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Abstract

:

Green synthesis has recently attracted extensive attention from scientists all over the world for the production of metal nanoparticles. Selenium nanoparticles (Se NPs) have been demonstrated as a suitable supplement nutrient for the replacement of selenium ions in terms of safety and efficiency. This work presented a friendly and facile approach to synthesize the Se NPs using polyphenols content in the Cleistocalyx operculatus (CO) leaves extract. The synthesizing conditions were optimized to obtain the Se NPs with uniform distribution and shape. The prepared Se NPs were well-characterized using scanning electron microscopy, X-ray diffraction, energy diffractive spectroscopy, and Fourier-transform infrared spectroscopy. The resultant Se NPs were in spherical shape with the particle size in a range from 50–200 nm. The antimicrobial properties of Se NPs were investigated against Echerichia coli and Staphylococcus aureus, which showed reasonable activity. The acute oral toxicity of Se NPs in mice was also studied. The result indicated that Se NPs exhibited lower toxicity than that of SeO2 with the lethal concentration (50% death of mice) of 7.75 mg kg−1.
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1. Introduction


The last few decades have witnessed a rapid growth in the development and research of nanomaterials globally because of their unique properties in many fields of application [1,2]. Many approaches could be employed to synthesize metallic nanoparticles, which consist of chemical, physical, and biological approaches. While the physical methods are time-consuming processes requiring a lot of energy as well as occupying spaces, the chemical methods commonly use toxic-reducing agents for the synthesis of nanoparticles [3,4]. Thus, the chemical and physical approaches are considered not suitable for the production of nanoparticles on a large scale [5]. Because of the aforementioned issues, the biological methods for nanoparticles synthesis are preferred for nanomaterials fabrication. The biological approaches utilize fungi, bacteria, algae, and plant extracts as green agents for reducing metal ions into their metallic form with sizes ranging from 1–100 nm [6,7,8,9].



Many plant and plant parts (green tea leaf, Ficus carica dried fruit, Avicennia marina flower …) have been successfully employed to fabricate nanoparticles such as silver, zero-valent iron nanoparticles, copper, zinc oxide, and gold [10,11,12,13]. The use of reductants from the plant extracts could significantly reduce production cost, environmental issues, and improve the quality and stability of the resultant nanoparticles. It is of note that the extract from each plant has unique chemical and biological properties as well as reducing activity depending on the polyphenol contents in the extract. Moreover, the regional conditions (weather, soils, and water) where the plant grows will decide the quality and reducing capability of the plant extracts. Thanks to the tropical weather and the diversity of plants, Vietnamese scientists have recently focused on the green synthesis of nanoparticles using plant extracts. One of the most promising plant extracts that could be employed as a green reducing agent is the extract from Cleistocalyx operculatus (CO) leaves. This plant is a well-known native plant for medicine and beverages, containing a high proportion of polyphenols as the main reducing component, which could reduce metal ions to nanoparticles. Several works have been undertaken to fabricate nanoparticles using the CO extract. For example, Nguyen et al. successfully utilized the CO extract as a green reductant to synthesize zero-valent iron nanoparticles (nZVIs) [10]. The prepared nZVIs showed remarkable degrading efficiency toward Rhodamine B with a removal percentage of up to 95% in 30 min. Interestingly, the resultant nZVIs exhibited high stability, thanks to a thin organic coating formed by polysaccharides in the CO extract.



Selenium is one of the trace minerals that is evident to be crucial for many mammalian creatures and human body [14,15]. It could incorporate with the proteins to appropriately function in the immune systems and adjusting the function of the thyroid gland; as a result, avoid cellular damage [16]. Additionally, with reasonable antibacterial property, selenium has been studied as an anti-carcinogenic substance for many types of cancers [17,18]. However, selenium could have many side effects if an over-dose of this trace mineral is administered in the human body, even causing death for people. Thus, finding a suitable form of Selenium (Se) to optimize the advantages of Selenium usage, while avoiding the adverse effects of an overdose of this trace element become urgent [19]. To meet this urgent demand, many scientists worldwide have recently paid close attention to replacing the Se element with the Se particles in nanoscale. Selenium nanoparticles (Se NPs) have many advantages such as low toxicity, biocompatibility, unique therapeutic properties, and bioavailability, which could be utilized in many biomedical and physiological applications [20,21]. Se NPs could be employed as chemopreventive and anti-cancer substances, antimicrobial agents, in sensing, in electronic devices, catalysis, imaging, and photovoltaic applications [22,23,24,25,26,27]. Se NPs could be obtained from various pathways including, but not limited to, chemical and electrochemical reactions, laser ablation, solution plasma method, and green synthesis using biological agents [28,29,30,31,32,33,34]. Among these, Se NPs obtained from green synthesis using plant extracts as reducing agent demonstrated to be economic, less toxic, and have large-scale production capability [35,36,37,38]. However, to the best of our knowledge, no work has been undertaken to employ the high content of polyphenol extract in the CO leaf as a reducing agent for the synthesis of Se NPs, especially with reference to the acute oral toxicity of the resultant Se NPs.



Herein, Se NPs are successfully fabricated using the CO extract as a green reductant. The resultant Se NPs are well-characterized using scanning electron microscopy, UV-vis spectroscopy, transmittance electron microscopy, X-ray diffraction, FTIR spectroscopy, and Energy dispersive spectroscopy. The acute oral toxicity of Se NPs in mice is also studied and discussed.




2. Materials and Methods


2.1. Materials


C. operculatus collected in Hanoi, Vietnam was washed, dried at 105 degrees and ground to a fine powder. We heated 5 g of dry powder in 96% ethanol at 60 degrees for 2 h. Next, the extract was filtered and analyzed for total polyphenol and flavonoid content. The total content of polyphenols and flavonoids was determined to be 12.4 mg/mL, 0.63 mg/mL, respectively. C. operculatus leaf extract was diluted 5 times with distilled water to be used for synthesis.



Selenium dioxide (SeO2, 99.99%) was received from Sigma-Aldrich, St. Louis, MO, USA. The H2SeO3 solution was prepared by dilution of SeO2 in double-distilled water with a concentration of 3 mM. All chemicals were used as received without any additional purification.




2.2. Green Synthesis of Selenium Nanoparticles


SeNPs were synthesized by slowly adding H2SeO3 solution to C. operculatus leaf extract, which had been heated to a temperature of 40 degrees, according to the ratio of volume of extract/H2SeO3 in turn 1:1; 2:1; 3:1; 4:1. The mixture was magnetically stirred for 2 h at 40 degrees. The selenium nanoparticle dispersion solution was stored at 5 degrees and used for further analysis.




2.3. Characterization of Selenium Nanoparticles


SeNPs were characterized by UV–Visible spectroscopy (Hitachi-UH4150, Tokyo, Japan). The morphology of the Se NPs was observed via field emission scanning electron microscopy (SEM-EDX, Hitachi S-4600). The detailed structure was analyzed via transmission electron microscopy (TEM, JEM-2100F, JEOL) and high-resolution transmission electron microscopy (TEM, JEOL JEM 1010). The elemental analysis of the prepared Se NPs was studied using energy-dispersive X-ray spectroscopy (Hitachi S-4600). The crystal structure of Se NPs was obtained on an X-ray diffractometer (XRD, X’Pert PRO PANalytical) with Cu Kα (λ = 1.5418 Å) radiation operating at 45 kV and 200 mA. The XRD patterns were acquired in the range of 20–70° with a step size of 0.01° and a scan speed of 1 min−1. Functional groups were analyzed by FT-IR (Brucker-Tensor II). The IR spectrum was recorded in middle region wavenumber of 4000–400 cm−1 at a resolution of 4.0 cm−1.




2.4. Acute Toxicity


Forty-eight healthy BALB/c white mice, with a weight of about 22–26 g, regardless of breed, were raised in the animal house under standard conditions of temperature and light, then they were divided into eight lots (six rats/lot) and starved for 16 h before drinking the study sample. Se NPs dispersed in 0.9% pathogen-free NaCl were administered orally at different doses. The animals were observed for survival and clinical signs of toxicity on the dosing day and then daily for 14 days. The cumulative mortality rate within 72 h of treatment was used to calculate the mean fatal dose (LD50).




2.5. Anti-Bacterial Activity


The standard well diffusion method was employed to study the antimicrobial property of Se-NPs against Echerichia coli and Staphylococcus aureus. We fabricated 6 mm wells on Muller–Hilton agar plates using gel puncture. Amounts of 25, 50, 75 and 100 µL of the Se NPs with a concentration of 300 ppm and Streptomycine (0.1 g/mL) as the control were introduced into the wells using a micropipette. The experiments were replicated three times. The different levels of the inhibition zones were recorded after incubation at 37 °C for 24 h. The diameters of the inhibition zones around each well were determined.





3. Results and Discussion


3.1. Effect of the Stirring Methods


During the reduction of Se ions to Se NPs by the CO extract, the stirring methods have a great effect on the morphologies of resultant Se NPs. Figure 1 shows the morphologies of the Se NPs synthesized using the CO extract with the assistance of probe sonicating, bath sonicating, and magnetic stirring. It can be clearly seen that Se NPs obtained in the probe and bath sonicating methods reveal aggregate form with undefined morphologies. These might be due to the strong stirring energy from the sonicating method, which could break the structure of newly formed Se NPs, leading to aggregation and undefined morphology. When magnetic stirring was used for the reducing process of Se ions by the CO extract, the resultant Se NPs exhibited relatively well-defined spherical shape with partial aggregation, which is explained by the polysaccharide contents in the CO extract. Thus, the magnetic stirrer is selected as the optimal stirring method to assist the synthesis of Se NPs using the CO extract [39,40].




3.2. Effect of the Se4+/CO Volume Ratios


Figure 2 shows the morphologies of the Se NPs synthesized from Se4+ precursor using the CO extract with various Se4+/CO volume ratios. With the Se4+/CO volume ratio of 1/1, Se nanoparticles are in irregular and undefined shapes. The round and defined spherical shapes are clearly observed with relative uniformity in size distribution at the Se4+/CO volume ratio of 1/2. Further increases in the Se4+/CO volume ratios witness the aggregation form of the Se NPs, which might be due to the presence of high polysaccharide content in the CO extract that could bind Se NPs particle together. Thus, the Se4+/CO volume ratio of 1/1 was selected as an optimal CO extract’s content for the synthesis of Se NPs.




3.3. Characterization of Se NPs


It has been well evident from previous works that the polyphenols content in the leaf extract could reduce Se4+ ions to form metallic Se NPs [36,41,42]. With a polyphenols contents of approximately 13%, the CO extract could be utilized as an effective reducing agent for the green synthesis of metallic nanoparticles [4,10]. In this work, the CO extract was employed as a reductant to synthesise Se NPs from Se4+ precursor; the formation of Se NPs was initially observed using UV-vis spectroscopy. Figure 3 shows the UV-vis spectrum and optical images of the resultant Se NPs. When the diluted CO extract, in light yellow colour, reacted with the Se4+ precursor, in transparent colour, a light red solution was obtained, which is demonstrated to be a typical colour of the metallic Se NPs [43]. This colour change was observed only after 30 min and completed after 2 h of reaction time. The red colour of the resultant solution is ascribed to the surface plasmon vibration in excitation state from SE NPs [44]. It has been well known in the literature that the UV-vis spectrum of Se4+ ions shows no absorption peak, indicating no surface plasmon vibration effect occurs in this state. Intriguingly, the UV-vis spectrum of Se NPs in Figure 3 exhibits a high-intensity absorption peak at 302 nm. This absorption band is ascribed to the surface plasmon vibration in excitation state of Se NPs [45]. This result primarily assures us that the polyphenols content in the CO extract successfully reduced the Se precursor to form metallic Se NPs.



The morphologies and size distribution of the Se NPs obtained from Se4+ precursor using the CO extract with the Se4+/CO volume ratio of 1/2 were studied using SEM and TEM images and the result is shown in Figure 4. It is obvious in the low SEM resolution image that the resultant Se NPs are round in shape with a uniform distribution (Figure 4a). The high SEM resolution image exhibits the spherical morphology of Se NP with a diameter ranging from 50–200 nm (Figure 4b). This particle size and shape were further confirmed by the TEM images as shown in Figure 4c,d. The SEM and TEM images also show the presence of the thin coating on the surface of Se NPs, which is ascribed to the polysaccharide compounds in the CO extract [10].



The elemental composition and distribution in Se NPs was investigated by EDS spectrum and EDS mapping as shown in Figure 5. The characteristic peaks of the SeLα and SeKβ from Se NPs were observed at 1.4 and 11.2 keV, respectively, in the EDS spectrum [16]. The spectrum also shows high intensity peaks of the C and O presence in the Se NPs materials. These elements could belong to the organic coating on the Se NPs’ surface, which further confirms the presence of polysaccharide compounds in the CO extract. This thin coating film could protect Se NPs from oxidation. The EDS mapping of the Se NPs also assures the presence of the Se, C, and O in the final product.



The appearance and crystallinity of the Se NPs in the sample were further confirmed using X-ray diffraction analysis. The XRD pattern of the Se NPs prepared with the Se4+/CO volume ratio of 1/2 is shown in Figure 6. The diffraction peaks at around 20 and 30o in the XRD pattern are assigned to the (100) and (101) planes, respectively, of metallic Se nanoparticles with trigonal phase containing lattice constants in structure: a = 4.366 Å and c = 4.956 Å (JCPDS file no. 06-362) [32,46]. The other peaks present in the XRD spectrum might be attributed to the diffraction peaks of the selenium oxide, which is partially oxidized from the presence of oxygen in the media reaction.



The chemical bonding nature in the Se NPs product was investigated using FTIR spectroscopy and the result is shown in Figure 7. The broad absorption band ranging from 3200–3600 cm−1 in the FTIR spectrum belong to the O-H bonding of moisture, alcohols, and phenols groups in the extract [10,47,48]. The characteristic vibration appearing at 2930 cm−1 is assigned to the C-H stretching bonds of alkynes. The C=O stretching group in the cetone and aldehyde groups is also observed at 1687 cm−1 in the FTIR spectrum. The strong vibration peaks at 1607 cm−1 and 1430 cm−1 are attributed to the N-O asymmetric bonding in nitro compounds and C-C bonding in ring of aromatics, respectively. The strong absorption peak at 1350 cm−1 is assigned to the C-H stretching in alkanes. Several vibration bands at 1100 and 1048 cm−1 are attributed to the C-N bending of the amines [35]. The O-H group in the carboxylic acids is also evident at the vibration band of 942 cm−1. The characteristic FTIR peak at 765 cm−1 is ascribed to the bending of C-H in alkyl halides. This result demonstrates that the prepared Se NPs’ surfaces were successfully covered by various functional groups, which are responsible for the reduction as well as stabilization of the resultant Se NPs. The organic compounds in the extract have been demonstrated to be stabilizing agents for the metal nanoparticles [29]. However, further study on the active molecules responsible for the synthesis as well as the protection of the Se NPs is needed.




3.4. Antimicrobial Activity


Figure 8 shows the antimicrobial activity of the Se NPs prepared with the Se4+/CO volume ratio of 1/2 with the assistance of magnetic stirring against Echerichia coli and Staphylococcus aureus at various doses of 25, 50, 75, and 100 µL. The inhibition zones of the Se NPs for E. coli were calculated to be 12, 13, 13, and 15 mm at the dosage of 25, 50, 75, and 100 µL, respectively, with a Se NPs’ concentration of 300 ppm, which is relatively high bioactivity considering the low concentration of Se NPs. For the S. aureus, the Se NPs show inhibition zones of around 10 mm for all the dosages. This result indicates that the Se NPs prepared by the CO extract reveals effective microbial activity against E. coli bacteria.




3.5. Acute Oral Toxicity and Lethal Concentration (LC50) of Se NPs


The toxicity and ecotoxicology of metal nanoparticles are commonly investigated using the lethal concentration (LC50) and acute toxicity protocols. The lethal concentration is the dosage of nanoparticles that causes the death of 50% of test animals in a certain period of time. This factor is important to evaluate the safety of nanoparticles employed in animals and the human body in terms of biological and ecological aspects. This study investigated the effect of Se NPs prepared by the CO extract with the Se4+/CO volume ratio of 1/2 on the acute toxicity and response of mice during 72 h of administration. Figure 9 exhibits the optical images of mice administrated with various doses of 300 ppm Se NPs. It is obvious from the result that the activity and food consumption of mice with normal responses to surrounding environments were observed at the Se NPs’ dosage of <4.5 mg kg−1 (data not shown), which is the same as the control mice. The food consumption of mice significantly decreased and the response to the surroundings weakened with a Se NPs’ dose of >4.5 mg kg−1. The lethal concentration (50 % of dead mice) of the Se NPs for mice was determined to be approximately 7.75 mg kg−1. Previous work revealed that the lethal concentration of SeO2 for mice was calculated to be 2.5 mg kg−1 [49]. This means that the lethal concentration of the Se NPs is around 3 times higher than that of SeO2. The result confirms that the Se NPs synthesized by the CO extract with less solubility, safe chemical form and oxidative state could minimize the acute oral toxicity compared to the Se ions form.





4. Conclusions


In short, the selenium nanoparticles have been successfully synthesized using the polyphenols content in the CO extract as reductant. The Se NPs prepared with the Se4+/CO volume ratio of 1/2 and the assistance of magnetic stirring were of spherical shape with a diameter in the range of 50–200 nm. The resultant Se NPs were demonstrated to be stabilized by a thin organic coating from the polysaccharide content in the CO extract. The prepared Se NPs revealed a reasonable antimicrobial activity against Echerichia coli and Staphylococcus aureus with inhibition zones of 15 mm at the dose of 100 µL with Se NPs’ concentration of 300 ppm. In comparison to the SeO2, the Se NPs prepared using the CO extract exhibited lower acute oral toxicity with the lethal concentration (50% death of animals) of the Se NPs for mice determined to be approximately 7.75 mg kg−1, which is about 3 times lower than that of SeO2. The mice revealed normal food consumption and activity after the uptake of Se NPs during the test time, which indicates that Se NPs prepared by the CO extract is safe for humans and animals. For this reason, Se NPs could be considered as a promising supplement nutrient to replace Se in ion form for humans and animals.
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Figure 1. SEM images of Se NPs synthesized by the CO extract with the assistance of (a) probe sonicating, (b) bath sonicating, and (c) magnetic stirring with Se4+/CO volume ratio of 1/1. 
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Figure 2. SEM images of Se NPs prepared from the CO extract under magnetic stirring condition with the Se4+/CO volume ratio of (a) 1/1, (b) 1/2, (c) 1/3, and (d) 1/4. 
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Figure 3. Optical images of Se4+ precursor, the CO extract, Se NPs, and UV-spectrum of Se NPs prepared with the Se4+/CO volume ratio of 1/2. 
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Figure 4. SEM (a,b) and TEM (c,d) images of the Se NPs prepared with the Se4+/CO volume ratio of 1/2. 
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Figure 5. (a) EDS spectrum and EDX mapping (b–d) of the Se NPs prepared with the Se4+/CO volume ratio of 1/2. 
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Figure 6. XRD pattern of the Se NPs prepared with the Se4+/CO volume ratio of 1/2. 
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Figure 7. FTIR spectrum of the Se NPs prepared with the Se4+/CO volume ratio of 1/2. 
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Figure 8. Bioactivity of the Se prepared with the Se4+/CO volume ratio of 1/2 against (a) E. coli and (b) S. aureus at the Se NPs various doses of 25, 50, 75, and 100 µL (concentration of 300 ppm). 
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Figure 9. Optical images of mice administered with various doses of 300 ppm Se NPs. 
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