The dried powder was kept for further
analysis.

2.1.3. Characterizations

The formed powders crystallinity, phases of miller indices and
size of crystallite were examined via XRD (PAN analytical XPert
Pro, U.S.A.) with Cugy source (A = 1.54178 A) from 20 to 80° with
6° angle rotation/min speed. The general structural detail of the
prepared product were analyzed via SEM (JSM-6380 LA, Japan)
and TEM (JEOL JEM JSM 2010, Japan at 200 kV current) as described
earlier (Wahab et al., 2022). The functional assessment of the pre-
pared products were analyzed via FTIR (Perkin Elmer-FTIR
Spectrum-100, U.S.A.) spectroscopy from 400 to 4000 cm™!.

2.2. Cell culture

The culture of breast cancer cells (MCF-7) was conducted with
using a medium (DM EM/MEM) including 12% fetal bovine serum
(FBS), 0.2% sodium bicarbonate, and antibiotic-antimycotic solu-
tion (100 X, 1 mL/100 mL) with humid environment (5% CO, &
95% 0,) at 37 °C. As reported (Siddiqui et al., 2008), the viability
of cells were estimated by trypan blue dye and it express that more
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Fig. 1. (A) FTIR spectroscopy of Functional CNTs (FCNTs), (B) XRD spectra of
neodymium oxide (Nd,03).
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than 95% achieved viability of the cells and utilized. The cells were
used between 10 and 12 passages to treat cells with FCNTs and
Nd,O3NRs. Initially, the stock solution (10 mg/ml) of FCNTs and
Nd,O03NRs was prepared at high concentration and further diluted
at desired varied concentrations for the exposure of cells. The cells
were plated in 96-wells as per the experimental requirement.

2.3. Reagents and consumables for biological study

The MTT assay was procured from Sigma Chem.Co.USA and
castoff without any further modification except dilution. Dul-
becco’s Modified Eagle Medium (DMEM) and MEM culture med-
ium, antibiotics-antimycotic and FBS were bought from
Invitrogen, USA. The plastic wares and other consumables products
for cells culture were used from Nunc, Denmark.

2.4. MTT assay

The breast cancer cells viabilities with and without use of FCNTs
and Nd,OsNRs were measured with MTT assays (Siddiqui et al.,
2008, Mosmann, 1983). For this, at initial the cells were sowed in
96 well plates (rate of 1 x 10%/well) with permissible to follow
for 24 h at 37 °C with humid environment. Here, the cells were
completely exposed with FCNTs and Nd,O3sNRs 1-100 pg/mL for
24 h, mixed the MTT (5 mg/mL in PBS) with rate of 10 pL/well in
100 pL of cell suspension and cells were further incubated for
4 h. As the incubation was reached to their completion, the well
plate’s solution was with draw from the pipette and in these wells
~200 pL of DMSO was mixed for to aspirate the formazan product.
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Solutions optical characteristic was cheeked at 550 nm with micro-
plate reader (Multiskan Ex, Thermo Scientific, Finland). With trea-
ted samples, the control cells were also measured as a reference
and to run with same conditions. The maximum absorbance
depends upon used solvent in sample solution and the level of via-
bility of cells % was calculated as per the equations mentioned
below:

% viability = [(total cells — viable cells)/total cells] x 100

2.5. NRU assay

Including the MTT assay, the treated and untreated cells cyto-
toxic optical characteristic were also confirmed via neutral red
uptake (NRU) assay (Borenfreund and Puerner, 1985; Siddiqui
et al., 2010). The MCF-7 cells (1 x 10%/well) were sowed in a spec-
ified 96 well plates. Once the cells were completely grown,
exposed with both samples at desired conc (1-100 pig/mL) and to
kept for 24 h in an incubator. After the exposure was finished,
the cells were again incubated in NR medium (50 pg/mL) for 3 h.
Then cells were completely washed and dye were extracted from
both samples in 1% acetic acid and 50% ethanol solution. The
develop color was checked at 540 nm.

2.6. Reactive oxygen species (ROS)

The ROS generation were measured with the use of 2,7-dichloro
dihydrofluoresce in diacetate (DCFH-DA) dye; procured from
Sigma Aldrich, USA) dye as a fluorescence agent as described

Fig. 2. SEM images of Functional CNTs (FCNTs) (low (A) and high (B) magnified) and Nd,O3NRs (size ~90-120 nm) (low (C) and high (D) magnified scale images respectively.
The images depicts the FCNTs average size of each nanotube diameter is ~10-15 nm, whereas length is about 2-3 pum.

3
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method previously (Siddiqui et al., 2013). The cells were exposed
with both nanostructures for 24 h and thereafter, cells were rinsed
well with PBS and further nurtured for 30 min in DCFH-DA (20 pM)
in dark place at 37 °C. The reaction of DCFH-DA dye with cells as
control and treated (FCNTs and Nd,;OsNRs) cells were completed,
and examined with using fluorescence microscope.

2.7. mRNA expressions with cancer cells (MCF-7)

The extraction of RNA was accomplished with cultured cells of
MCE-7 cells in a 6-well plates control and treated samples at con-
centration of 50 pg/mL for 24 h. For this process, the RNeasy mini
Kit (Qiagen) was used to mined the RNA as per protocol instructed
form manufacturer’s. The cDNA was synthesized from the treated
and untreated cells taking 1 pg of RNA by Reverse Transcriptase
kit using MLV reverse transcriptase (GE Health Care, UK) as
described protocol. The RT-PCR was completed on Roche® Light
Cycler®480 (96-well block) (USA) followed with cycling program
as recommended (Humes et al., 2017).

3. Result and discussion
3.1. FTIR spectroscopy

The functional characteristics of the black powder was analyzed
via FTIR spectroscopy and the obtained data illustrated as Fig. 1(a).
A number of bands were observed at different positions, the acid
treated or functional CNTs signals shows at 3442 cm™!, depicts
the H-O-H stretching vibration mode whereas signal at
1630 cm~! denotes the C = C group of CNTs. The other band
assigned at 1201 cm™!, which assign to C-H stretching band

SRS

Fig. 3. TEM images displayed the FCNTs (D=~10-15 nm, L=~2-3 pum) (A) and
Nd,O3NRs (size ~90-120 nm) (B).
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(Fig. 1(a). Including to these the carboxylic (COOH-) group was
observed at 1014 cm™!, whereas C-C band signifies at 885 cm™!
(Wahab et al., 2009) (Fig. 1(a)). The observed bands and their
assigned peak positions signifies that the CNTs are functional with
carboxylic (-COOH) group.

3.2. X-ray diffraction pattern (XRD)

Fig. 1(b) shows the XRD pattern of synthesized powder, which
represent the indexed and allocated peaks are analogous to
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Fig. 4. Morphological change in MCF-7 cells (Control-A) with exposed to Functional
CNTs (B) and Nd,OsNRs (C) for 24 h. Images were captured with inverted
microscope.
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Nd,03 and in accordance with hexagonal structure of Nd,03 (JCPDS
card no.41-1089). The average crystallite size was ~15 + 1 nm cal-
culated from scherrer equation and correspondents to the earlier
literature (Ahmad et al 2022).

3.3. SEM results

The morphology of the processed powder was scanned with
SEM and the recovered images are illustrated as Fig. 2.The images
captured at low magnification scale (Fig. 2A) seems a number of
particles were arranged and aggregated with earch other.. Also to
know the more clear detail, the data in term of image was captured
at high magnification (Fig. 2B). A number of rope like structures are
seen at the surface with diameter nearly from 10-15 nm and length
goes to 2-3 um. In Fig. 2C, Shows that a number of plates or rods
shaped structures are appeared on the whole surfaces and the esti-
mated average size of an individual rod diameter is ~90-120 nm
whereas length goes up to 1-2 pum (Fig. 2D). The obtained SEM
data is well consistent with the X-ray diffraction data (Fig. 1B).
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3.4. TEM results

Further, the assessment for morphology, both powders were
also analyzed with TEM and the obtained data is presented as
Fig. 3. Fig. 3(A) shows the TEM image of FCNTs, which represents
the diameter of each individual nanotube is ~10-15 nm and length
reaches to 2-3 pm. Fig. 3(B) represent the TEM image of Nd,03
NRs where a number of several particles are seen on the surface
and its shows that size of an individual particle, seems to very sim-
ilar to the SEM images (D=~90-120 nm, L=~1-2 pm) and are fully
consistent with Fig. 2.

3.5. Morphology of MCF-7 cancer cells and their effect with
nanostructures

The cells were cultured as described protocol in material and
method and the morphological study was observed via microscopy
at 24 h incubation periods with a selected concentration (50 and
100 pg/mL) ranges of FCNTs and Nd,OsNRs (Fig. 4). The captured
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Fig. 5. The cytotoxicity via MTT assay in MCF-7 cells following the exposure with FCNTs (A) and Nd,03NRs (B) for 24 h. The experiments were conducted in triplicate manner

(Mean + SD triplicate).
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image of MCF-7 cancer cells were utilized as control (Fig. 4A)
whereas others images were captured with treated samples at dif-
ferent concentrations of FCNTs (Fig. 4B) and Nd,OsNRs (Fig. 4C)
respectively. From the images, it seems that the cells are nucleated
and when the confluences reached to their optimum level (~70-
80%,) treated with FCNTs and Nd,03NRs at 100 pg/mL and analyzed.
The images reveals that there is no remarkable change was noticed
ataninitial range of concentration of 25 pig/mL (data not shown), but
when the concentration of FCNTs and Nd,OsNRs upsurges to 50 to
100 pg/mL, the growth of cells were much influenced and it appears
to be dose dependent (Fig. 4). The microscopic images authenticated
that the cells were damaged with the incorporation of FCNTs and
Nd,O03NRs correspondingly (Vantangoli et al., 2015).

3.6. The cytotoxicity via MTT assay
As described in the material and method section, the untreated

(control) breast cancer cells (MCF-7) and treated cells (MCF-7 cells
with FCNTs and Nd,O3NRs samples were exposed in a range of dif-

(A)
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ferent conc from 1 to 100 pg/ml for 24 h incubation. The cytotox-
icity’s were examined via MTT assay. The optical densities data
shows the viabilities of cancer cells were diminished with the
incorporation of nano structures. In case of FCNTs, the MCF-7 cells
viability reduced in MTT assay observation at 24 h 101%, 102%,
102%, 103%, 89%, 79% and 63% (Fig. 5A) for the conc 1, 2, 5, 10,
25, 50 and 100 pg/mL correspondingly (p < 0.05 for each). In case
of Nd,O3NRs, the MCF-7 cells viability, MTT assay was declines at
24 h 101%, 101%, 98%, 94%, 62%, 54% and 49% (Fig. 5B) for the conc
of 1, 2, 5, 10, 25, 50 and 100 pg/mL correspondingly (p < 0.05 for
each). The data’s shows that the cells viabilities were not much
affected with FCNTs at initial conc., whereas once the doses were
increased, the Nd,;O3NRs exceeded to their optimum level, the
cytotoxicity’s were much influenced as compared to FCNTs.

3.7. The cytotoxicity via NRU assay

Apart from the MTT assay, the cytotoxic measurements were
also verified treated (MCF-7 cells with FCNTs and Nd,O3NRs) and

120 1 NRU Assay

% Cell Viability

Control 1pg/ml 2 pg/ml

100
80 1
60 1
40 4
20 +
0 | r r r r r r r

S ng/ml

10 pg/ml 25 pg/ml S0 pg/ml 100 pg/ml

Concentrations of FCNTs (pg/ml)

(B)
120 -

% Cell Viability
N =3 ®
=) =) =

[
=]

NRU Assay

T

Control 1 pg/ml 2 pg/ml

Spg/ml 10 pg/ml 25 pg/ml 50 pg/ml 100 pg/ml

Concentrations of Nd,O;NRs (ng/ml)

Fig. 6. The cytotoxicity via NRU assay in MCF-7 cells following the exposure of FCNTs (A) and Nd,O3NRs (B) for 24 h. The experiments were conducted in triplicate manner

(Mean + SD triplicate).
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Fig. 7. (A) Representative images of FCNTs and Nd,03NRs induced ROS in MCF-7 cells exposed for 24 h. (B) % change in ROS generation with MCF-7 at varied concentrations of

FCNTs and Nd,OsNRs for 24 h.

untreated (Control) sample via NRU assays. A similar observation
were also found in NRU assays. As described in the MTT section,
the NRU data also in consistent and shows that that the viabilities
of cancer cells at initial doses of FCNTs and Nd,OsNRs were not
much affected, as the doses increases, the cancer cells growth were
retarded. In case of FCNTs, for the MCF-7 cells, NRU assay was falls

at 24 h 102%, 101%, 104%, 100%, 91%, 84% and 60% (Fig. 6A) for the
concentrations of 1, 2, 5, 10, 25, 50 and 100 pg/mL correspondingly
(p < 0.05 for each). In case of Nd,O3NRs, for the MCF-7 cells, NRU
assay was diminutions at 24 h 98%, 97%, 93%, 90%, 69%, 64% and
51% (Fig. 6B) for the concentrations of 1, 2, 5, 10, 25, 50 and
100 pg/mL correspondingly (p < 0.05 for each).
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Fig. 8. mRNA expression of apoptosis marker genes by RT-PCR analysis in MCF-7 cells with FCNTs and Nd>O3sNRs at 50 pg/mL concentration for 24 h with GAPDH gene (used
as control). RT-PCR data was achieved with Roche Light Cycler®480 soft-ware (version 1.5). The data is accessible as mean + SD of three identical experiments with three

replicates manner (p < 0.05 for each).



R. Wahab, M. A.Siddiqui, J. Ahmad et al.
3.8. Reactive Oxygen species (ROS)

A similar and sequential trend were also found in ROS genera-
tions noticed in MCF-7 cells after the exposure of FCNTs at 25, 50
and 100 pg/mL conc for 24 h (Fig. 7). The ROS is increases with
the FCNTs and it’s evident from the images (Fig. 7A) with control
cells. An increase of 118%, 136% and 162% were observed in ROS
generation at 25, 50 and 100 pg/mL, as compared to control
(Fig. 7B). The ROS is increased with the interaction of Nd,O3sNRs
and it's evident from the images (Fig. 7A) as equated to control
cells. The bar chart also evident for ROS with Nd,OsNRs in MCF-7
cells after the exposure of NRs at 25, 50 and 100 pg/mL conc for
24 h (Fig. 7B). An increase of 122, 153 and 189 % were observed
in ROS generation at 25, 50 and 100 pig/mL, as compared to control
(Fig. 7B) (Garriga et al., 2020).

3.9. Gene expressions study

The real time PCR was also utilized for to understand the mRNA
levels of apoptotic and anti-apoptotic marker genes (e.g. p53, bax,
caspase-3, caspase-9 and BCl,) in MCF-7 cells treated with FCNTs
and Nd,O3NRs at 50 pg/mL for 24 h. The remarkable changes were
examined in mRNA levels in apoptotic markers (p53, Bax, caspase-
3, caspase-9 and BCl,) genes in MCF-7 cells, once exposed (Fig. 8).
The mRNA tumor suppression gene favors the apoptosis induction
by FCNTs and NRs, scrutinized by the enzymatic activities of
caspase-3 at the conc of 50 pg/ml correspondingly. The obtained
results of mRNA gene expression with all chosen genes were in
up-regulation except BCl, and the fold changes for the p53 (2.4),
Bax (2.9), Casp3 (1.9, Casp9 (2.2) and BCl, (0.6) in FCNTs whereas
in case of Nd,O3NRs, p53 (2.8), Bax (2.6), Casp3 (2.1), Casp9 (1.9)
and BCl, (0.7) respectively (Fig. 8). The results represent that NRs
induced more as compared to the FCNTs in apoptotic enzymes
(caspase-3) (Fig. 8).

4. Conclusions

The conclusion of the present work displayed that a compara-
tive cytological study of carbon nanotubes and neodymium oxide,
functionalized and synthesized via solution process and were char-
acterized. The functional CNTs and neodymium oxide nanorods
were utilized for cytotoxicity study from low to high concentra-
tions range (1 to 100 pg/mL) against breast cancer cells, which
indicates that functional CNTs exhibit less cytological characteris-
tics as compared to neodymium oxide validated by MTT and NRU
assays. The work infers that the neodymium oxide exhibit better
possibilities to use against cancer cells and these structures will
be much effective as compared to available organic/ inorganic
based drugs. A detailed investigation is required to testify that
the neodymium oxide along with their sustainability under their
biological conditions. The study typify that neodymium oxide
induces the cytotoxicity, apoptosis in MCF-7 cancer cells via p53,
Bax, and caspase pathways, whereas BCl, act as anti-apoptotic
for cancer cells. It’s expected that ROS is increased in cancer cells
due to interaction of nanostructures. From the entire experiment
and their results it suggest that the neodymium oxide nano struc-
tures are much efficient as compared to the functional CNTs and
are responsible to control the growth of cancer cells. The nanos-
tructures have the property with their size, which influences to
enter in to the cells organelles and reacted fast against cancer cells
as likened to the complex structures of drugs. The oxide based
nanostructures are cheap and effective and their property makes
it more useful against cancer studies and possible to lessen the cost
of the preparation of drugs and eases the anxiety of surgery for
deprived patient.
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