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Abstract

Background: Nanotechnology based research offers a favorable method to address breast cancer and bacterial resistance, 
two serious global health challenges. Breast cancer is one of the most commonly diagnosed tumors global and is an important 
cause of death among women.
Objectives: This study presents the synthesis of cerium dioxide nanoparticles (CeO2 NPs) using Vitex trifolia leaf extract in an 
eco-friendly approach. This process results in the CeO2 NPs becoming biocompatible. This approach addresses environmental 
concerns by utilizing safe, non-toxic chemicals and reducing preparation costs, making the NPs suitable for healthcare applications. 
Materials and Methods: Characterization techniques, including XRD, FTIR, DLS, UV-Vis, FESEM, EDAX, PL, and antimi-
crobial as well as anti-cancer analysis, were employed. 
Results: XRD patterns revealed a cubic structure for the CeO2 NPs, while morphological observations showed agglomer-
ated uniform nano-belt-like structures with uniform grain boundaries. The agar well diffusion technique demonstrated the 
antimicrobial activities of CeO2 NPs against human pathogens, suggesting their potential as nano-antibiotics. In vitro tests 
on MDA-MB-231 cells found that the synthesized CeO2 NPs had minimal toxicity. However, they did show potential to be 
cytotoxic, resulting in increased lethality against the cancer cells. The AO/EtBr dual staining method was employed to assess 
cell viability, confirming that CeO2 nanoparticles induced apoptotic cell death in MDA-MB-231 cells. 
Conclusion: These findings proved that CeO2 NPs inhibit cell growth and cause apoptosis in breast cancer cells and are 
employed as a tool for individualized therapy for targeting and eliminating breast cancer cells.
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Introduction

Recently, the biggest threat to global public health has been 
microbial resistance to the antibiotics that are currently in use 
(Majumder et al., 2020). Antibiotics are the human defense 
mechanism against infections; however, their effectiveness 
has been diminished due to overuse. The alarming rate of 
antibiotic resistance around the world has increased treatment 

costs and mortality rates, endangering human health 
(AlSheikh et al., 2020). Reports indicate that 10 million 
deaths per year will result from drug-resistant illnesses by 
2025. Most gram-positive (G+) and gram-negative (G−) bac-
terial infections cause mortality and chronic infections. 
Antibiotic resistance has evolved, leading to a significant rise 
in the burden of disease (Wang et al., 2017). The World Health 
Organization (WHO) counsels about the seriousness of the 
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antibiotic resistance crisis (Ventola, 2015). Therefore, alter-
native treatments such as novel nanomedicines could help in 
the treatment of bacterial infection-related diseases.

Nanoparticles (NPs) have exhibited improved anti-bacte-
rial properties; metal oxide NPs in particular are a promising 
solution for biomedical applications because of their adapt-
ability to specific dimensions, high stability, ease of synthe-
sis, and incorporation into hydrophobic and hydrophilic 
systems (Nikolova & Chavali, 2020). cerium dioxide NPs 
(CeO2 NPs), with their mixed valence states, exhibit greater 
anti-bacterial activity than zinc oxide (ZnO) and titanium 
dioxide NPs (TiO2 NPs) (Zhang et al., 2019). According to 
Ravishankar et al. (2015), the CeO2 NPs have anti-bacterial 
activity against Pseudomonas aeruginosa and Escherichia 
coli (Lan et al., 2018). The size, shape, polar surface, surface 
area, and other characteristics of CeO2 NPs typically influ-
ence their anti-bacterial activity. Furthermore, the electro-
static attraction of NPs and bacterial cells also contributes to 
their bactericidal activity. Such attraction suppresses bacterial 
growth, increases the level of reactive oxygen species (ROS), 
and consequently leads to cell death (Arumugam et al., 2015). 
In addition to CeO2 NPs, hybrid chitosan-CeO2 NPs demon-
strate exceptional anti-bacterial characteristics by breaking 
cell membranes, resulting in cell death. However, this is only 
achievable at high concentrations of this hybrid nanoparticle 
(Senthilkumar et al., 2017).

In this study, Vitex trifolia leaf extract was used to synthe-
size CeO2 NPs using a green method. V. trifolia (L.) is a shrub 
that grows throughout Asia and the Pacific, including French 
Polynesia, Australia, China, Indonesia, and the Philippines. 
The larvicidal activities of V. trifolia leaf extracts against the 
mosquito Culex quinquefasciatus have been demonstrated 
(Kannathasan et al., 2007). Furthermore, extracts of ethanol 
from the V. trifolia leaves had a moderate effect on both 
pathogenic bacteria (Hossain et al., 2001). Secondary metab-
olites of plants having functional groups, like phenols, flavo-
noids, and carbohydrates, may be able to stabilize metal ions 
for environmentally friendly NPs production (Yasir et al., 
2017). CeO2 NPs were synthesized through biochemical syn-
thesis with natural compounds as reagents. The challenges of 
utilizing this metal oxide safely and effectively for biomedi-
cal applications are addressed, and biocompatible materials 
are produced (Charbgoo et al., 2017). Neogambogic acid 
combined with ceria NPs (NGA-CNPs) is utilized as an 
adjunct to radiotherapy, enhancing the effectiveness of breast 
cancer treatment (Chen et al., 2015).

When green-synthesized nanoceria with different surface 
charges is employed to treat cancer and normal cells, it 
exhibits variable surface charge-dependent localization of 
nanoceria in normal and tumor cells; such localization plays a 
crucial role in the toxicity of the NPs (Asati et al., 2010). In 
another research, it was observed that Fe-doped CNPs exhib-
ited certain cytotoxic effects against MCF-7 cells (Rahdar 
et al., 2019). Previous research has reported that V. trifolia 
extracts have larvicidal, anti-inflammatory, anti-diabetic, 

anti-microbial, anti-asthmatic, antioxidant, anti-histaminic, 
hepatoprotective, and anti-cancer effects (Chan et al., 2018; 
Kamal et al., 2022). V. trifolia was found to produce a positive 
influence on human myeloid leukemia K562 cells by induc-
ing apoptosis, as well as inhibiting the progression of the cell 
cycle at the G2/M phase in traditional Chinese medicine. 
Flavonoids are the constituents of the plant that induce apop-
tosis (Li et al., 2005). In the present work, the systematic 
characterization of X-ray diffraction (XRD), Fourier trans-
form infrared spectroscopy (FT-IR), dynamic light scattering 
(DLS), ultraviolet–visible spectroscopy (UV–vis), field emis-
sion scanning electron microscopy (FESEM), energy disper-
sive X-ray analysis (EDAX), and photoluminescence 
spectroscopy (PL) of the as-produced CeO2 NPs. Anti-
bacterial assay results of CeO2 nanobelts prepared via green 
methods presented an identical level of anti-bacterial activity 
to traditional antibiotics amoxicillin. This has implied that 
CeO2 does significantly play a part in the fight against bacte-
rial activities. In this study, the cytotoxic and antioxidant 
activity of CeO2 NPs on MDA-MB-231 cells via eco-friendly 
methods has been evaluated.

Materials and Methods

Synthesis of V. trifolia Plant Extract

The extract was prepared from V. trifolia leaves, which were 
collected during the summer, cleaned, and deionized before 
being added to 10 g of fresh and cut leaves. The magnetic 
stirrer was then used to boil the extract for 20 min at 80°C. 
After filtering, the liquid phase was kept for later use in the 
preparation of NPs at 25°C.

Green Synthesis of CeO2 NPs

This study included combining 100 mL of V. trifolia leaf 
extract with a 0.1 M cerium oxide hexahydrate solute, 
using magnetic agitation for 4 h, followed by cooling, cen-
trifugation, dehydration at 120°C for 2 h, and galvaniza-
tion at 800°C for 5 h. The green-synthesized CeO2 NPs 
were then utilized for additional characterization, and a 
pictorial illustrating the formation of the green NPs can be 
found in Figure 1 (Chinnasamy et al., 2024; Fesenko et al., 
2020).

Characterization Techniques

CeO2 NPs were analyzed within the study using an XRD, 
showing diffraction peaks in the range of 20°–80°. The scan-
ning electron microscope (Carl Zeiss Ultra 55 FESEM) was 
operated together with the energy-dispersive X-ray spectrom-
etry (EDX) to study the NPs. The size of the particles was 
obtained using the Nano-Plus device, while a xenon lamp and 
a Perkin–Elmer spectrometer were used for the FT-IR study 
(Chinnasamy et al., 2024; Fesenko et al., 2020).
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Antioxidant Activity

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scaveng-
ing properties of the CeO2-NPs were assessed using a stan-
dard technique (Soren et al., 2015). In this procedure, a 10 mL 
solution of 0.2 mg/mL DPPH in ethanol was prepared in an 
amber-colored glass bottle. The CeO2-NPs, produced in etha-
nol and well-distributed, were then added to achieve a final 
concentration of 4 mg/mL. The color change from dark violet 
to pale yellow caused by free DPPH radical scavenging was 
observed at 517 nm at various periods. The dose of CeO2 NPs 
used in this study was determined based on preliminary dose–
response assessments, supported by relevant literature and 
established toxicological guidelines, to ensure scientific rigor, 
reproducibility, and the reliability of the toxicity evaluation 
(Chinnasamy et al., 2024). The scavenging level of DPPH 
was also determined by diverse doses of CeO2-NPs  
(3.13–200 mg/mL) for 1 h, and outcomes were revealed as  
a percentage of DPPH scavenged, which is calculated by  
the formula of % of DPPH radical scavenged = OD (Control) 
− OD Test/OD (Control) × 100 (Karthikeyan et al., 2022; 
Soren et al., 2015).

Anti-microbial Activity

The anti-microbial properties of the green-fabricated CeO2 
NPs were evaluated against Staph aureus, Streptococcus 
pneumonia, Bacillus subtilis, Klebsiella pneumonia, P. aeru-
ginosa, Vibrio cholerae, as well as Candida albicans, utiliz-
ing the diffusion method. The wells were developed and then 
filled with varying concentrations of CeO2 NPs along with a 
positive control that inhibits both bacteria and fungi (ampicil-
lin for bacteria and fluconazole for fungi). The purpose of the 
study was to determine whether CeO2 NPs could improve 
the anti-microbial qualities of different bacteria (Karthikeyan 
et al., 2022).

3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) Assay

An MTT assay was used to evaluate the cytotoxic profile of 
CeO2 NPs. Different dosages of CeO2 NPs were applied to 
MDA-MB-231 and MCF-10A cells. Following treatment, 
cells were mixed with MTT and cleaned with phosphate-buff-
ered saline (PBS). After digesting formazan crystals with 

Figure 1. Flowchart for the Synthesis of Cerium Dioxide Nanoparticles (CeO2 NPs) via a Green Process Using Vitex trifolia Leaf Extract 
as a Reducing and Capping Agent.
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dimethyl sulfoxide (DMSO), absorbance at 570 nm was 
found. The outcomes demonstrated the potential cytotoxicity 
of the NPs and were compared with the positive control doxo-
rubicin (Sarathbabu et al., 2019).

Dual Staining

MDA-MB-231 cells were collected, then placed into six-well 
plates and covered with clear, sterile coverslips. After being 
treated for 24 h with 20 and 40 µg of CeO2 NPs, the cells were 
kept at 37°C for 15 min with 1 µM of acridine orange (AO)/
ethidium bromide (EtBr). Finally, the dyed MDA-MB-231 
cells were examined under a fluorescence microscope to see 
how they responded to the AO/EtBr dye (Sarathbabu et al., 
2019).

Estimation of ROS

For ROS analysis and quantification, MDA-MB-231 cells 
were exposed to 20 and 40 µg of CeO2 NPs for a full day. 
Afterward, 10 µM dichloro-dihydro-fluorescein diacetate 
(DCFH-DA) was used to stain the MDA-MB-231 cells after 
they had been cleaned with PBS. Ultimately, utilizing a fluo-
rescent microscope (Nikon Eclipse Ti microscope) with the 
appropriate excitation and emission wavelengths (485 
nm/535 nm) (Munusamy et al., 2024).

Mitochondrial Membrane Potential (MMP) 
Analysis

The MDA-MB-231 cells were plated at a density of 
2 × 105 cells/well in a 24-well plate, which then underwent 

experimental protocols. MMP, with Rh123 staining, was set 
up. MDA-MB-231 cells were incubated in the culture at 37°C 
for 30 min in the dark with 10 mM Rh 123. After three PBS 
rinses, the cells were visualized under a fluorescent micro-
scope, Nikon Eclipse Ti microscope (Munusamy et al., 2024).

Statistical Analysis

All statistical analyses were performed using Statistical 
Package for the Social Sciences (SPSS) software version 12.0 
(SPSS Inc., Chicago, IL, USA). Data were expressed as the 
mean ± standard deviation (SD). To assess the statistical sig-
nificance among multiple groups, a one-way analysis of vari-
ance (ANOVA) was conducted. Following ANOVA, Tukey’s 
honestly significant difference (HSD) post hoc test was 
applied to identify specific differences between the group 
means.

Results and Discussion

XRD Study

Using XRD at an angle of 2θ between 20° and 80°, the struc-
tural identification of green-synthesized CeO2 NPs was deter-
mined (Figure 2a). The crystallinity of CeO2 NPs was proven 
by a unique diffraction peak. In the fluorite structure of CeO2, 
Ce4+ is surrounded by eight equivalent O2 ions, forming the 
cube’s corner, with each O2 connected to four Ce4+ ions 
(Deshpande et al., 2005; Li et al., 2009). The peaks of CeO2 
NPs at (111), (200), (220), (311), (222), (400), (331), and 
(420) correlate to the following coordinate systems: 28.56°, 
33.09°, 48.50°, 57.40°, 59.07°, 69.45°, 76.70°, and 79.09°. 

Figure 2. An X-ray Diffraction (XRD) Analysis (a) and Dynamic Light Scattering (DLS) Spectrum (b) of Cerium Dioxide Nanoparticles 
(CeO2 NPs) are Shown. Three Replicates were Performed, and Representative Images are Shown.
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The observed pattern is consistent with CeO2 in its cubic fluo-
rite form (JCPDS-340394). The cubic structure of CeO2’s “a” 
lattice constant was evaluated using

1/d2 = (h2 + k2 + l2)/a2

The average crystalline size was determined using Debye 

Scherrer’s relation D k

D

�
�

� �cos

 (Karthikeyan et al., 2022), and 

the XRD planes show that CeO2 NPs have a cubic shape with 
a lattice constant (a) value of 5.436 Å. where λ is the XRD 
wavelength (1.5406 nm), β is the FWHM in radians, θ is the 
Bragg’s angle, and k is the shape factor of 0.96. For CeO2 
NPs, the typical crystallographic size is 34 nm.

DLS Analysis

The synthesized CeO2 NPs size ranges were determined via 
DLS analysis (Ningaraju et al., 2019), with the outcomes 

displayed in Figure 2b. According to our findings, the pro-
duced CeO2 NPs have an average size of 114 nm and range in 
size from 30 to 120 nm. CeO2 NPs stability can also be ascer-
tained using DLS analysis, which helps confirm that the NPs 
are aggregated in the suspension. The hydrodynamic size, in 
which the CeO2 NPs are encircled by water molecules, is 
responsible for the difference between the larger size seen in 
DLS analysis (114 nm) and transmission electron microscopy 
(TEM) (38 nm).

Morphology and Chemical Elemental Analysis

The morphological studies showed that the fabricated CeO2 
NPs were formed by agglomeration with a uniform nanobelt-
like structure, as illustrated by the surface morphologies of the 
CeO2 NPs made utilizing the V. trifolia leaf extract (Figure 3a 
and 3b). The size of the particles was roughly 35–40 nm, which 
is nearly the same as the particle size found in Scherer’s for-
mula through XRD analysis (Saravanakumar et al., 2019; Tao 

Figure 3. Field Emission Scanning Electron Microscopy (FESEM) Images of Cerium Dioxide Nanoparticles (CeO2 NPs): Lower (a) and 
Higher (b) Magnifications, and (c) Energy Dispersive X-ray Analysis (EDAX) Spectrum.
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et al., 2008). The size of the particles was found to be 38 nm 
using ImageJ software. The composition analysis of CeO2 NPs 
was carried out using EDAX (Figure 3c). From the EDAX 
analysis of CeO2 NPs, the atomic percentages of Ce and O are 
29.15% and 78.27%, respectively. There were no other impuri-
ties present in the green synthetic CeO2 NPs.

UV–visible Analysis

The absorption spectra of green-produced CeO2 NPs, as mea-
sured by UV–vis spectroscopy, are shown in Figure 4a. The 
production of CeO2 NPs is indicated by the strongest absorp-
tion band at 329 nm. The presence of oxidizing polyphenols, 
which are necessary to prevent CeO2 NPs from aggregating, 
is also demonstrated by the expansion band (Saravanakumar 
et al., 2019). The Plank’s formula was used to calculate the 
bandgap of CeO2 NPs.

Eg hc
� �

�

Where, Eg, bandgap energy (eV), h, Planck’s constant (4.1357 
× 10−15 eV s), C, velocity of light (2.99 × 108 m s−1), λ, absor-
bance peak wavelength (nm). The observed bandgap value 
was 3.77 eV.

FT-IR Analysis

FT-IR spectroscopy was performed to assess the functional 
group of the produced CeO2 NPs. FT-IR spectra (Figure 4b) 
were detected in the 400–4,000 cm−1 wavelength. The bands 
found were consistent with the earlier studies (Ganesan et al., 
2020; Karthik et al., 2022). The hydroxyl and water stretch 
(O–H stretching) are represented by a prominent absorption 
band at 3,412 and 1,602 cm−1. The bands noted at 2,913 and 
2,819 cm−1 arise due to C–H bonding. The bands at 2,354 and 
1,361 cm−1 may signify the absorption of atmospheric CO2. 
The absorption bands at 834, 763, 570, and 436 cm−1 signify 
the Ce–O stretching that confirms the production of CeO2 
NPs.

Figure 4. An Analysis of Cerium Dioxide Nanoparticles (CeO2 NPs) by Ultraviolet (UV) Absorbance (a) Fourier Transform Infrared 
Spectroscopy (FT-IR) Spectra (b) and (c) Photoluminescence Spectroscopy (PL) Spectra.
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PL Studies

The PL spectrum indicates the semiconductor effects of the 
generated CeO2 NPs. Consequently, the UV region of the 
CeO2 NPs shows weak excitonic emission, while the visible 
region shows strong emission. Additionally, the excited 
wavelength at about 325 nm in the PL spectra is related to the 
emission of CeO2 NPs. Four peaks (424, 444, 467, and 492 
nm) are seen in the blue region of the CeO2 NPs PL spectrum 
(Figure 4), which show the emission at 351 nm. In the visible 
spectrum, a blue emission band was observed at 424, 444, 
467, and 492 nm, which could be related to oxygen vacan-
cies. The emission band observed between 350 and 550 nm in 
wavelength originates from the surface defects (oxygen 
vacancy) of CeO2 NPs (Abbas et al., 2020; Mageswari et al., 
2016). The transfer of charge carriers from CeO2 NPs can 
also shed light on the oxygen vacancies. The PL spectra of 
CeO2 NPs made from the leaf extract of V. trifolia are shown 
in Figure 4c.

In Vitro Antioxidant Activity

The in vitro antioxidant characteristics of the green-manufac-
tured CeO2 NPs were examined, and the outcomes are 
revealed in Figure 5. Here, the in vitro antioxidant properties 
of the CeO2 NPs rely on the increased doses of the NPs (3.13–
200 µg/mL), as mentioned in Figure 5. For CeO2 NPs, the 
DPPH scavenging status was found with the increased dos-
ages of the CeO2 NPs. The study found that the CeO2 NPs 
from V. trifolia extract showed higher antioxidant effects 
(IC50 18.06 µg/mL) than the standard vitamin-C (IC50 
36.08 µg/mL). This is due to the immense surface-to-volume 
ratio, which has been shown to function as an antioxidant and 
free radical scavenger in previous research (Yu et al., 2017). 

At increasing doses, ZnO NPs have a larger free radical scav-
enging activity. Nonetheless, our new research suggests that 
CeO2 NPs are promising antioxidant options (Lin et al., 
2006).

Anti-microbial Activity

The anti-microbial property of green-fabricated CeO2 NPs 
treated with different concentrations of (1,000, 1,500, and 
2,000 μg/mL) was investigated by the well-diffusion tech-
nique against human pathogenic bacteria and fungi such as S. 
aureus, S. pneumonia, B. subtilis, K. pneumonia, P. aerugi-
nosa, V. cholerae, and C. albicans (Figure 6a and 6b). The 
CeO2 NPs and the antibiotic amoxicillin exhibited anti-
microbial activity. In the case of CeO2 NPs, increasing the 
concentration of NPs has also improved their ability to kill 
microbes.

The anti-microbial mechanism of CeO2 NPs involves the 
communication between CeO2 NPs and microbial cell mem-
branes. The electrostatic attraction of CeO2 NPs and micro-
bial membranes, adherence to the outer membrane, activation 
of attacking proteins by the CeO2 NPs, excessive ROS gen-
eration, and the hydrolysis of deoxyribonucleic acid (DNA) 
oligomers by Ce(IV) ions all contribute to anti-microbial 
activity (Karakoti et al., 2010; Lin et al., 2006; Pirmohamed 
et al., 2010; Yu et al., 2017; Zhang et al., 2019). Reactive spe-
cies such as OH−, O2, and H2O2 should be synthesized by the 
reactive agents recombining electron-hole pairs. The elec-
tron-donating groups may neutralize the DNA and enzymes 
by producing cavities (Pirmohamed et al., 2010). CeO2 NPs 
have proven to have notable anti-bacterial properties against 
a variety of bacterial strains. When tested against E. coli, 
CeO2 NPs showed zones of inhibition ranging from 7 to 

Figure 5. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Action of Cerium Dioxide Nanoparticles (CeO2 NPs) and Ascorbic 
Acid. Experiments were Performed in Triplicate to Determine the IC50 Value, and Representative Data are Shown Here for the Dose 
Resulting in 50% Inhibition of Growth.
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Figure 7. Cytotoxic Assay of Green-synthesized Cerium Dioxide Nanoparticles (CeO2 NPs) Against MDA-MB-231 (a) and 
MCF-10A; (b) Cell Lines. The Experiment Shows the Results of a Cell Cytotoxicity Assay Using 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) and CeO2 NPs at Different Concentrations (200, 100, 50, 25, 12.5, 6.25, and 3.13 μg/mL) in MDA-
MB-231 in 96-well Plates. Experiments were Performed in Triplicate to Determine the IC50 Value, and Representative Data are Shown 
Here for the Dose Resulting in 50% Inhibition of Growth.

Figure 6. The Results of the Anti-microbial Activity of Cerium Dioxide Nanoparticles (CeO2 NPs) are Shown. (a) Zones of Inhibition 
of Staph aureus, Streptococcus pneumonia, Bacillus subtilis, Klebsiella pneumonia, Pseudomonas aeruginosa, and Vibrio cholerae Bacterial Strains 
were Treated with CeO2 NPs. (b) A Representative Set of Data from the Triplicate.
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12 mm. Because of their thicker cell walls, G+ bacterial 
strains were more resistant to CeO2 NPs than G− strains (Lord 
et al., 2012). CeO2 NPs and chitosan-encapsulated CeO2 
nanocapsules both successfully stopped E. coli and S. aureus 
at a 100 μg/mL concentration. When the NPs internalize, oxi-
dative stress is induced, leading to cell death (Das et al., 
2013). In similar, CeO2 NPs showed that they inhibited the 
growth of E. coli and B. subtilis at 100 μg/mL, which is 
caused by the electron-hole pair recombination processes that 
produce reactive species like hydrogen peroxide, superoxide, 
and hydroxyl radicals (Niu et al., 2007). Silver coated on the 
surface of CeO2 was present in Ag-CeO2 nanocomposites, 
which demonstrated anti-bacterial activity against E. coli. 
Both CeO2 and silver ions contributed to the inhibition of 
bacterial growth against E. coli and S. aureus at a concentra-
tion of 1,000 μg/mL (Hirst et al., 2009). In addition, TiO2-
CeO2 nanocomposites demonstrated a significant 19.8 mm 
inhibition zone against C. albicans. The positively charged 
CeO2 NPs and the negatively charged cell membranes inter-
act electrostatically in the suggested mechanism, which 
inhibits cellular transport processes (Colon et al., 2010).

Cell Viability by MTT Assay

The characteristics of CeO2 NPs were initially evaluated 
using MTT assays on MDA-MB-231 and MCF-10A cell 
lines. The results showed that CeO2 NPs had an IC50 of 
40.51 µg/mL in MDA-MB-231 cells, while a higher IC50 
value was observed in MCF-10A cells. Consequently, we 
treated cells for 24 h at an IC50 concentration of 20 and 

40 µg/mL in all future tests to evaluate their anti-cancer effi-
cacy before gathering the drug-surviving cells (Figure 7a and 
7b). When compared to normal human cells, the outcomes of 
our MTT analysis revealed that the cell viability was drasti-
cally diminished by the green-manufactured CeO2 NPs treat-
ment, which may be due to the excessive generation of ROS 
mediated by CeO2 NPs (Kwon et al., 2016). As a result, it can 
be stated that green-manufactured CeO2 NPs have a potential 
cytotoxic property. It was also discovered that when cancer 
cells were treated with 40 µg/mL, their viability was reduced 
by half, and these breast cancer cells were studied further.

Analysis of Apoptosis by AO/EB Staining

CeO2 NPs were administered to MDA-MB-231 cells at doses 
of 20 and 40 µg for 24 h, resulting in significantly increased 
staining with AO/EtBr compared to control cells, which 
showed basal level staining due to physical stress during cell 
culture (Figure 8). Increasing apoptosis becomes a crucial 
target of treatment for various cancers since apoptosis plays 
an imperative role in the body’s homeostasis by eliminat-
ing unwanted cells, and so promoting apoptosis becomes an 
essential feature of cancer therapy (Kuchma et al., 2010). 
Here, our findings revealed the excellent apoptosis-stimulat-
ing property of green-manufactured CeO2 NPs in both 20 
and 40 g/mL dosages. As with some previous research, our 
study also demonstrated the process of green-synthesized 
CeO2 NPs from the V. trifolia and their anti-cancerous effica-
cies against breast cancer by the induction of apoptotic cell 
death (Kim & Jang, 2019; Wu et al., 2019).

Figure 8. Apoptosis was Determined in MDA-MB-231 Cells by Using Acridine Orange (AO)/Ethidium Bromide (EtBr) Dual Staining 
with IC25 and IC50 Doses of Cerium Dioxide Nanoparticles (CeO2 NPs) After 24 h of Treatment. Cells in Green Color Indicate Live 
Cells, Yellowish Red Color Cells Indicate Early Apoptotic Cells, and Red Color Cells Indicate Late Apoptotic Cells. Control Cells (a) 
Cells Treated with 20 µg (IC25) (b) and 40 µg (IC50) (c) of CeO2 NPs. This is a Representative Image of the Experiment Performed in 
Triplicate with Magnification at 20×.
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Intracellular ROS Generation Analysis

MDA-MB-231 cells were exposed to CeO2 NPs for 24 h, and 
the amount of ROS was higher between 12 and 24 h when 
compared with the control cells. Measurement of ROS was 
carried out thrice in independent replicates, and mean values 
are represented in the form of a bar graph as shown in 
Figure 9. Excessive amounts of ROS are one of the known 
causes leading to massive DNA damage and cell cycle arrest, 
and thus to cell apoptosis (Figure 9). Excess ROS is a well-
established cause that contributes to serious DNA injury and 
disruption of the cell cycle, ultimately leading to cell apopto-
sis (Hussain et al., 2012). We measured the status of ROS 
control and treated (20 and 40 µg/mL of CeO2 NPs) 
MDA-MB-231 cells, and results showed that the CeO2 NPs 
treatments drastically increased the ROS production in the 
MDA-MB-231 cells.

Analysis of MMP Level

MDA-MB-231 cells are grown overnight and treated with 
CeO2 NPs for up to 24 h. The cells show a drastic decrease in 
MMP compared to control cells, with experiments conducted 
in triplicate and independently each time (Figure 10). MMP is 
essential for maintaining mitochondrial membrane integrity, 
and the drop in MMP levels during cell culture apoptosis 
causes ROS production (Alpaslan et al., 2017). In line with 
previous research, our findings showed a significant reduc-
tion in MMP in malignant cells after supplementation with 20 
and 40 µg/mL CeO2 NPs from V. trifolia. In previous studies, 
similarly, non-small cell lung cancer (NSCLC) is a major 
cause of cancer-related deaths. Plumbagin, a naturally occur-
ring naphthoquinone, has potential anti-cancer effects. 
Advancements in sequencing technologies and computational 

methods have helped predict immunogenic neoantigens, 
enabling personalized therapies (Sharifi-Rad et al., 2021; 
Singh et al., 2014).

This study successfully demonstrates the green synthesis 
of CeO2 NPs using V. trifolia leaf extract, offering an eco-
friendly, cost-effective, and biocompatible alternative to con-
ventional synthetic methods. The novelty of this work lies in 
employing V. trifolia, a plant not commonly used in nanopar-
ticle synthesis, to produce CeO2 NPs with distinct nanobelt-
like morphology and well-defined cubic crystalline structures, 
as confirmed by multiple characterization techniques (XRD, 
FT-IR, DLS, UV–vis, FESEM, EDAX, and PL). Notably, the 
synthesized CeO2 NPs exhibited promising anti-microbial 
properties, effectively inhibiting the growth of various human 
pathogens, thereby indicating their potential as green nano-
antibiotics. Furthermore, the in vitro cytotoxicity assays have 
revealed selective anti-cancer activity against MDA-MB-231 
breast cancer cells, with minimal toxicity observed in non-
cancerous cells. The use of AO/EtBr dual staining confirmed 
that CeO2 NPs induced apoptotic cell death, highlighting their 
potential role in targeted cancer therapy. Despite these prom-
ising findings, the study has certain limitations. The in vitro 
results need to be validated through in vivo models to confirm 
therapeutic efficacy and biosafety. Additionally, the precise 
molecular mechanisms underlying the cytotoxic effects and 
anti-microbial action of the CeO2 NPs warrant further inves-
tigation. Future research should also focus on dose optimiza-
tion, long-term toxicity, and biodistribution to fully assess the 
translational potential of these green-synthesized NPs. In 
summary, this study provides a novel and sustainable 
approach to synthesizing CeO2 NPs with demonstrated anti-
microbial and anti-cancer potential, paving the way for future 
biomedical applications with reduced environmental impact.

Figure 9. A Fluorescence Microscope Image of Intracellular Reactive Oxygen Species (ROS) Generation Induced by Cerium Dioxide 
Nanoparticles (CeO2 NPs) Stained with Dichloro-Dihydro-Fluorescein Diacetate (DCFH-DA). Control Cells (a) Cells Treated with 
20 µg (IC25) (b) and 40 µg (IC50) (c) of CeO2 NPs. This is a Representative Image of the Experiment Performed in Triplicate with 
Magnification at 20×.
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Conclusion

Green-synthesized CeO2 NPs were successfully produced 
using V. trifolia leaf extract, showcasing a cubic structure 
with an average size of 34 nm. The NPs formed a nanobelt-
like structure with a uniform grain boundary. EDAX analysis 
confirmed the elemental composition, while FT-IR 
spectroscopy identified metal-oxygen stretching bands at 
specific frequencies. UV–visible spectroscopy showed an 
absorbance band at 329 nm, and the PL spectrum indicated 
surface defects in the 350–550 nm range. These NPs demon-
strated antioxidant and anti-microbial properties, suggesting 
potential as biocidal agents in biomedical applications. 
Testing on MDA-MB-231 cells revealed strong cytotoxicity 
at higher concentrations (3.13–200 µg/mL), with bactericidal 
activity against various strains.
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