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Abstract

The utilization of novel compounds as cancer treatments offers enormous potential in this field. The advantages of
nanomedicine-based therapy include efficient cellular uptake and selective cell targeting. In this study, we employ
selenium nanoparticles’ green-synthesized by apigenin (SeNPs-apigenin) to treat breast cancer. We used various assays
to show that SeNPs-apigenin can reduce MCF-7 cell viability and trigger apoptosis in vitro. Flow cytometry and PCR
methods were used to detect apoptosis, while cell migration and invasion methods were used to quantify the possible
effect of SeNPs-apigenin therapy on cell migration and invasion. According to cytotoxicity testing, the SeNPs-apigenin
treatment can successfully limit MCF-7 cell proliferation and viability in a concentration-dependent manner. Flow
cytometric and PCR analyses revealed that SeNPs-apigenin treatment induced apoptosis in MCF-7 cells, demonstrating
that SeNPs-apigenin treatment could directly target Bcl-2, Bax, and caspase-3 and result in the discharge of cytochrome
C from mitochondria into the cytosol, accompanied by the initiation of cell death, leading to permanent DNA damage
and killing of MCF-7 cells. Furthermore, treatment with SeNPs-apigenin increased reactive oxygen species production
and oxidative stress in MCF-7 cells. Our findings indicate that SeNPs-apigenin has cytotoxic potential in the treatment
of breast cancer.
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Introduction

Cancer is a disease that originates from different biologi-
cal changes that cause uncontrolled cell division (Bray
et al. 2018). Breast cancer caused 0.62 million deaths and
2.08 million new cases in 2018, according to data from
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the International Agency for Research on Cancer (IARC)
and Globocan (approximately 11.6% of all types of cancer
recorded). By 2040, if current trends continue, the mortality
troll will have risen to a nerve-wracking high of 6.99 million
(Sung et al. 2021). In this context, breast cancer is the most
common malignant tumor in females, and its prevalence and
death rate have climbed quickly in recent years. Because of
the high risks of recurrence and metastasis in breast cancer,
the long survival rate of breast cancer patients after surgery or
chemotherapy therapies remains dismal. Breast cancer metas-
tasis is the biggest cause of patient death (Li et al. 2017). Tri-
ple-negative breast cancer is the most aggressive of all breast
cancer types; it is difficult to cure and more likely to spread
in diagnosed patients (Razak et al. 2019). As a result, novel
natural-source treatment medicines with efficient and safe
effects for this type of malignancy are desperately needed.
Apigenin (4',5,7-trihydroxyflavone) is one of the most
prevalent flavonoids in plants and is chemically classified
as a flavone. It is isolated from a variety of plants in the
Asteraceae family. The Lamiaceae and Fabaceae families,
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on the other hand, have a sufficient amount of apigenin
(Ali et al. 2017; Salehi et al. 2019). Apigenin has a wide
range of pharmacological actions, including neuromodu-
latory, hypoglycemia, cell cycle arrest, apoptosis, antial-
lergic, anti-inflammatory, antibacterial, antiviral, and anti-
oxidant properties (Khandelwal et al. 2020; Singh et al.
2012). Apigenin is thus used to treat various disorders,
including amnesia, Alzheimer’s, depression, insomnia,
diabetes, and osteoarthritis (Ali et al. 2017; Salehi et al.
2019). In addition, numerous investigations have demon-
strated apigenin’s anticancer properties (Javed et al. 2021;
Kaur et al. 2008). Apigenin exerts anticancer activity in
cancerous cells and transgenic animals via a variety of
mechanisms, including inhibition of the GSK-3/NF-xB
signaling cascade in pancreatic cancer cell lines (Johnson
and de Mejia 2013), targeting both ER alpha-dependent
and ERalpha-independent pathways on estrogen-respon-
sive, anti-estrogen sensitive MCF-7 breast cancer cells
(Long et al. 2008), and regulation of a p53-Ba (Shukla
et al. 2014).

Selenium (Se) has been recognized as an essential micro-
nutrient involved in a variety of biological processes. Se is
required for the proper processing of many critical issues
such as neuronal, muscular, and reproductive tissues and
their role in the immune system due to its integration into the
structure of selenoproteins (Al-Brakati et al. 2021; Kursviet-
iene et al. 2020). Several studies have found a link between
Se deficiency and an increased risk of cancer. However,
Se’s anticancer properties remain controversial. Se supple-
mentation, in addition to standard chemotherapy therapies,
has been found to boost the efficacy of anticancer drugs,
reduce side effects, and improve patients’ overall health
(Yakubov et al. 2014). The ability of Se to neutralize heavy
metal toxicity, maintain DNA stability, enhance DNA repair
enzymes, regulate inflammatory and immune reactions, initi-
ate cell cycle arrest and cell death, suppress local invasion
and migration of cancer cells, prevent angiogenesis, control
cell proliferation, and stimulate phase II carcinogen-detox-
ifying system are some of the possible mechanisms of Se’s
anticancer effect (Chen et al. 2013; Yuan et al. 2020). As a
result, Se has a strong anticancer effect in various malignan-
cies, including lung, breast, prostate, melanoma, and glioma
(Chen et al. 2008; Liao et al. 2020; Luo et al. 2012). Because
of their unique biological properties, low toxicity, and great
biocompatibility, elemental Se nanoparticles (SeNPs) have
recently been widely exploited in nanotechnology (Al-
Brakati et al. 2021).

Considering the anticancer actions of apigenin and Se, the
purpose of this study was to evaluate the anticancer effect
of biosynthesized SeNPs-apigenin, based on the hypoth-
esis that bio- and nano-counterparts present in the form of
a nanohybrid system could lead to promising synergistic
anticancer effects.
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Material and methods
Cell line and culture condition

ATCC provided the MCF-7 cell line. MCF-7 cells were cul-
tivated at 37 °C in a humidified environment of 5% CO, in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco Life
Technologies) supplemented with 10% fetal bovine serum
and 100 g/mL penicillin/streptomycin.

Chemicals and reagents

Sigma-Aldrich provided the apigenin and sodium selenite
(USA). Unless otherwise noted, the reagents used were
of the highest analytical grade. As a solvent for selenium,
deionized distilled water (ddH,0) was utilized, whereas
dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA) was used
to prepare the primary stock solution apigenin and SeNPs-
apigenin at a concentration of 1 mg/mL and held at—20 °C
until use.

SeNPs biosynthesis

Two ml of apigenin (0.1 mM/ml) and 10 ml of Na,SeO,
(0.1 mM/ml) were swirled together for 24 h at room tem-
perature. The average size of the SeNPs-apigenin was deter-

mined using a Zetasizer (Nano series, ZEN 3600, Malvern,
UK).

MTT assay

Following the previous publication of Othman et al. (2021a),
the MTT (dimethylthiazolyltetrazolium bromide) colorimet-
ric test was used to determine the cytotoxicity of SeNPs-
apigenin. In brief, 80% confluent MCF-7 cells (1 x 10* cells/
ml) planted in 96-well plates were individually treated with
different concentrations of SeNPs-apigenin for 24 h at 37 °C
in a humidified atmosphere of 5% CO,. The cells were then
washed with phosphate buffer saline (PBS) and treated with
20 uL of MTT (5 mg/ml) at 37 °C. After 30 min of treat-
ment, the produced formazan crystals were dissolved in 200
pL of DMSO and re-incubated at 37 °C for another 30 min.
The intensity of the dark blue color was measured using a
microplate reader at 570 nm.

Apoptosis marker determination

According to the manufacturer’s protocols, ELISA kits
(Abcam, Cambridge, UK) were used to determine apopto-
sis markers (Bcl-2, Bax, and cleaved caspase-3). In brief,
2% 10° MCF-7 cells were individually pretreated with
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SeNPs-apigenin and DOX at IC;, concentrations and incu-
bated for 24 h, whereas control cells were incubated with
the vehicle. The cells were collected by centrifugation at
1800 x g for 5 min to remove the medium, and they were
washed twice with PBS. The pellets were lysed in 50 puL of
cold lysis buffer. The resultant cell lysate was centrifuged
at 12,000 x g for 1 min at 4 °C, and the supernatant was
collected. The Bradford method was used to determine the
protein levels in each cell lysate. If the protein levels in the
sample exceeded 4 g/L, the cell extraction buffer PTR was
employed to dilute it. Finally, the developed color of the
samples was measured in a microplate reader at 405 nm
(Biotech, Inc., USA).

Transwell migration and invasion assay

Corning Transwell 8.0-m pore membranes were used to
assess cell migration and invasion (Corning, USA). In a nut-
shell, 1x 10° MCF-7 cells were put into the upper chamber
of each Transwell. Before adding MCF-7 cells, the upper
chamber of the Transwell was coated with 100 pL of 1:8
DMEM-diluted Matrigel (BD, USA). Lower chambers of
Transwell were filled with the fresh medium as a chemoat-
tractant, with or without SeNPs-apigenin or DOX. After
48 h of incubation at 37 °C, the cells on the upper surface
of the membrane were removed with a cotton swab, while
those that had migrated or penetrated to the lower membrane
surface were fixed with 4% paraformaldehyde and stained
with 0.1% crystal violet solution. A light microscope with a
magnification of 200 X was used to photograph and count the
number of MCF-7 cells that migrated and infiltrated through
the filter.

Molecular assay for the expression level
of caspase-3 (Casp-3), Bax, and Bcl-2

According to the manufacturer’s instruction, total RNA was
extracted from MCF-7 cells using the TRIzol reagent (Life
Technologies, USA), and cDNA was produced using Rever-
tAid™ H Minus Reverse Transcriptase (Fermentas, Thermo
Fisher Scientific, USA). SYBR Green Supermix (Biorad,
USA) performed RT-PCR operations on a ViiATM 7 System
(Thermo Fisher Scientific, USA). GAPDH was chosen as the
housekeeping gene for all data standardization.
The sequences of the qPCR primers are as follows:

Bax F: 5'-"AGGATGCGTCCACCAAGAAG-3’
R: 5'-CTTGGATCCAGACAAGCAGC-3'

Bcl-2 F: 5'-AGCATGCGACCTCTGTTTGA-3'
R: 5'-GCCACACGTTTCTTGGCAAT-3'

Cas-3 F: 5'-GGTATTGAGACAGACAGTGG-3'
R: 5'-CATGGGATCTGTTTCTTTGC-3'
B-actin F: 5'-CCACCATGTACCCAGGCATT-3’

R: 5'-AGGGTGTAAAACGCAGCTCA-3’
Flow cytometry

MCF-7 cells (2 103 cell/ml) cultured in T,s cell culture
flasks were treated for 24 h with SeNPs-apigenin or DOX.
MCF-7 cells were collected and resuspended in the binding
buffer before being treated for 10 min in the dark at 30 °C
with annexin V-FITC (Cat. No.: ab14085, Abcam, UK). The
cells were then spun down at 4,000 X g at 4 °C, resuspended
in binding buffer, and finally, propidium iodide (PI) (Cat.
No: ab14083, Abcam, UK) was added, and the stained cells
were analyzed by flow cytometry (BD FACSCalibur flow
cytometer, USA).

Determination of oxidative stress markers

MCF-7 cells (2 103 cell/ml) cultured in T,s cell culture
flasks were treated for 24 h with SeNPs-apigenin or DOX.
After harvesting, cells were lysed in a lysis buffer, and the
lysate was spun down by centrifugation at 12,000 X g at 4 °C
for 1 min at 4 °C, and the supernatant was collected. The
Bradford method was used to determine the protein levels
in each cell lysate. The resultant cell lysate was utilized
to detect ROS levels using the green fluorescence strain
2,7-dichlorofluorescein diacetate (DCFH-DA) described
by Othman et al. (2021a). Ohkawa et al. (1979) and Green
et al. (1982) described colorimetric techniques for determin-
ing lipid peroxidation (LPO) and nitric oxide (NO), respec-
tively. Antioxidant indicators such as glutathione (GSH),
superoxide dismutase (SOD), and glutathione peroxidase
(GPx) were measured using the known procedures of Ellman
(1959), Nishikimi et al. (1972), and Paglia and Valentine
(1967), respectively.

Statistical analysis

The mean and standard deviation are used to express all data
(SD). One-way ANOVA and post hoc Duncan’s test were
used to compare more than two groups. In the analysis, the
statistical tool SPSS (20.0) was used. If P values were less
than 0.05, significant differences were considered.

Results

SeNP characterization

SeNPs-apigenin had a mean zeta potential of —26.2 mV and
a mean diameter of 124.3 nm (Fig. 1a and b). Figure 1c¢ dem-
onstrates the outcome of FT-IR study of the synthesized

SeNPs-apigenin. O-H group is represented by a broad peak
at 3338.81 cm™!. C—H stretch alkynes have an absorption
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Fig. 1 Characterization of Se nanoparticles green-synthesized with
apigenin (SeNPs-apigenin). A Hydrodynamic diameter of SeNPs-
apigenin by Zetasizer. B Surface charge of SeNPs-apigenin by Zeta

peak of 2110.81 cm™!. The C—O asymmetric stretch carbon
compounds are responsible for the band at 1636.25 cm™!.
The amines’ C-N stretching is responsible for the absorp-
tion peak at 1438.17 cm™!. The C—O-C asymmetric stretch
carbon compounds are responsible for the bands at 1011.07
and 950.71 cm™". In alkyl halides, C—X expanding produces
bands at 451.00 cm™'. These observations indicate the exist-
ence of many functional groups that could be accountable
for SeNPs-apigenin reduction and stabilization.
Furthermore, the XRD pattern result showed a broader
pattern without any definite Braggs peaks. The obtained
results indicate that SeNPs-apigenin is more amorphous,
not crystalline (Fig. 1d). TEM image of SeNPs-apigenin
revealed spherical particles within the diameter <200 nm.

F——y

potential. C FT-IR spectra of SeNPs-apigenin. D XRD pattern of
SeNPs-apigenin. E TEM image of SeNPs-apigenin

These particles were well distributed with no aggregation
(Fig. le).

Cytotoxic effect and growth inhibition
of SeNPs-apigenin

In the present investigation, the anticancer effect of
SeNPs-apigenin was examined against breast cancer cells
MCF-7 by using MTT test. As shown in Fig. 2, SeNPs-
apigenin markedly inhibited the growth of MCF-7 cancer
cells in a dose-dependent manner. The growth inhibition
of SeNPs-apigenin against MCF-7 cells was less than 5%
at the concentration of 1000 pM/ml, and ICs, was found
to be at 51.74 pM/ml. However, the cytotoxic effect of
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Fig.2 Effects of different concentrations of DOX and SeNPs-apigenin on MCF-7 cells
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SeNPs-apigenin was lesser than the cytotoxic effect of DOX
that has an ICs;, value at 0.59 pM/ml against MCF-7 cells.

SeNPs-apigenin treatment leads to enhanced
apoptosis in MCF-7 cells

Compared with the control cells, the early and late apopto-
sis percent in MCF-7 cells was significantly increased after
treatment with SeNPs-apigenin and DOX (Fig. 3). Further-
more, an evaluation of the apoptotic response is presented in
Fig. 4. The anti-apoptotic gene and protein expression (Bcl-
2) and Bcl2/Bax ratio showed significant reductions in cells
treated with SeNPs-apigenin and DOX compared to the
untreated control cells. The mRNA and protein expressions
of the pro-apoptotic markers Bax and caspase-3 showed
significant elevations in the groups treated with SeNPs-api-
genin and DOX compared to the untreated control cells. The
obtained results lead to the conclusion that SeNPs-apigenin
treatment can cause apoptosis enhancement.

Inhibition of cancer cell migration and invasion
by SeNPs-apigenin

MCEF-7 cells are characterized by their ability to invade the
surrounding tissues. Moreover, they show a good cloning
ability. They can break through the basement membrane
from carcinoma in situ to form metastatic foci and worsen
the disease through the invasion-metastasis cascade reaction.

A

17

In the present study, we investigated the ability of SeNPs-
apigenin to inhibit the growth of tumor cells by inhibiting
the migration and invasion of tumor cells. The invasion
experiment showed that the effect of the SeNPs-apigenin has
no or little inhibiting the invasion and migration of MCF-7
cells (Fig. 5).

Oxidative stress biomarkers

Since ROS generation and antioxidant collapse are basic
pathways that enhance apoptotic in cancer cells, ROS, NO,
and MDA levels were estimated as oxidants markers, while
antioxidant markers were assessed by determining the GSH
level and SOD and GPx activities. Noticeable rises were
noticed in ROS, NO, and MDA paralleled with significant
exhaustion in GSH level and antioxidant enzymes in DOX-
treated cells compared with untreated cells. MCF-7 cells
treated with SeNPs-apigenin showed notable increases in
measured oxidant markers and a decline in antioxidant mark-
ers compared to control cells. Compared to DOX-treated
cells, MCF-7 cells treated SeNPs-apigenin displayed higher
GSH and GPx than DOX-treated cells (Fig. 6).

Discussion

Cancer has a high death rate worldwide; consequently,
innovative techniques to control this disease should be
researched. Resistance to routinely used chemotherapy
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lowers apoptotic cancer cells, posing a challenge to cancer
treatment success (Geretto et al. 2017). DOX (antineoplas-
tic chemotherapy) causes cancer cells to die by intercala-
tion into DNA and disruption of topoisomerase-II-mediated
DNA repair and (ii) the formation of free radicals and their
damage to cellular membranes, DNA, and proteins, followed
by apoptosis. However, because DOX is mainly unspecific,
its administration frequently results in long-term tissue
harm, including neurotoxicity, nephrotoxicity, hepatotoxic-
ity, and cardiotoxicity. Drug resistance affects more than
90% of patients (Ansari et al. 2017). That is why finding the
botanical natural derived drug with an anticancer effect with
minimum side effects would be beneficial.

In MCEF-7 cells, the cytotoxic activities of DOX and
SeNPs-apigenin were examined, and the I1Cs, values were
0.59 and 51.74 uM, respectively. MCF-7 cell lines treated
with SeNPs-apigenin showed significant cytotoxicity. Previ-
ously, apigenin at doses of 60, 40, 25, and 20 uM was shown
to rescue the viability, self-renewal capacity, proliferation,
and invasion of cultured HL60, HSC-3, Hela, LNCaP, PC-3,
DU145, SW480, MDA-MD-231, H1299, and H460 cells,
indicating that apigenin at 40 uM almost completely pre-
vented apoptosis (Lee et al. 2016; Seo et al. 2015; Xu et al.
2016; Yan et al. 2017). Azab et al. (2015) discovered that
Se and/or apigenin had better antiproliferation efficiency
in Ehrlich-bearing mice. According to previous research,
green synthesis of SeNPs with phytochemicals as reducing

@ Springer

and capping agents was positively connected with improved
anticancer activity (Ezhuthupurakkal et al. 2018; Othman
et al. 2021b; Rajeshkumar et al. 2018; Umar et al. 2019).
Induction of oxidative stress by metal nanoparticles is a
characteristic of cancer cell damage induction (Song et al.
2014). High amounts of ROS may be linked to oxidative
damage and may alter mitochondrial membrane malfunc-
tion, resulting in the release of mitochondrial factors, the
activation of caspase cascades, and apoptosis (Buranrat
et al. 2020). As a result, detecting intracellular ROS pro-
duction is a crucial signal for early cellular responses to
NPs and the first stage in cellular toxicity cascade events
(Lee et al. 2011). Normally, mitochondria emit moderate
quantities of ROS as signaling molecules for cell upkeep.
In cases of excessive intracellular ROS generation by NPs,
however, cells lost their normal functions, resulting in cell
death. Compared to other metal NPs, SeNPs can generate
more ROS, resulting in oxidative damage (Song et al. 2014).
When MCF-7 cells were treated to SeNPs-apigenin, there
was a considerable increase in ROS compared to the control.
These findings are consistent with earlier research (Horinaka
et al. 2006; Wang and Zhao 2017). Apigenin caused signifi-
cant ROS generation in human colon carcinoma HCT-116
cells, demonstrating its powerful anticancer potential, sup-
porting the findings of Wnag and Zhao (2017). Furthermore,
it’s also been proven that stimulating plant extracts causes
an overabundance of reactive oxygen species (ROS), which
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Control

DOX

SeNPs-apigenin

Fig.5 Inhibition of cancer cell invasion and migration of DOX and SeNPs-apigenin on MCF-7 cells

leads to oxidative and apoptotic cancer cell death (Othman
et al. 2021b).

In addition to inducing excessive ROS, SeNPs-apigenin
significantly reduced intracellular GSH when compared to
the control. GSH protects thiol groups in enzymes and reacts
with free radicals such as single oxygen and hydroxyl radi-
cals. Because GSH content can reflect a cell’s antioxidant
capacity (Li et al. 2021), exhaustion of its content indicates
cytotoxicity of designed NPs in MCF-7 cells, which is con-
sistent with Song et al. (2014). Furthermore, there were sig-
nificant increases in MDA and NO levels, both oxidative
indicators, in SeNPs-apigenin-treated cells compared to the
control. MDA and NO levels in MCF-7 cells are significantly
raised after treatment with SeNPs, similar to the findings
of Yang et al. (2021). Increased MDA suggested cell death

mediated by lipid peroxidation of the cell membrane. Sur-
prisingly, the combination of apigenin and SeNPs increased
MDA and NO levels in cancer cells, making this therapeutic
combination a standout recipe for combating breast carcino-
genesis by developing oxidative stress in cancer cells.
Previous research has shown that ROS can interact
with the cell’s nucleophilic center and covalently attach
to nucleic acid, RNA, and proteins, causing DNA damage
(Othman et al. 2021b). Furthermore, ROS regulates the
translocation, phosphorylation, and cleavage of pro-apop-
tosis Bcl-2 members, resulting in the triggering of apop-
tosis (Wang et al. 2020). Previously, SeNPs were shown
to cause ROS production, DNA damage, and apoptosis
in C6 (rat glioma cells), A375 (human malignant mela-
noma cells), (PC-3) prostate cancer cell line, and Caco-2
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Fig. 6 Effects of DOX and

SeNPs-apigenin treatment on WA

ROS, MDA, NO, GSH, SOD,
and GPx in MCF-7 cells. Values
represent the mean of three
experiments. ¥, significant with
respect to the control (P < 0.05).
A, significant with respect to the
DOX (P < 0.05)
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cells (Chan et al. 2017; Khurana et al. 2019; Sonkusre
and Cameotra 2017). Following treatment with apigenin
or SeNPs-apigenin, we found a significant increase in pro-
apoptotic markers (caspase-3 and Bax) and a decrease in
anti-apoptotic markers (Bcl-2). The ratio of pro-apoptotic
to anti-apoptotic proteins determines cell fate (Othman
et al. 2021b). Pan et al. (2013) discovered that apigenin
decreased Bcl-2 expression while increasing caspase-3
expression in a human lung cancer cell line, NCI-H460.
Similar findings were observed in apigenin-treated human
cervical cancer cells, Hela (Kayacan et al. 2021). These
findings are in line with prior research that found plant
extracts or natural products can boost enzyme activity and
induce caspase-dependent apoptosis in human breast can-
cer cells and other cell types (Panicker et al. 2020).

Metastasis is a significant aspect of cancer, and the lead-
ing cause of mortality is around 90% of cancer patients.
Cancer cells’ migratory and invasion functions are critical
throughout this process, which leads to major repercussions
such as tumor metastases and poor prognosis (Tian et al.
2020). As a result, in addition to investigating the effects of
SeNPs on cell proliferation, this study also investigated the
effect of combining MCF-7 cells’ migration and invasion.
SeNPs therapy, as expected, can limit cell migration and
invasion to some extent. The findings are consistent with
Fang et al. (2017), who discovered that SeNPs mixed with
baicalin suppressed liver cancer cells, HepG2215, migration,
and invasion.
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Nonetheless, our research has limitations. No in vivo
data, including animal and human tests, are available to
support this study. As a result, additional research should
be conducted to corroborate the findings of the in vivo
experiments.

Conclusion

This study found that SeNPs-apigenin had a positive anti-
cancer effect on MCF-7 cells. The findings will give a basis
for nanomedicine alone or as a supplementary medication
during the chemotherapy stage of breast cancer treatment.
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