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A B S T R A C T   

This paper describes some useful information on the ultrasonic-assisted hydrothermal fabrication of selenium 
nanorods (abbreviated as SeNRs) and their potential anticancer activity. The synthesis of SeNRs was confirmed 
and their selective anticancer activity against DU-145 cells as a standard prostate cancer cell line and human 
prostate normal cell line, RWPE-1 were assessed. The result of the FTIR study revealed the bending and 
stretching vibration of the Se-O bond. UV–vis spectroscopy data displayed a sharp maximum absorption (λmax) 
peak at 298 nm and the TEM image demonstrated that Se nanostructures had a rod-shaped morphology with 
lengths ranging from 50 to 100 nm and a diameter of around 10 nm. DLS data displayed that SeNRs had an 
average size of 204.68 nm and a zeta potential value of – 37.29 mV. Then, IC50 concentration of SeNRs against 
DU-145 and RWPE-1 cell lines were calculated to be about 15 µg/mL and 50.06 µg/mL, respectively, at 24 h. 
Also, it was deduced that SeNRs triggered their anticancer activity through the induction of membrane leakage, 
oxidative stress, apoptosis by overexpression of Bax/Bcl-2 ratio and caspase-9,-8, -3, and downexpression of AKT, 
PI3K, and mTOR mRNA and proteins, which was further verified by pre-incubation of cells with PI3K inhibitor, 
LY294002. Thus, the synthesized SeNRs can be used and developed as an effective nanostructure for the 
treatment of prostate cancer in future studies.   

1. Introduction 

One-dimensional (1-D) nanomaterials including nanowires, nano
rods (NRs), or nanotubes have received great interest recently because of 
their unique physical, chemical, and medical characteristics (Kuchib
hatla et al., 2007; Shin et al., 2023). The biomedical features of 1-D 
nanostructures, such as high drug loading potency, extended blood 
circulation, interaction with tumor cells, selective cellular uptake, 
potent photothermal capability, and chemical tunability have facilitated 
their capacity for biomedical implementations, specifically in cancer 
therapy (Shin et al., 2023). It has been reported that enhancing the 
cytotoxicity of cancer chemotherapeutics can be achieved through their 
combination with NR-mediated hyperthermia (Hauck et al., 2008; 
Shukla et al., 2020; Liao et al., 2015). Furthermore, Hasannia et al. 
(Hasannia et al., 2022) reported that doxorubicin-hybrid NRs could 
facilitate targeted drug delivery and imaging of metastatic tumor cells. 
Also, Kang et al. (Kang et al., 2022) showed that rhodium–tellurium NRs 

synthesized through galvanic replacement-polyol regrowth are potential 
candidates for achieving dual-modal cancer thermo-dynamic therapy. 
Therefore, the study of synthesis and anticancer effects of inorganic NRs 
can be recognized as a potential research field for nanotechnologists. 

A vital trace element called selenium (Se), which is incorporated into 
selenoproteins, regulates a variety of important cellular processes and is 
essential for maintaining human health (Rayman, 2012). The extensive 
in vitro and in vivo evidence indicated that Se nanostructures mitigate the 
proliferation of various types of cancers (Ahmad et al., 2015; Alkhud
hayri et al., 2020; Gayathri et al., 2023). For example, Gao et al. (Gao 
et al., 2022) demonstrated that functionalized Se nanomaterials are able 
to trigger anti-colon carcinoma activity mediated by apoptosis and cell 
cycle arrest. Additionally, Wang et al. (Wang et al., 2022) reported that 
green synthesized Se nanoparticles induce apoptosis as well as auto
phagy in gastric cancer cells mediated by regulating the PI3K/Akt/ 
mTOR signaling pathway. Furthermore, lactoferrin-modified bio
synthesized Se nanostructures were shown to serve as a suitable 
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candidate for the induction of apoptosis in several human cancer cells 
(El-Fakharany et al., 2023). Although different routes for the synthesis 
of Se nanostructure have been reported (Bisht,Phalswal,and Khanna, 
2022), the hydrothermal method seems to be a potential, simple and 
inexpensive approach for synthesizing SeNRs (Chen et al., 2006). This 
method uses a wet-chemical process to crystallize powders into nano
materials in a sealed container following high vapor pressure at different 
temperatures between 100 ◦C and 250 ◦C (Chen et al., 2006). However, 
the aggregation tendency of synthesized NRs along with the long pro
cedure time of the hydrothermal method make difficult the application 
of this method for the fabrication of NRs (Ma et al., 2006; ur Rehman 
et al., 2023). A combination of the hydrothermal method with ultra
sonication can be a potential strategy to address these drawbacks. 
Therefore, hydrothermal strategy with the assistance of ultrasonication 
can play a key role in the formation of potential NRs for therapeutic 
application (Ma et al., 2006). 

Although the anticancer effects of Se nanostructures have been well- 
reported in literature, the anticancer mechanism of SeNRs synthesized 
through ultrasonic-assisted hydrothermal method against prostate can
cer, a common disease in Chinese males, has remained still unclear. 

Prostate cancer incidence is expanding rapidly in urban areas and the 
mortality rate is inexpertly high in rural areas of China. According to the 
characteristics of prostate cancer and its stages, achievements in early 
detection and inhibition of prostate cancer cell proliferation are the 
important key to ameliorating the rate of prostate cancer survival in 
China (Ye and Zhu, 2015). 

The phosphatidylinositol-3-kinase (PI3K)/protein kinase B (Akt)/ 
mammalian target of rapamycin (mTOR) pathway is known as a crucial 
intracellular signaling pathway controlling cancer cell proliferation and 
associated invasion (Polivka Jr and Janku, 2014). PI3K can activate Akt 
known as a serine/threonine kinase, which in turn facilitates cell growth 
and phosphorylation of mTOR by inactivating apoptosis (Polivka Jr and 
Janku, 2014). Thus, growth and invasion of cancer cells can be inhibited 
by modulating the PI3K/Akt/mTOR signaling pathway. 

Therefore, in this study to prepare SeNRs with good colloidal sta
bility and potential anticancer effects, these nanostructures were syn
thesized through ultrasonic-assisted hydrothermal method. After 
characterization, their anticancer effects against prostate cancer cells 
and associated signaling pathways were assessed by different cellular 
and molecular assays. 

2. Material and methods 

2.1. Materials 

Hydrazine hydrate (Cat Nr: 225819, 99.99 %), selenium dioxide 
(SeO2, Cat Nr: 325473, 98 %), LY294002, and 3-(4,5-dimethylthiazol-2- 
yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, Cat Nr: CT01-5) were 
purchased from Sigma-Aldrich (USA). 

2.2. Synthesis of SeNRs 

Typically, 1 ml of hydrazine (N2H4, 50 %, v/v) and 0.128 g of SeO2 
were mixed and transferred into a 100 ml Teflon-lined stainless steel 
autoclave and incubated at 110 ◦C for 4 h followed by cooling to room 
temperature. The as-synthesis particles were transferred into an ultra
sonic bath (BRANSON, 1510) at room temperature for 2 h. Then, the 
obtained product was filtered through a millipore filter (0.45 μm), 
washed with double distilled water as well as alcohol, dried at 100℃ 
overnight, and calcinated at 400℃ for 4 h. 

2.3. Characterization of SeNRs 

Synthesized SeNRs were analyzed by UV–vis spectroscopy at the 
wavelength of 200–600 nm using a single beam spectrophotometer 
(Thermo Spectronic, GENESYS™ 8, England). Fourier-transform 

infrared spectroscopy (FTIR) spectrum of SeNRs was read using a 
Nicolet MODEL 205 (Thermo Fisher Scientific, USA) with a wavelength 
range from 400 to 4000 cm− 1. For the transmission electron microscopy 
(TEM) study, 15 μl of the sample was dropped on a copper stub and after 
air-drying, the images of SeNRs were captured using HITACHI H-800 
(Hitachi H-800, Hitachi, Japan), operating at 80 kV. Dynamic light 
scattering (DLS) was used to characterize the hydrodynamic radius and 
zeta potential of SeNRs (0.5 mg in 20 ml ultrapure water) on a Malvern 
Zetasizer (Malvern Zetasizer nano ZEN3600, United Kingdom). 

2.4. Cell culture 

The DU-145 cell line and the human prostate normal cell line, RWPE- 
1, were obtained from American Type Tissue Collection (ATCC, USA). 

Cancer and normal cells were cultured in RPMI 1640 (Gibco, USA) 
and DMEM (Gibco, USA) media, respectively, supplemented with 10 % 
heat-inactivated fetal bovine serum (FBS, Gibco, USA) and 1 % antibi
otics and maintained at 37 ◦C with 5 % CO2. To investigate the mech
anisms for SeNRs-stimulated cell death, cells were pre-incubated with 
the LY294002 (10 µM, a PI3K inhibitor) for 2 h, then added by IC50 
concentration of SeNRs for a further 24 h. 

2.5. MTT assay 

Human prostate cancer and normal cells (1×104 cells per well) were 
cultured on a 96-well plate, incubated overnight, and added by different 
concentrations of SeNRs (0.1–20 µg/mL) for 24 h. Afterward, 10 μl of 
MTT dye (5 mg/mL) was added and incubated for 4 h. Then, the media 
were removed and replaced with 100 μl of DMSO and incubated for 15 
min. Finally, the plates were read at 570 nm using a microplate reader 
(Bio-Tek, Winooski, USA). 

2.6. Lactate dehydrogenase (LDH) cytotoxicity assay 

The LDH assay was done based on the protocols provided with the kit 
(TOX7-1KT, Sigma-Aldrich). Briefly, after the incubation of the cells 
with IC50 concentration of SeNRs determined by MTT assay, aliquots of 
the medium were removed and mixed with LDH reaction mixture for 30 
min in the dark. After the stop of the reaction by 1 N HCl, the absorbance 
of the samples was read spectrophotometrically at 490 nm using a 
microplate reader (Bio-Tek, Winooski, USA). 

2.7. Intracellular ROS measurement assay 

The level of intracellular ROS generation was calculated by the 
method described previously (Sharma,Anderson,and Dhawan, 2012) 
using 2,7-dichlorofluorescein diacetate (DCFDA; Sigma-Aldrich) dye. 
Briefly, cells were seeded, exposed to SeNRs (IC50 concentration) for 6 h, 
washed twice with PBS, incubated with DCFDA dye (15 μM) for 40 min 
at 37 ◦C, and finally fluorescence intensity was read using with a fluo
rometric plate reader (Spectramax, Gemini EM) at excitation and 
emission wavelengths of 485 and 528 nm, respectively. 

2.8. Lipid peroxidation 

Lipid peroxidation assay was done using Cayman’s Chemicals Kit 
(USA) according to the manufacturer’s protocols reported previously 
(Sharma,Anderson,and Dhawan, 2012). Briefly, the cells exposed to 
SeNRs (IC50 concentration) for 6 h were harvested, washed with PBS, 
and centrifuged at 4 ◦C for 6 min at 1,500 rpm. Then, cell pellet was 
sonicated (15 W, 10 s) to obtain the cell lysate. Ferrous ions were then 
added to the cell extract, which following a reaction with lipid hydro
peroxide resulted in the formation of ferric ions. The formation of ferric 
ions was detected spectrophotometrically at 500 nm using thiocyanate 
ion as the chromogen on a microplate reader (Bio-Tek, Winooski, USA). 

D. Shen and S. Kang                                                                                                                                                                                                                           



Arabian Journal of Chemistry 17 (2024) 105714

3

2.9. Mitochondrial membrane potential (MMP) assessment 

MMP values were detected using the fluorescent probe 5,5′,6,6′-tet
rachloro-1,1′,3,3′-tetraethylbenzimidazolcarbocyanine iodide (JC-1; 
Sigma-Aldrich, USA) based on the protocol reported previously 
(Sharma,Anderson,and Dhawan, 2012). Briefly, cells were exposed to 
SeNRs (IC50 concentration) for 24 h, harvested, and washed, incubated 
with 10 μM JC-1 for 15 min at 37 ◦C, washed, and re-suspended in PBS at 
a density of 106 cells/mL. The overall fluorescence was read using a 
fluorometric plate reader (Spectramax, Gemini EM) at excitation and 
emission wavelengths (green fluorescence, 485 nm and 535 nm) and 
(Red fluorescence, 550 nm and 600 nm), respectively. 

2.10. Caspases activity assay 

The cells exposed to SeNRs (IC50 concentration) for 24 h were har
vested, washed with PBS, and centrifuged at 4 ◦C for 6 min at 1,500 rpm. 
The cell pellet was then sonicated (15 W, 10 s) to obtain the cell lysate. 
Aliquots of cell extracts were used for the determination of the activity 
of caspase-3, caspase-8 and caspase-9 by Activity Assay Kits (Beyotime 
Biotechnology, Shanghai, China) following the manufacturer’s 
protocols. 

2.11. Real-time quantitative PCR analysis 

Real-time quantitative PCR analysis for the determination of 
apoptotic gene expression was performed using an RG-3000 Real-Time 
Thermal Cycler (Corbett Research, Sydney, Australia). Briefly, the cells 
were treated with SeNRs (IC50 concentration) for 24 h, harvested, and 
exposed to RNA extraction using a TRI reagent (Invitrogen, Carlsbad, 
CA, USA). The cDNA was then synthesized using 2 µg of total RNA with a 
Revert AidTM First Strand cDNA Synthesis Kits (Fermentas, Germany) as 
per the manufacturer’s protocol. The expression levels of Bax, Bcl-2, 
caspase-3, caspase-9, caspase-8, PI3K, Akt, mTOR, and β-actin were 
evaluated using gene-specific SYBR Green-based QuantiTect® Primer 
assays (Qiagen, Germany). The remaining producers and primer se
quences were done/used based on the previous reports (Li et al., 2015; 
Yang et al., 2016; Han et al., 2019; Wu et al., 2022). 

2.12. ELISA assay 

Cells treated with SeNRs NPs (IC50 concentration) for 24 h, were 
pelleted and lysed using Cell Lysis Reagent (Sigma-Aldrich, USA) sup
plemented with protease inhibitor cocktail. The total protein concen
tration was then determined by the Bradford approach (He, 2011). The 
quantities of AKT, PI3K, and mTOR were then determined using relevant 
ELISA kits (Invitrogen, USA) as per the manufacturer’s protocol. 

2.13. Statistical analysis 

Data was reported as the mean ± SD of three replicates and analyzed 
by one-way analysis of variance (ANOVA) with the Dunnett post hoc test 
using SPSS software (SPSS Inc., Chicago, IL, USA). p < 0.05 was 
considered significant. 

3. Result and discussion 

3.1. Characterization of synthesized SeNRs via ultrasonic-assisted 
hydrothermal method 

Fig. 1A shows the FTIR spectrum of synthesized SeNRs. In the FTIR 
spectrum, two medium band intensities appeared at 464 cm − 1 and 660 
cm − 1, which are associated with bending vibrations of the Se–O bond. A 
broad and strong intensity peak was observed at 1130 cm − 1 derived 
from the stretching vibration of Se-O2 (Refat and Elsabawy, 2011; 
Kannan et al., 2014). The FTIR spectrum of synthesized SeNRs is almost 
identical to that of Se nanostructures prepared with the assistance of 
biomolecule reported previously (Kannan et al., 2014). 

The optical characteristics of SeNRs were detected by UV–vis spec
trum analysis. The UV–vis spectrum of SeNRs is demonstrated in Fig. 1B. 
As it can be observed, a sharp maximum absorption (λmax) peak was 
observed at 298 nm, which revealed the formation of SeNRs inside the 
colloidal solution (Velayati et al., 2021). The SPR is derived from 
oscillation of conduction electrons following the excitation of nano
structure at a particular wavelength. The obtained data is in good 
agreement with the results reported by Velayati et al. who revealed a 
UV–vis absorption maximum of around 298 nm during the biosynthesis 

Fig. 1. Characterization of synthesized SeNRs by FTIR (A), UV–visible (B), TEM (C), DLS (D), and Zeta potential (E) methods.  
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of SeNRs using Gum Arabic (Velayati et al., 2021). Jiang et al. (Jiang, 
Cai,and Tan, 2017) showed that synthesis and optical characteristics of 
Se nanocrystals and NRs mediated by glycerin and glucose are heavily 
dependent on the incubation temperature and time. They reported that 
the λmax values of Se nanostructures prepared at different temperatures 
of 60 ◦C, 80 ◦C, 100 ◦C for 30 min and 120 ◦C with aging for 45 days 
were around 290 nm, 380 nm, 510 nm, and 630 nm, respectively (Jiang, 
Cai,and Tan, 2017). The detected localized SPR at λmax of 298 nm can be 
associated with the reduction of Se ions to Se atoms in the colloidal 
solution which might resulte in the appearance of SeNRs with a small 
size and homogenous morphology (Velayati et al., 2021). The shifting of 
the λmax value of NRs is related to the formation and size of these 
nanostructures (Jiang,Cai,and Tan, 2017; Velayati et al., 2021). Based 
on these facts, the sharp peak detected in the spectrum of SeNRs can be 
assigned to the tiny sizes and narrow distribution of synthesized nano
structures (Jiang,Cai,and Tan, 2017; Velayati et al., 2021). 

As a consequence, it was confirmed that the ultrasonic-assisted hy
drothermal method provides small-sized SeNRs with dispersed NR 
morphology. 

TEM analysis also was done to determine the diameter and 
morphology of synthesized SeNRs. According to the TEM image, Se 
nanostructures had a rod-shaped morphology (Fig. 1C). Also, it was 
determined that SeNRs had lengths ranging from 50 to 100 nm with a 
diameter of around 10 nm. The obtained data confirm the TEM data of 
other studies such as Velayati et al. (Velayati et al., 2021) and Fresneda 
et al. (Fresneda et al., 2018) that reported the biosynthesis of SeNRs with 
an average size of less than 50 nm. However, Cao et al. reported that 
SeNRs synthesized at 130 ◦C by CTAB-assisted hydrothermal approach 
had sizes ranging from 60 to 80 nm and lengths of several micrometers 
(Cao et al., 2011). These variations in reported data could be related to 
differences in the precursor salt, temperature, pH, incubation time, and 
assistance of sonication (Tuyen et al., 2023; Zhang et al., 2023). 

Moreover, DLS data displayed that SeNRs are well-dispersed with an 
average size of 204.68 nm (Fig. 1D). The differences in the obtained size 
of SeNRS using DLS and TEM characterization techniques could be based 
on the dissimilar principles and detection principles (Gholami-Shabani 
et al., 2023). The probable stability of synthesized SeNRs was assessed 
by zeta potential measurement. The zeta potential value can be 
appointed as an important indicator of the nanostructure stability and 
relevant dispersion (Gholami-Shabani et al., 2023). Synthesized SeNRs 
via ultrasonic-assisted hydrothermal method displayed a zeta potential 
value of – 37.29 mV (Fig. 1E), indicating that these NRs have a 
negatively-charged surface, which results in good colloidal stability of 
SeNRs. Because of electrostatic repulsion between similar charges could 
inhibit nanoparticle aggregation and induce long term stability (Gho
lami-Shabani et al., 2023). 

3.2. Toxicity of SeNRs to normal and cancer cells 

Cancer can develop when the balance between cell division and 
apoptosis is perturbed (Heiden et al., 2009). As a result, inhibition of cell 
proliferation can be appointed as a promising way of inhibiting cancer 
progression. In the first step, we aimed to show that SeNRs could 
selectively reduce the proliferation of DU-145 prostate cancer cells 
relative to the human prostate normal cell line, RWPE-1. As shown in 
Fig. 2A, SeNRs were able to inhibit the proliferation of both cancer and 
normal cells, however, the anti-proliferative effects of SeNRs against 
DU-145 prostate cancer cells were more significant than normal prostate 
cells. The half-maximal inhibitory (IC50) concentration of SeNRs against 
DU-145 prostate cancer cells and prostate normal cell line, RWPE-1 were 
calculated to be about 2.95 µg/mL and 50.06 µg/mL, respectively, at 24 
h. 

We detected that following the incubation of cells with SenRs, the 
inhibition rate of DU-145 cells augmented in a concentration-dependent 
manner, whereas the cell viability of RWPE-1 cells was not influenced 
under the same concentration up to 10 µg/mL of SeNRs. Thus, these data 
exhibited that SeNRs were nontoxic against normal cells and triggered 
selective antitumor activities. Kong et al. reported that the inhibitory 
rate of Se nanoparticles (10–30 nm) against androgen-independent DU- 
145 prostate cancer cell was higher than that of androgen-dependent 
LNCaP cells (Kong et al., 2011). Also, they revealed that Se nano
particles inhibited prostate cancer cell growth after 48 h treatment, at a 
higher rate than 24 h treatment (Kong et al., 2011). Sonkusre et al. 
(Sonkusre, 2020) reported that the Se nanoparticles with a size of >100 
nm were able to inhibit the proliferation of metastatic prostate cancer 
cells down to 60 % at a concentration of 6 µg/mL after 24 h. 

Overall, the literature survey of IC50 concentration values of se-based 
nanostructures against various cancer cell types (Table 1) implied that 
the synthesized SeNRs using the ultrasonic-assisted hydrothermal 
method might have a strong anticancer activity. 

To further investigate whether synthesized SeNRs induced selective 
cell cytotoxicity, DU-145 prostate cancer cells and human prostate 
normal cell line, RWPE-1, were treated with IC50 concentration of SeNRs 
(2.95 μg/mL) for 24 h, and cell cytotoxicity was assessed by the well- 
known LDH leakage assay. Interestingly, SeNRs were toxic to DU-145 
prostate cancer cells, whereas no significant LDH release was detected 
in SeNRs-treated normal cell line (Fig. 2B). These results might suggest 
that SeNRs serve as an effective antitumor nanostructure that can 
damage cancer cell membranes, as a similar mechanism has been re
ported previously upon the interaction of biogenic Se nanoparticles with 
prostate cancer cells (Sonkusre, 2020; Sonkusre and Cameotra, 2017). It 
has been also shown that Se nanostructures (~20 nm) might trigger 
cytotoxicity in the human breast and liver cancer cell lines through the 
induction of membrane leakage (Alkhudhayri et al., 2020). Also, 
Acharya et al. (Acharya,Nithyananthan,and Thirunavukkarasu, 2023) 

Fig. 2. Assessment of cell viability (A) and membrane leakage (B) in DU-145 prostate cancer cells and prostate normal cell line, RWPE-1, after incubation with 
different concentrations of SeNRs for MTT assay and IC50 concentration of SeNRs for LDH assay for 24 h. Data are shown as mean ± SD (n = 3). *p < 0.05, **p <
0.01, ***p < 0.001 relative to control. 
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reported that membrane leakage of cancer cells could be one of the main 
possible mechanisms that Se nanoparticles with a size of ~80 nm and an 
IC50 concentration of 5 µg/mL can induce anticancer activity in liver 
cancer cells. 

3.3. SeNRs induced oxidative stress in DU-145 cells 

Oxidative stress and associated ROS formation and lipid peroxida
tion have been reported to be the main mechanism in Se particles- 
induced cytotoxicity (Liu et al., 2015; Menon et al., 2018; Saranya 
et al., 2023). Many nanoparticles have stimulated cell death, through 
the generation of intracellular ROS and lipid peroxidation (Alavi and 
Yarani, 2023; Othman et al., 2022). Thus, ROS generation can be 
ascribed as a key cellular process triggered by nanostructures which 
could lead to cell death (Menon et al., 2018). 

In agreement with previous studies (Menon et al., 2018; Othman 
et al., 2022), we observed that the DU-145 prostate cancer cells exposed 
to SeNRs (2.95 μg/mL) for 6 h demonstrated a significant (***p < 0.001) 
elevation in the ROS generation. This was evident by a significant in
crease in the DCF fluorescence intensity when determined quantitatively 
(Fig. 3A). 

A lipid peroxidation assay was done to determine the formation of 
lipid peroxidation by-products. A statistically significant (**p < 0.01) 
increase in lipid peroxidation was detected (at 2.95 μg/mL) in DU-145 
prostate cancer cells after 6 h exposure to SeNRs (Fig. 3B). Although 
SeNRs with a concentration of 2.95 μg/mL after 6 h induced significant 
oxidative stress in the human prostate normal cell line, RWPE-1, this 
effect was more pronounced in DU-145 prostate cancer cells relative to 

noncancerous cells. 
The anticancer mechanism of Se is still arguable, however, Se could 

facilitate the proliferation of normal cells while mitigating the growth of 
tumor cells (Menon et al., 2018). The Se particle mechanism of action is 
heavily assigned to the selective and remarkable Se accumulation, 
which results in an apparent increase in ROS generation in tumor cells, 
but not in noncancerous tissues (Kumar,Tomar,and Acharya, 2015; 
Menon et al., 2018). Wang et al. (Wang et al., 2015) reported that the 
selective distribution of Se particles in tumor cells and not in noncan
cerous tissues did not stimulate any significant host cytotoxicity, but 
resulted in ROS burst in tumor cells and apparent suppressive activity on 
cancer cell growth, which is in good agreement with the data reported in 
this study. 

3.4. SeNRs induced apoptosis through the intrinsic signaling pathway in 
DU-145 cells 

Several mechanisms have been reported to exemplify the anticancer 
function of Se nanostructure, which comprise initiation of cell apoptosis, 
control of cell proliferation, regulation of oxidative stress, trigger of the 
immune system, and inhibition of metastasis and invasion (Menon et al., 
2018). Among these effective anticancer activities of Se nanostructures, 
apoptosis received the most consideration and has been indicated to be 
the basic strategy for cancer therapy by selenocompounds (Menon et al., 
2018). 

Se nanoparticles can stimulate oxidative stress, a critical cellular 
event that leads to cell apoptosis (Menon et al., 2018). Apoptosis can 
either occur through extrinsic or intrinsic pathways, where, the death 
receptor, which is present on the cell membrane, can interact with pro- 
apoptotic compounds to initiate the extrinsic pathway through the 
caspase-8 activation. In contrast, the intrinsic pathway is triggered by 
the activation of caspase-9 due to DNA damage or other forms of cell 
stress (Hongmei, 2012; Sahoo et al., 2023). The potent approach for 
cancer therapy is based on triggering DNA damage thus, the anti-cancer 
activity of Se nanoparticles can be typically allocated to their capabil
ities to generate excessive levels of ROS that lead to DNA damage and 
thereby apoptosis induction (Menon et al., 2018). 

Zhao et al, showed that the selenium nanostructures might be able to 
induce p53 expression in cancer cells resulting in the upregulation of 
caspase-9, reduction of MMP, and induction of apoptosis (Zhao et al., 
2017). Therefore, the anticancer compound-stimulated mitochondrial 
intrinsic pathway of apoptosis depends on the MMP collapse and alter
ation of the Bax/Bcl-2 ratio, with a concomitant upregulation in Bax 
expression and downregulation in Bcl-2 expression (Brunelle and Letai, 
2009). 

Therefore, we first investigated if the apparent selective anticancer 
activity of synthesized SeNRs could be related to a MMP loss. Our data 
showed that SeNRs induced a significant drop (***p < 0.001) in MMP 
values at 24 h in DU-145 prostate cancer cells, which was not pro
nounced in normal cells (Fig. 4A). 

Table 1 
The comparison of IC50 values of Se nanostructures against different cancer cell 
lines determined previously.  

Se 
nanostructure 

Size 
(nm) 

Synthesis 
approach 

Cell line IC50 Ref. 

Spherical 52.5 Green 
synthesis 

MDA-MB- 
231 triple- 
negative 
breast 
cancer cells 

34 
µg/ 
mL 

(Cittrarasu 
et al., 2021) 

Spherical 45–90 Green 
synthesis 

A549 lung 
cancer cells 

25 
µg/ 
mL 

(Alagesan 
and 
Venugopal, 
2019) 

Spherical 20–50 Green 
synthesis 

A549 lung 
cancer cells 

3 μg/ 
mL 

(Bharathi 
et al., 2020) 

NRs 24 Green 
synthesis 

CT26 colon 
carcinoma 
cell line 

1453 
μg/ 
mL 

(Velayati 
et al., 2021) 

NRs 10 Ultrasonic- 
assisted 
hydrothermal 
method 

DU-145 
prostate 
cancer cell 
line 

2.95 
µg/ 
mL 

This work  

Fig. 3. Assessment of ROS generation (A) and lipid peroxidation (B) in DU-145 prostate cancer cells and prostate normal cell line, RWPE-1, after incubation with IC50 
concentration of SeNRs for 6 h. Data are shown as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 relative to control. 
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We then performed caspase-8 (Fig. 4B), caspase-9 (Fig. 4C) and 
caspase-3 (Fig. 4D) activity assays in both cancer and normal cells after 
exposure to 2.95 µg/mL SeNRs at 24 h. It was deduced that at 24 h, 
caspase-9 (Fig. 4C) and caspase-3 (Fig. 4D) activities differ significantly 
in comparison with control samples in DU-145 prostate cancer cells, 
however, SeNRs were not able to trigger a significant increase in caspase 
activity in the human prostate normal cell line, RWPE-1. It was revealed 
caspase-8 activity differed slightly relative to control samples, following 
exposure of DU-145 prostate cancer cells to 2.95 µg/mL SeNRs at 24 h 
(Fig. 4B). 

The same trend was also observed when we studied caspase-8, -9 and 
-3 mRNA expression in both cancer (Fig. 4E) and normal cells (Fig. 4F) 
after incubation with 2.95 µg/mL SeNRs at 24 h. Although the caspase-8 
mRNA expression increased in DU-145 prostate cancer cells relative to 
the control group, this increase was less pronounced than 

overexpression of caspase-9 and caspase-3 mRNA. 
We then investigated the role of proapoptotic (Bax mRNA) and 

antiapoptotic (Bcl-2 mRNA) members associated with mitochondrial 
regulation during apoptosis (Brunelle and Letai, 2009). Generally, the 
MMP loss could be connected with an increase in Bax/Bcl-2 ratio. At 24 
h, Bax mRNA upregulated significantly in cancer cells relative to the 
control sample. Moreover, we detected a significant reduction between 
SeNRs-incubated cancer cells and controls for Bcl-2 mRNA expression in 
DU-145 prostate cancer cells at 24 h. Our data indicated that SeNRs 
could lead to a significant multiplication in the Bax/Bcl-2 ratio at 24 h in 
cancer cells (Fig. 4E), whereas this ratio was not significantly changed in 
normal cells relative to the control sample (Fig. 4F). 

These outcomes designated that SeNRs selectively induce apoptosis 
through ROS-associated mitochondrial dysfunction in the human pros
tate cancer cells and slightly through the extrinsic death receptor 

Fig. 4. Assessment of MMP loss (A), caspase-8 activity (B), caspase-9 activity (C), and caspase-3 activity (D) in DU-145 prostate cancer cells and prostate normal cell 
line, RWPE-1, after incubation with IC50 concentration of SeNRs for 24 h. mRNA fold in DU-145 prostate cancer cells (E) and mRNA fold in a prostate normal cell line, 
RWPE-1 (F), after incubation with IC50 concentration of SeNRs for 24 h. Data are shown as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 relative 
to control. 
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pathway, which is in good agreement with the study reported by Zhao 
et al. (Zhao et al., 2017). Zhang et al. (Zhang et al., 2013) also reported 
that Se nanoparticles in combination with ATP could trigger cancer cell 
apoptosis through the mitochondrial-mediated pathway, revealed by the 
overactivation of caspase-3,-8 and -9. Furthermore, Yu et al. (Yu et al., 
2016) and Zheng et al. (Zheng et al., 2012) reported that PEGylated Se 
nanostructures had anticancer activities through DNA damage and in
hibition of cell proliferation mediated by mitochondrial fragmentation 
and apoptosis. Moreover, Chen et al. (Chen et al., 2008) demonstrated 
that Se nanoparticles biosynthesized in polysaccharide solutions trigger 
mitochondria-mediated apoptosis in human melanoma cells. 

3.5. SeNRs inhibited the PI3K/AKT/mTOR signaling pathway in DU-145 
cells 

Recent reports have shown that prostate cancer cells can be 
controlled by the PI3K/AKT/mTOR signaling cascade (Li et al., 2018; 
Pungsrinont,Kallenbach,and Baniahmad, 2021). Yu et al. (Yu et al., 
2022) reported that the proliferation and progression of prostate cancer 
cells occur following upregulation of the PI3K/AKT signaling pathway. 
Therefore, inhibition of the PI3K/AKT/mTOR signaling pathway can be 
used a potential strategy for the control of prostate cancer cell 
proliferation. 

Hence, the expression levels of PI3K, AKT, and mTOR mRNA and 
proteins were detected after 24 h incubation of DU-145 prostate cancer 
cells with 2.95 µg/mL SeNRs. As shown in Fig. 5, SeNR incubation 
caused an apparent decrease in the PI3K, Akt, and mTOR mRNA of DU- 
145 cells (Fig. 5A) and restrained the levels of AKT, PI3K, and mTOR 
proteins, compared to the control group (Fig. 5B). In addition, pre- 
treatment of DU-145 prostate cancer cells with 10 µM LY294002 for 2 
h and addition of 2.95 µg/mL SeNRs for 24 h further reduced the levels 

of PI3K, Akt, and mTOR proteins and relevant cell viability relative to 
SeNRs-treated cells (Fig. 5B and C). Therefore, these data indicated that 
the synthesized SeNRs downregulated the PI3K/Akt/mTOR signaling 
pathway. 

Previous results have shown that Se nanoparticles can induce 
apoptotic effects in prostate cancer cells through Akt-mediated signaling 
pathways (Kong et al., 2011). Also, Wang et al. (Wang et al., 2022) re
ported that biosynthesized Se nanoparticles could stimulate apoptosis 
and autophagy in gastric cancer cells by inhibiting the PI3K/Akt/mTOR 
signaling pathway. Furthermore, Guo et al. (Guo et al., 2017) indicated 
that modification of Se nanoparticles with curcumin could stimulate 
liver cancer cell apoptosis through oxidative stress-mediated p53 and 
AKT signaling cascades. Additionally, Woo et al. (Woo et al., 2021) 
revealed that Se particles could inhibit the proliferation of trastuzumab- 
resistant breast tumor cells via reduction of Akt expression. 

4. Conclusion 

In general, after the fabrication of SeNRs via the ultrasonic-assisted 
hydrothermal method, we explored the characteristics of these nano
structures. Then, the selective anticancer effects of SeNRs against 
prostate cancer DU-145 cells were investigated, whereas a human 
prostate normal cell line, RWPE-1, was used as a control. It was shown 
that Se nanostructures with a rod-shaped morphology with a diameter of 
around 10 nm had a potential selective anticancer activity on DU-145 
prostate cancer cells by induction of membrane leakage, oxidative 
stress, intrinsic apoptosis, and targeting the PI3K/AKT/mTOR signaling 
pathway, while these particles were not toxic for normal prostate cells. 
Therefore, the synthesized SeNRs could be further evaluated in vitro and 
in vivo for use as nano-based systems in the treatment of prostate cancer. 

Fig. 5. Assessment of PI3K, Akt, and mTOR mRNA expression in DU-145 prostate cancer cells after incubation with IC50 concentration of SeNRs for 24 h (A). The 
expression levels of PI3K, Akt, and mTOR proteins (B) and cell viability (C) in DU-145 prostate cancer cells pre-treated with 10 µM LY294002 for 2 h and the addition 
of IC50 concentration of SeNRs for 24 h. Data are shown as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 relative to control. ##p < 0.01 and ###p < 0.001 
relative to SeNP-treated group. 
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Fernández Cantos, Germán Bosch-Estévez, Marcos F. Martínez Moreno, and 
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