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Abstract

:

Selenium (Se) is a nutritional component necessary for animal and plant development and reproduction. Selenium nanoparticles (SeNPs) have a high absorption rate during routine supplementation. In the current study, a cell-free extract of Aspergillus terreus was used as a reducing and stabilizing agent in the synthesis of SeNPs using a green and eco-friendly method. The mycosynthesized SeNPs were characterized by UV-visible spectrophotometry, Fourier transform infrared spectroscopy, X-ray diffraction spectroscopy, dynamic light scattering, transmission electron microscopy, and scanning electron microscopy. The results of the characterization process showed that the mycosynthesized SeNPs had spherical shapes and sizes less than 100 nm. Results showed that mycosynthesized SeNPs exhibited promising antibacterial activity against both Gram-positive and Gram-negative bacteria where inhibition zones were 14, 20, 16, and 13 mm toward S. haemolyticus, S. aureus, E. coli, and K. pneumoniae, respectively. However, it had weak antifungal activity against C. albicans, where the inhibition zone was 12 mm. The efficacy of mycosynthesized SeNPs for the decolorization of malachite green dye was investigated. Results illustrated that SeNPs exhibited rapid biodegradation of malachite green dye, reaching up to 89% after 240 min. In conclusion, SeNPs were successfully biosynthesized using A. terreus and demonstrated both antimicrobial and photocatalytic activities.
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1. Introduction


Water, a significant asset with unique properties, is essential for the survival of living organisms, hydroelectric power generation, industries and conveyance [1]. Rapid industrialization has led to an excessive increase in chemical use, which has gradually increased environmental damage, notably water contamination [2]. Large amounts of pollutants are released into freshwater resources by several enterprises. Large amounts of wastewater, including a variety of biodegradable and non-biodegradable contaminants, are produced by the textile industry [3]. The synthetic dyes used in the coloring process are a major reason for concern among all pollutants since the bulk of the dye is discharged into the effluent and only a very small percentage of the dye binds to the fabric. Every year, approximately 3 × 108 kg of dyes are discharged into wastewaters globally [4]. Since azo dyes are the most widely used dyes and the main source of environmental concern due to their complicated structural makeup and resistive character, they affect both people and the environment. Due to the use of dangerous dyes, these industrial effluents have a disastrous impact on aquatic life and people. These dyes are not biodegradable, act as oxidizing agents, are stable to light, are carcinogenic, and are difficult to remove from wastewater [5,6]. Malachite green is a typical triphenylmethane dye that is widely used in the dyeing industry. However, several studies have shown how it can have teratogenic, mutagenic, and cancerous effects on people [7]. Diverse methods, such as coagulation or flocculation, adsorption, membrane filtration, ultrafiltration, etc., have been used to remove colors from wastewater [8]. Due to its simplicity of use and lack of secondary pollutants, adsorption is the most popular technology among all of them. Malachite green dye has been adsorptively removed from water using a range of materials, including activated carbon, clays, polymers, magnesium oxide, ferric oxide, silica, sawdust, hydrogels, cellulose textiles, and zeolites [9]. These techniques have a number of limitations, including a high level of sludge production, the need for physiochemical monitoring, and the inability to reuse coagulants or flocculants. The usage of adsorbents is further hampered by their high cost, the removal of sludge, recycling, and saturation. Additionally, reverse osmosis has expensive operating and maintenance requirements. A costly membrane filtering system is used in ultrafiltration [10,11].



Significant attention has been given to nanotechnology for environmental remediation, and it has a bright future in improved wastewater treatment and biological treatments [12,13]. Due to their distinct physical and chemical properties, such as their optical, electrical, and catalytic properties, nanoparticles have the potential to function as a catalyst in the oxidation reaction that purifies industrial effluent water. Metallic and semiconductor nanoparticles are useful for the catalytic and photocatalytic breakdown of dyes in aquatic environments [14]. The effectiveness of dye degradation was increased by nanoparticles because of their unique properties and high surface-to-volume ratio [15,16]. The major benefit of this procedure is that no trash or solid hazardous elements are produced. In addition to this biogenic synthesis, nanomaterials have also been produced via a variety of physical and chemical processes [17,18,19,20,21,22]. When comparing the three synthesis techniques, biological synthesis is more important than physical and chemical synthesis of nanoparticles and more inexpensive, opening the way for a new era of bionanotechnology [23,24,25,26]. Recently, biological methods utilizing plants or microorganisms have been made available [17,27,28,29]. Traditional methods in medical applications do have adverse effects since they require a significant level of hazardous chemical consumption, high heating conditions, expensive equipment, and the adsorption of these toxic chemical compounds on the surface. Green synthesis is promoted as a dependable, easy-to-use, non-toxic, inexpensive, and environmentally responsible method that makes use of naturally existing organisms, microalgae, plants, and enzymes [30,31,32,33,34]. The majority of microorganisms are fungi, which have several uses in a variety of scientific fields, including biofuels, organic acids, food items, nanotechnology, bioremediation, and bio-deinking [35,36,37,38,39]. Numerous studies have been done on the use of metal oxides in heterogeneous catalysis for the degradation of organic dyes [40]. Doping was also thought to improve the catalyst’s photocatalytic activity, causing considerable degradation. However, as time passes, a route for selenides becomes available [41]. Se is a semiconductor that is widely used in modern instruments such as electrical or optical devices, photoconductors, and electrodes in the form of binary selenides with transition metals. Se also has unusual physical properties, such as strong optical conductivity, anisotropy in thermal conductivity, and X-ray sensor responses [42]. Se is a micronutrient that is necessary for the manufacture of selenoproteins, which include a number of well-studied selenoenzymes, the majority of which have oxidoreductase activity. Se is also vital for plants and animals [43]. In order to create selenoproteins and selenoenzymes like peroxidases and reductases, the amino acid selenocysteine [44], which is a precursor to Se, must be present. The literature has reported on a number of different metal selenide photocatalysts. SeNPs have excellent biological activity because they are bioavailable, biodegradable, and less harmful to people or animals. Se is a trace element and considered a vital cofactor of antioxidant enzymes [45]. The United Kingdom organization of vitamins and minerals said that men and women should consume 60 and 70 μg of Se daily, respectively. A daily consumption of more than 400 μg may be harmful and result in selenosis, a disorder. Se is a vital biological component of glutathione peroxidase, an enzyme that functions as an antioxidant by protecting crucial SH-groups and breaking down peroxides. Without the use of reducing and stabilizing chemicals, biogenic Se NPs offer a secure and eco-friendly way for producing metal/metalloid nanoparticles with excellent bioactivity and minimal cytotoxicity [46]. Due to its well-known photoelectrical and semiconducting properties, Se is employed in xerography, rectifiers, solar cells, and photographic exposure metres [47]. The creation of highly efficient and nontoxic antibiotics has become a major research area because bacterial infection poses a severe threat to human health and because bacterial resistance is a result of long-term overuse of high-dose antibiotics. One of the most promising recent methods to combat multidrug resistance is the creation of non-antibiotic materials that make use of nanotechnology. SeNPs have been discovered to exhibit a variety of biological effects, including immunomodulatory effects [48], antibacterial [49], anticancer [50], antioxidant [51], and antidiabetic activity [52]. Se is thought to be healthier and less hazardous to healthy cells than the aforementioned metal-based compounds due to its presence in the human body [53].The current study aims to myco-synthesize SeNPs by harnessing metabolites of the fungal strain A. terreus. Furthermore, it will be tested for antimicrobial and photocatalytic degradation activities.




2. Materials and Methods


2.1. Materials


All chemicals used in this study, including sodium selenite, the inorganic compound with the formula Na2SeO3 and sodium hydroxide (NaOH), were of analytical grade and purchased from Sigma-Aldrich, Egypt (purity 99%). Na2SeO3 was used as a precursor for the synthesis of SeNPs. All cultured media were purchased from HiMedia (Egypt) (purity 99%). All biological syntheses in the current study were achieved using distilled water (dis. H2O).




2.2. Isolation and Identification of Fungal Isolate


The fungal isolate was isolated from a cultivated soil sample collected from Al-Sharqyia Governorate, Egypt (GPS N: 30°43′58.12″, E: 31°58′23.15″). For the serial dilution approach, soil samples were used as inoculums and then plated on Martin Rose Bengal Agar medium. The plates were incubated for 4 days at 28 °C. Individual fungal colonies were selected and further purified by sub-culturing on Potato Dextrose Agar (PDA) medium. Following nuclear ribosomal DNA internal transcribed spacer (ITS) sequencing, the fungal isolate was identified using morphological and microscopic observations (such as color, the texture of the mycelia, spore production pattern, etc.). Using accepted procedures, the CTAB extraction technique was used to isolate the genomic DNA. With the assistance of the primers for ITS1 f (5-CTTGGTCATTTAGAGGAAGTAA-3) and ITS4 (5-TCCTCCGCTTATTGATATGC-3), a fungal internal transcribed spacer (ITS) rDNA region was amplified. The PCR-amplified products were sequenced on an ABI prism DNA sequencer using the BigDye terminator method. To find closely similar phylogenetic sequences, the generated sequence was sent into the BLAST algorithm of the National Center for Biological Information (NCBI) database. The program Mega 5.0’s Neighbor-joining technique was used to build the phylogenetic tree.




2.3. Extracellular Biosynthesis of SeNPs


The fungal strain was maintained at 28 °C on PDA slants (pH 6) with regular sub-culturing on new media. The stock culture, which was four days old, was inoculated into 250 mL Erlenmeyer flasks with 100 mL of MGYP medium (0.3% malt extract, 1.0% glucose, 0.3% yeast extract, and 0.5% peptone; pH 7.0). The inoculated flasks were then incubated on a rotary shaker for 4 days at 28 °C (150 rpm). Centrifugation (5000 rpm, 15 min, 4 °C) was used to remove the fungus’ mycelium from the culture medium, and the mycelium was then washed three times with sterile water. Typically, 10 g of fresh biomass was resuspended in 100 mL of sterile, deionized Milli-Q water and then incubated for a further 72 h while being stirred under the same circumstances as previously stated. Following incubation, the cell-free filtrate was recovered after the biomass had been separated by filtering using Whatman filter paper no. 1. In order to create SeNPs, aqueous sodium selenite solution was added to reaction vessels containing cell-free filtrate at a final concentration of 1.0 mM. Then, without any light, the reaction vessels were incubated at 28 °C on a rotating shaker (150 rpm). Additionally, controls containing pure sodium selenite solution (without cell-free filtrate) as the negative control and controls containing cell-free filtrate (without sodium selenite) as the positive control were run concurrently with the experimental flask in 3 replications [54,55]. When SeNPs were successfully synthesized, the color of the mixture changed, and they were then collected by evaporating them in a rotary evaporator. The collected NPs residue was dried overnight at 200 °C in an oven.




2.4. Characterization of SeNPs


The change in color in the Sodium selenite solution incubated with A. terreus was visually observed after UV-Visible spectroscopy analysis. The bioreduction of precursor Se ions was monitored by sampling aliquots (1 mL) at different time intervals. Absorption measurements were carried out on (JENWAY 6305 spectrophotometer) at a wavelength of 200–800 nm. For Fourier transform infrared (FTIR) spectroscopy investigations, the bio-transformed components discovered in the cell-free filtrate were dried and diluted with potassium bromide in a ratio of 1:100. The FTIR spectra of the samples were captured on an Agilent system (Cary 660 FTIR model). All measurements were carried out in the range of 400–4000 cm−1. The particle size, shape, and surface morphology were examined by transmission electron microscopy [41] and scanning electron microscopy [56], respectively. Transmission Electron Microscopy (TEM) images were obtained using (JEM-1230, Japan, Akishima, Tokyo 196-8558) at 120 kV. The colloidal solution of SeNPs was sprayed on a carbon-coated TEM copper grid and dried in the air before the examination. The surface morphology and elementary mapping of the synthesized Se-NPs were assessed by SEM-EDX analysis (JEOL, JSM-6360LA, Tokyo, Japan). The synthesized Se-NPs were loaded on holders followed by coating with gold by a sputter coater in a vacuum. The SEM was connected with an EDX instrument that was used for the qualitative and quantitative elemental composition of the sample. The texture of green fabricated SeNPs was recognized by field emission scanning electron microscopy (SEM, Quanta FEG250). The crystallinity of the biosynthesized SeNPs was tested by producing X-ray diffraction (XRD) patterns with an X-ray diffractometer, the X’Pert Pro (Philips, Eindhoven, Netherlands). The 2θ was within the range of 4°–80°. Ni-filtered Cu Ka radiation was used as the X-ray source. Voltage and current were 40 kV and 30 mA, respectively. The average size of the synthesized NPs was calculated using the Debye–Scherrer equation [57],


D = Kλ/βCosθ



(1)




where, D is the mean particle size, K is the Scherrer’s constant and equal to 0.9, λ is the X-ray wavelength, β is the half of the maximum intensity, and θ is the Bragg’s angle. The particle size distribution of SeNPs was evaluated using dynamic light scattering (DLS) measurements conducted with a Malvern Zetasizer Nanoseries compact scattering spectrometer (Malvern Instruments Ltd., Worcestershire, UK) and carried out at the Tabbin Institute for Metallurgical Studies, Cairo, Egypt. DLS analysis also provided more information about the homogeneity of the NPs solutions via the polydispersity index (PDI) measurement [58].




2.5. Antimicrobial Activity


Antimicrobial activity of mycosynthesized SeNPs was evaluated against five microbial strains; Escherichia coli ATCC 25922, Klebsiella Pneumonia ATCC 13883, Staphylococcus haemolyticus ATCC 29970, Staphylococcus aureus ATCC 25923 and Candida albicans ATCC 90028 using the agar well diffusion method. Pure cultures of the tested bacteria were sub-cultured in nutrient broth and each strain was uniformly spread on sterilized petri plates with Muller-Hinton agar. Using a sterile cork borer, a circular well 7 mm in diameter was made in plates. To test the antibacterial activity, each well was loaded with (100 µL) of SeNPs, and the plates were incubated at 37 °C overnight before the zones of inhibition were measured. Additionally, the antifungal activity of SeNPs was examined. The fungusstrain was uniformly spread on potato dextrose agar (PDA) medium. Use a sterile cork-borer to make a 7 mm in diameter circular hole in the plate. To test antifungal activity, each well was filled with (100 µL) of Se-NPs, and the plate was incubated at 25 °C for 2–3 days before measuring the zone of inhibition [59].




2.6. Photocatalytic Degradation of Malachite Green Dye Using SeNPs


In a batch experiment using 100 mL of dye solution with a concentration of 100 ppm, the effectiveness of the biosynthesized SeNPs for malachite green dye treatment was evaluated. The batch experiment was performed in triplicate for each NPs concentration used (0.25, 0.50, 0.75 and 1.0 mg mL−1) in the presence of sunlight. All treatments were incubated at room temperature under aeration using a high-efficiency, low-pressure blower and a medium-bubble diffuser assembly. Color removal due to NPs treatment was measured at different time intervals (30.0, 60.0, 120.0, 180.0, 240.0 and 300.0 min) as follows: 1 mL of each treatment mixture was withdrawn and centrifuged at 5000 rpm for five minutes, and the optical density (O.D.) was measured at 624 nm using a spectrophotometer (721 spectrophotometer, M-ETCAL) [60]. The percentage (%) of color removal was measured using the following formula [61]: D(%) = (Dye(i)-Dye(I)) Dye(i) 100 (2) where D (%) is the decolorization percentage; Dye (i) is the initial absorbance; and Dye (I) is the final absorbance. Under ideal conditions, the reusability of the catalyst in malachite green dye degradation was achieved. For the fourth cycle. The catalyst was collected from the first cycle by centrifugation, washed twice with distilled water and oven-dried at 80 °C to remove water content before being used in the second cycle.




2.7. Statistical Analysis


Data were statistically analyzed using SPSS v18. A one-way analysis of variance (ANOVA) test was used for multiple sample comparisons, followed by a multiple comparison Tukey’s Test for posthoc analysis for multiple comparison. Values were considered statistically significant at p < 0.05.





3. Results and Discussion


3.1. Isolation and Identification of the Fungal Isolate


The fungal isolate ASE1 was isolated from the soil, where it has the ability to synthesize SeNPs. According to the morphology and cultural characteristics, this fungal isolate was identified as A. terreus, where the diameter on PDA at 28 ºC for 7 days was 35−40 mm, dark fleshy in surface color and yellow brown reverse color as illustrated in Figure 1 A,B. To confirm the morphological identification, the fungal isolate was identified genetically using the ITS region, where results confirmed the fungal isolate was identified as A. terreus with a similarity 99.5% (Figure 1C). Moreover, the sequence of A. terreus was recorded in the Gene bank with accession number OQ338186. Bafghi et al. [62] confirmed that, both Asperagillus flavus and Candida albicans have the ability to biosynthesize SeNPs using green and ecofriendly method. Moreover, Hashem et al. [54] reported that, Penicillium expansum has the ability to synthsize SeNPs.




3.2. Mycosynthesis of SeNPs


A green method for the synthesis of metal NPs has been employed as an alternative to the chemical and physical methods, as it is more cost effective, eco-friendly, easy to scale up, and does not need harsh conditions, such as hazardous chemicals and high temperatures [63]. In this study, A. terreus served as the bioreactor for the green synthesis of SeNPs. The free biomass filtrate solution color has changed after mixing with Na2SeO3 from colorless to red, indicating the successful formation of SeNPs. The absence of the distinctive color shift in the negative control, pure sodium selenite solution devoid of cell-free filtrate, indicates that the synthesis is not a temperature- and time-dependent process. Powdered SeNPs were obtained after calcination at 200 °C for 24 h. The bio-reduction of Se ions to form the nanoscale products may be attributed to the metabolites produced by A. terreus biomass filtrate [64]. Proteins and enzymes found in FBFs have been shown to play a critical role in the formation and stability of nanoparticles [58]. Islam, et al. [65] successfully biosynthesized SeNPs in Islam using Fusarium oxysporum, which were then tested for antifungal potency against the black mould Aspergillus niger and in-vivo biodistribution studies. By gamma-irradiating Monascus purpureus, SeNPs were biosynthesized and investigated for their biological assessment and photocatalytic capabilities [66].




3.3. Characterization of SeNPs


3.3.1. UV-Visible Spectroscopy


Utilizing UV-Visible spectroscopy, the colloidal solution of SeNPs was examined, and the development of a red color was seen between the wavelengths of 200 and 800 nm for A. terreus extract mediated SeNPs (Figure 2). Two absorption bands at 218 and 284 nm are observed and can be assigned to Se0. The first absorption peak (at 218 nm) may be due to the inter band and core electronic transitions, or lower energy levels to conduction or higher bands. While the second peak (at 284 nm) is a consequence of coherent oscillation of free electrons from one surface of the Se particle to another known as Surface Plasmon Resonance [67] absorption [68]. Generally, SeNPs possess size and shape-dependent properties. Previous studies have shown that SeNPs exhibit a variety of absorption bands in the UV-visible regime due to the applied synthetic protocols and the quantum confinement effect [69,70,71]. The data obtained show the efficacy of fungal extract used as a biocatalyst for the reduction of SeO32− to Se0. SeNPs were synthesized using Acinetobacter sp SW30 showed two absorption maxima at 300 nm and 500 nm [72]. Moreover, SeNPs revealed a significant absorption peak at 270 nm [73]. In the case of SeNPs produced by gamma-irradiated Monascus purpureus, the largest SPR peak was noted at 593 nm [66]. By employing Fusarium oxysporum as a biocatalyst, Islam et al. [65] demonstrated that the significant absorption peak at 265 nm suggested the synthesis of SeNPs. The spectra of green SeNPs showed absorbance at 265 nm by using an extract of the endophytic fungus, Nigrospora gullinensis [74]. The sharp peak of Se-NPs occurred at 295 nm fabricated by Penicillium expansum ATTC 36200 [54]. Kumar et al. [75] used a cell-free extract of Geobacillus to fabricate SeNPs and the SPR band was located at 349 nm. The inconsistency in these results might be due to a particle size variance. It is well established that the SPR bands are very susceptible and highly dependent on the nanoparticles size, shape, Na2SeO3 concentration and the type of substrates presented in the biological extract [76].




3.3.2. FT-IR Analysis


FTIR analysis was employed to examine the interaction between SeNPs and A. terreus supernatant, as illustrated in Figure 3. FT-IR spectra of the biosynthesized SeNPs showed intense absorption peaks at 3379.64, 1732.24, 1636.95, 1516.13, 1492.88, 1437.64, 1384.50, 1175.87, 1054.08, 894.33, 674.33, 604.08, 594.85, 509.41, 440.90, 421.83 and 410.27 cm−1. Peak at 3379.64 cm−1 corresponded to the O–H stretching group of phenols and alcohol or N−H groups of amino acids in proteins [62,77,78]. The peak around 1732 cm−1 corresponds to C=O stretching vibration, while the peaks observed at 1636.95, 1516.13, 1492.88, 1437.64 cm−1 may be corresponded to the binding vibrations of the amide I band of proteins with N–H stretching, or may be attributed to the presence of aromatic substances such as polysaccharides [79,80]. The shifted one at 1384 cm−1 is attributed to the C–H bending form in the alkanes. The peak observed at 1054.08 cm−1 could represent C–O stretching of aliphatic ether [81]. The C=C functional group was also observed at 812 cm−1. Absorption peaks around 894.33, 674.33 and 604.08 cm−1 may be due to the partial deuteration of amine or carboxyl group [82]. Finally, the calcinated SeNPs showed a peak at 509 cm−1 [83]. These observations indicate the presence and binding of proteins with SeNPs which can lead to their possible stabilization. It is important to understand though, that it is not just the size and shape of proteins, but the conformation of protein molecules that plays an important role [73]. Therefore, the proteins can interact with nanoparticles through their free amine groups or cysteine residues [84]. Furthermore, the proteins in the fungal extract might interact with the metal nanoparticles through their free amino or carboxyl groups [73].




3.3.3. XRD Analysis


Figure 4A shows the XRD pattern of SeNPs synthesized by A. terreus. Five precise peaks were detected at 2θ degrees: 23.92° (100), 30.8° (101), 41.84° (111), 51.44° (201), and 66.64° (210) confirmed the crystalline phase of Se. Peaks observed at different 2θ values exhibited a monoclinic structure of SeNPs. The sharp peak at 2Ɵ = 30.8° (101), which showed significant orientation to the examined facet (101) and excellent purity of SeNPs after preparation, indicated that significant orientation had occurred. Debye-Scherrer equation was used to determine the average NPs size determined by XRD examination. The average SeNPs size obtained was 76.58 nm, and the FWHM (2θ) value was 0.11243. These agree with the results reported by Hashem et al. [54] which the average particle size ranged from 3 to 82 nm. Consistent with our findings, Al Jahdaly et al. [82] reported that the average size of SeNPs synthesized using green technology, as obtained by XRD analysis, was 37 nm. Hassanien et al. [81] calculated by XRD the average particle size of SeNPs synthesized by the M. oleifera aqueous extract was 18.85 nm.




3.3.4. DLS Analysis


DLS analysis is a critical technique for determining the size and size distribution of NPs in colloidal solutions. In this study, the average size of the biosynthesized SeNPs determined by DLS analysis was 50 nm (33% density) (Figure 4B). According to Bafghi et al. [62], the mean size of SeNPs demonstrated by PSA was between 51.5 and 64 nm. The polydispersity index (PDI) value was used to determine the homogeneity or heterogeneity of the NPs colloidal [58]. A PDI value less than 0.4 represents high homogeneity, while a higher value represents low homogeneity and a PDI value over 1 represent a heterogenous solution. In our study, a PDI value of 0.022 was obtained.




3.3.5. TEM Analysis


TEM was used to examine the morphological characteristics of the NPs and their approximate size. The TEM analysis showed that the synthesized nanomaterial is spherical with a diameter of 10–100 nm (Figure 5). A study reported by Kumar et al. [75] showed that the synthesized nanomaterial is spherical with a diameter of 30–60 nm. Hassanien et al. [81] reported success in the formation of Se-NPLs from M. oleifera extract that were monodispersed in nature, spherical in shape, and ranged in size from 23 to 35. TEM analysis confirmed that biosynthesized SeNPs with unique structures could be produced using the substances present in FBF from A. terreus [65]. Further, the small size of the SeNPs synthesized in this work has the potential to be used in various biotechnological applications that depend on the NPs size.




3.3.6. Scanning Electron Microscopic-Energy-Dispersive X-ray (SEM-EDX)


Scanning electron microscopy was used to examine the morphological characteristics of green SeNPs. Accordingly, the green SeNPs had microsphere-shaped nanoparticles with a smooth surface, as displayed in Figure 6A,B which is the predominant shape of SeNPs agreed by reporting studies [73]. The scanning electron micrograph also revealed that the powder form particles are slightly agglomerated. A Few SeNPs were observed to be clustered to form larger particles. This result was in accordance with the SeNPs obtained in previous work [81]. The EDX profile of SeNPs confirmed the presence of Se element. According to the EDX profile (Figure 6C), the Se element is present at the weight percentages of 36.9%. The weight percentages of C, Cl, and Na are 18.9%, 6.5%, and 25.9%, respectively. The highest atomic percentages were for C (35.5%) followed by Se (33.8%).





3.4. Antimicrobial Activity


Antimicrobial impedance, which harms human health and increases the risk of diseases and the death rate associated with serious, life-threatening diseases, is currently the biggest health danger in every country in the world. Consequently, researchers studying the antibacterial effects of plants on bacteria that are resistant to several drugs are doing so in novel ways [85]. The use of SeNPs in the biomedical area has been increasing as an alternative to the growing bacterial resistance to antibiotics [76]. Inorganic Se has been shown to be highly harmful to humans when doses higher than the advised levels (0.07 mg/day for men and 0.06 mg/day for women) are consumed [86]. On the contrary, SeNPs represent a novel transport method and nanomedical application that minimizes potential harm to the organism [87]. Given that it has been demonstrated to possess antioxidant and antibacterial qualities, it could be utilized to treat a variety of ailments, including cancer, diabetes, and illnesses brought on by viruses and bacteria [88]. Because green nanoparticle synthesis is more affordable, environmentally benign, and produces a non-toxic substance that may be employed in a variety of medical applications, particularly in preventing the spread of antibiotic-resistant bacteria, it is preferred to chemical and physical processes. In the current study, mycosynthesized SeNPs were tested for antimicrobial activity against Gram-positive and negative bacteria, as well as unicellular fungi, using the agar well diffusion method, as shown in Figure 7. Our results revealed that, mycosyntesized SeNPs using A. terreus exhibited promising antibacterial activity against Gram-positive and Gram-negative bacteria, where inhibition zones were 14, 20, 16 and 13 mm toward S. haemolyticus and S. aureus, E. coli and K. pneumoniae respectively as shown in Table 1. Also, mycosyntesized SeNPs had weak antifungal activity against C. albicans where inhibition zone was 12 mm (Table 1). On the other hand, CAZ, Flu and Se+ did not exhibit any activity on all tested bacterial and fungal strains. According to a previous study, B. subtilis, S. pneumoniae, B. cereus, E. coli, P. mirabilis, and K. pneumoniae could all be effectively stopped from growing when SeNPs was used. B. subtilis had the largest zone of inhibition (19 mm), followed by E. coli (15 mm), B. cereus (14 mm), S. pneumoniae (13 mm), and P. mirabilis (11 mm) [89]. In another study, the antifungal activity of SeNPs was assessed, and the inhibition zones for A. niger and A. flavus were 20 and 18 mm respectively, C. albicans did not show any discernible effects [90]. The creation of reactive oxygen species (ROS), breakdown of the bacterial cell wall, and suppression of protein and DNA synthesis are only a few of the potential modes of action for SeNPs [91].




3.5. Photocatalytic Activity


The potency of the biosynthesized SeNPs for decolorization and degradation of malachite green dye was investigated at different incubation times (0.0, 60.0, 120.0, 180.0, 240.0 and 300.0 min.), and at different NPs concentrations (0.25, 0.50, 0.75 and 1.0 mg mL−1 malachite green dye) in sunlight. Data shown in Figure 8 indicated that the function of SeNPs as a biocatalyst for dye degradation was dose- and time-dependent. At a concentration of 0.25 mg SeNPs, the decolorization percentages were 29.3 ± 0.03, 42.5 ± 0.02, and 43.2 ± 0.01% after 60.0, 180.0, and 240.0 min, respectively. Increasing the SeNPs concentration to 0.50, 0.75, and 1.0 mg, has increased the decolorization percentages to 66.6 ± 0.02, 80.3 ± 0.02, and 89.1 ± 0.03%, respectively, after 240 min, as compared with the control for the same time (7.6 ± 0.01%). However, these results were not significant as compared with the decolorization percentages for the same concentrations after 300.0 min. Therefore, 1.0 mg mL−1 SeNPs achievedthe high decolorization percentage of malachite green dye after 240.0 min. These results are due to the existence of more adsorption sites on the NPs surface [92]. Decolorization strategies and time required for decolorization were found to be related to various parameters such as dye type, sorbent type, and concentration [93]. Similarly, the photocatalytic activity of SeNPs was studied by El-Sayed et al. [66]. According to Cittrarasu, et al. [94] the decolorization efficiency of MB was steadily increased with higher irradiation times (up to 80 min). Fouda et al. [58] reported that the efficacy of biosynthesized MgONPs in degrading textile wastewater should be achieved in the presence of light as stimulators. Akinola et al. [95] success in the degrading of malachite green dye by88.25–93.24% by using Ti-AgNPs mediated by aqueous leaf, pod, seed and seed shell extracts of Cola nitida. El-Naggar and Shoueir [96] reported that the metal oxides of NPs have the efficacy to induce charge separation by absorbing the light, hence forming holes that reduce or oxidize the organic substances including organic dyes. The photocatalytic activities in this study are caused by the activation of biosynthesized SeNPs by sunlight stimulators, which is followed by the production of photoexcited electrons that are transferred from the valence band to the conduction band, resulting in the formation of •O2− radicals. Furthermore, the forming holes react with H2O and form hydrogen (H+) ions and hydroxyl radicals (•OH), which are considered highly active oxidizing agents used in the degradation of dyes [97].



The mechanism for the degradation of malachite green dye begins with the adsorption of malachite green dye ions by SeNPs, followed by the activation of the degradation by a UV-lamp, which stimulates photo-regenerated electrons in the C.B area. Consequently, the photo-regenerated electrons in the V.B were easily migrating to the surface of SeNPs to trigger redox reactions [82]. The holes reacted with water or HO−, which rapidly adsorbed onto the SeNPs surface to form OH∗ radicals. The superoxide oxyanion radicals O2−∗ being observed by the reacting of electrons e− with O2, and O2−∗ reacted with h+ to promote peroxide radicals of HOO ∗. All these powerfully active species OH∗, O2−∗, and h+ deplete malachite green dye molecules into H2O, CO2, and minerals (colorless products) through a series of redox reactions [98,99].


  SeNPs    Excitation Sunlight     h +  +  e −   



(2)






h+ + H2O → H+ + •OH



(3)






e− + O2 → .O2−



(4)






O−2 + h+ → .OH



(5)






Malachite green dye + •OH → CO2 + H2O + degradable products



(6)








3.6. Recyclability Test


The photocatalyst stability or reusability is the critical factor for integration into industrial applications. In the current study, the reusability of green synthesized SeNPs in the photodegradation of malachite green dye was achieved under optimum conditions (in the presence of light irradiation at a concentration of 100 ppm of dye, 1.0 mg mL−1 SeNPs for 240.0 min). The reusability test was measured for the fourth cycle. Data analysis revealed that the activity of the catalyst was decreased and measured after four cycles. The photodegradation of malachite green dye was 89% after the first cycle and decreased to 71% after the fourth cycle (Figure 9). These reductions in photocatalyst activity can be related to the saturated sites that exist on the surface of catalysts with small intermediate biodegradable compounds [100]. Fouda et al. [58] reported that the photodegradation was reduced from 89% after the first cycle to 86% after the fourth cycle of crude textile wastewater. Based on the obtained data, it can be concluded that the high stability of green synthesized SeNPs enhanced the photodegradation of malachite green dye for different cycles.





4. Conclusions


In this study, SeNPs were successfully synthesized using a cell-free extract of A. terreus using an eco-friendly method. The prepared SeNPs were fully characterized using Uv-Vis, FTIR, XRD, DLS, TEM, and SEM analyses. The characterization results revealed that SeNPs in nano form have a spherical shape with a size of less than 100 nm. Moreover, antimicrobial and photocatalytic activities were assessed. Results illustrated that SeNPs have antimicrobial activity against Gram-positive and Gram-negative bacteria as well as unicellular fungi, where inhibition zones were in the range of 12–20 mm. Furthermore, SeNPs had promising photocatalytic activity, with up to 89% biodegradation of malachite green dye after 240 min. Herein, the mycosynthesized SeNPs using a cell-free extract of A. terreus had antimicrobial as well as photocatalytic activities, which can be used in medical and environmental applications.
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Figure 1. Identification of A. terreus (A–C): (A) fungus culture on PDA medium; (B) head, conidiophore, and conidia under bright field microscopy; (C) phylogenetic tree. 
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Figure 2. The UV-visible spectrum of biosynthesized SeNPs. 
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Figure 3. The FT-IR spectrum of mycosynthesized SeNPs fabricated by metabolites of A. terreus. 
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Figure 4. XRD analysis showed the crystalline nature (A); DLS analysis of mycosynthesized SeNPs (B). 
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Figure 5. TEM image showed a spherical shape of biofabricated SeNPs by A. terreus. 
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Figure 6. (A,B) SEM images of SeNPs in which the nanoparticle was spherical in shape confirmed that SeNPs are in the nano-regime. (C) EDX spectrum showed elemental compositions of as-formed SeNPs. 
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Figure 7. Antimicrobial activity of mycosynthesized SeNPs and sodium selenite (Se) against E. coli (A), K. pneumonia (B), S. haemolyticus (C), S. aureus (D), and C. albicans (E). 
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Figure 8. Decolorization percentages (%) of malachite green dye at different concentrations of SeNPs 0.24 (A), 0.5 (B), 0.75 (C), and 1 mg/mL (D); and the change of color removal of MG dye at different times (E). Letters a, b, c, d Mean significance power. 
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Figure 9. The reusability assessment of SeNPs for decolorization of malachite green dye After 240.0 min. Letters a, b, c, d Mean significance power. 






Figure 9. The reusability assessment of SeNPs for decolorization of malachite green dye After 240.0 min. Letters a, b, c, d Mean significance power.



[image: Crystals 13 00450 g009]







[image: Table] 





Table 1. Inhibition zones of mycosynthesized SeNPs against all tested microbial strains.
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Microbial Strain

	
Inhibition Zone/mm




	
Se (1000 µg/mL)

	
SeNPs (1000 µg/mL)

	
CAZ/FLU






	
E. coli

	
ND

	
16

	
ND




	
K. pneumonia

	
ND

	
13

	
ND




	
S. haemolyticus

	
ND

	
14

	
ND




	
S. aureus

	
ND

	
20

	
8




	
C. albicans

	
ND

	
12

	
ND
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