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Abstract: The disadvantages and side effects of currently available breast cancer (BC) therapies
have compelled researchers to seek new therapeutic strategies. This study was designed to
investigate the effect of selenium nanoparticles biosynthesized with carvacrol (SeNPs-CV) on
breast cancer (MCF-7) cell lines and to explore possible underlying pathways. Flow cytometry,
MTT assays, and various biochemical techniques were used to evaluate the anti-proliferative effects
of SeNPs-CV on MCF-7 cells. Cytotoxicity assays showed that treatment with SeNPs-CV could
effectively reduce MCF-7 cell proliferation and viability in a dose-dependent manner. However,
SeNPs-CV had no cytotoxic effect against Vero cells. Furthermore, SeNPs-CV showed better
anticancer activity than metal nanoparticles of selenium evidenced by the lower IC50 obtained
in MCF-7 cells (8.3 µg/mL versus 41.6 µg/mL, respectively). Treatment with SeNPs-CV directly
targeted Bcl-2, Bax, and caspase-3, leading to the mitochondrial leakage of cytochrome C and
subsequent activation of the apoptotic cascade in MCF-7 cells. In addition, MCF-7 cells treated
with SeNPs-CV exhibited elevated levels of oxidative stress, as indicated by noticeable rises in
8-OHDG, ROS, NO, and LPO, paralleled by significant exhaustion in GSH levels and antioxidant
enzymes activity. In addition, the administration of SeNPs-CV induced the inflammatory mediator
IL-1β and downregulated the expression of cell-proliferating nuclear antigen (PCNA) in MCF-7
cells, which plays a critical role in apoptosis. Therefore, the ability of SeNPs-CV to fight BC may
be due to its ability to induce oxidative stress, inflammation, and apoptosis in tumor cells. These
findings demonstrate the therapeutic potential of Se nanoparticles conjugated with CV, which may
provide a novel approach for combination chemotherapy in BC.

Keywords: selenium nanoparticles; carvacrol; MCF-7 cells; apoptosis; cell; oxidative stress;
proliferating cell nuclear antigen

1. Introduction

Breast cancer (BC) is the second most common cancer type overall and the most
common cancer in women. Every year, there are more than two million new instances
of BC, which results in 42,000 fatalities. Breast cancer patients’ extended survival rates
following surgery or chemotherapy treatments are still appalling due to the substantial
chances of recurrence and metastasis [1]. Chemotherapy is the highly effective and
widely used treatment for a variety of malignancies, including BC. There are already over
a hundred nonspecific targeting anti-tumor medications already available; nevertheless,
their use is accompanied with a number of adverse responses that might result in
mortality [2]. Nonetheless, the unfavorable rates of curing and survival for patients
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with BC necessitate increased efforts to develop new strategies for treating BC, and the
discovery of a novel, safe, and effective drug for the treatment of BC is urgently required.

Natural NPs are thought to be appealing for the development of theragnostic systems.
Multifunctional and multivalent nanostructures can be constructed using an interdisci-
plinary approach in order to develop unique and effective cancer therapeutics. Specifically,
several of the nanocarriers addressed have claimed to be capable of encapsulating and
co-delivering imaging moieties, medicines, and genes, as well as detecting cancer cells by
attaching to certain receptors. Complex natural-based nanoparticulated formulations may
thus contain the key to effective cancer care [3,4].

Many studies have recently shown that naturally occurring terpenoids can be em-
ployed in therapeutic applications and that a diet high in terpenoids is inversely associated
with the risk of chronic illnesses such as cancer [5,6]. Terpenoids are a class of organic
compounds found in various medicinal plants. Some terpenoids are structurally related to
human hormones [7]. Carvacrol (5-isopropyl-2-methylphenol) is a member of the monoter-
penoid phenols and is present in many aromatic plants including Origanum vulgare, Satureja
hortensis, Thymus vulgaris, Thymbra capitate, Origanum dictammus, Satureja montana, Ori-
ganum majorana, and Thymus serpyllum [8]. Carvacrol (CV) has been authorized for use
as a safe food flavoring, additive, and preservative by the Federal Drug Administration
and is generally regarded as safe for eating [9]. Carvacrol is further used as a scent in
cosmetics [10]. Many investigations have proven CV’s biological effects and therapeutic
potential as clinically significant. In vitro and in vivo research has revealed numerous
pharmacological characteristics of CV such as anti-mutagenic, analgesic, anti-microbial,
anti-tumor, anti-parasitic, and anti-oxidant activity [10,11]. Additionally, CV-rich essen-
tial oils have potent antioxidant activities comparable to those of vitamin E and ascorbic
acid [12]. Meanwhile, several prior studies have revealed that CV exhibits a variety of
cytotoxic and anticancer effects. It has been shown to prevent the proliferation of human
erythroleukemic K562 and A549 non-small lung cancer cells [6]. Yet, the mechanism behind
its anti-cancer action has not yet been identified [13].

Selenium (Se) is a crucial micronutrient needed for many vital biological activities [3].
Increasing interest is being paid to the use of selenium nanoparticles (SeNPs) as anti-cancer
agents or as nano carriers of drugs for cancer therapy due to their superior anticancer
efficacies, biocompatibility, and reduced toxicity compared to inorganic or organic selenium
compounds. Supporting this hypothesis, many studies have reported that SeNPs have
shown promising results in the treatment of a number of malignancies, including prostate
cell cancer, glioma lung cancer, melanoma, and breast cancer. The key strategy by which
SeNPs combat cancer is the stimulation of apoptotic pathways [14].

Nowadays, combinatorial nanomedicine has evolved into an attractive strategy that
provides several potential alternatives for multi-targeted chemotherapy, particularly in
the field of resistant cancers such as BC [15]. Furthermore, SeNPs may be excellent drug
delivery nanocarriers due to their high cellular absorption rates by diverse cell types [3].
Green synthesis, which uses plant-derived phytochemicals as reducing and capping
agents, is a cheaper and less hazardous method for synthesizing nanoparticles [4].
Additionally, these phytochemicals can support different medicinal applications due to
their antioxidant, anti-cancer, and anti-inflammatory activities [16]. To the best of our
knowledge, the anticancer efficacy of CV in combination with Se-NPs has not yet been
examined. Therefore, this study sought to employ CV as an environmentally friendly
substance in the preparation of SeNPs, while also utilizing SeNPs as a carrier for CV to
increase its bioavailability and penetration power into cancer cells. In addition, this study
evaluates the antitumor potential of the SeNPs-CV combination in the breast cancer
(MCF-7) cell lines and identifies underlying mechanisms of their anti-proliferative action.
The results of this study provide new insights that point to SeNPs-CV as a promising
combination in BC therapies.
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2. Materials and Methods
2.1. Chemicals and Reagents

Sigma-Aldrich (St. Louis, MO, USA) provided the CV (CAS Number: 499-75-2),
cisplatin, and sodium selenite. The reagents used were of the highest analytical quality
unless otherwise specified. Deionized distilled water (ddH2O) was employed as a solvent
for selenium, whilst dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA) was used to generate
the principal stock solutions of CV and SeNPs-CV at a concentration of 10 mg/mL and
stored at −20 ◦C until use.

2.2. Synthesis and Characterization of SeNPs-CV

A total of 5 mL of CV (10 mg/mL) was added drop wise to 5 mL (10 mg/mL) Na2SeO3
and was stirred for 24 h at 37 ◦C. The reaction mixture was periodically examined for
any color changes and subjected to a UV-Vis spectrophotometer analysis. The produced
SeNPs were collected by centrifuging the reaction mixture at 1500× g after the completion
of the reaction. A Zetasizer was used to examine the SeNPs-CV’s size. Fourier transform
infrared spectroscopy was used to determine the molecular constitution of SeNPs (FTIR;
PerkinElmer, Hopkinton, MA, USA). Moreover, transmission electron microscopy was used
to describe the morphology of SeNPs-CV (TEM, JEOL Ltd., Tokyo, Japan). Imaging was
done at a 100 kV accelerating voltage after a drop of nanoparticle solution was put on a
copper mesh that had been coated with carbon. Metal nanoparticles of selenium (SeNPs)
were synthesized based on the previous study of our research group [17]. Briefly, sodium
selenite was reduced with glutathione in the presence of bovine serum albumin (BSA) and
the size of the obtained NPs was in the range of 10 to 80 nm.

2.3. Cell Line and Culture Condition

As a first step, the cells supplied by VACSERA (Giza, Egypt) were grown in Dul-
becco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich, Inc.) supplemented with
10% heat-inactivated FBS, 4 mM glutamine, 100 IU/mL streptomycin, and penicillin. The
cells were kept in a 5% CO2 incubator. The medium was changed every 48 h until the
growth reached 80% confluence, and then the exponential growing cells were used for all
conducted experiments.

2.4. MTT Assay

The cytotoxicity of CV, SeNPs, SeNPs-CV, and CP was determined by MTT as described
previously by Van Meerloo et al. [18]. MCF-7 or Vero cells (1 × 104 cells/mL) were cultured
in the specific plates and were separately incubated with different doses of CV, SeNPs,
SeNPs-CV, and CP for 24 h at 37 ◦C in a humidified atmosphere of 5% CO2. Following a PBS
wash, the cells were treated with 20 µL of MTT (Invitrogen, Thermo Scientific, Karlsruhe,
Germany; 5 mg/mL) at 37 ◦C. Following treatment for 30 min, the formed formazan crystals
were immersed in 200 µL of DMSO and incubated once again for 30 min at 37 ◦C. The
intensity of the dark blue color was measured using a microplate reader (Bio-Rad Company,
CA, USA) at 570 nm. Meanwhile, the vehicle-treated group was administrated only with
0.1% DMSO. After the identification of half-maximal inhibitory concentrations (IC50s), half
of the IC50s of CV, SeNPs, SeNPs-CV, and CP were used to measure the antitumor potential
of these compounds.

2.5. Determination of Cell Death by Flow Cytometry

Following the manufacturer’s instructions, a commercial kit (Bioscience, CA, USA) was
used to determine the proportional amount of cell death caused by apoptosis or necrosis.
Briefly, MCF-7 were treated for 24 h with CV, SeNPs-CV or CP, then the cells were then
stained with Annexin V conjugated with fluorescein isothiocyanate (FITC) and propidium
iodide (PI) and subsequently analyzed by flow cytometry (Cytomics FC500-MPL). Cells
positive for Annexin V-FITC but negative for PI were considered as early apoptotic cells,
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while double positive cells were considered late apoptotic cells. Cells that were positive
only for PI staining were identified as necrotic cells.

2.6. Apoptosis Markers Determination

ELISA kits (Abcam, Cambridge, UK) were used to determine apoptotic markers (Bcl-2,
Bax, caspase-3, and cytochrome c proteins) according to the manufacturer’s protocols.
At 405 nm, the produced color was quantified with a microplate reader (Biotech, Inc.,
Alpharetta, GA, USA).

2.7. Molecular Assay for Assessing the Expression Level of Proliferating Cell Nuclear
Antigen (PCNA)

Real-time PCR was operated to identify the expression rate of the PCNA gene. TRIzol
reagent (Life Technologies, Malvern, PA, USA) was used to separate total RNA from MCF-7
cells, and cDNA was generated using RevertAidTM (Life Technologies, Malvern, PA, USA)
(Fermentas, Thermo Fisher Scientific, Chino, CA, USA). mRNA levels were determined
using the SYBR Green PCR kit (Qiagen, Germantown, MD, Germany). Quantitative PCR
was done using a ViiATM 7 PCR machine (Applied Biosystems, Waltham, MA, USA), with
β-actin as the housekeeping gene for all data standards. The qPCR primers’ sequences
were as follows:

PCNA F: 5′-GCCAGAGCTCTTCCCTTACG-3′,
R: 5′-TAGCTGGTTTCGGCTTCAGG-3′.

β-actin F: 5’-GTCATTCCAAATATGAGATGCGT-3’
R: 5’-GCTATCACCTCCCCTGTGTG-3’.

2.8. Assessment of Oxidative Stress Markers

MCF-7 cells (2 × 105 cell/mL) were exposed to CP, CV, and SeNPs-CV for 24 h. Cells
were lysed in a buffer after harvesting, and the lysate was centrifuged at 12,000× g for
1 min at 4 ◦C, and the supernatant was collected and utilized to identify ROS levels using
the DCFH-DA, as described in our previous work [19]. Furthermore, lipid peroxidation
(LPO) and nitric oxide (NO) were measured using the colorimetric methods reported
by Ohkawa et al. [20] and Green et al. [21], respectively. Meanwhile, the 8-hydroxy-2-
deoxyguanosine (8-OHDG) level was detected with ELISA techniques (ELISAKITS. CO.,
London, UK) according to the manufacturer’s protocol and the final color was read at a
microplate reader at 420 nm (Biotech, Inc., Alpharetta, GA, USA).

2.9. Determination of the Antioxidant Markers

Catalase (CAT) activity has been measured based on the rate of H2O2 decomposition
at 240 nm according to Aebi [22]. Superoxide dismutase (SOD) activity was identified
at 560 nm, as described by Misra and Fridovich [23], based on its ability to prevent the
reduction of nitroblue tetrazolium (NBT) to blue-colored formazan in the presence of
phenazine methosulfate (PMS) and NADH. The activity of glutathione peroxidase (GPx)
was measured using the Tappel [24] method. GPx accelerates the breakdown of GSH,
causing the absorbance at 340 nm to decrease, which is directly related to GPx activity.
Meanwhile, the GSH level was evaluated using Ellman’s reagent [25].

2.10. Evaluation of Interleukin-1 Beta (IL-1β)

R&D Systems’ (Minneapolis, MN, USA) ELISA kits were used to evaluate the levels of
inflammatory cytokine IL-1β according to the manufacturer’s guidelines using microplate
reader (Biotech, Inc., Alpharetta, GA, USA).

2.11. Statistical Analysis

All data are expressed in terms of the mean and standard deviation (SD). To compare
more than two groups, one-way ANOVA and post hoc Duncan’s test were used. The
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statistical program SPSS (20.0) was used for the analysis. Significant differences were taken
into consideration if p values were less than 0.05.

3. Results
3.1. SeNPs-CV Particles’ Characterization

The green synthesis of SeNPs was confirmed by the transformation of the reaction
mixture from clear to deep ruby red. SeNPs-CV had a mean diameter of 134.7 nm and
a mean zeta potential of −26.8 mV (Figure 1A,B). The particle size distribution of the
selenium nanoparticles was determined by the polydispersity index (PDI), and PDI was
found to be 0.48, suggesting homogeneity and a uniform dispersion of SeNPs. These results
are in agreement with Shahabadi et al. [26] who found that the green-synthesized SeNPs
have an average size of 146 nm with a low PDI of 0.521. The morphology of SeNPs-CV was
observed by TEM (Figure 1E). The nanoparticles displayed a spherical shape with a particle
size less than 200 nm, confirming the Zetasizer findings. The FT-IR spectrum of artificially
produced SeNPs-CV and CV alone is shown in Figure 1C,D: the O-H group is represented
by a wide peak at 3326.70 cm−1 with a slight downshift from 3338.31 cm−1 that presented
in CV; the branched alkane CΞC stretching band can be seen at 2137.65 cm−1; and the C=C
stretching band at 1635.07 cm−1. These two bands are modified bands at 2127.39 cm−1

and 1638.21 cm−1 of CV. A new band at 455.41 cm−1 is present due to C-X stretch carbon
compounds with Se, as an indicator of a successful preparation process and conjugation
between Se and CV. These findings point to the presence of several functional groups that
could be responsible for the reduction and stability of SeNPs-CV.
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Figure 1. Characters of green-synthesized SeNPs using carvacrol. (A) Hydrodynamic diameter of
green-synthesized SeNPs using carvacrol as determined by Zetasizer. (B) Zeta potential of green-
synthesized SeNPs using carvacrol as assessed by Zetasizer. (C) FTIR spectra of carvacrol. (D) FTIR
spectra of green-synthesized SeNPs using carvacrol. (E) TEM image of green-synthesized SeNPs
using carvacrol.

3.2. Cytotoxic Effect and Growth Inhibition of SeNPs-CV

To assess the cytotoxic effects of SeNPs-CV against MCF-7 cells, CV, SeNPs, SeNPs-
CV, and cisplatin (a chemotherapeutic drug used as a positive control) were used to
treat the cells over a range of concentrations. Cell viability was significantly reduced in
a dose-dependent manner in the treated groups in contrast to the vehicle group (0 µM;
Figure 2). The IC50 values for CP, CV, SeNPs, and SeNPs-CV in MCF-7 cells were 1.9 µg/mL,
32.1 µg/mL, 41.6 µg/mL, and 8.3 µg/mL, respectively. According to these results, the
cytotoxicity of the combination of SeNPs-CV in MCF-7 cells was higher than that of CV
and SeNPs alone. Furthermore, the cytotoxicity of different compounds towards normal
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cells was determined using an MTT assay and the data are presented in Figure 2. The IC50
values for CP, CV, SeNPs, and SeNPs-CV in MCF-7 cells were 7.8 µg/mL, >1000 µg/mL,
>1000 µg/mL, and 87.4 µg/mL, respectively.
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Figure 2. Effects of different concentrations of cisplatin (CP), carvacrol (CV), metal nanoparticles
of selenium (SeNPs), and green-synthesized SeNPs (SeNPs-CV) using CV on MCF-7 cells with the
viability measured with an MTT assay. Values represent the mean of three experiments ± standard
deviation (SD).

3.3. SeNPs-CV Treatment-Induced Apoptosis in MCF-7 Cells

As seen in Figure 3, after 24 h, all treatment groups had a substantially greater percent-
age of early and late apoptotic cells than the vehicle group (p < 0.05). In contrast to the CV
group, SeNPs-CV substantially enhanced the proportion of early and late apoptotic cells
(p < 0.05). Moreover, there was no discernible distinction in the apoptotic impact between
the SeNP-CV and CP groups.

Consistent with these results, MCF-7 cells treated with CP or SeNPs-CV revealed
significant increases (p < 0.05) in the levels of apoptotic markers (Bax, caspase-3, and
cytochrome c) and a significant decrease (p < 0.05) in the levels of the anti-apoptotic protein
Bcl-2 as compared to both the CV and vehicle groups (p < 0.05). Meanwhile, administration
of CV alone increased cytochrome c levels notably as compared to the vehicle group
(p < 0.05; Figure 4).
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Figure 3. Induction effect of cell apoptosis by cisplatin (CP), carvacrol (CV), or green-synthesized
SeNPs (SeNPs-CV) on MCF-7 cells. (A) Annexin V-PI co-staining assay to assess apoptosis in MCF-7
cells. (B) Percent of apoptotic cells. Values represent the mean of three experiments ± standard
deviation (SD). ∆ denotes significance with respect to the untreated control cells (p < 0.05). Ω denotes
significance with respect to the CP-treated cells (p < 0.05). Σ denotes significance with respect to the
CV-treated cells (p < 0.05).
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Figure 4. Cisplatin (CP), carvacrol (CV), or green-synthesized SeNPs (SeNPs-CV) enhanced cell
apoptosis on MCF-7 cells detected by measuring pro-apoptotic (Bax, caspase-3, and cytochrome
c) and anti-apoptotic (Bcl-2) markers. Values represent the mean of three experiments ± standard
deviation (SD). ∆ denotes significance with respect to the untreated control cells (p < 0.05). Ω denotes
significance with respect to the CP-treated cells (p < 0.05). Σ denotes significance with respect to the
CV-treated cells (p < 0.05).
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3.4. Effect of SeNPs-CV in the Expression Rate of Proliferating Cell Nuclear Antigen (PCNA)

As indicated in Figure 5, a remarkable downregulation (p < 0.05) in the expression
rate of the PCNA gene was observed in the CP, CV, and SeNP-CV groups compared to the
vehicle group. Meanwhile, there was a significant decline in the level of PCNA mRNA
expression in the CP group compared to the CV and SeNPs-CV groups (p < 0.05), but no
significant difference was observed between the CV and SeNPs-CV groups.
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Figure 5. Cisplatin (CP), carvacrol (CV), or green-synthesized SeNPs (SeNPs-CV) suppressed MCF-7
cell proliferation detected by measuring the mRNA expression rate of proliferating cell nuclear antigen
(PCNA). Values represent the mean of three experiments ± standard deviation (SD). ∆ denotes
significance with respect to the untreated control cells (p < 0.05). Ω denotes significance with respect
to the CP-treated cells (p < 0.05).

3.5. SeNPs-CV Treatment Enhanced the Oxidative Stress in MCF-7 Cells

ROS production and antioxidant exhaustion are fundamental mechanisms underlying
the apoptotic impact of anticancer medicines on tumor cells. Therefore, 8-OHDG, NO, ROS,
and LPO levels were evaluated as oxidant biomarkers, whereas GSH levels and antioxidant
enzymes’ (SOD, CAT, and GPx) activities were determined as antioxidant biomarkers. As
shown in Figure 6, considerable rises were observed in 8-OHDG, ROS, NO, and LPO,
paralleled by a significant drop in GSH level and antioxidant enzymes activity in the CP
and SeNPs-CV groups compared with the vehicle group (p < 0.05). However, LPO levels
were significantly higher in the CV group than in the vehicle group (p < 0.05). Meanwhile,
compared to CP-treated cells, cells treated with CV displayed markedly (p < 0.05) higher
levels of antioxidants and lower levels of oxidative stress markers. Overall, the oxidative
effect of SeNPs-CV was stronger in MCF-7 cells than that of CV alone.
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Figure 6. Cisplatin (CP), carvacrol (CV), or green-synthesized SeNPs (SeNPs-CV) induced oxidative
stress on MCF-7 cells detected by measuring oxidants (ROS, 8-OHDG, LPO, and NO) and antioxidants
(GSH, SOD, CAT, and GPx) markers. Values represent the mean of three experiments ± standard
deviation (SD). ∆ denotes significance with respect to the untreated control cells (p < 0.05). Ω denotes
significance with respect to the CP-treated cells (p < 0.05). Σ denotes significance with respect to the
CV-treated cells (p < 0.05).

3.6. SeNPs-CV Stimulated IL-1β Production

The levels of IL-1β were evaluated to assess the effect of SeNPs-CV on the inflamma-
tory cascade in MCF-7 cells. A marked increase (p < 0.05) was noted in the inflammatory
marker IL-1β in cells subjected to CP and SeNPs-CV compared to the vehicle group. Fur-
thermore, MCF-7 cells treated with SeNPs-CV showed notable increases (p < 0.05) in IL-1β
levels as compared to the CV group (Figure 7).

Appl. Sci. 2023, 13, x FOR PEER REVIEW  10  of  16 
 

 

Figure 6. Cisplatin (CP), carvacrol (CV), or green‐synthesized SeNPs (SeNPs‐CV) induced oxida‐

tive stress on MCF‐7 cells detected by measuring oxidants (ROS, 8‐OHDG, LPO, and NO) and an‐

tioxidants (GSH, SOD, CAT, and GPx) markers. Values represent the mean of three experiments ± 

standard deviation (SD). Δ denotes significance with respect to the untreated control cells (p < 0.05). 

Ω denotes significance with respect to the CP‐treated cells (p < 0.05). Σ denotes significance with 

respect to the CV‐treated cells (p < 0.05). 

3.6. SeNPs‐CV Stimulated IL‐1β Production 

The levels of IL‐1β were evaluated to assess the effect of SeNPs‐CV on the inflam‐

matory cascade in MCF‐7 cells. A marked increase (p < 0.05) was noted in the inflamma‐

tory marker IL‐1β in cells subjected to CP and SeNPs‐CV compared to the vehicle group. 

Furthermore, MCF‐7 cells treated with SeNPs‐CV showed notable increases (p < 0.05) in 

IL‐1β levels as compared to the CV group (Figure 7). 

 

Figure 7. Cisplatin (CP), carvacrol (CV), or green-synthesized SeNPs (SeNPs-CV) enhanced inflam-
matory cascade on MCF-7 cells detected by measuring the mRNA expression rate of interleukin-1
beta (IL-1β). Values represent the mean of three experiments ± standard deviation (SD). ∆ denotes
significance with respect to the untreated control cells (p < 0.05). Ω denotes significance with respect
to the CP-treated cells (p < 0.05). Σ denotes significance with respect to the CV-treated cells (p < 0.05).
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4. Discussion

Due to the high death rate associated with BC and the limitations of standard therapies,
it is vital to develop innovative methods for treating this illness [27]. The anticancer
properties of the natural plant extract CV in several cancer types have recently been assessed.
CV’s limited solubility and bioavailability, however, may limit its anti-cancer effect [28,29].
Combination therapy using nanotechnology is currently a compelling argument for cancer
therapy because of its greater efficacy and fewer adverse effects. In this regard, this study
postulated that SeNPs green-synthesized using CV would synergize and increase the
anticancer effect of CV.

In the current study, the cytotoxic activities of CP, CV, SeNPs, and SeNPs-CV were
evaluated in MCF-7 cells. The IC50 of CP was found to be 1.9 µg/mL, while the IC50 of
CV and SeNPs alone was 32.1 µg/mL and 41.6 µg/mL, respectively, whereas the IC50 of
the SeNPs-CV was 8.3 µg/mL, approximately four times lower than that of CV, indicating
a synergetic potential between CV and SeNPs. These results also indicated the marked
cytotoxic effects of CV and SeNPs-CV in MCF-7 cell lines. Additionally, the study’s findings
revealed that cells exposed to either CV or SeNPs-CV had a much higher percentage of
cells in the early and late phases of apoptosis as contrasted to the vehicle cells, as shown in
Figure 3.

These results are in line with those of previous studies that have confirmed the
anti-proliferative effects of CV in many types of cancer cell lines [30,31]. Moreover, CV
dramatically increased apoptosis in several BC cell lines, with MDA-MB-231 cells being the
most susceptible and MCF-7 cells being the least sensitive, suggesting that the efficacy of
CV may vary depending on the type of BC [5].

Numerous studies have confirmed that green-synthesized SeNPs are highly effective
in the treatment of various forms of cancer [32,33]. In a recent study, SeNPs showed
stronger anti-proliferative activities in MCF-7 cells, with an IC50 value of 25 µg. Similarly,
Soltani and Darbemamieh [34] reported that SeNPs decreased MCF-7 cell proliferation in a
dose-dependent manner owing to their cytotoxicity and apoptotic potential.

One of the most intriguing findings of this study was that the conjugation of CV with
SeNPs led to an increase in anti-proliferative and anti-apoptotic effects when compared
with CV alone, as evidenced by the decrease in IC50 to 8.3 µg/mL. Our results also revealed
a marked elevation in the percentage of apoptotic cells in the SeNPs-CV group in contrast
to that in the CV group. These findings agree with those of a previous report [1], in which
the coupling of SeNPs with the natural flavonoid apigenin demonstrated significantly
greater cytotoxic potential in BC therapy than either component alone. In another study,
conjugation of SeNPs with berberine, a natural alkaloid extract, demonstrated greater
cytotoxic efficacy than that of each agent alone [32].

Due to their propensity to induce apoptosis and autophagy, reactive oxygen species
(ROS) have recently received interest for their therapeutic utility. Previous studies have
revealed that ROS may chemically bind to nucleic acids and proteins by interacting with
the nucleophilic center of the cell, which can damage DNA. To enhance clinical outcomes
for cancer patients, novel methods that increase ROS levels have been included in cancer
therapy [5]. The formation of ROS in cells is modulated by a number of anticancer drugs
by triggering various regulatory systems. For instance, doxorubicin increases ROS pro-
duction by causing electron leakage and the Fenton reaction, whereas gamitrinib boosts
ROS generation by causing malignant cells’ mitochondria to collapse [16]. Moreover, the
identification of intracellular ROS generation is a key marker for early cellular reactions
with NPs and the initial step in the cytotoxicity cascade. However, when NPs generated
sufficient intracellular ROS, cells stopped carrying out their typical functions, ultimately
leading to cell death [35].

The findings of this study revealed significant inductions of oxidative stress markers,
such as ROS, 8-OHDG, LPO, and NO, accompanied by a drop in the antioxidant markers
(CAT, SOD, and GPx activities and GSH levels) in MCF-7 cells exposed to SeNPs-CV
in contrast to the control cells. These observations indicated that SeNPs-CV increased
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oxidative stress in MCF-7 cells. However, at a dose of 16 µg/mL (half the IC50), CV alone
had little effect on the oxidant/antioxidant system and only affected LPO levels, whereas
conjugation with SeNPs boosted its oxidative effect. GSH contents might indicate a cell’s
antioxidant capability, as GSH protects enzyme thiol groups and interacts with free radicals.
Here, the depletion of GSH contents after SeNPs-CV administration reflects the cytotoxicity
of synthesized SeNPs-CV.

These findings were in line with Lim et al. [36], who concluded that CV induced
notable ROS production, as indicated by an increase in LPO and 8-OHdG in tumor cells.
Similarly, it was found that CV acts as a prooxidant and promotes cytotoxicity in human
epithelial colorectal cancer [37]. On the other hand, the therapeutic use of SeNPs has
drawn the most attention in cancer therapy because tumor cells are more susceptible to
oxidative stress triggered by elevated Se levels than normal cells. Moreover, SeNPs may
cause ROS-mediated cell death when they aggregate in cancerous cells, while providing
anti-oxidation and cancer prevention in healthy tissues at low quantities [38].

Oxidative stress and inflammation can initiate the apoptotic signaling pathway as a
result of mitochondrial dysfunction. When the integrity of the mitochondrial membrane
is disrupted, cytochrome c moves from the mitochondria to the cytosol. This starts the
caspase signaling cascade, which damages the DNA [15]. In addition, ROS controls the
translocation, phosphorylation, and cleavage of the pro-apoptotic Bcl-2 protein, which
induces apoptosis [1].

In the current study, increases in apoptotic markers (caspase-3, Bax, and cytochrome
c) and reductions in the anti-apoptotic protein Bcl-2 were seen in MCF-7 cells treated
with SeNPs-CV. These changes in apoptotic markers were in line with a rise in the
number of cells that started early or late apoptosis after being exposed to SeNPs-CV, as
shown in Figure 3. These results were in harmony with former studies [36,39], which
stated that CV’s anti-proliferative effects on metastatic BC cells were based on the typical
apoptotic response, which includes a drop in mitochondrial membrane potential and
a rise in cytochrome c discharge from mitochondria, a decline in the Bcl-2/Bax ratio,
an elevation in caspase activity, PARP cleavage, and DNA fragmentation. In the same
context, CV has also been observed to cause mitochondrial apoptosis in human oral
squamous cell cancer [40], leukemia and lymphoma cells [13], and colon cancer cells [28]
by disrupting matrix metalloproteinases (MMPs) and altering the expression rates of
Bax/Bcl2 proteins.

Our findings demonstrated that SeNPs-CV were more efficient in inducing apoptotic
markers compared with CV alone, indicating the synergistic effect of SeNPs. Formerly, Se
has been shown to stimulate apoptosis in cancerous cells through ROS production, activa-
tion of several caspases, and the formation of apoptotic bodies [41]. Furthermore, Ferro
et al. [42] stated that SeNPs increase the expression of Bax and cytochrome c in MCF-7
cells. IL-1β has been shown in several studies to have a substantial pro-apoptotic impact
in human cells by boosting the expression ratio of Bax/Bcl-2, releasing cytochrome
c from the mitochondria, and stimulating caspase-9 and caspase-3 to accomplish the
apoptotic process. Subsequently, mitochondrial damage was detected following IL-1β
stimulation [43]. In the current study, administration of CV or SeNPs-CV increased
the levels of IL-1β in MCF-7 cells. These findings proved that SeNPs-CV or CV might
stimulate apoptosis in MCF-7 cells through the activation of IL-1β synthesis. This incre-
ment in IL-1β may be due to the oxidative effect of CV and SeNPs-CV, where a crosstalk
between oxidative stress and inflammation has been demonstrated, as ROS trigger the
activation of NF-κB, which in turn regulates the production of several inflammatory
mediators, including IL-1β [44]. These findings are consistent with prior studies showing
that IL-1β promotes apoptosis in pancreatic RIm5F cells via stimulating nitric oxide
generation [45] and ceramide synthesis in EL4 thymoma cells [46]. Additionally, Shen
et al. [43] indicated that endogenously produced mature IL-1β is directly involved in
cell death through the activation of the IL-1β converting enzyme (ICE), which plays a
direct role in mediating the apoptotic cascade.
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Proliferating cell nuclear antigen (PCNA) is termed the “ringmaster of the genome”
as it regulates the cell cycle and participates in DNA synthesis. So, it is strongly related
to prognosis and survival in most types of solid malignancies, such as BC, suggesting an
active role of PCNA in tumorigenesis [47]. As a result, PCNA is widely utilized as a marker
of cell proliferation in both healthy and malignant tissues since it generally represents cell
proliferation activity [48]. Similarly, Jurková et al. [49] discovered that PCNA protein levels
were higher in BC patients in clinical stages III–IV and lymph node metastasis. Interestingly,
in the present study, the administration of CV or SeNPs-CV considerably reduced PCNA
expression rates in MCF-7 cells. These findings clearly show the role of CV and SeNPs-CV
in the inhibition of tumorigenesis and proliferation in BC through the inhibition of PCNA
gene expression. In agreement with our findings, Se treatment arrested BC cell lines in the
G1 phase of the cell cycle and inhibited the expression of PCNA genes while inducing the
expressions of certain caspase genes [50]. On the other hand, supplementation with CV
had an antimetastatic impact on liver cancer by drastically lowering PCNA expression and
preventing the local spread of cancerous cells [51]. Further supporting the advantages of
SeNPs-CV versus CV, our results demonstrated a significant decrease in PCNA expression
rates in the combination group compared to the only-CV group.

5. Conclusions

We can conclude that the conjugation of SeNPs with CV results in the synergistic
therapeutic effectiveness and substantial suppression of MCF-7 cell proliferation. The
combination of SeNPs and CV can suppress breast cancer by inducing oxidative stress,
inflammation, and apoptosis in BC cells. The mechanism of action of SeNPs-CV may be
linked to signaling pathways including caspase-3, Bax/BCl-2, IL-1β, and PCNA. In this
regard, the current findings provide a unique concept of using SeNPs-CV as a powerful
breast cancer therapy.
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