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Abstract. Lung cancer, the foremost cause of cancer-related mortality worldwide, necessitates the explo-
ration for novel anti-lung cancer therapeutics to enhance e�cacy and reduce adverse e�ects. Targeting 
selenium in the tumor microenvironment has become a new strategy for the treatment of lung cancer. 
�e objective of this study was to synthesize novel selenium nanoparticles (EBM-SeNPs) using aqueous 
extracts derived from Epimedium brevicornum Maxim and investigate its structural characteristics and 
inhibitory e�ects against lung cancer. �e physicochemical properties of EBM-SeNPs were characterized 
from multiple aspects using a variety of methods. �e CCK-8, �ow cytometry, wound healing assay, 
Western blot and the cell derived xenogra� model were conducted to evaluate the antitumor e�cacy 
in vivo and in vitro. EBM-SeNPs were approximately spherical and exhibited superior dispersivity and 
stability in water solution. And EBM-SeNPs did not display any speci�c cytotoxicity against human 
liver cells. However, they showed outstanding capability to induce apoptosis in lung cancer cells, thereby 
e�ectively suppressing their growth and migratory potential. Furthermore, EBM-SeNPs demonstrated 
a reduction of tumor and an increase in immune organ index of tumor-bearing mice. Collectively, the 
EBM-SeNPs may be an e�ective and safe option for the treatment of lung cancer.
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energy dispersive X-Ray spectroscopy; EGFR-TKIs, epidermal growth factor receptor-tyrosine kinase 
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Highlights

•	 EBM-SeNPs	were	prepared	using	an	environmentally	sustainable	approach	and	the	physicochemi-
cal properties were characterized.

•	 The	efficacy	against	lung	cancer	and	biocompatibility	of	EBM-SeNPs	were	assessed	both	in vitro 
and in vivo.

•	 Our	findings	have	revealed	a novel	biocompatible	nanocomposite	for	the	treatment	of	lung	cancer.
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Introduction

�e high incidence of lung cancer is a major contributor to 
cancer-related mortalities on a global scale (Schabath and 
Cote 2019; Bade and Dela Cruz 2020; Oliver 2022). Due to 
the high degree of malignancy and rapid tumor progres-
sion, patients with lung cancer are o�en diagnosed with 
advanced lung cancer and have poor prognosis (Lahiri et 
al. 2023). For advanced lung cancer, epidermal growth fac-
tor receptor-tyrosine kinase inhibitors (EGFR-TKIs) and 
immunotherapy are commonly used in clinical practice. 
However, considering the frequent mutation of drugs tar-
geting speci�c gene a�er long-term application and the low 
responsiveness of immunotherapy, new safe and e�ective 
treatment strategies need to be developed urgently (Li et al. 
2021, 2024; Luo Z et al. 2024).

In recent years, the study of tumor microenvironment has 
provided the potential to develop new therapeutic strategies, 
and the balance of nutrients in the tumor microenvironment 
has been increasingly studied (Fu et al. 2022). Selenium 
(Se), as an essential trace element in humans and animals, 
has been reported to demonstrate immunomodulatory and 
antitumor properties (Zhang et al. 2018; Zhou et al. 2021; 
Dogaru et al. 2023; Maia et al. 2023). Clinical studies have 
demonstrated that selenium can reduce the incidence of 
lung cancer and improve the sensitivity of lung cancer cells 
to radiotherapy, meaning that selenium compounds may 
serve as anticancer agents (Nasir et al. 2020; Manjunatha et 
al. 2021; Martínez-Esquivias et al. 2022; Zhang et al. 2023a). 
Stable and biocompatible selenium nanoparticles (SeNPs) 
have the potential to inhibit the potential toxicity of selenium 
and improve the targeting of drugs (Yan et al. 2018; Zhang 
et al. 2019; Chen et al. 2022; Sampath et al. 2024). Consider-
ing the anti-tumor e�ects of SeNPs and their role as drug 
carriers, the use of SeNPs to deliver anti-tumor drugs to the 
tumor site resulting in a stronger tumor-targeting e�ect is 
a current research hotspot.

�e Epimedium brevicornum Maxim perennial herba-
ceous plant holds signi�cant importance in the context of 
Chinese traditional medicine (TCM) (Rong et al. 2015; 
Zhang et al. 2022) and has promising therapeutic e�ects 
on osteoporosis, chronic nephritis, reproductive system 
diseases, cancer, and reduced immune function (Zhao et al. 
2019; Liu et al. 2020; Ke et al. 2023; Tong et al. 2023; Luo P et 
al. 2024). Nevertheless, when administered alone, it su�ered 
from several limitations such as the nonspeci�c scope of ac-
tion, high dosage, and low bioavailability. Notably, Icaritin, 
the active ingredient from Epimedium brevicornum Maxim, 
has been demonstrated promising therapeutic e�ects in 
hepatocellular carcinoma (HCC) patients (Lu et al. 2022). 
Recent studies have reported that the active components 
of Epimedium brevicornum Maxim have potent anti-tumor 
e�ects on lung cancer cells (Song et al. 2012; Lu et al. 2019). 

As a drug carrier that can improve drug targeting and bio-
availability, SeNPs is o�en combined with plant extracts to 
form new nanomedicine to improve the e�cacy of plant 
extracts against diseases (Veeraraghavan et al. 2021; Menon 
et al. 2022; Almukainzi et al. 2023). However, there have 
been limited studies reporting on the use of Epimedium 
brevicornum Maxim extract (EBM) as a stabilizer for SeNPs 
synthesis against lung cancer. �erefore, the synthesis of 
EBM and SeNPs is a very promising anti-tumor strategy.

�e present study included the utilization of Epime-
dium brevicornum Maxim water extract in the synthesis of 
EBM-SeNPs, followed by an analysis of the physicochemi-
cal properties of EBM-SeNPs. �e antitumor and cytotoxic 
properties of EBM-SeNPs were investigated in vitro. Simi-
larly, the in vivo biocompatibility of EBM-SeNPs was also 
evaluated, and it has been con�rmed that EBM-SeNPs has 
superior anticancer and immunological e�ects in vivo when 
compared to both EBM and bare selenium nanoparticles 
(B-SeNPs). �is study provided a new anticancer strategy 
for the treatment of lung cancer. 

Materials and Methods

Materials

EBM was purchased from a  local Chinese pharmacy and 
produced in Qinling Mountains, Shanxi Province, China. 
Selenious acid sodium (Na2SeO3) was acquired from Alfa 
Aesar Chemical Co. Ltd. (Shanghai, China). �e Shanghai 
Beyotime Biotechnology Co. Ltd. (Shanghai, China) pro-
vided cisplatin (DDP). All the antibodies were acquired from 
Chengdu Zen-Bioscience Co. Ltd.

Preparation of EBM

�e EBM extract was prepared by mixing Epimedium brevi-
cornum Maxim crude powder with deionized water in a ratio 
of 1:10 (g/ml), followed by decoction at 85°C for 3 hours. 
�e resulting mixture was then �ltered and concentrated to 
obtain the EBM extract which was then lyophilized to obtain 
a powder for further experiment.

Synthesis of EBM-SeNPs

Based on previous experience (Vundela et al. 2021) and 
a  slight modi�cation, the reaction steps in brief were as 
follows: EBM and Na2SeO3 solution were thoroughly 
mixed using a magnetic stirrer followed by the dropwise 
addition of freshly prepared C6H8O6 solution. As reported 
previously, it has been observed that a molar ratio of 1:4 
between selenious acid sodium (Na2SeO3) and ascorbic 
acid (C6H8O6) is advantageous for the complete reduction 
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of sodium selenite, leading to the formation of more stable 
SeNPs (Wang et al. 2019; Hernández-Díaz et al. 2021). 
Based on these considerations, we set total amount of 
Na2SeO3 and C6H8O6 to 0.2 and 0.8 mM, respectively, and 
introduced them into a reaction system with a volume of 
10 ml. �en we continuously adjusted the EBM concentra-
tion (2, 4, 6, 8, 10, 12, 14 mg/ml), the reaction temperature 
(0, 25, 50, 75, 100°C) and the reaction time (0.5, 1.0, 1.5, 
2.0, 2.5, 3.0 hours). We employed the control variable 
method, sequentially determining individual parameters 
while optimizing the remaining conditions for EBM-SeNPs 
synthesis. A�er the completion of the reaction, the solution 
was dialyzed in ultrapure water for 72 h to remove excess 
reaction precursors. Synthesis of B-SeNPs was carried out 
in the same way, except for an equal volume of ultrapure 
water used in place of EBM.

�e optimal reaction conditions were ascertained for the 
synthesis of stable EBM-SeNPs: 8 mg/ml of EBM, 0.2 mM 
Na2SeO3 and 0.8 mM C6H8O6, 10 ml reaction system, 37°C 
temperature and 2 h time duration.

Characterization of EBM-SeNPs

Initial con�rmation of EBM-SeNP synthesis was obtained 
using a UV spectroscopic investigation ranging from 200 
to 800 nm. �e morphology of EBM-SeNPs was studied 
with transmission electron microscopy (TEM) while the 
hydrodynamic diameter and zeta potential were meas-
ured by a  Zetasizer Nano ZS90 particle analyzer. �e 
possible functional groups in EBM-SeNPs were assessed 
using FT-IR spectra and the determination of elemental 
composition of the EBM-SeNPs was carried out by en-
ergy dispersive X-Ray spectroscopy (EDX) analysis. �e 
content of the Se element in EBM-SeNPs was quanti�ed 
using inductively coupled plasma optical emission spec-
trometer (ICP-OES).

Cell culture

�e human NSCLC cell line A549 was purchased from Boster 
Biological Technology Co., Ltd (Wuhan, China), the LLC 
cell line (mouse lung cancer cell line) was purchased from 
SUNNCELL Co., Ltd (Wuhan, China), and the L-02  cell 
line (human normal heptical cell line) was o�ered from 
the American Type Culture Collection (ATCC; Manassas, 
VA, USA). All cells were identi�ed by short tandem repeat 
(STR) before leaving the factory. All the obtained cell lines 
were cultured in DMEM medium supplemented with 10% 
fetal bovine serum (FBS, Biological Industries, Kibbutz Beit 
Haemek, Israel) and 1% penicillin-streptomycin at 37°C in 
an atmosphere of 5% CO2. All cells were tested for myco-
plasma every 2 months using Mycoplasma PCR Detection 
Kit (Beyotime, China).

Cell viability assay

�e e�ects of EBM-SeNPs on the viability of A549 and L-02 
cells were investigated by CCK-8 assay (Apexbio Biotech-
nology Science and Technology Co. Ltd., Suzhou, China). 
Brie�y, A549 and L-02 cells were seeded in a 96-well plate 
at a density of 5×103 cells/well for 24 h and then treated 
with various concentrations of B-SeNPs, EBM, EBM-SeNPs 
(0, 10, 20, 40, 80, 160 μg/ml). A�er 24 h of incubation, the 
CCK-8 reagent was incorporated and subjected to further 
incubation for 1 h. A microplate reader was employed to 
measure absorbance at 450 nm. DDP (5 ug/ml) was used 
as a  positive control. �e following formulae were used 
for calculations (Zhu et al. 2022): Inhibition ratio (%) = 
[ODcontrol – ODtreatment]/ [ODcontrol – ODblank] × 100%; 
Cell viability (%) = [ODtreatment – ODblank]/ [ODcontrol – 
ODblank] × 100%.

Cell cycle analysis and cell apoptosis 

Flow cytometry was utilized to identify the inhibitory ef-
fect of EBM-SeNPs on the cell cycle of A549 cells. Brie�y, 
A549 cells were incubated in 6-well plates for 24 h a�er 
being treated with B-SeNPs, EBM, or EBM-SeNPs. Cells 
cultured in drug-free medium were used as the control 
group. �en the cells received a one-time wash using pre-
chilled PBS. Propidium iodide (PI) (Shanghai Beyotime 
Biotechnology Co. Ltd., Shanghai, China) staining was 
performed a�er cell �xation with 70% ethanol for a dura-
tion of 8 h at 4°C. �e samples were then analyzed by �ow 
cytometry. Similarly, cells were suspended and stained with 
annexin V-FITC and PI (Shanghai Beyotime Biotechnol-
ogy Co. Ltd., Shanghai, China) a�er being washed and 
centrifuged. �e apoptosis of the cells was then evaluated 
via �ow cytometry.

Wound healing assay

�e A549 cells were cultured to 100% con�uency in a six-
well plate and the incision was performed by using a 100 μl 
pipette. A�er washing with PBS for 3 times, the cells were 
cultured in a medium supplemented with 2% serum con-
taining di�erent drugs (B-SeNPs, EBM, or EBM-SeNPs). 
Then the cells were imaged using a  microscope from 
Olympus Corporation in Tokyo, Japan, a�er 0, 24 and 
48 h of incubation.

Western blotting assay

�e cell protein was extracted from each group, and the 
protein concentration was quanti�ed using the BCA assay 
(Shanghai Beyotime Biotechnology Co. Ltd., Shanghai, 
China). �e protein was then transferred onto a  PVDF 
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(0.22  µm) membrane a�er being resolved by 10% SDS-
PAGE. Membranes were incubated with primary antibodies 
overnight at 4°C following blocking with 5% skim milk. 
Following that, the samples were subjected to blotting 
using secondary antibodies conjugated with horseradish 
peroxidase (HRP) and analyzed with an enhanced chemi-
luminescence (ECL) detection system (Bio-Rad, USA).

Animal experiments

The female C57BL/6 mice (6–7 weeks) were obtained 
from the Laboratory Animal Center of Chongqing Medi-
cal University and housed under speci�c pathogen-free 
conditions in the Laboratory Animal Center of the Second 
A�liated Hospital of Chongqing Medical University. All 
experimental animal procedures were approved by the 
Animal Ethics Committee of the Second A�liated Hos-
pital of Chongqing Medical University (IRB No. IACUC- 
SAHCQMU-2023-0021). A�er a one-week acclimatization 
period, 5×106 LCC cells were injected into the right armpit 
of the mice. �e tumor volume was calculated using the 
following formula (Jiang et al. 2024): Tumor volume = 
(a×b2)/2, where a is the maximum diameter of the tumor 
and b is the minimum diameter of the tumor. When the 
tumor volume reached 50–100 mm3, mice were randomly 
allocated into �ve groups, each comprising six mice. �en, 
normal saline (NS, 200 μl/day), B-SeNPs (2 mg/kg/day), 
EBM (2 mg/kg/day), EBM-SeNPs (2 mg/kg/day), and 
DDP (4 mg/kg/3 days) were respectively administered 
to the mice by intraperitoneal injection for 21 days. �e 
weights and the tumor volume of mice were recorded on 
alternate days.

A�er that, the tumors and immune organs were har-
vested and weighed to evaluate tumor inhibition rate and 
organ index separately. �e peripheral blood samples were 
collected for the examination of kidney and liver function. 
�e tumors and major organs (heart, liver, spleen, lung, and 
kidney) were preserved in 4% polyoxymethylene for H&E 
and PCNA staining. �e tumor inhibition rate and organ 
indexes were calculated as follows: organ indexes = spleen 
(thymus) weight/body weight × 100%; tumor inhibition rate 
(%) = (1 – a/b) × 100%, where a is the weight of the tumors 
of the treatment groups, and b is the average weight of the 
tumors of the control group.

Statistical analysis

Statistical analysis was performed on all the data related to 
multiple groups using one-way ANOVA with SPSS so�ware 
(version 16.0, SPSS, Inc., Chicago, IL). �e �ndings were 
presented as the mean ± SD, and di�erences were de�ned 
as signi�cant at a p value < 0.05.

Results 

Synthesis and characterization of EBM-SeNPs

�e change in color of the reaction solution can typically 
serve as an initial indicator for assessing the synthesis of 
SeNPs. �e coloration of SeNPs, as observed in previous 
studies (Mikhailova 2023; Adam-Dima et al. 2024; Haji 
Mehdi Nouri et al. 2024), primarily exhibits shades ranging 
from orange to brick red, which can be attributed to varia-
tions in the concentration of SeNPs and types of precursors. 
�e transformation of the colorless Na2SeO3 solution to 
a brick-red color served as preliminary con�rmation of the 
synthesis of EBM-SeNPs in present investigation (Gunti et 
al. 2019). As illustrated in Figure 1A, the UV-vis spectrum 
revealed a  maximal characteristic peak at 265 nm which 
further indicated the formation of EBM-SeNPs (Hernández-
Díaz et al. 2021). And the UV-vis spectrum of EBM-SeNPs 
demonstrated discernible attributes in comparison to its 
synthetic precursors, thereby signifying the chemical and 
physical interaction between the components (Cao et al. 
2021). Additionally, the absorption maximal peak exhibited 
temporal consistency for two weeks, indicating the stability 
of EBM-SeNPs (Fig. 1B). Finally, the optimal reaction condi-
tions were ascertained for the synthesis of stable EBM-SeNPs: 
8 mg/ml of EBM, 0.2 mM Na2SeO3 and 0.8 mM C6H8O6 at 
37°C for 2 h in a 10 ml reaction system.

TEM was utilized to examine the morphology of EBM-
SeNPs. Unlike B-SeNPs, which exhibited signi�cant aggre-
gation, most of EBM-SeNPs appeared as dispersed, nearly 
spherical particles with an average size of 40 nm, and were 
signi�cantly smaller than B-SeNPs (Fig. 1C). Consisting with 
previous investigations (Yang et al. 2023), the presence of 
EBM on the surface of SeNPs is believed to alter the size of 
SeNPs while serving as a nano-stabilizer. �e sizes of EBM-
SeNPs observed under TEM were smaller than that under the 
dynamic light scattering (DLS), which was calculated to be 
65.03 ± 1.96 nm (Fig. 1D). �e variations in measurements 
could be attributed to the fact that DLS assessed the diam-
eter in the water-swelling state, whereas TEM measured the 
diameter in the dry state. �e polymer dispersity index (PDI) 
of EBM-SeNPs was reported to be 0.383, which indicated 
a good distribution of these particles. �e zeta potential of 
EBM-SeNPs was determined to be −22.95 ± 0.76 mV (Fig. 
1E), indicating the presence of substantial negative charges 
on the surface of nanoparticles. �ese charges could create 
repulsion forces, contributing to the increased stability of 
the nanoparticles in the solution.

FT-IR analysis was performed to determine the pres-
ence of EBM on the surface of SeNPs and to examine the 
interaction between EBM and SeNPs in EBM-SeNPs (Fig. 
1F). �e strong absorption peaks at 3396 and 2926 cm–1 in 
the FT-IR spectrum of EBM were attributed to stretching 
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Figure 1. �e UV-vis absorption spectra and characterization of EBM-SeNPs. A. �e UV-vis spectra of EBM-SeNPs, EBM, Na2SeO3, 
and C6H8O6. B. �e UV-vis spectra of EBM-SeNPs at di�erent time. C. TEM images of EBM-SeNPs and B-SeNPs. D, E. DLS analysis of 
EBM-SeNPs. F. FTIR analysis of B-SeNPs, EBM-SeNPs and EBM. G. EDX analysis of EBM-SeNPs. (See online version for color �gure.)
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vibrations of the O-H and C-H groups, respectively (Has-
san et al. 2021). �e peak at 1605 and 1075 cm–1 can be 
respectively attributed to the C–O and C–O–C stretching 
(Wang et al. 2021; Vu et al. 2023). �e peaks observed in the 
FT-IR spectrum of EBM-SeNPs were found to be identical, 
suggesting the existence of EBM in EBM-SeNPs. Speci�-
cally, a shi� in the –OH peak from 3396 cm−1 (EBM) to 
3407 cm−1 (EBM-SeNPs) was observed, indicating interac-
tions between SeNPs and EBM through physical adsorption 
(Huong et al. 2023).

�e elemental composition of EBM-SeNPs was thor-
oughly examined through EDX analysis. �e con�rmation 
of the e�ective synthesis of EBM-SeNPs was further sup-
ported by the presence of Se in the EDX spectroscopy data, 
as illustrated in Figure 2E. Meanwhile, the existence of Cu 
atoms can be attributed to the copper grids that served as 
the �lament’s support. According to ICP-OES, the mass 
percentage of Se in EBM-SeNPs was 43.5%.

To explore which substances in EBM might play a major 
role, HR-LCMS was carried out, and the Icariin, Epimedin A, 

Figure 2. HR-LC/MS chromatogram 
of main active components in EBM. 
Liquid chromatograms (A) and Ion 
mass spectrometry (B) of Epimed-
in A, Epimedin B, Epimedin C and 
Icariin.

A

B
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Epimedin B and Epimedin C were chosen to be detected 
in EBM as these compounds were clari�ed to be main ac-
tive substance in EBM (Sha et al. 1997; Naseer et al. 2015). 
High-resolution liquid chromatography–mass spectroscopy 
(HR-LCMS) are reported in Figure 2. HR-LCMS study of 
the aqueous extracts from EBM revealed the presence of 
Epimedin A (Rt 4.40 min, MS 839.2946 m/z), Epimedin B (Rt 
4.41 min, MS 809.2836 m/z), Epimedin C (Rt 4.45 min, MS 
823.3021 m/z), and Icariin (Rt 4.47 min, MS 677.2440 m/z). 
�ese �avonoids were previously described as major anti-
cancer compounds in EBM (Chen et al. 2024; Gu et al. 2017; 
Liu FY et al. 2023, Liu YM et al. 2023; Zhang et al. 2023b).

Antitumor e�ect of EBM-SeNPs in vitro

Cytotoxicity of EBM-SeNPs

�e cytotoxicity of EBM-SeNPs on A549 and L-02 cells was 
evaluated using the CCK-8 assay. In Figure 3A, the inhibi-
tory e�ects of both EBM-SeNPs and EBM on A549 cells were 
observed in a  dose-dependent manner and EBM-SeNPs 
exhibited a  stronger cytotoxic e�ect on lung cancer cells 
compared to EBM. B-SeNPs had minimal impact on the 
cells, which may be because B-SeNPs aggregated and pro-
duced precipitates incapable of interacting with cells (Yang 
et al. 2023). It is worth noting that the inhibition rate of 
EBM-SeNPs on A549 cells at a concentration of 40 ug/ml 
can reach up to 33%, which was comparable to the conven-
tional chemotherapeutic drug DDP. �e results suggested 
that EBM plays a pivotal role in determining the bioactivity 
of SeNPs, and the remarkable antitumor e�cacy observed 
with EBM-SeNPs can be attributed to the synergistic inter-
action between EBM and SeNPs.

Studies have demonstrated that Se primarily accumulates 
in the liver and excessive Se intake can lead to liver dam-
age (Urbankova et al. 2021; Singh et al. 2024). �erefore, to 
investigate the biocompatibility of these three drugs, human 
normal liver cell line L-02 was used as model cells. �e results 
demonstrated that DDP signi�cantly decreased the viability 
of L-02 cells. Interestingly, neither EBM, EBM-SeNPs, nor 
B-SeNPs exhibited any notable cytotoxic e�ects on L-02 cells 
even at a drug concentration of 160 ug/ml (Fig. 3B). Mean-
while, the cell survival rate of L-02 cells exhibited a gradual 
increase a�er treatment with lower doses of EBM-SeNPs, 
especially at 20 μg/ml and 40 μg/ml, which may be due to 
the provision of growth nutrients or the protective e�ects of 
low doses of EBM-SeNPs on liver cells. �ese results sug-
gested that EBM-SeNPs showed excellent antitumor e�ects 
and good biocompatibility on normal cells. Considering the 
anti-tumor e�cacy and hepatocyte safeguarding properties 
of EBM-SeNPs, subsequent investigations were conducted 
at a concentration of 40 μg/ml.

Pro-apoptotic e�ect of EBM-SeNPs on A549 cells

Previous studies have demonstrated that the promotion of 
apoptosis is regarded as one of the most pivotal mechanisms 
underlying the anti-tumor e�ects exerted by selenium-
containing compounds (Shi et al. 2021). Flow cytometry 
was used to evaluate the apoptosis rate of A549 cells a�er 
being exposed to EBM-SeNPs. As shown in Figure 4A, both 
EBM-SeNPs and EBM signi�cantly induced apoptosis in 
A549 cells compared to the control group. And compared 
to EBM, EBM-SeNPs signi�cantly augmented the overall 
apoptotic rate of A549 cells, with a more pronounced occur-
rence of early apoptosis. �ese �ndings suggested that the 

Figure 3. Evaluation of the cytotoxicity of EBM-SeNPs on lung cancer cells and normal liver cells. A. Heat map of the B-SeNPs, EBM, 
and EBM-SeNPs inhibition rates at di�erent concentrations on A549 cells. B. Heat map of the B-SeNPs, EBM, and EBM-SeNPs survival 
rates at di�erent concentrations on L-02 cells. DDP (5 ug/ml) was used as a positive control.

A B
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Figure 4. �e detection of cellular 
apoptosis. A. The apoptotic effect 
of B-SeNPs, EBM, and EBM-SeNPs 
on A549 cells detected by �ow cy-
tometry. B. �e protein expression 
of SeNPs, EBM, and EBM-SeNPs on 
A549 cells detected by Western blot. 
* p < 0.05, ** p < 0.01.

A

B

apoptotic induction ability of EBM-SeNPs was signi�cantly 
enhanced compared to that of EBM.

Antiapoptotic protein Bcl-2 is one of the primary regula-
tors of apoptosis (Dong et al. 2016; Singh et al. 2019). Bax, 
a pro-apoptotic protein, is capable of forming heterodimers 
with Bcl-2, thus facilitating apoptosis (Liu et al. 2015). �e 
pro-apoptosis e�ect of the EBM-SeNPs was further veri�ed 
by the detection of Bcl-2 and Bax. �e results demonstrated 
that the treatment of EBM and EBM-SeNPs considerably 
increased Bax expression and decreased Bcl-2 expression 
(Fig. 4B), suggesting that, consistent with the results of �ow 
cytometry, EBM-SeNPs had a stronger e�ect on inducing Bax 
expression and inhibiting Bcl-2 expression than EBM. Cas-

pase-3, an essential apoptosis executor, can be stimulated by 
caspase-9 and other initiators, which is capable of causing cell 
apoptosis via cleavage of numerous cellular substrates (Chen 
et al. 2008; Pfe�er and Singh 2018). Results of Western blot 
demonstrated that EBM-SeNPs considerably upregulated 
the expression of Cleaved-caspase 3 and Cleaved-caspase 9. 
�erefore, EBM-SeNPs may induce apoptosis in A549 cells 
by regulate the expression of Bax, Bcl-2 and caspase 3.

Inhibitory e�ect of EBM-SeNPs on A549 cells growth

�e cell cycle is crucial for cell growth (Ramadoss and Sival-
ingam 2021). As shown in Figure 5A, a �ow cytometry analysis 
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Figure 6. Antitumor e�ects of B-SeNPs, EBM, 
and EBM-SeNPs on LLC tumor-bearing mice. 
A. Changes in tumor volume among mice 
over the three weeks. B. Photograph of tumors 
from di�erent groups. C. �e tumor weight 
of mice. D. �e tumor inhibition rate under 
various treatment regimens. E. �e temporal 
progression of body weights in mice. F. Spleen 
and thymus index in di�erent groups. * p < 
0.05, ** p < 0.01 vs. control group.

A

C

E

B

D

F

was performed to examine the e�ect of EBM-SeNPs on the cell 
cycle of A549 cells. �e results showed that, in comparison with 
the control group, both EBM-SeNPs and EBM signi�cantly 
increased the proportion of cells in G0/G1 phase, indicating the 
ability of EBM-SeNPs and EBM to induce cell cycle arrest at this 
stage. Furthermore, the percentage of cells in G0/G1 phase was 
notably higher in the EBM-SeNPs group compared to the EBM 
group, suggesting a stronger inhibitory e�ect of EBM-SeNPs on 
A549 cells in cell cycle. Conversely, B-SeNPs exhibited negligible 
impact on cell cycle due to inherent structural instability. �ese 
�ndings demonstrated that EBM-SeNPs e�ectively arrested the 
cell cycle of lung cancer cells in the G0/G1 phase, highlighting 
the essential role of EBM-mediated modi�cation in enhancing 
the biological activity of SeNPs.

Inhibitory e�ect of EBM-SeNPs on A549 cells migration

�e ability of cell migration plays a  crucial role in tumor 
metastasis (Kramer et al. 2013). A Wound healing assay was 

conducted to further examine the e�ect of EBM-SeNPs on 
the migration of A549 cells (Fig. 5B). Compared to the con-
trol group, both the EBM and EBM-SeNPs groups exhibited 
signi�cantly lower migration rates, indicating their signi�cant 
inhibition on A549 cell migration in vitro. Notably, the inhibi-
tory e�ect of EBM-SeNPs was evident as early as 24 h a�er 
drug treatment, whereas no such phenomenon was observed 
in the EBM group. Furthermore, the wound healing rate of 
the EBM-SeNPs group was signi�cantly lower than that of the 
EBM group, highlighting a much stronger inhibitory e�ect 
of EBM-SeNPs on A549 cells compared to EBM alone. As 
anticipated, B-SeNPs had minimal impact on cell migration.

Antitumor e�ect of EBM-SeNPs in vivo

Tumor volume

To further con�rm the anti-lung cancer e�ects of EBM-
SeNPs in vivo, we evaluated the e�cacy of EBM-SeNPs 
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in C57BL/6 mice bearing tumors derived from LLC cells. 
Figure 6A portrayed the trend for change in the tumor size. 
A�er the treatment of 21 days, the tumors were excised, 
photographed (Fig. 6B) and weighed for calculation of the 
inhibition rate (Fig. 6C,D). Consistent with the results in 
vitro, tumor volume curves and tumor weight of mice in the 
EBM-SeNPs and DDP group exhibited a signi�cantly lower 
level compared to that in the control group, indicating that 
EBM-SeNPs has a similar anti-tumor e�ect as DDP in vivo. 
It is noteworthy that there was no statistically signi�cant 
di�erence in tumor volume and tumor weight between the 
EBM group and control group, which may be attributed to 
reduced bioavailability of EBM in vivo.

Body weight and immune organ index

�e body weight of mice can re�ect the toxicity of drugs to 
a certain extent. �e body weight of mice in each group was 
monitored over 21 days (Fig. 6E). �e weight of mice in the 
B-SeNPs, EBM, EBM-SeNPs, and control group remained 
stable throughout the administration period, indicating that 
these drugs did not cause any signi�cant toxicity to mice. 
In contrast, mice treated with DDP experienced signi�cant 
weight loss due to potential gastrointestinal reactions and 
hepatorenal toxicity (Shahid et al. 2018; Qi et al. 2019). It 
is worth mentioning that the weight curve of mice in the 
EBM-SeNPs group was located above that of the control 
group, suggesting that EBM-SeNPs may confer protective 
e�ects in mice at the current drug dosage. �ese �ndings 
may be attributed to the regulation of intestinal absorption, 
immune enhancement, and detoxi�cation by EBM-SeNPs 
(Chen et al. 2022).

Considering the recognition that immune organ index 
are signi�cant indicators of immune functions. �e exami-
nation of the thymus and spleen index in treatment groups 
were conducted (Ding et al. 2019). Figure 6F showed that 
the thymus and spleen index of mice in EBM group and 
EBM-SeNPs group of mice demonstrated an increase, with 
the EBM-SeNPs group showing a more signi�cant e�ect on 
immune organ index, which can be ascribed to the syner-
gistic interaction between EBM and SeNPs (Razaghi et al. 
2021). Conversely, the thymus and spleen index of mice in 
DDP group exhibited a decrease, which may be ascribed to 
the prominent immunosuppressive adverse e�ects associated 
with DDP (Qi et al. 2019). 

H&E and immunohistochemical analysis

Tumor tissues were stained with H&E and PCNA to further 
elucidate the antitumor activity of EBM-SeNPs. �e results 
of H&E staining indicated a higher incidence of cell necrosis 
and karyopyknosis in the EBM-SeNPs and DDP groups, 
compared to the control group (Fig. 7A). �e number of 
PCNA positive cells in EBM-SeNPs and DDP groups also 
decreased signi�cantly in comparison to the control group, 
indicating a decline in tumor proliferation (Fig. 7B). �ese 
histological results indicated that EBM-SeNPs had stronger 
anti-lung cancer activity than NS, B-SeNPs and EBM groups 
which was consistent with the previous results.

Biocompatibility analysis in vivo

Routine blood biochemical parameters were assessed 
to evaluate the biocompatibility of EBM-SeNPs. As 

Figure 8. Summary of the synthesis 
of Epimedium selenium nanoparticles 
and e�cacy against cancer.
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demonstrated in Figure 7C, the serum levels of ALT, 
AST, UREA, and CREA in the B-SeNPs, EBM, and 
EBM-SeNPs groups were all within the normal range, 
indicating no evidence of liver or kidney dysfunction 
(Dicson et al. 2015). The mice in DDP group, however, 
exhibited significant hepatic and renal impairment, 
consistent with previous investigations (Qi et al. 2019). 
Interestingly, both AST and CREA levels of mice in EBM-
SeNPs group exhibited a significant decrease compared 
to those in the control group, indicating a  protective 
effect on liver and kidney function (Abu-Zeid et al. 
2021; Al-Brakati et al. 2021). The results were further 
validated through H&E staining of vital internal organs 
(heart, liver, spleen, lung, and kidney). As depicted in 
Figure 7D, the B-SeNPs, EBM, and EBM-SeNPs groups 
exhibited no apparent signs of organ toxicity, while 
conspicuous vacuolar degeneration was observed in the 
kidney specimens from the DDP group.

Discussion

�e physicochemical properties and e�ciency against lung 
cancer of EBM-SeNPs was evaluated in this study. �e suc-
cessful synthesis of EBM-SeNPs using Epimedium brevicor-
num Maxim extract with an average diameter of 65 nm was 
reported. �e physicochemical properties of EBM-SeNPs 
were analyzed by UV-vis spectroscopy, TEM, FT-IR, EDX 
and ICP-OES. EBM-SeNPs can promote lung cancer cell 
apoptosis, and inhibit growth and migration of lung cancer 
cells, hence indicating a stronger anti-tumor e�ect compared 
with B-SeNPs and EBM in vitro. Furthermore, the results in 
vivo proved that EBM-SeNPs were safe and biocompatible as 
they decreased tumor volume and weight while increasing 
the immune organ index in tumor-bearing mice. In sum-
mary, EBM-SeNPs derived from Epimedium brevicornum 
Maxim extract have the potential to be used as a  novel 
antitumor agent against lung cancer (Fig. 8).

Nanoparticles are known to induce strong oxidative stress 
in vivo and in vitro because of intracellular reactive oxygen 
species (ROS) generation. �e oxidative stress triggered by 
nanoparticle has been associated with lung in�ammation and 
injury. It has been reported that ascorbic acid, a water-soluble 
radical scavenger, could inhibit intracellular oxidative stress 
induced by nanoparticles (Fukui et al. 2017). �e treatment 
of ascorbic acid would be a solution to the potential drug 
toxicity of selenium nanomedicine.
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