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Abstract

:

The presence of heavy metals in increased concentrations in the environment has become a global environmental concern. This rapid increase in heavy metals in the environment is attributed to enhanced industrial and mining activities. Metal ions possess a lengthy half-life and property to bioaccumulate, are non-biodegradable and, thus, are a threat to the human health. A number of conventional spectroscopic and chromatographic techniques are being used for the detection of heavy metals, but these suffer from various limitations. Nano-based sensors have emerged as potential candidates for the sensitive and selective detection of heavy metals. Thus, the present study was focused on the synthesis of selenium nanoparticles (SeNPs) by using selenite-reducing bacteria in the development of a heavy metal toxicity biosensor. During the biosynthesis of selenium nanoparticles, supernatants of the overnight-grown culture were treated with Na2SeO32− and incubated for 24 h at 37 °C. The as-synthesized nanoparticles were characterized by UV–Vis spectroscopy, X-ray diffraction (XRD), Fourier transform infrared (FTIR) and transmission electron microscopy (TEM) analyses. XRD and TEM results confirmed the formation of SeNPs in sizes ranging from 35 to 40 nm, with face-centered cubic (FCC) structures. The bioreduction process and validation of the formation of SeNPs was further confirmed by FTIR studies. The reduction in the biosynthesis of SeNPs using bacterial metabolite due to heavy metal cytotoxicity was analyzed by the colorimetric bioassay (SE Assay). The inhibition of selenite reduction and loss of red color in the presence of heavy metals may serve as a biosensor for heavy metal toxicity analysis. Thus, this biosensor development is aimed at improving the sensitivity and specificity of analytic detection.
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1. Introduction


In recent decades, the continuous release of heavy metals into natural water bodies has become globally prevalent. The toxicity of heavy metals is becoming a serious threat to humans and the environment. Due to improper waste management, heavy metals are contaminating agricultural soil because of their continuous use in industrial processes. Consequently, these contaminations cause alterations in biochemical cycles and modify biological macromolecules [1].



Moreover, most heavy metals are toxic and carcinogenic in nature, even at very low concentrations. Heavy metals do not undergo biodegradation and, hence, accumulate in the food chain and become deleterious to the environment, as well as human health [2]. Therefore, it is essential to study the presence of heavy metals present in the environment, food, water, and other biological systems [3].



Conventional methods used for the detection of heavy metals include atomic absorption spectroscopy, UV–visible spectroscopy, inductively coupled plasma mass spectroscopy, and chromatographic techniques. These techniques, though sensitive and selective, are sophisticated and costly. In addition, it requires a long time for measurement, complicated sample collection, pretreatment (pre-concentration), and is not portable for on-site application [4,5,6]. A number of methods have been developed for the detection of heavy/toxic metals based on sensors. Among the various new technologies, chemical and optical nano-sensors are an emerging technology to detect toxic heavy metals. Minni et al. [4] developed a biosensor that is capable of detecting Ni(II) at the range of 0.03–0.68 nM, with a response time of 1.5 min. The developed system has a reliability of 91.5% and 90.6% for the samples and could possibly replace the existing conventional analysis techniques.



In another work, Li et al. [5] fabricated a methylene blue-mediated enzyme biosensor for the detection of inhibitors, including mercury(II), mercury(I), methylmercury, and the mercury–glutathione complex. Mercury compounds were assayed amperometrically with the detection limits of 0.1 ng mL−1 Hg for HgCl2 and methylmercury, 0.2 ng mL−1 Hg for Hg2(NO3)2, and 1.7 ng mL−1 Hg for the mercury–glutathione complex. This has encouraged us to synthesize a low-cost, less time-consuming, and portable platform for detection of the toxicity of heavy metals.



Recently, the development of nanotechnology has opened new opportunities for the detection of heavy metals using nano-sensors. These nano-sensors have gained attention due to their ease of preparation, enhanced detection limit, and on-site application. Several nano-sensors have been developed so far using nanomaterials synthesized from green or chemical methods [7,8,9]. Nanomaterial-based sensors possess high surface reactivity, a large surface area, strong adsorption capacity, and enhanced catalytic efficiency, making them a potential candidate for heavy metal detection [7]. Various nanomaterials, including metal and metal oxide nanoparticles, nanocomposites, carbon-based nanomaterials, etc., have been used to fabricate sensors for heavy metal detection [10]. Owing to their size-dependent properties and high degree of functionality, nano-sensors exhibit increased sensitivity and selectivity [8]. Thus, nanoparticle-based sensors for heavy metal detection may be the way forward.



Ravi et al. [9] demonstrated a green and sustainable procedure by using orange and lemon extracts for the reduction of Ag and Au ions into simple metal NPs. Devnani and Satsangee [11] evaluated a method for electrochemical sensing of metals through AuNPs synthesized via anthocyanin-capped carbon paste electrode. Regardless of the advantages of metal nanoparticles, the cost and synthesis conditions associated with their preparation are the major drawbacks to their use. Thus, the development of an ecofriendly biogenic process for the preparation of potentially valuable nanoparticles is needed.



Selenium is generally found in the earth’s crust, and the metal-reducing bioentities are pervasive in the environment [12,13,14,15]. Due to its photoelectric and semiconducting nature, free radical scavenging ability, and anti-cancer and anti-oxidative properties, Se has attracted great attention [12]. Various forms of selenium usually occur, including red-color amorphous selenium (Se0), two highly water-soluble forms, i.e., selenate (SeO42−) and selenite (SeO32−), and one in the gaseous form, known as selenide (Se2−). Amongst these, the highly toxic form is SeO32−, which causes an adverse effect on cellular respiration and the antioxidant system, resulting in the inactivation of proteins and hindering the repair of DNA [13,16,17]. Our previous work [18] was focused on the utilization of Pseudomonas aeruginosa for aerobic reduction of SeO42− to Se0 using NADPH(Nicotinamide adenine dinucleotide phosphate hydrogen)/NADH(Nicotinamide adenine dinucleotide hydrogen)-dependent selenate reductase enzymes for the fabrication of a nano-biosensor.



In this report, we have endeavored to utilize the selenite-reducing rhizospheric bacteria Stenotrophomonas aidaminiphila to develop a SeNP-based biosensor for optical assessment of heavy metal toxicity. This SeNP-based biosensor was characterized using UV–Vis spectrophotometry, X-ray diffraction (XRD), Fourier transform infrared (FTIR), and transmission electron microscopy (TEM). For sensing the toxicity of heavy metals, such as Cd, Zn, Fe, Hg, and As, the fluorescence spectroscopy technique was employed. In this work, a biosensing application was used to analyze the presence of heavy metals in agricultural soil with the help of the selenium-based nano-biosensor, which could be applied for the bioremediation of toxic analytes in the presence of agricultural soil bacterial isolates.




2. Materials and Methods


2.1. Bacterial Growth


The soil bacteria Stenotrophomonas aidaminiphila has already have been characterized based on 16 SrDNA sequence homology [19]. Cultures were treated with different sodium selenite concentrations (25, 50, 75, and 100 mM) in LB (Luria Broth) media for 72 h. The optical density of bacterial suspension was monitored at a wavelength of 600 nm to determine the cell growth at 28 °C.




2.2. Biosynthesis of Elemental SeNPs


The overnight-grown culture in LB broth was transferred to a centrifuge system, and centrifugation was carried out for duration of 10 min at 5000 rpm. A treatment of as-obtained supernatant solution was performed with 2 mM Na2SeO32− and it was, again, incubated at 30 °C for 72 h. Furthermore, the presence of SeNPs was analyzed by using the red-colored supernatant [18].




2.3. Characterization of SeNPs


2.3.1. X-ray Diffraction Analysis


X-ray diffraction analysis was performed using the X’pert PRO PANalytical diffractometer with CuKα (λ = 1.54056 Å) in the range of 20° ≤ 2θ ≤ 80° at 40 keV [20]. The 72 h incubated culture supernatant was lyophilized and converted into fine powder for diffraction pattern.




2.3.2. Optical Properties (UV–Vis)


In order to study the color transformation of the bacterial supernatant, the optical analysis was carried out by using a UV–Vis spectrophotometer (Labomed, Los Angeles, CA, USA). The characteristic surface plasmon resonance of the SeNPs was chronicled at various time intervals of 2−72 h at a wavelength ranging from 200 to 800 nm [20,21].




2.3.3. Transmission Electron Microscopic (TEM) Analysis


For obtaining the size and shape of the SeNPs, carbon-coated copper TEM grids were used for the sample analysis on a transmission electron microscope (TEM; JEOL-JEM-2100F version, Tokyo, Japan) with an accelerating voltage of 80 Kv [18]. The micrograph obtained was utilized for further analysis.



Fourier Transform Infrared (FTIR) Analysis


To study the functional groups present in the SeNPs, FTIR spectroscopic measurement was carried out using a spectrometer (Spectrum 100; Perkin Elmer, Waltham, MA, USA) in the diffuse reflectance mode. Pellets for the measurements were prepared by using the powder mixed with potassium bromide (KBr) at a weight ratio of 1:100, and the spectrum was recorded between wavenumbers of 400 and 4000 (cm−1).





2.3.4. Fluorescence Measurements


Fluorescence studies of the culture supernatant were performed using a spectrofluorophotometer (RF5301PC; Shimadzu, Japan) and the spectra were recorded at a wavelength ranging from 290 to 380 nm [18,19,20,21,22,23]. The untreated supernatant and those treated with 5 μg mL−1 of Cd, Hg, As, Zn, and Fe were measured with 5 nm slits and a 280 nm excitation wavelength.




2.3.5. Heavy Metal Toxicity Assessment


The 100-mL overnight-grown culture in LB medium was centrifuged, and the supernatant was obtained at 5000 rpm for 10 min and treated with heavy metals. In each flask, heavy metals, viz. Cd, Hg, As, Zn, and Fe, at a concentration of 5 µM were added. The flasks were incubated at 37 °C for 24 h. Then, 20 mM of Na2SeO32− solution was added to the collected supernatant after centrifuging at 8000 rpm for 15 min. The mixture was further incubated at 37 °C for 48 h. For quantitative assessment, inhibition in the reduction process was evaluated and the color intensity of the treated samples was compared with the control. A bacterial supernatant without treatment with sodium selenite was used as the control.






3. Results and Discussion


3.1. Selenite Tolerance


Selenium is a vital element for living organisms, viz. microorganisms and humans. It plays a key role due to its presence in macromolecules. To examine the effect of selenite, the bacteria strain was monitored up to 100 mM Na2SeO32− in LB media (Figure 1). After 16 h of exposure to selenite, the development of red cells started. The data revealed bacteria growth at an increasing concentration of selenite, which did not impede the bacterial growth after 72 h of incubation.




3.2. Biosynthesis of SeNPs Using Bacterial Supernatant


Bacterial synthesis, as compared to physical and chemical methods, is easier, does not require any precise conditions, and also helps to achieve greater reproducibility. Biological synthesis also reduces the toxicity and health hazards caused by chemicals used in different processes in chemical synthesis. In order to confirm the formation of nanoparticles, changes in optical density at different time intervals were monitored for SeNPs in culture supernatant with 2 mM Na2SeO32− solution (Figure 2). A strong absorption band positioned at 520 nm, which originates from the surface plasmon resonances of selenium nanoparticles, was observed. Furthermore, the symmetric plasmon band implied that no significant agglomeration of the prepared nanoparticles occurred under the optimum reaction conditions. Spectra of the surface plasmon resonances of SeNPs in the supernatants were recorded periodically at 24, 48, and 72 h in the wavelength range of 400–650 nm (Figure 2). The presence of the dark red supernatant designated the reduction process of bacterial metabolite, ensuring the development of SeNPs. The red color of the bacterial supernatant is due to the NADH-dependent reduction of selenate into elemental selenium. The enzymatic process is responsible for the change in selenium characteristics. Dwivedi et al. [18] also confirmed the role of nitrate reductase enzyme in the biosynthesis of metal nanoparticles. Hunter and Manter [24,25] have also reported the Pseudomonas sp.-based reduction of selenate.




3.3. Characterization of SeNPs


The synthesized SeNPs were characterized using state-of-the-art techniques. Lyophilized SeNP powder was utilized for the analysis. It can be seen from the XRD patterns of lyophilized SeNPs (Figure 3) that the obtained SeNPs have a crystalline nature with a face-centered cubic (FCC) structure. The diffraction peaks positioned at angles of 23.83°, 31.64°, 45.40°, 56.5°, 66.25°, and 75.22°, indexed using Powder X software, were found corresponding to the (100), (101), (102), (112), (210), and (301) planes, respectively. The crystallite size of the NPs was calculated by using the high-intensity peak for the (101) plane and their corresponding full-width at half-maximum (FWHM). The crystallite size of SeNPs, calculated using Scherrer’s equation, was obtained to be ~32 nm. The sharp intensity peaks, as shown in the XRD patterns, indicated that the SeNPs have high crystallinity and a single-phase nature. No other phase of impurity was detected within the detection limit of XRD. Figure 4 depicts the TEM micrograph of the SeNPs. It can be clearly seen from the TEM image that the SeNPs were uniform and spherical in shape. Furthermore, SeNPs were distributed all over the surface with some degree of agglomeration, which might be due to the smaller size of the particles. In order to study the size of SeNPs and their distribution, randomly chosen particles were selected. The average particle size calculated by Image J software using the TEM image was in the range of 35–40 nm. These results are in close agreement with the size obtained from XRD studies. Due to the better dispersibility and the higher surface to volume ratio of SeNPs, the nanoparticles help in analyzing target molecules during biosensing. The FTIR analysis of SeNPs synthesized using bacterial metabolites is shown in Figure 5. The FTIR analysis characterized the surface chemistry of selenium nanoparticles. The stretching vibrations obtained were plotted as % transmittance in the x-axis and wavenumber (cm–1) in the y-axis. The data revealed the peaks of metabolites given the impressions at 1645 and 2065 cm−1. The peak at 2065 cm−1 shows alkyne stretching vibrations. The broad peak between 3100 and 3500 cm−1 in the spectrum is designated to the O–H group [18]. The characterization data revealed the bioreduction process and validate the formation of SeNPs at ambient temperature and pressure.




3.4. Fluorescence-Based Assay


Fluorescent-based biological sensors with better sensitivity and quick and high selectivity are utilized for different diagnostics applications, toxicity assessments, and environmental monitoring. The assay for toxicity detection based on the reduction of selenite wsa used for optical assessment of heavy metal toxicity. NADH reductase-dependent synthesis of SeNPs is used as a biosensor for the analysis. The characteristic fluorescence spectra of NADH were utilized for the detection of enzymatic activities. Figure 6 Panel A reveals a reduction in fluorescence intensity, which confirms the differential toxicity of heavy metals. Inhibition of enzymatic reduction (Figure 6 Panel B) by 6%, 9%, 40%, 49%, and 60% was observed in the presence of 5 µM of Fe, Zn, Cd, As, and Hg, respectively, compared to the control. The results in the present study are also in good agreement with previous findings [26,27,28,29]. The fluorescence sensing confirmed the decrease in the formation of SeNPs. Due to high sensitivity and simplicity, in recent years, fluorescence spectroscopy has been extensively used for the detection of transition and heavy metal ions.



Fluorescence sensing is based on analyte-induced changes in the physicochemical properties of fluorophores, including fluorescence intensity, lifetime, and anisotropy, which are related to charge transfer or energy transfer processes [30]. Designed for nanomaterial-based fluorescent assays for enzyme activity, various sensing mechanisms were reported, including inner filter effect (IFE), Förster resonance energy transfer (FRET), photo-induced electron transfer (PET), static quenching effect (SQE), and dynamic quenching effect (DQE) [30]. Ono et al. [31] reported the development of FRET sensors for heavy metal detection where they linked an organic dye (fluorophore) and a quencher to two ends of a molecular beacon, which resulted in a FRET sensor. Their results showed that the presence of Hg2+ ions induced a hairpin structure, which brought the quencher close to the fluorophore and thus enabled the FRET process, leading to fluorescence-quenching of the organic dye. In another review research, Tong et al. [29] proposed a PET-based fluorescent assay for enzyme activity using quantum/carbon dots (QDs/CDs). The authors have mentioned that during the PET process, QDs/CDs always serve as electron donors, while quenchers, which could be the substrate, and enzymatic products act as the electron acceptors. Additionally, the nature of the linkage of QDs/CDs with quenchers resulted in intermolecular PET and intramolecular PET.



Alternatively, colorimetric detection of Hg2+ ions using AgNPs was reported by Sulistiawaty et al. [32]. In another study, Bobik et al. [33] utilized iron oxide(Fe2O3) NPs for the adsorption of various heavy metal ions, including Cu2+, Ni2+, Pb2+, Cd2+, Zn2+, Cr3+, and Cr4+. For the preparation of Fe2O3 NPs, the chemical co-precipitation method was used, and parameters, including temperature and volumes of ammonia, were varied, which showed different adsorption capacities for the Cu2+, Ni2+, Pb2+, Cd2+, Zn2+, Cr3+, and Cr4+ ions. The results in the present study show that the prepared SeNP- (using a biogenic approach) based biosensor for the detection of heavy elements could be employed as an effective and environmentally safe future biosensor. This method can be applied for the preparation of various nanostructures and their successful utilization in heavy metal detection.




3.5. Assessment of Toxicity Biosensor


The change in color from pale yellow to red confirmed the activities of reducing enzymes present in culture supernatant which convert SeO32− to Se0. It was observed that supernatant without any analyte resulted in an enhanced red color, which might possibly be due to the improvement in selenate reduction. Optical analysis of supernatant with toxic heavy metals confirmed the reduction in SeO32−, which shows a decline in color intensity as compared to the control (Figure 7). The data validate the toxicity of different heavy metals used in this study. However, heavy metals exist in the environment at varying concentrations, and the dosage used may be within allowable limit for some but too high for other heavy metals. Thus, due to optical reduction, the toxicity platform could be utilized for the screening of various xenobiotics. This ecofriendly and easy-to-use method will be helpful in detecting environmental toxicant-comprising heavy metals, pesticides, and nanoparticles through rigorous toxicity examinations. On evaluation with previous research related to nanoparticle-based heavy metal toxicity sensors, our method is improved and more precise than other methods for sensing toxicity. This bio-based approach is rapid, cost-effective, and does not require precarious steps.





4. Conclusions


In summary, a very rapid, biosynthesized, and ecofriendly agriculture sensor based on SeNPs was developed for the detection of heavy metal toxicity. The SeNPs were obtained with a biologically-assisted method using the NADH reduction process by the SeO32−-resistant bacteria Stenotrophomonas aidaminiphila and were well-characterized by UV–Vis, XRD, FTIR, and TEM analyses. The bacteria show tolerance to selenite and are capable of reducing SeO32− to SeNPs. The optical analysis of the biological synthesis of SeNPs confirmed the formation of the nanostructures with the help of surface plasmon resonance markers. UV–Vis spectroscopy showed a strong absorption band with a maximum at 520 nm, which originates from the surface plasmon resonances of selenium nanoparticles. The increase in absorbance with time confirms the reduction in selenite with SeNPs. The stable SeNPs were further analyzed using XRD, which confirmed the FCC structure with a crystalline nature of the SeNPs. TEM analysis confirmed that the size of the nanoparticles was ranging from 35 to 40 nm, which is in good agreement with the XRD results. The functional groups of bacterial metabolites interacting with SeNPs were analyzed with FTIR. Furthermore, red-colored SeNPs obtained from bioreduction could be utilized as an optical biosensor for heavy metal toxicity assays. The reticence of enzymatic reduction in the presence of heavy metals was measured as a complete toxicity endpoint. The reduction in the color of SeNPs from red to colorless confirms the toxicity of heavy metals. These results suggested that this method could be employed as an economical eco-toxicity assay for prescreening known xenobiotics. Furthermore, the nano-biosensor presented in this work might play a key role in identifying and evaluating environmental contaminants during bioremediation.
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Figure 1. Selenite resistance by Stenotrophomonas acidaminiphila. The experiment was performed in triplicate. 
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Figure 2. Room temperature UV–Vis absorption spectra of selenium nanoparticles (SeNPs). The arrow indicates the increasing trend of SPR (Surface Plasmon Resonance) bands at an incubation of 24, 48, and 72 h. 
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Figure 3. XRD pattern of the prepared SeNPs. 






Figure 3. XRD pattern of the prepared SeNPs.



[image: Agriculture 10 00610 g003]







[image: Agriculture 10 00610 g004 550] 





Figure 4. TEM image of the prepared SeNPs. 
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Figure 5. FTIR analysis of SeNPs synthesized using bacterial metabolites. 






Figure 5. FTIR analysis of SeNPs synthesized using bacterial metabolites.



[image: Agriculture 10 00610 g005]







[image: Agriculture 10 00610 g006 550] 





Figure 6. (Panel A) Fluorescence spectra of NADH (Nicotinamide adenine dinucleotide hydrogen) alone and treated with different heavy metals (5 M). (Panel B) Inhibition of fluorescence in the absence and presence of toxic metals. 
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Figure 7. A plot of the percent inhibition of SeO32− reduction by heavy metals. 
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