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Abstract

:

The anti-cancer effects of selenium sources are well known. Among other things, selenium has been shown to have a pleiotropic effect, causing cancer cell death without affecting the healthy cell’s viability, or, in the case of brain cells, has a cytoprotective effect. This feature of selenium determined its use in medicine and its use as part of dietary supplements. In recent years, selenium in the form of nanoparticles has received increased attention. Selenium nanoparticles also have anti-cancer effects, and their use appears to be more effective at significantly lower doses compared to other sources of selenium. The shape and size of nanoparticles largely affect the efficiency of nanoselenium application. We obtained two different types of selenium nanoparticles via the laser ablation technique—spherical selenium nanoparticles (SeNPs) about 100 nm in diameter and grown selenium nanorods (SeNrs) about 1 μm long and about 100 nm thick. We compared the anti-cancer efficacy of these two types of selenium nanoparticles using inhibitory analysis, PCR analysis and fluorescence microscopy. It turned out that both types of nanoparticles with high efficiency dose-dependently activate apoptosis in the human glioblastoma cell line A-172, as the most aggressive type of brain tumor. Apoptosis induction was determined not only by the concentration of nanoparticles, but also by the time. It was shown that SeNrs induce the process of apoptosis in glioblastoma cells more efficiently during 24 h of exposure and their effect is enhanced after 48 h without activation of necrosis, whereas the use of spherical SeNPs after 48 h of exposure can cause necrosis in some glioblastoma cells. It has been shown that Ca2+ signals of glioblastoma cells are significantly different for SeNPs and SeNrs. SeNPs cause a dose-dependent transient increase in the number of Ca2+ ions in the cell cytosol ([Ca2+]i), while SeNrs cause a slow rise in [Ca2+]i reaching a new stationary level, which may determine the cytotoxic effects of nanoparticles. It turned out that SeNPs and SeNrs cause depletion of the Ca2+ depot of the endoplasmic reticulum and ER-stress, which correlates with increased expression of genes encoding proapoptotic proteins. In our study, it was found that SeNPs do not activate the Ca2+ signaling system of healthy L-929 mouse fibroblast cells, while SeNrs activate a moderate slow growth in [Ca2+]i. That fact could indicate a lower selectivity of the SeNrs action.
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1. Introduction


As the most common disease in the world, cancer leads to very high mortality and disability in the population. On average, about 18 million new cases of cancer and 9 million deaths caused by cancer are registered annually in the world. An estimated USD 150 billion was spent on cancer in 2020 [1,2]. Modern methods of treating oncological diseases and their consequences involve surgery, chemotherapy, radiotherapy etc. However, these methods have a number of side effects—toxic effects on healthy organs and tissues.



A wide range of metabolic reactions in the body are regulated by selenium (Se), which is a vital trace element [3,4]. Selenium is present in selenostatins and at least 25 human selenoproteins. Selenium, as well as its sources, are participating in the suppression of a large number of diseases. Such diseases are cardiovascular, neurodegenerative and viral and, especially, involve carcinogenesis [5,6]. A large number of dietary supplements are produced and available for purchase, including sources of selenium, and are capable of maintaining an optimal level of selenium in the body. Selenium nanoparticles can be used as a dietary supplement, since their effects are realized in a lower concentration range compared to other sources of selenium. The biological properties of selenium nanoparticles include the ability to stimulate the immune response to cancer cells, induce mitochondria-mediated cell death, inhibit the growth of microorganisms and exhibit anti-tumor activity in vitro and in vivo [7,8,9].



For the synthesis of selenium nanostructures, a wide variety of methods could be utilized, such as hydrothermal methods, electrodeposition techniques, physical adsorption by gas-phase diffusion, sonochemical synthesis, laser ablation in liquid, etc. [10,11,12]. Nanostructures of various shapes—trigonal, nanorods, nanoribbons, hexagonal prism, nanoplates, nanotubes, and spheres—are obtained from selenium [13,14,15,16]. The production of 1D selenium nanorods using various chemical polymers as shaping agents has been commonly reported [17]; nevertheless, the selenium nanorods obtained in this way become unsuitable for use in biological systems. The shape of nanoparticles can influence biological effects. It has been shown that cerium nanorods are able to circulate in the blood for a longer time. It should be noted that the degradation of nanorods occurs much faster than that of spherical nanoparticles due to their larger specific surface area. Moreover, nanorods are less prone to aggregation [18].



Due to the fact that nanoparticles in the form of nanorods are able to remain in the organism for longer periods of time and release large concentrations of selenium into cells, there is no doubt that the mechanism of action of selenium in the form of nanorods needs to be created and studied. We have created a technology for the production of selenium nanorods that are not toxic to healthy cells, which is characterized by low cost and the possibility of its adaptation to the industrial production of nanoparticles. The comparison of anti-tumor effectiveness of spherical selenium nanoparticles (SeNPs) and selenium nanorods (SeNrs) was the main goal of this study. At the same time, in this research we also focus on the differences in the activation of the Ca2+ signaling system in human glioblastoma A-172 cells and mouse fibroblasts L-929 and the correlation of an elevated level of calcium ions in the cytosol ([Ca2+]i) with endoplasmic reticulum stress and the induction of apoptosis.




2. Materials and Methods


2.1. Synthesis and Morphology of Selenium Nanorods


To obtain SeNrs, the technique of laser ablation of a bulk selenium followed by laser fragmentation of a colloid of SeNPs in propanol-2 was used. Then the colloidal liquid with selenium nanorods was replaced with highly purified water with a resistivity of 18.6 MΩcm.



The laser ablation procedure for obtaining spherical selenium particles took place in several stages. Initially, a polished selenium target was attached to the bottom of the glass cuvette, then chemically pure isopropanol was poured into the cuvette. The volume of the liquid was chosen so that the thickness of the fluid between the liquid surface and the target was approximately 2–3 mm. Then the laser source with the following parameters λ = 1064 nm, f = 1 kHz, τ = 4 ns, Ep = 2 mJ irradiated the selenium target. During irradiation, the beam moved along the surface of the Se target using a galvanomechanical scanner LScanH (Ateko-TM, Moscow, Russia) and an F-Theta lens. The trajectory of the beam consisted of several parallel lines written in a square. The typical ablation time was 30 min.



The second stage of colloidal irradiation was carried out without the use of a selenium target. Selenium nanoparticles obtained as a result of ablation in propanol-2 were repeatedly irradiated with laser radiation with the same parameters for an hour.



The liquid in the colloid of selenium nanoparticles was replaced by deionized water after several stages of particle settling in a centrifuge and solvent replacement. The transfer of selenium nanoparticles from propanol-2 to deionized water took place in several stages.



Selenium nanorods were initially precipitated by centrifuge LMC-4200 (Biosan, Riga, Latvia). The sedimentation of nanoparticles in the centrifuge was carried out for 15 min at a speed of 4200 rpm, rotor radius 0.12 m, Relative Centrifugal Force ~2400 g. After centrifugation of the solution, propanol-2 was replaced with a carbon tetrachloride (CCl4). Then the colloid was exposed to ultrasound inside an ultrasonic bath (P = 20 W) for 10 min. Next, the colloid liquid was replaced sequentially with dimethyl sulfoxide (C2H6OS), chloroform (CHCl3) and acetone (C3H6O) using the described centrifugation and ultrasonic treatment procedures at each step. After another colloid centrifugation procedure, acetone was replaced by deionized water.



A possible mechanism for the formation of selenium nanorods during fragmentation is shown in Figure 1A. As a result of the ablation of a solid target of selenium nanoparticles, large nanoparticles (100–200 nm) are present in the colloid. As a result of laser fragmentation, the size of nanoparticles decreases; along with this, the concentration of nanoparticles increases. In turn, an increasing concentration of nanoparticles in a colloid can lead to an increase in the rate of aggregation processes, leading to the formation of elongated nanorods of nanoparticles. As a result of laser heating and redistribution of the surface energy, the nanoparticles melt with each other, forming nanorods.



A Libra 200 FE HR transmission electron microscope (Carl Zeiss, Jena, Germany) was used to obtain TEM images of the particles and study its morphology. Microscopic grids made of Au were used during SeNPs preparation for TEM microscopy. It follows from the transmission microscope images that selenium nanoparticles have the shape of nanorods (Figure 1B,C). To study the size distribution of nanoparticles and determine the concentration of nanoparticles, an analytical centrifuge DC24000 (CPS Instruments, Oosterhout, Netherlands) and a Zetasizer Ultra (Malvern Panalytical, Malvern, UK) were used. The size distribution of SeNrs is bimodal (Figure 1D). The largest maximum of the distribution is located at approximately 160 nm, the peak half-width is 100 nm and another peak of the nanoparticle size distribution is at 1375 nm; the half-width of this peak is approximately 1000 nm. The distribution of the obtained selenium nanoparticles depending on their volume shows that most of the volume of NPs is located at the nanoparticle size of about 1800 nm (Figure 1E). The zeta potential of the resulting nanorods is approximately −28 mV.




2.2. Synthesis and Morphology of Selenium Nanoparticles


To obtain spherical SeNPs, the laser ablation in liquid was used. The process of irradiation of a polished selenium plate was carried out in a flow cell. The cell with a selenium plate was filled with deionized water. The volume of deionized water used was about 40 mL. A fiber ytterbium laser with a wavelength of 1064 nm, pulse duration of 100 ns, frequency of 20 kHz, average power of 20 W and pulse energy of 1 mJ was used as a laser radiation source. In the same way as it was described above in the case of selenium nanorods, laser radiation traveled over the target surface. The described approach is necessary to maximize the production rate of selenium nanoparticles during ablation. The typical time of laser ablation was about 20–25 min.



Using TEM images, it was found that the obtained nanoparticles have a spherical shape; the size of the SeNPs is approximately 90–150 nm (Figure 2A,B). The nanoparticle size data obtained from TEM are consistent with the size distributions obtained on the CPS analytical centrifuge and DLS particle analyzer. The largest number of SeNP in the distribution has a size of about 130 nm (Figure 2C). The largest share in the volume distribution falls on particles with a diameter of 110 mm (Figure 2D). The aggregation of the nanoparticles did not occur within a few days of their receipt. The zeta potential of the Se nanoparticles obtained by laser ablation was approximately −30 mV.




2.3. Cell Culture


Human brain glioblastoma cell line A-172 and mouse fibroblast cell line L-929 were acquired from ATCC (Manassas, VA, USA). For experiments, cell cultures were grown on round coverslips during 48 h after seeding until 80–95% confluence was reached. Cell lines were cultured in DMEM medium supplemented with an antibiotic (gentamicin) and 10% fetal bovine serum. Cell lines were tested for mycoplasma contamination every 3 months using the Drexler and Uphoff method [19]. Mycoplasma contamination was not registered.




2.4. Assessment of Cell Viability


The necrosis and apoptosis induction were studied by staining cell cultures with 1 μM of propidium iodide (PI) and 1 μM of Hoechst 33342 (HO342). Hoechst 33342 stains the chromatin of viable cells, but its fluorescence is 3–4 times higher in cells with apoptosis, which is explained by chromatin condensation. Propidium iodide stains the nuclei of necrotic cells, but does not penetrate into viable cells [20,21]. PI and Hoechst 33342 fluorescence was recorded using an Axio Observer Z1 inverted fluorescent microscope supplied with Hamamatsu ORCA-Flash 2.8 high-speed monochrome CCD-camera. The illuminator Lambda DG-4 Plus (Sutter Instruments, Novato, CA, USA) was used as an excitation source. Probe fluorescence was excited and registered using Filter Set 01 with the excitation filter BP 365/12, beam splitter FT395, emission filter LP 397; Filter Set 20 with the excitation filter BP 546/12, beam splitter FT560, emission filter BP 575–640. Objective HCX PL APO 20.0 × 0.70 IMM UV, refraction index 1.52 was used.




2.5. Fluorescent Ca2+ Imaging


Cytosolic calcium ions concentration ([Ca2+]i) were measured by fluorescence microscopy (Axiovert 200 M with a high-speed monochrome CCD-camera AxioCam HSm with a high-speed light filter replacing system, Ludl MAC5000) using Fura-2/AM. A detailed description can be found in ref. [22].




2.6. Extraction of RNA and Real-Time Polymerase Chain Reaction (RT-qPCR)


Isolation of total RNA from cortical cultures was performed using the MagMAX mirVana kit (Thermo Fisher Scientific, Waltham, MA, USA). The quality of the obtained RNA was determined using electrophoresis. NanoDrop 1000c spectrophotometer was used to determine the RNA concentration. Reverse transcription was performed using the RevertAid H Minus First Strand kit (Thermo Fisher Scientific). Amplification was performed using the DTlite Real-Time PCR System (DNA-Technology, Moscow, Russia) in a 25 µL mixture containing 5 µL of qPCRmix-HS SYBR (Evrogen, Moscow, Russia, Cat. #PK147L), 1 µL (0.2 µM) of the primer solution, 18 µL water (RNase-free) and 1 µL cDNA. The amplification process details are described in ref. [23]. The sequences of all primers used in real-time PCR are shown in Table 1 and Table 2.





3. Results


3.1. Comparative Analysis of the Selenium Nanorods (SeNrs) and Selenium Nanoparticles (SeNPs) Effects on the Induction of Ca2+ Signals in the A-172 Human Glioblastoma Cells and L-929 Mouse Fibroblasts


We have previously shown that spherical SeNPs induce Ca2+ signaling in various cell types [24,25]. Moreover, the amplitude of Ca2+ signals and the physiological effects of SeNPs depended on the diameter of the nanoparticles [26]. The use of selenium nanorods (SeNrs) at various concentrations starting from 1 μg/mL caused the generation of Ca2+ signals in A-172 cells, and the increase in [Ca2+]i depended on the dose (Figure 3A). Interestingly, the rise in [Ca2+]i to the application of SeNrs occurred after a lag period of 7 ± 1.5 min on average, and Ca2+ signals were a slow growth in [Ca2+]i and its level reaching a new elevated the steady state. On the other hand, the application of spherical SeNPs to human glioblastoma A-172 cells caused a rapid growth in [Ca2+]i and also had a dose-dependent character, but the cells responded even to the appliance of 0.5 µg/mL of nanoparticles (Figure 3B). Analysis of the dependence of the Ca2+ signal amplitudes of A-172 cells on the NP concentration showed that EC50 for SeNrs was 3.2 ± 0.012 µg/mL, and for SeNPs it was 1.9 ± 0.007 µg/mL (Figure 3E).



Application of SeNrs to L-929 mouse fibroblasts caused the generation of Ca2+ signals even at a concentration of 0.5 μg/mL, and Ca2+ signals had a combined form of kinetics, a quick rise in [Ca2+]i followed by a slow increase in the baseline level of [Ca2+]i (Figure 3C). However, the application of SeNPs to L-929 cells did not cause Ca2+ signals comparable with the application of SeNrs. In L-929 cells, a slow increase in [Ca2+]i was recorded upon 2.5 and 5 µg/mL SeNPs, while 10 µg/mL resulted in a transient increase in [Ca2+]i (Figure 3D). The cellular Ca2+ signals were a low amplitude. For L-929 cells, the EC50 value upon application of SeNrs was 2.5 ± 0.005 µg/mL, and for SeNPs, it was 2.9 ± 0.011 µg/mL (Figure 3F).



Thus, two different sources of nanoselenium have different effects on the Ca2+ signaling system of cells. In A-172 cells, SeNrs induce a slow increase in [Ca2+]i to the new stationary level of [Ca2+]i, while SeNPs induce a temporary growth in [Ca2+]i. In L-929 mouse fibroblast cells, the Ca2+ signaling system was activated only when SeNrs was used, and the application of SeNPs caused Ca2+ signals only in a high concentration range.




3.2. Comparative Analysis of the Proapoptotic Effect of Selenium Nanofibers and Selenium Nanoparticles on Human Glioblastoma Cells A-172 and Mouse Fibroblast Cells L-929


An increase in cellular [Ca2+]i can regulate both cell survival pathways and activate pro-apoptotic signaling cascades [27,28]. Preincubation of A-172 cells with different SeNrs concentrations during 24 h resulted in 5–15% of cells on the early stage of apoptosis. Late stages of apoptosis were observed in 52–67% of cells (Figure 4A and Table 3). The pro-apoptotic effect of SeNrs was dose-dependent and increased with an increase in the SeNrs concentration.



An increase in the pro-apoptotic effect occurred with an increase in the time of incubation of A-172 cells with SeNrs up to 48 h. Approximately 19–26% of the cells were registered in the early stages of apoptosis and 69–73% of the cells were detected in the late stages of apoptosis. At the same time, necrosis was detected only in single cells and when using high (5–10 μg/mL) concentrations of SeNrs (Figure 4C, Table 3).





 





Table 3. Influence of different SeNrs concentrations on the survival of human glioblastoma A-172 cells after 24 and 48 h of exposure.
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24 h Pre-Incubation

	
48 h Pre-Incubation




	
Control

	
1 µg/mL

	
5 µg/mL

	
10 µg/mL

	
Control

	
1 µg/mL

	
5 µg/mL

	
10 µg/mL






	
Viable

	
100%

	
30%

	
43%

	
23%

	
100%

	
12%

	
0%

	
0%




	
Early apoptotic

	
0%

	
15%

	
5%

	
10%

	
0%

	
19%

	
24%

	
26%




	
Apoptotic

	
0%

	
55%

	
52%

	
67%

	
0%

	
69%

	
73%

	
69%




	
Necrosis

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%

	
3%

	
5%









Early stages of apoptosis were activated in 2–8% of cells and late stages of apoptosis in 18–59% of cells after 24 h pre-incubation of glioblastoma A-172 cells with various concentrations of SeNPs (Figure 4B, Table 4). After 24 h exposure of A-172 cells with SeNPs, we did not register necrotic cells. Early stages of apoptosis were recorded in 4–17% of cells and late stages in 44–57% of cells after 48 h of pre-incubation (Figure 4D, Table 4). At the same time, necrotic death was recorded in 14–52% of cells after pre-incubation with 5 µg/mL and 10 µg/mL SeNPs, respectively (Figure 4D, Table 4).



Early stages of apoptosis were observed in 4–11% of cells after 24-h pre-incubation of mouse fibroblasts (L-929) with SeNrs, with the highest percentage of such cells observed when using 1 μg/mL (Figure 5A and Table 5). Under the action of SeNrs for 24 h, there was no mass death of fibroblasts. Increasing the preincubation time with SeNrs up to 48 h resulted in a increase in the percentage of cells at the early stage of apoptosis (9–14% of cells). The late stages of apoptosis and necrosis were not induced (Figure 5C and Table 5).



Early stages of apoptosis of L-929 mouse fibroblasts after 24-h exposure to SeNPs were recorded in 2–6% of cells using nanoparticles at a concentration of 5 µg/mL and 10 µg/mL without induction of late stages of apoptosis and necrosis (Figure 5B, Table 6). Early stages of apoptosis after 48-h incubation of mouse fibroblasts with SeNPs were recorded in 7–28% of cells, and late apoptosis in 8–16% of cells, using 5 and 10 μg/mL SeNPs, respectively, as well as single cells with necrosis (Figure 5D, Table 6).



Thus, after 24 h preincubation of A-172 cells with SeNrs induced human glioblastoma cells apoptosis in a smaller range of concentrations compared to SeNPs. The pro-apoptotic effect of SeNrs increased after 48 h of exposure, as did the effect of SeNPs, but SeNrs did not induce cell necrosis. However, in mouse fibroblasts, SeNrs resulted in early apoptosis stages both after 24 and 48 h of incubation, but without the late stages of apoptosis. While SeNPs did not cause the activation of the early apoptosis stages in mouse fibroblasts after 24 h of exposure, the process of apoptosis was observed in both early and late stages after 48 h of exposure. Therefore, one can speak of a greater efficiency of SeNrs in the induction of apoptosis in cancer cells compared to SeNPs. However, the effect of early apoptosis stages induction of in “healthy” fibroblasts under the action of SeNrs may indicate the lower selectivity of nanorods.




3.3. Effects of SeNrs and SeNPs on Expression Patterns of Genes Encoding Selenoproteins and Selenium-Containing Proteins, Genes Regulating Apoptosis and Endoplasmic Reticulum Stress


Based on the results of real-time PCR, it is safe to say that the expression of the mRNA of pro-apoptotic genes in the A-172 cell line increased after treatment of these cells with 5 and especially 10 μg/mL of SeNPs or SeNrs. However, there is no significant difference in the expression patterns of all the studied pro-apoptotic genes after 24-h treatment of glioblastoma cells with two types of selenium nanocomposites. The presented results demonstrate that the MRNA expression of the following pro-apoptotic genes: PUMA, BIM, SHOP, GADD34, BAK, Cas-3 and Cas-4 increases by more than two times (Figure 6A). At the same time, for a number of genes a more pronounced effect on the enhancement of their expression was observed when using SeNrs (Figure 6A, gray columns).



With the exception of Cas-4, the expression of pro-apoptotic genes generally was not influenced by the incubation of mouse fibroblasts (L-929) with SeNrs or SeNPs. The expression level of the Cas-4 gene increased after pre-incubation with 5 and 10 μg/mL SeNPs (Figure 6B).



The PCR analysis results correlate well with the activation of apoptosis under the selenium nanostructures’ influence on human glioblastoma A-172 cells. The contribution to the activation of the cell death can be made by the endoplasmic reticulum stress (ER-stress). Analysis of the gene’s expression encoding ER-stress proteins in A-172 cells showed an expression increase (Figure 7). Thus, the treatment of glioblastoma cells with 10 μg/mL selenium nanoparticles caused the expression of the transcription factor ATF-4 to rise significantly. That may indicate PERK signaling pathway UPR activation. Moreover, when these cells are exposed to SeNPs at 5 and 10 μg/mL concentrations, the expression of the spliced form of the transcription factor XBP1 is also increased by approximately two times (Figure 7A), which can serve as evidence of the activation of the IRE1α signaling pathway UPR. An increase in the mRNA expression of these ER-stress markers is also observed after 24 h of A-172 cell treatment with 5 μg/mL SeNrs. These data, as well as the similarity of mRNA patterns of expression of most pro-apoptotic genes, most likely indicate the same molecular mechanisms activated by both nanoselenium composites. However, it should be noted that their cytotoxic effect extends directly to the A-172 cancer cell line, but not to the L-929 fibroblast cells (Figure 7B).



Treatment of glioblastoma cells with two types of nanoselenium composites contributed to changes in mRNA expression of a number ER resident selenoproteins, as well as selenium-containing glutathione peroxidases (GPX1 and GPX4) and thioredoxin reductases (TXNRD1 and TXNRD3). So, as shown in Figure 8A, it can be noted that at SeNPs concentrations of 5 and 10 μg/mL the expression of mRNA of the selenoproteins SELENOM, SELENOK, SELENOT and SELENOF was significantly increased, while SeNrs at the same concentrations cause the increase in selenoproteins SELENOM and SELENOK (Figure 8A, orange columns). Interestingly, the main effect of enhancing selenoprotein mRNA expression was observed after the exposure of A-172 cells to SeNrs at concentration of 5 μg/mL rather than 10 μg/mL. This is typical for such selenoproteins as SELENOS, SELENOT, SELENOF and SELENON, and two thioredoxin reductases (TXNRD1 and TXNRD3), whose mRNA expression increased two or more times. At the same time, a more than two-time decrease in the expression of SELENOT and TXNRD3 mRNA was recorded after these cells were influenced by SeNrs at a concentration of 10 µg/mL.



Significant changes in mRNA expression of most of the studied selenoprotein genes do not occur when SeNrs are applied to L-929 mouse fibroblasts (Figure 8B, orange columns). Incubation of cells of this line with different concentrations of SeNPs resulted in an mRNA expression increase in the SELENOK, SELENOS, SELENOT and GPX1 genes (Figure 8B, gray columns).



Thus, both selenium nanocomposites are characterized by a pronounced increase in the mRNA expression of ER stress genes, selenoproteins and proapoptotic genes in glioblastoma cancer cells, excluding fibroblast cells. At the same time, there is a trend of a more pronounced pro-apoptotic effect of SeNrs, since they had an effect at lower concentrations compared to SeNPs.




3.4. The Effect of Various SeNrs and SeNPs Concentrations on the Ca2+ Capacity of the Endoplasmic Reticulum of Human Glioblastoma Cells and Mouse Fibroblasts


We have previously shown that SeNPs selectively act on cancer cells and deplete the Ca2+ stores of the endoplasmic reticulum without affecting the Ca2+ depot of astrocytes [29]. A-172 cell pre-incubation with SeNPs with concentrations ranging from 1 to 10 μg/mL during 24 h caused a dose-dependent depletion of ER Ca2+ stores. Application of thapsigargin (TG) to A-172 cells in medium nominally free of calcium led to high [Ca2+]i growth (Figure 9A, black curve). However, there was a significant decrease in the amplitude of Ca2+ cell signals in response to the use of TG after 24-h incubation of cells with SeNPs (Figure 9A, blue, pink and purple curves). Pre-incubation of glioblastoma cells with the same SeNrs concentrations for 24 h led to a similar or more pronounced suppression of the signal amplitudes of calcium ions to the application of TG (Figure 9A, red, green and light pink curves). Pre-incubation of A-172 cells with SeNPs or SeNrs during a 48-h period resulted in the complete absence of cellular Ca2+ signals to the application of TG (Figure 9C), which indicates a complete depletion of the ER Ca2+ pool.



Pre-incubation of L-929 mouse fibroblasts with SeNPs or SeNrs did not lead to the depletion of Ca2+ stores of the ER (Figure 9B,D) comparable to the effects of these nanocomposites on A-172 cells (Figure 9C). In the case of SeNPs exposure to L-929 cells within 24 h, only a certain trend was observed to suppress the amplitude of cellular Ca2+ signals upon the application of TG after exposure to SeNPs, but not to SeNrs. The incubation time of L-929 cells with the studied nanocomposites was increased up to 48 h (Figure 9D) and also did not result in a noticeable suppression of Ca2+ signals to the application of TG. This shows the lack of a pronounced impact of these nanoparticles on the sex of healthy ER Ca2+ cells.



Thus, the exhaustion of the ER Ca2+ pool caused by the effect of SeNrs or SeNPs occurred only in human glioblastoma A-172 cells, but was absent in healthy fibroblasts. At the same time, SeNrs are likely to be more effective at an incubation interval of 24 h. Together with the data from the PCR analysis, the results of Ca2+ imaging indicate ER stress under the action of the studied nanocomposites in cancer cells.





4. Discussion


Glioblastomas represent more than 52% of all tumors that occur in the brain. Astrocytes are the source of glioblastomas. Glioblastoma is one of the lethal grade IV astrocytomas and has a mean survival rate of 15 months [30,31]. Treatment of glioblastomas in the brain is complicated by the presence of physiological barriers in the brain, for example, the blood–brain barrier (BBB), the blood–cerebrospinal fluid barrier (BCSFB) and other barriers [32,33].



The possibilities of using metal nanoparticles as carriers of anti-cancer drugs are being widely studied. Nanoparticles as carriers makes it possible to reduce the dose of therapeutic molecules and enhance their effect [10]. Selenium nanoparticles have shown their effectiveness in inducing apoptosis in cancer cells of various origins—breast cancer, prostate cancer, glioblastoma, hepatocellular carcinoma, etc. [25]. As for selenium nanorods, it is reported that biosynthesized SeNrs from Streptomyces bikiniensis on the Hep-G2 and MCF-7 cell lines have an LD50 of 75.96 and 61.86 micrograms/mL−1, respectively, which confirms the effectiveness in the treatment of cancer [34]. At the same time, the mechanism of action of selenium nanorods obtained by laser ablation is practically not studied. Despite the fact that these nanostructures are characterized by cheaper production and greater stability, this method of obtaining nanoparticles is characterized by the high purity of preparations. SeNrs showed a different dose anti-cancer efficacy, depending on the origin of the cancer cells. MCF-7 breast cancer cells have been found to be more sensitive to SeNrs compared to human hepatocellular carcinoma HepG2 cells [35]. Similarly, spherical selenium nanoparticles have shown more pronounced anti-cancer effects on HepG2, MCF-7 cells compared to CaCo-2 colorectal cancer cells or human glioblastoma [25,29,36]. In the present work, it was found that SeNrs more effectively induce apoptosis in glioblastoma A-172 cells compared to spherical SeNPs. Induction of apoptosis in A-172 cells occurred as early as 24 h after incubation with SeNrs, while under the action of SeNPs such effects could be achieved after 48 h of exposure. At the same time, after a 48-h exposure to SeNPs, inflammatory processes were also recorded in A-172 cells, which was not observed after SeNrs. A number of studies show the absence or mild cytotoxic effects of selenium nanostructures on “healthy” cells and tissues [29,37,38]. It has been shown that inorganic forms of selenium increase the activity of glutathione peroxidase in healthy cells, but selectively destroy their mitochondria through the release of free radicals in cancer cells. Thus, selenium is able to exert a selective anti-cancer effect [39,40].



In addition, our experiments showed that both types of nanoparticles were effective regulators of selenium-containing protein expression. A particularly important fact is the increase in the expression of SELENOT and SELENOT genes in glioblastoma cells after exposure to SeNPs and SeNrs, but the effects of SeNrs were more pronounced. These selenoproteins are of great importance in the regulation of the functions of the endoplasmic reticulum and are associated with carcinogenesis [41]. Similarly, spherical SeNPs did not generate Ca2+ signals in healthy L-929 mouse fibroblasts. However, in this case, SeNrs resulted in a slow increase in [Ca2+]i in fibroblasts, which indicates a lower selectivity of nanoparticles of this form to cells. As for selenoproteins, the studied nanoparticles also had almost no effect on, or regulated to a significantly lesser extent, the expression of most selenoprotein genes in fibroblasts of the L-929 line.



Selenium nanoparticles are used to enhance the effectiveness of radiotherapy, when the application of SeNPs together with irradiation enhances ROS production [42], ER-stress and leads to apoptosis induction in cancer cells and mitochondrial dysfunction [43]. Underlying many human diseases, endoplasmic reticulum stress is a typical molecular pathophysiological process, for the development of which a disturbance of protein folding is of great importance, which could be the reason for the accumulation of chemically aggressive proteins or inactive proteins in the lumen of ER [44]. To avoid these effects, eukaryotes have an unfolded protein response (UPR) mechanism. This mechanism is a signaling cascade with a common trigger mechanism mediated by transmembrane proteins—PERK (PKR-like ER kinase, also known as PEK, EIF2AK3), IRE1α (α-isoform of inositol-dependent enzyme type 1) and ATF-6 (activating factor transcription 6). The regulatory domain of these proteins is embedded in the lumen of the endoplasmic reticulum. Normally, the domain is associated with the BiP chaperone (immunoglobulin-binding protein, also known as GRP78-glucose-regulating protein and HspA5) [45]. It has been shown that selenium nanoparticles are able to inhibit a variety of signaling proteins participating in endoplasmic reticulum stress under the action of H2O2. These proteins include protein kinase R-like endoplasmic reticulum kinase (PERK), eukaryotic initiation factor 2 (eIF2α), CHOP and p-PERK activating transcription factor 4 (ATF4). In addition, SeNPs are able to regulate the process of mitophagy under endoplasmic reticulum stress through inhibition of the AMPK/mTOR/PINK1 signaling cascade [46]. In cortical astrocytes, spherical SeNPs also cause adaptive ER stress, which is not accompanied by the apoptosis activation, but, on the contrary, leads to the activation of genes encoding protective proteins [29]. Similarly, a slight depletion of the Ca2+ depots of the endoplasmic reticulum observed under the action of SeNrs on L-929 fibroblast cells with an increase in gene expressions of ER-stress proteins, does not cause pronounced cell death. The ER-stress registered in fibroblasts may have an adaptive value and protect cells in the event of pathological effects. Whereas in A-172 glioblastoma cells, we observe more pronounced ER-stress at the level of Ca2+ signaling and gene expression, which causes their apoptosis under the action of SeNrs and even necrotic processes under the action of high doses of SeNPs for 48 h. Depletion of Ca2+ depots of the endoplasmic reticulum can lead to the Ca2+ overload of mitochondria and activation of BCL-2-dependent apoptosis [47,48]. Another pathway of activation of apoptosis upon depletion of the ER is an [Ca2+]i increase, its accumulation in mitochondria, depolarization of mitochondria and release of cytochrome c [49]. In addition, overload of mitochondria with Ca2+ ions during ER-stress leads to the hyperproduction of ROS through NADPH oxidase 4 and disturbance of mitochondria [50]. In our experiments on a human glioblastoma cell line, after exposure to spherical SeNPs or selenium nanorods, the increase in expression of both ER-stress genes engaged in the apoptosis and genes encoding proteins adjusting the mitochondrial pathway of cell death increased.




5. Conclusions


The application of SeNPs and SeNrs in an acute experiment causes Ca2+ signaling system activation in human glioblastoma cells, and Ca2+ signals to SeNPs have the form of a temporal rise in [Ca2+]i, while the application of SeNrs induces a slow increase in [Ca2+]i and new steady-state of [Ca2+]i. However, both types of nanoparticles lead to the depletion of Ca2+ depots of the endoplasmic reticulum, induction of apoptosis and ER stress in glioblastoma cell cultures. SeNrs showed a trend towards greater efficiency in inducing apoptosis and increasing the expression of pro-apoptotic genes even at high concentrations, while SeNPs at high concentrations cause cell necrosis. In healthy L-929 mouse fibroblast cells, SeNrs also activate the Ca2+ signaling system, moderate depletion of Ca2+ stores of the endoplasmic reticulum and the induction of early stages of apoptosis when high concentrations of nanoparticles are used. Spherical SeNPs are more selective because they do not affect the physiology of normal cells.
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Figure 1. SeNrs formation scheme, shape and distribution by size. (A) Schematic diagram of a possible synthesis mechanism for SeNrs during laser fragmentation. (B) TEM image of a single selenium rod (scale mark size: 200 nm). (C) TEM image of obtained Se nanorods (scale mark size: 1 µm). (D) SeNrs number distribution by size. (E) SeNrs volume distribution by size. Disc centrifuge and a DLS particle size analyzer were used to collect data. PDI = 0.25 ± 0.5; (n = 3). 
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Figure 2. Shape and size distribution of Se nanoparticles. (A) TEM image of a 130 nm spherical selenium nanoparticle (scale mark size: 100 nm). (B) TEM image of a single SeNP (scale mark size: 1 µm). (C) SeNPs number distribution by sizes. (D) SeNPs volume distribution by sizes. Disc centrifuge and a DLS particle size analyzer were used to obtain data. PDI = 0.27 ± 0.5; (n = 3). 
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Figure 3. Activation of the Ca2+ responses of A-172 cells (A,B) and L-929 cells (C,D) by different concentrations of selenium nanorods (SeNrs) or selenium nanoparticles (SeNPs). (E,F) Dependence of the Ca2+ responses amplitude of A-172 (E) and L-929 (F) cells on the different concentrations (black squares) and SeNPs (red circles). Data were approximated by a sigmoid function. The averaged Ca2+ signals of cells are presented (panels (A–D)). Ca2+ signals averaged over 3 independent experiments were used to plot the dose dependences of Ca2+ signal amplitudes from the concentrations of nanostructures (panels (E,F)). 
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Figure 4. Effect of 24-h and 48-h incubation of A-172 cells with different SeNrs or SeNPs concentrations. (A,B) The cell viability after 24-h pre-incubation with different concentrations of SeNrs (A) and SeNPs (B). (C,D) Cytograms demonstrating the cell viability after 48-h pre-incubation with various concentrations of SeNrs (C) and SeNPs (D). X-axis: the intensity of propidium iodide (PI) fluorescence; Y-axis: the intensity of Hoechst 33342 fluorescence. Cells were stained with the probes after 24-h or 48-h pre-incubation with different concentrations of nanostructures. The presented data were obtained on three cell cultures. 
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Figure 5. Effect of 24-h and 48-h pre-incubation of L-929 cells with various SeNrs or SeNPs concentration. (A,B) The viability of A-172 cells after 24-h pre-incubation with different concentrations of SeNrs (A) and SeNPs (B). (C,D) Cytograms demonstrating the viability of A-172 cells after 48-h pre-incubation with different concentrations of SeNrs (C) and SeNPs (D). X-axis: the intensity of propidium iodide fluorescence; Y-axis: the intensity of Hoechst 33342 fluorescence. Cells were stained with the probes after 24-h or 48-h pre-incubation with different concentrations of nanostructures. The experiments were carried out on three cell cultures of different passages. 
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Figure 6. The patterns of expression of genes, which encode pro-apoptotic proteins in A-172 (A) and L-929 (B) cells after 24-h pre-incubation with various (1, 5, 10 µg/mL) selenium nanorods (SeNrs) or selenium nanoparticles (SeNPs) concentrations. The gene expression level in control cells was taken as 1. n = 3. 
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Figure 7. The patterns of expression of genes encoding ER-stress proteins, which are involved in activation of apoptosis in A-172 (A) and L-929 (B) cells after 24-h incubation with different concentrations (1, 5, 10 µg/mL) of selenium nanorods (SeNrs) or selenium nanoparticles (SeNPs). The gene expression level was taken as 1 in control cells. n = 3. 
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Figure 8. The expression patterns of genes encoding selenoproteins and selenium-containing proteins in A-172 (A) and L-929 (B) cells after 24-h incubation with different concentrations (1, 5, 10 µg/mL) of selenium nanofibers (SeNrs) or selenium nanoparticles (SeNPs). The gene expression level was taken as 1 in control cells. n = 3. 
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Figure 9. Effect of A-172 human glioblastoma cells incubation (A,C) and L-929 mouse fibroblast cells (B,D) with different (1, 5, 10 µg/mL) selenium nanorod (SeNrs) or selenium nanoparticle (SeNPs) concentrations on Ca2+ capacity of endoplasmic reticulum. (A,C) Ca2+-responses of A-172 cells to the application of thapsigargin (TG, 10 µM) in a calcium-free medium contained 0.5 mM EGTA after 24-h (A) and 48-h (C) incubation with different concentrations (1, 5, 10 µg/mL) of selenium nanorods (SeNrs) or selenium nanoparticles (SeNPs). (B,D) Ca2+-responses of L-929 cells to the application of thapsigargin (TG, 10 µM) in a calcium-free medium supplemented with 0.5 mM EGTA after 24-h (B) and 48-h (D) pre-incubation with different concentrations (1, 5, 10 µg/mL) of selenium nanorods (SeNrs) or selenium nanoparticles (SeNPs). Ca2+ responses for panels (A–D) are averaged over several dozens of cells. 
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Table 1. Primers for the synthesis of human mRNA fragments.
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	Gene Name
	Forward Primer 5′–>3′
	Reverse Primer 5′–>3′





	GAPDH
	ACATCGCTCAGACACCATG
	GCCAGTGAGCTTCCCGTT



	SELENOT
	TCTCCTAGTGGCGGCGTC
	GTCTATATATTGGTTGAGGGAGG



	SELENOM
	AGCCTCCTGTTGCCTCCGC
	AGGTCAGCGTGGTCCGAAG



	SELENOF
	GGAGGAAGCACAATTTGAAACC
	TATGCGTTCCAACTTTTCACTC



	SELENOK
	TTTACATCTCGAACGGACAAG
	CAGCCTTCCACTTCTTGATG



	SELENOS
	TGGGACAGCATGCAAGAAG
	GCGTCCAGGTCTCCAGG



	SELENON
	TGATCTGCCTGCCCAATG
	TCAGGAACTGCATGTAGGTGG



	DIO2
	AGCTTCCTCCTCGATGCC
	AAAGGAGGTCAAGTGGCTG



	CHOP
	GCTCTGATTGACCGAATGG
	TCTGGGAAAGGTGGGTAGTG



	GADD34
	CTCCGAGAAGGTCACTGTCC
	GACGAGCGGGAAGGTGTGG



	PUMA
	CAGATATGCGCCCAGAGAT
	CCATTCGTGGGTGGTCTTC



	BIM
	GGACGACCTCAACGCACAGTACGAG
	GTAAGGGCAGGAGTCCCA



	CAS–3
	GCATTGAGACAGACAGTGGTG
	AATAGAGTTCTTTTGTGAGCATG



	CAS–4
	CACGCCTGGCTCTCATCATA
	TAGCAAATGCCCTCAGCG



	BAX
	GGGCTGGACATTGGACTTC
	AACACAGTCCAAGGCAGCTG



	BAK
	GAGAGTGGCATCAATTGGGG
	CAGCCACCCCTCTGTGCAATCCA



	BCL-2
	GGTGAACTGGGGGAGGATTG
	AGCCAGGAGAAATCAAACAGAG



	ATF–4
	GTGTTCTCTGTGGGTCTGCC
	GACCCTTTTCTTCCCCCTTG



	ATF–6
	AACCCTAGTGTGAGCCCTGC
	GTTCAGAGCACCCTGAAGA



	XBPu
	ACTCAGACTACGTGCACCTC
	GTCAATACCGCCAGAATCC



	XBPs
	CTGAGTCCGCAGCGGTGCAGG
	GGTCCAAGTTGTCCAGAATG



	GPX1
	AAGATCCAACCCAAGGGCAAG
	CATGAGTGCCGGTGGAAGG



	GPX4
	AAGATCCAACCCAAGGGCAAG
	CATGAGTGCCGGTGGAAGG



	TXNRD1
	CAACAAATGTTATGCAAAAATAATC
	ACACTGGGGCTTAACCTCAG



	TXNRD3
	CTCTTTAGAAAAGTGTGATTATATT
	GCCCACATTTCATTGCAGCTG



	Nf-kB
	TACTTTCTCACTTTTTGCCCAC
	GGTCTACAGGAAGGCGTGG










 





Table 2. Primers for the synthesis of mouse mRNA fragments.






Table 2. Primers for the synthesis of mouse mRNA fragments.





	Gene Name
	Forward Primer 5′–>3′
	Reverse Primer 5′–>3′





	GAPDH
	AAGGTGGTGAAGCAGGCATC
	CTCTTGCTCAGTGTCCTTGC



	SELENOT
	TGATTGAGAACCAGTGTATGTC
	GGTACAACGAGCCTGCCAAG



	SELENOM
	CGCCTAAAGGAGGTGAAGGC
	CTTGCGGTAGAAGCCGAGCTC



	SELENOF
	AGGGTGCTGTCAGGAAGAAG
	CGTTCCAACTTCTCGCTCAG



	SELENOK
	GAAGAGGGCCACCAGGAAAC
	GGAATTCCCAGCATGACCTC



	SELENOS
	GGACCAAGCCGAGACTGTTC
	CTTCTTGCATGCTGTCCCAC



	SELENON
	AAGATGGCTTCCTAGGGGTC
	CTGAGGGGCAAAGCGGGTC



	DIO2
	GCTTATCTCTGCCCCCATTG
	CACACATAAACGACCTCCTTC



	CHOP
	CAGCTGGGAGCTGGAAGCCTG
	GACCACTCTGTTTCCGTTTCC



	GADD34
	GAGTCCCATGAAGAGATTGTAC
	ACCAGCCCAGCAGCACTTAG



	PUMA
	TGAAGATCTGCGCCGGGAG
	GAGAGGGACATGACGCGTG



	BIM
	AATGGCCGGCTATGGATGATG
	GCCAATTGGGTTCACTGTCTG



	CAS–3
	GACCCGTCCTTTGAATTTCTC
	CTCTTCATCATTCAGGCCTGC



	CAS–4
	TTTTCTTTTCTTCTCAGCTACAG
	TGTTGGTGTTATCATTTGGAGG



	BAX
	TAAAGTGCCCGAGCTGATCAGAAC
	CTTCCCAGCCACCCTGGTCTT



	BAK
	CAGATGGATCGCACAGAGAG
	GCGTCTTTGCCCTGGGGAG



	BCL-2
	GGTGAACTGGGGGAGGATTG
	AGCCAGGAGAAATCAAACAGAG



	ATF–4
	TCGGGTTTGGGGGCTGAAG
	AAACAGAGCATCGAAGTCAAAC



	ATF–6
	AGGAGGGGAGATACGTTTTAC
	CGAGGAGCTTTTGATGTGGAG



	XBPu
	GAGTCCGCAGCAGAGTCCGCAGC
	GGAGGCTGGTAAGGAACTAG



	XBPs
	AGTCCGCAGCACAGCAGGT
	AGAGAAAGGGAGGCTGGTAAG



	GPX1
	GGGGAGCCTGTGAGCCTGG
	GGACGTACTTGAGGGAATTC



	GPX4
	GATGAAAGTCCAGCCCAAGG
	GAAGGCTCCAGGGGTCACAG



	TXNRD1
	CAACAAATGTTATGCAAAAATAATC
	ACACTGGGGCTTAACCTCAG



	TXNRD3
	CTCTTTAGAAAAGTGTGATTATATT
	GCCCACATTTCATTGCAGCTG



	Nf-kB
	AAGTGCAAAGGAAACGCCAGAA
	ACTACCGAACATGCCTCCACCA










 





Table 4. Influence of different concentrations of SeNPs on the survival of human glioblastoma A-172 cells after 24 and 48 h of exposure.
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24 h Pre-Incubation

	
48 h Pre-Incubation




	
Control

	
1 µg/mL

	
5 µg/mL

	
10 µg/mL

	
Control

	
1 µg/mL

	
5 µg/mL

	
10 µg/mL






	
Viable

	
100%

	
76%

	
37%

	
18%

	
100%

	
39%

	
12%

	
0%




	
Early apoptotic

	
0%

	
6%

	
8%

	
2%

	
0%

	
11%

	
17%

	
4%




	
Apoptotic

	
0%

	
18%

	
47%

	
59%

	
0%

	
47%

	
57%

	
44%




	
Necrosis

	
0%

	
0%

	
8%

	
21%

	
0%

	
3%

	
14%

	
52%











 





Table 5. Effect of different SeNrs concentrations on the survival of L-929 mouse fibroblast cells after 24 and 48 h of exposure.
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24 h Pre-Incubation

	
48 h Pre-Incubation




	
Control

	
1 µg/mL

	
5 µg/mL

	
10 µg/mL

	
Control

	
1 µg/mL

	
5 µg/mL

	
10 µg/mL






	
Viable

	
100%

	
89%

	
94%

	
96%

	
100%

	
91%

	
89%

	
86%




	
Early apoptotic

	
0%

	
11%

	
6%

	
4%

	
0%

	
9%

	
11%

	
14%




	
Apoptotic

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%




	
Necrosis

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%











 





Table 6. Effect of different SeNPs concentrations on the survival of L-929 mouse fibroblast cells after 24 and 48 h of exposure.
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24 h Pre-Incubation

	
48 h Pre-Incubation




	
Control

	
1 µg/mL

	
5 µg/mL

	
10 µg/mL

	
Control

	
1 µg/mL

	
5 µg/mL

	
10 µg/mL






	
Viable

	
100%

	
100%

	
98%

	
94%

	
100%

	
93%

	
81%

	
51%




	
Early apoptotic

	
0%

	
0%

	
2%

	
6%

	
0%

	
7%

	
11%

	
28%




	
Apoptotic

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%

	
8%

	
16%




	
Necrosis

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%

	
5%
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