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Abstract

:

Metal and metalloid nanoparticles (NPs) have attracted substantial attention from research communities over the past few decades. Traditional methodologies for NP fabrication have also been intensely explored. However, drawbacks such as the use of toxic agents and the high energy consumption involved in chemical and physical processes hinder their further application in various fields. It is well known that some bacteria are capable of binding and concentrating dissolved metal and metalloid ions, thereby detoxifying their environments. Bioinspired fabrication of NPs is environmentally friendly and inexpensive and requires only low energy consumption. Some biosynthesized NPs are usually used as heterogeneous catalysts in environmental remediation and show higher catalytic efficiency because of their enhanced biocompatibility, stability and large specific surface areas. Therefore, bacteria used as nanofactories can provide a novel approach for removing metal or metalloid ions and fabricating materials with unique properties. Even though a wide range of NPs have been biosynthesized, and their synthetic mechanisms have been proposed, some of these mechanisms are not known in detail. This review focuses on the synthesis and catalytic applications of NPs obtained using bacteria. The known mechanisms of bioreduction and prospects in the design of NPs for catalytic applications are also discussed.
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1. Introduction


Metal and metalloid NPs have shown some unique properties in many fields, such as catalysis, antimicrobial activity, drug delivery, cancer treatment, medical diagnostics, and nanosensors [1,2,3,4,5,6]. An increasing intense research effort has been devoted to metal and metalloid NPs in recent years. The conventional physical and chemical methods that are currently used to synthesize NPs have been developed over many years. However, the involvement of reductants and capping agents might result in the adsorption of toxic substances on the NPs [7,8,9].



Some microbes in nature are capable of fabricating NPs under ambient conditions without additional physical conditions or chemical agents [10]. As an alternative protocol, the biosynthesis of metal and metalloid NPs inspired by the biological paradigm has attracted substantial attention in the research community over the past few decades [11,12]. Among the biological methods, bacteria are a particularly important tool for fabricating NPs because of their variety and high adaptability to extreme conditions [13,14]. For example, toxic ions are usually harmful to the survival of microbes, but some specific bacteria have evolved to be able to reduce or precipitate soluble toxic inorganic ions to insoluble and nontoxic metal NPs [15,16,17]. With regard to separating NPs from the remaining biomass of microorganisms, biphasic systems might be an efficient way. For example, Bi-NPs have been successfully separated with the use of an aqueous-organic partitioning system. The reductive ability of bacteria and the new technique in recovery of NPs provide an opportunity to fabricate NPs through a low-cost and easily manipulated process [18].



To date, many studies of the biosynthesis of NPs by bacteria, including elementary substances and compounds (as shown in Figure 1a), have been reported in the literature [19]. However, the exact reductive mechanisms are not yet fully understood. The mainstream view is that metal and metalloid NPs can be fabricated both intracellularly and extracellularly by bacteria. In an extracellular process, as shown in Figure 1b Ⅰ and Ⅱ, ions are reduced by proteins, enzymes and organic molecules in the medium or by cell wall components. Extracellular reduction appears to be more favorable than intracellular reduction, due to its lower cost, simpler extraction and higher efficiency. However, in the intracellular process, as shown in Figure 1b III, carboxyl groups located on the cell wall attract metal and metalloid ions by electrostatic interactions. Then, the ions enter the cells and interact with intracellular proteins and cofactors to produce NPs. In addition, many studies have shown that not only the living bacteria, but also the dead entities of some bacteria can also be used for biosynthesis of NPs. However, the mechanisms of these processes are different. Generally, the metabolic process may be responsible for the bioreduction of NPs in the living bacteria. However, for dead entities, metal and metalloid ions are bound to the bacteria cells that provide nucleation sites for NPs.



Regardless of the mechanism during the reduction of NPs, in most cases, the color of the culture changes because of localized surface plasmon resonance (LSPR). LSPR is a typical phenomenon that is considered the feedback of NP formation [20]. The coherent oscillation of electron gas at the surface of NPs is the origin of LSPR, leading to different colors. The intensity at a specific absorption wavelength in the UV-Vis spectrum is enhanced [21,22,23]. For characterization, multiple techniques can be applied to characterize the biosynthesized NPs. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are robust approaches for elucidation of NPs morphology [24,25,26,27]. X-ray diffraction (XRD) is used to determine the crystal phase, and Fourier Transformed Infrared Spectroscopy (FT-IR) spectroscopy is carried out to identify the bio molecules that are responsible for the reduction and stabilization of the NPs.



Compared with NPs produced by conventional routes, biosynthesized NPs have some unique properties and can be employed with no side effect in fields such as the catalysis and degradation of organic pollutants [28,29]. In actual practice, the high efficiency of these NPs can usually be attributed to the high specific surface area when the particle size is reduced to the nanoscale [30]. Moreover, due to heterogeneity, the NPs can be separated from the substrate to enable their reuse, achieving the desired low cost and sustainability [31].



In this review, we survey the biosynthesized NPs obtained through different mechanisms for different bacteria. Additionally, the catalytic applications of some NPs obtained by different biological synthesis are discussed.




2. Biosynthesis of NPs


While it is well known that metal ions in a liquid solution are usually harmful to biological organisms, including microbes, some special bacteria have evolved the ability to inhibit diffusion of metal ions by reducing metal ions to NPs. From the perspective of synthesis, this provides a good opportunity to employ bacteria to fabricate particles at the nanoscale. NPs, including single metal, metalloid and related compounds, can be formed and harvested by biosynthesis due to bacterial resistance [32,33]. Regarding the details of the bioreduction mechanisms, some hypotheses have been proposed and proved based on various experimental results. This section will focus on the biosynthesis of NPs and the intrinsic mechanism by investigating living bacteria and cell-free extracts.



2.1. Elementary Substances


2.1.1. Single Metal


Compared with NPs fabricated by conventional approaches, biosynthesized metal NPs have better stability and oxidation resistance and have been applied in various fields [34].



In the bioreduction process, some enzymes play an important role in transporting electrons from certain donors to positive metal ion [35,36]. These enzymes are also considered to be responsible for the stabilization of the resultant NPs [37]. Ghiuta et al. employed two Bacillus species, namely, Bacillus amyloliquefaciens and Bacillus subtillis, to synthesize Ag-NPs. The well-defined Ag-NPs were distributed within quite a narrow size range in both cases. The authors believed that the alpha-amylase enzyme could control the size of Ag-NPs in a narrow range, and it is well known that both of these bacteria can generate the alpha-amylase enzyme [38,39]. Mishra et al. found that the Stenotrophomonas sp. BHU-S7, which was previously known as Pseudomonas maltophilia, could biosynthesize spherical Ag-NPs extracellularly. As shown in Figure 2a, the average size of these NPs is approximately 12 nm. The most widely accepted mechanism is that the extracellular enzymes, such as nitrate reductase enzyme, that appear in the supernatant facilitate electron transfer to Ag+ ions, resulting in the formation of Ag-NPs. They also proposed that the carbonyl groups of some proteins and enzymes could stabilize the Ag-NPs by binding to the NP surfaces [40].



Many researchers have reported that some functional groups, such as –NH2, –OH, –SH and –COOH, of the proteins secreted by bacteria, play important roles in the reduction and stabilization of NPs. These functional groups provide binding sites for fixing of metal ions, followed by the reduction of the metal ions outside the cells on the cell wall or in the periplasmic space. Li et al. reported the preparation of gold nanoparticles (Au-NPs) via protein extracts of Deinococcusradiodurans. In this study, protein functional groups such as –NH2, –OH, –SH and –COOH act as binding sites to facilitate the reduction of Au3+ to Au-NPs [41,42]. Furthermore, it was found that in the subsequent stabilization process, these proteins encapsulated the Au-NPs as capping agents to prevent NPs from aggregating (as shown in Figure 2b). Two years later, the same group prepared Ag-NPs and Au-Ag bimetallic NPs by using the same bacteria. The authors attributed the reduction of the metal ions to the same mechanism as that described in their previous work. However, unlike the two-step reduction of gold ions (Ⅰ. Au3+ → Au+, Ⅱ. Au+ → Au-NPs), Ag1+ was reduced to Ag-NPs in a single step. Zeta potential value measurements confirmed that the Ag-NPs were more stable than Au-NPs [43,44,45].



The cytochrome protein is the basis for another important approach for reducing metal ions to NPs. The pigment produced by Chryseobacterium artocarpi CECT 8497 has been successfully used to generate coexisting spherical and irregular Ag-NPs. While the mechanism has not been elucidated, the FTIR spectroscopy showed the existence of strong chelation between the ester carbonyl group of flexirubin and Ag-NPs [46]. Lv et al. biosynthesized Cu-NPs extracellularly with Shewanella loihica PV-4. They showed that cytoplasm components, such as NADH/NADPH, vitamins and organic acids, acted as electron donors to reduce Cu2+. Cytochrome c for electron transfer was the primary reductive factor [47].



In addition to using the bacteria themselves, biosynthesis of NPs can also be achieved by metabolites of bacteria with ongoing investigations of the mechanism of this process. Abirami et al. described the biosynthesis of Ag-NPs using Streptomyces ghanaensis VITHM1, and the major secondary metabolites were confirmed by gas chromatography-mass spectrography analysis. All the compounds might be involved in the reduction of Ag+ to Ag0 and stabilization of the NPs. The authors proposed that the reduction of the Ag+ could be attributed to the hydroxyl group, while the carbonyl group was responsible for the stabilization of Ag-NPs. No precipitation occurred after the formation of Ag-NPs in solution for six months at room temperature [48].



Furthermore, based on the detected products, a novel mechanism that was different from the mechanism described above was also proposed. Shewanella oneidensis MR1 from anaerobic metal-reducing bacteria was used for the bioreduction of Cu2+ (as shown in Figure 2c), and the process was conducted with lactate as an electron donor. The authors proposed three possible mechanisms: an unidentified reductase in periplasm and cytoplasm can reduce Cu2+ to Cu0; bioreduction can occur in the periplasm or cytoplasm, and membrane damage due to the toxicity of Cu may promote the transport of NPs across the cytoplasmic membrane; Cu2+ can be reduced to Cu+ in the cytoplasm, and then Cu+ can be disproportionated to form Cu2+ and Cu [49]. Pd-NPs can be prepared both intracellularly and extracellularly from Na2PdCl4 by Enterococcus faecalis with sodium formate as the electron donor (the NPs are shown in Figure 2d). The mechanisms of the Pd2+ diffusion into cells are still unknown, but the reduction mechanism, which was previously poorly understood, was partially identified by changing the pH during the reduction process [50]. The results showed that the reduction of Pd2+ mainly occurred in the chemical reaction of the ion-exchange process. A recent study proved that sunlight can also be used for catalytic biosynthesis of Ag-NPs with endophytic strain SYSU 333150. In the presence of sunlight, the reduction time decreased from 3 h to 4 min. Electron-hole pairs produced by excited molecules were transferred to free radicals and the excess electrons of surface-adsorbed reducing agent, resulting in neutralized Ag-NPs [51].




2.1.2. Metalloid Elements


Se2+ and Te2+ are toxic species that pose health and environmental risks [52,53]. While chemical removal of Se2+ and Te2+ often involves the use of dangerous reductants, bioinspired methods offer good opportunities for simultaneous decontamination and nanomaterials production [54,55,56]. Presentato et al. aerobically produced Se-NPs and Se nanorods (NRs) with Actinomycete Rhodococcus aetherivorans BCP1. They proved that these bacteria have a high tolerance towards SeO32− (500 mM), with the morphology of the final product being determined by the initial concentration of the precursor. The authors ascribed this reduction to the LaMer mechanism, where neutral Se atoms assembled into Se-nucleation seeds after they were reduced from SeO32−, and Se-NPs formed via a ripening process. Se atoms were dissolved and released spontaneously because of the high free energy and low stability of Se-NPs in suspension. Subsequently, Se atoms might be precipitated as nanocrystals in one direction to form Se-NRs [57]. Aerobic biosynthesis of monodispersed nanosized Se-NPs was completed both intracellularly and extracellularly with Enterobacter cloacae Z0206. Large-scale proteomic analysis (iTRAQ) showed that the function of fumarate reductase was promoted by adding selenite. The probable mechanism was that E. cloacae Z0206 contains selenite- reducing factor, which is a special fumarate reductase [58]. Theoretically, selenite reduction anaerobically should be faster and more prominent than that under aerobic conditions. As an increasing number of bacteria species have been examined in NPs biosynthesis, some bacteria have been proved to be capable of reducing Se-NPs under aerobic and anaerobic conditions [59]. Citrobacter freundii Y9 has been used to produce Se-NPs (shown in Figure 2e). The anaerobic mechanism involved the reduction of selenite and its incorporation into organic products in an assimilatory process, or acting as electron acceptors in a dissimilatory process. The mechanisms under aerobic conditions are not well understood [60]. Avendaño et al. obtained Se-NPs by using Pseudomonas putida. The proposed mechanism was a two-step process involving the chelation of SeO32− by thiol-containing molecules followed by the formation of selenodiglutathione. It is known that selenodiglutathione is the substrate of glutathione reductase, which produces unstable intermediates. As a result, the compound was converted to Se0. Pseudomonasputida is a strictly aerobic species, and no substrate other than oxygen serves as the final electron acceptor. Both selenite and selenate were added to the medium, and it was found that P. putida has no effect on the selenate at all [61].



In a recent study, Zonaro et al. biosynthesized Se-NPs and Te-NPs with reducing bacterial strains isolated from polluted sites, namely, Stenotrophomonas maltophilia SeITE02 and Ochrobactrum sp. MPV1. Both Se-NPs and Te-NPs were well dispersed and had spherical shapes. It is interesting that, unlike other biosynthesized metal NPs, Se-NPs increase in diameter with increasing incubation time, but the size of Te-NPs was quite stable [62]. Srivastava et al. biosynthesized hexagonal needle-shaped Te-NPs intracellularly with an aspect ratio of 1:4.4 (the Te morphology is shown in Figure 2f). Generally, the primary defense against metal and metalloid toxicity is an increased efflux or a decreased influx of the ions; however, tellurium resistance requires either volatilization or reductive precipitation of tellurite [63]. The NADH-dependent tellurite reductase may be responsible for the detoxification of tellurite to black Te-NPs [64].



Some of the elementary substances that have been synthesized by bacteria are listed in Table 1.





2.2. Compounds


Wastewater discharge, including metal ions from industrial and commercial sources, has adverse effects on the environment and humans [65]. These metal pollutants can also be considered a resource for recycling and production of valuable materials such as metal oxides, metal sulfides or other materials, through a biological enrichment procedure [66].



2.2.1. Metal Oxide


The mechanisms involved in the bioreduction of metal oxides are similar to those of single metals, and proteins secreted by bacteria are the most common reductants. For example, magnetic Fe3O4-NPs can be produced intracellularly by Magnetospirillum magneticum with FeCl3 as precursor. It was shown that the intracellular magnetosomes organelles of Magnetospirillum magneticum play a vital role in the formation of Fe3O4-NPs. The magnetosomes are encapsulated by the globular protein complex named ferritin that contains 24 subunits. Because of this (as shown in Figure 3a), Fe can be stored in a nontoxic and soluble form. The formation of Fe3O4-NPs and nucleation of the minerals may be attributed to these proteins [67].



Metabolites can also act as reductants. Crystalline hexagonal α-Fe2O3-NPs capped with protein were biosynthesized with Bacillus cereus SVK1 under ambient conditions. In this case, FeCl3 was also used as the precursor. The metabolites secreted by the bacteria in the culture broth induced the reduction and stabilization process of metal NPs (as shown in Figure 3b) [68,69].



Some special enzymes have been confirmed to have the ability of biosynthesizing NPs. Srivastava et al. produced SnO2-NPs using Erwinia herbicola. The biosynthesized SnO2-NPs were either crystalline or amorphous (as shown in Figure 3c), depending on whether a heating process was used after biosynthesis. The general process for the formation of SnO2 is that the enzymes secreted by bacterial cells trapped the Sn2+, and then the reduction process was initiated by transferring electrons to Sn2+. To generate Sn-­NPs, Sn2+ gained two electrons from certain enzymes such as NADH that were oxidized at the same time. Subsequently, the Sn-NPs were oxidized to SnO2-NPs because of the oxygen in solution [70].



In addition, CuO-NPs were reported to be produced by Morganella morganii bacteria for the first time, as shown in Figure 3d the size of the obtained particles was less than 10 nm, but the exact mechanisms are unknown [71].




2.2.2. Metal Chalcogenides


Metal chalcogenides have attracted increasing interest as new semiconductor materials because of their favorable band structure [72,73]. In the regard of their bioreduction, proteins play important roles. Sakimoto et al. used a nonphoto-synthetic CO2-reducing bacterium Moorella thermoacetica to extracellularly precipitate CdS-NPs (as shown in Figure 3e). The CdS-NPs were formed after adding Cd(NO3)2 solution into a specific growth culture, which contains glucose-grown cells and Cys. Furthermore, the authors found that Moorella thermoacetica could subsequently carry out photosynthesis to reduce CO2 in the presence of CdS-NPs that donate photogenerated electrons. The photosynthesis process converted CO2 to acetic acid. This study paved the way for a new approach to solar-to-chemical synthesis [74]. In another example, the anaerobic sulfate-reducing bacteria Desulfovibrio caledoniensis was used both intracellularly and extracellularly for biosynthesis of CdS-NPs without any other sulfide source agents (as shown in Figure 3f). The process was as follows: Ⅰ. ATP sulfurylase activated anaerobic reduction of sulfate in bacteria; Ⅱ. ferredoxin or NADH reduced the resultant adenosine-phosphosulfate (APS) complex to sulfite; III. assimilatory or dissimilatory sulfite reductase reduced sulfite to sulfide [75]. Kominkova et al. biosynthesized CdTe-QDs by Escherichia coli using CdCl2 and Na2TeO3 as the precursors. The bacteria secreted extracellular proteins to bind the metals. As a result, the nucleated nanocrystals formed extracellularly after the incubation of the bacteria and precursors. Then, nanocrystals were enlarged and interconnected, leading to the formation of QDs. It is possible that the proteins or peptides involved in this process were thiols, such as glutathione [76]. Pb is an environmental toxin due to its strong accumulative ability. Yue et al. biosynthesized highly pure PbS nanocrystals extracellularly by regulating the concentration of polyethylene glycol in the Clostridiaceae sp. system (as shown in Figure 3g). The probable mechanism was that SO42- was first reduced to S2− by the sulfate-reducing bacteria, and then S2− gradually combined with Pb2+ to precipitate as PbS-NPs [77].



Studies have also confirmed the reductive ability of some substances secreted by bacteria. Biosynthesis of PbS2-NPs was first reported by Srivastava et al., who synthesized spherical β-PbS2-NPs intracellularly with Idiomarina sp. strain PR58-8). When toxic Pb2+ was taken up by the bacteria, the amount of nonprotein thiols increased in a dose dependent manner. It is possible that the thiols were responsible for the Pb2+ detoxification and growth of the PbS2 crystals [78]. Shewanella oneidensis MR-1 can be used for the biosynthesis of many different types of NPs [79]. Zhou et al. used it to synthesize hydrophilic CuS-NPs extracellularly (as shown in Figure 3h). Na2S2O3 and CuCl2 were used as precursors. S. oneidensis is well known for accumulating S2− in a reducing medium, and making S2O32− an electron acceptor in this case. Therefore, it was understandable that CuS-NPs formed after the addition of Cu2+ [80]. ZnS-NPs were synthesized with the same bacteria under anaerobic conditions. It can be observed from Figure 3i that NPs mainly aggregated on the cell surface and in the medium. The probable mechanism was that the thiosulfate was reduced to S2− in the periplasm of the bacteria, and then Zn2+ was precipitated in the presence of S2− to form ZnS-NPs [81,82].



Some of the compounds that have been synthesized by bacteria are listed in Table 2.






3. Catalytic Applications


Some biosynthesized NPs play the role of catalysts to remove specific pollutants, drawing the interest of the research community in recent years. Production and overuse of synthetic dyes, pesticides and pharmaceuticals have resulted in the pollution of water and soil [83,84]. Polluted wastewater and soil usually contain a large quantity of heavy metals and metalloids generated during industrial processes that pose a threat to the environment [85,86]. However, alternatively, the waste can also be utilized as a resource to fabricate NPs through the biological pathway for the degradation of specific pollutants [87,88,89]. In this section, we will review the catalytic applications of biosynthesized NPs (as shown in Figure 4).



3.1. Degradation of Dyes


Dyes are hazardous to almost all living organisms because of their tendency to eutrophication or due to their toxicity. Many industries, such as the food-processing, drug and textile industries, extensively use dyes that have given rise to severe pollution in water and soil. Some methods have been used to remove the residual dye in the industrial process, but the results have not been satisfactory. The low efficiency of the removal remains the main problem for this approach. By contrast, biosynthesized NPs exhibit an excellent catalytic performance because of their higher specific surface area and the greater number of active sites compared with polycrystalline materials. Yue et al. investigated the photocatalytic performance of biosynthesized PbS nanocrystals with different morphologies, such as nanocuboids, nanosheets and NPs. They confirmed that PbS acted as the oxidizer and electron capture agent in the degradation of methylene blue in the presence of H2O2. PbS nanocuboids have the smallest specific surface area and show the best dye-removal performance. It has been speculated that (200) crystal plane was the main factor that influenced the catalytic activities of PbS nanocuboids. Srivastava et al. evaluated the photocatalytic efficiency of biosynthesized SnO2-NPs in the degradation of dyes (shown in Figure 5). The three plots are the absorption spectra for photocatalytic degradation of three dyes (methylene blue, methyl orange, and Erichrome black T) at different time intervals. The SnO2-NPs showed excellent catalytic performance, with approximately 93.3%, 94.0% and 97.8% of methylene blue, methyl orange, and Erichrome black T degraded, respectively. Moreover, the SnO2-NPs can be easily separated from the reaction mixture by a simple centrifugation after the photocatalytic degradation reaction.



Rhb is a special dye that is resistant to biodegradation and UV light irradiation. Photocatalytic performance of biosynthesized ZnS-NPs was evaluated by the photodegradation of rhodamine B. In this process, ammonium oxalate and tert-butanol were used as the scavengers of holes and hydroxyl radicals, respectively. ZnS showed high photocatalytic efficiency for Rhb degradation, and it was found that the photogenerated holes rather than hydroxyl radicals played the crucial role in the photocatalytic decolorization process. Se nanospheres and nanorods (NRs) reduced by Lysinibacillus sp. ZYM-1 were described by Che et al. In this study, photocatalytic performance of Se-NPs was investigated. It is interesting that Se materials showed no significant catalytic effect toward RhB, but the Se nanospheres−H2O2 system had higher visible light-driven photocatalytic activity for RhB degradation than Se-NRs. The authors believed that the N-deethylation pathway and chromophore cleavage coexisted. Liquid chromatography high-resolution mass spectrometry results showed that phthalic acid and three N-deethylation intermediates were the products of RhB degradation [90].




3.2. Catalytic Dehalogenation


Chlorinated aromatic compounds are widely used in many industrial applications because of their resistance to oxidation, low water solubility and flame resistance. Overuse of chlorinated aromatic compounds has resulted in the pollution of water, soil, air and sediments. These compounds are persistent and stubborn, making their complete removal quite difficult. While various reductive and oxidative methods have been used for the degradation of chlorinated aromatic compounds, a mild and simple treatment of these stubborn xenobiotics is necessary. It has been proved that biosynthesized Pd-based NPs have excellent performance in the dehalogenation of aromatic compounds. The surfaces of the cells of Desulfovibrio desulfuricans, Desulfovibrio vulgaris and Desulfovibrio sp. ‘Oz-7’were used to synthesize Pd-NPs and hydrogen was used as the electron donor. It was proved that the bacteria species affect both the bioreductive efficiency of Pd2+ and the dehalogenation performance of Pd-NPs. The highest specific dechlorination rate of bio-Pd-NPs was approximately 30 times greater than that of chemical-Pd-NPs. This difference in catalytic activity was attributed to the favorable effects of the 3-D array, chemical composition and architecture of the functional groups of the Pd-NPs [91].



Another group also biosynthesized Pd-NPs by using Desulfovibrio desulfuricans with the same electron donor. The release of chloride was used as the indicator of dehalogenation, and the dehalogenation effect was estimated based on the degradation of polychlorinated biphenyls and 2-chlorophenol biphenyls. For the dehalogenation of 2,3,4,5-tetrachlorobiphenyl, biosynthesized Pd-NPs were used to evaluate the dehalogenation effect in comparison with the chemically reduced control (shown in Figure 6). The chloride release rate of the chemically reduced Pd-NPs was only 5% of that of the biosynthesized Pd-NPs [92]. In another case, Pd-NPs were synthesized both intracellularly and extracellularly by Shewanella oneidensis MR-1. In this study, H2, lactate, pyruvate, ethanol and formate acted as the electron donors. The obtained Pd-NPs exhibited excellent dehalogenation performance towards polychlorinated biphenyl congeners in both liquid and solid conditions. The catalytic performance of 50 mg/L bio-Pb-NPs was comparable to that of 500 mg/L chemical Pd-NP powder [93].




3.3. Degradation of 4-Nitrophenol


4-nitrophenol is a typical nitro-aromatic contaminant from dyes and synthetic pesticides. It can stimulate and inhibit the central nervous system and various nerve endings in humans. The degradation of 4-nitrophenol has been used as a general test for evaluating the catalytic performance of NPs because its degradation can be easily measured by UV-Vis spectroscopy [94,95]. Zhang et al. used the marine bacterium Bacillus sp. GP to synthesize Pd/Au-NPs. Subsequently, they evaluated the catalytic activity of the Pd/Au-NPs for the reduction of 4-nitrophenol, but found that it was weaker than that of the chemically synthesized NPs. Therefore, several metal oxides were introduced to improve the catalytic performance, such as Al2O3, SiO2 and Fe3O4. The enhancement due to these metal oxides was found to be dose-dependent and can be attributed to the metal ions and formation of an alloy: Ⅰ. Metal ions of the metal oxides acted as Lewis acids and promoted the reaction. Ⅱ. The activity of noble metal sites was perturbed by the possible formation of an alloy [96] (shown in Figure 7). Au-NPs were biosynthesized with Shewanella oneidensis MR-1 on rGO under both ambient and culture conditions. Compared with its chemical counterpart, the bio-Au-NPs/rGO showed not only a better promoting effect on the microbial reduction of 4-nitrophenol, but also higher catalytic performance and reusability to the degradation of other contaminants, such as nitrobenzene [97]. The catalytic activity was still maintained at 72% of the initial value after ten reduction cycles. The synergistic effects of rGO and Au-NPs may be responsible for the catalytic activity and reusability of this material as follows: Ⅰ. rGO provided the template to prevent the Au-NPs from aggregating and increased the concentration of 4-nitrophenol around the Au-NPs on rGO. Ⅱ. Conductivity of rGO improved the electron transport [98].




3.4. Removal of Heavy Metals Ions


It is well known that the mining industry and the hydrometallurgical industry usually generate a large amount of waste water that contains toxic heavy metal ions [99]. While great efforts have been made to remove these toxicants from polluted water sources that pose a threat to human health, most currently known approaches are costly, and some of these even have side effects on the environment. An increasing number of researchers have been inspired to search for the optimal solution for heavy metal ion removal from the perspective of biology [100,101]. Vanadium (V) and chromium (VI) often coexist in the waste water from vanadium ore smelting. Wang et al. simultaneously reduced the toxic vanadium (V) and chromium (VI) with Shewanella loihica PV-4. The enhanced bioreduction of vanadium (V) is always accompanied by decreased Cr (VI) bioreduction. After 27 days of operation, the removal efficiencies of V (V) and Cr (VI) were 71.3% and 91.2%, respectively [102]. Ha et al. used the biosynthesized Pd-NPs to remove Cr6+ from wastewater. In general, compared with chemically reduced Pd-NPs, biosynthesized nanoscale Pd-NPs have smaller sizes and higher surface-to-volume ratios, so they are expected to have better catalytic performance. However, the catalytic efficiency of bio-Pd-NPs for Cr6+ reduction without ultrasonic treatment was lower than that of chemically synthesized counterparts. Many studies have elucidated the reductive process of Cr6+ with bacterially recovered Pd-NPs, and it appear that this approach cannot achieve a high catalytic efficiency and mild extract conditions at the same time (shown in Figure 8).




3.5. Other Catalytic Performance


In addition to the catalytic properties described above, there have been some reports related to other catalytic applications. For example, biosynthesized Pd-NPs were used as catalyst to generate hydrogen from hypophosphite. The catalytic effect was evaluated based on the amount of hydrogen released in this process. In this work, Pd-NPs were obtained by bacteria biomass and cell-free methods. A high initial release rate of hydrogen was measured just after the addition of hypophosphite to bio-Pd-NPs, and the rate leveled off after approximately 10 minutes. Compared with bacteria biomass control, the cell-free Pd-NPs showed a much higher hydrogen release rate [103]. This difference in the activity was tentatively attributed to the inaccessibility of bio-Pd-NPs fraction embedded in the cell envelope.



In addition, Rostami et al. extensively proved that the electrocatalytic oxidation of hydrazine was significantly promoted by biosynthesized Ag-NPs. Ag-NPs were obtained by reducing the AgNO3 precursor in the presence of lead-resistant MKH1 bacteria. In experiments on the electrochemical oxidation of hydrazine, the authors revealed the relationship between the Ag catalyst content and the current density peak at the forward scan. The results showed that when the Ag-NP content exceeded the threshold value, the current density did not increase because of the aggregation of the Ag-NPs. Chronoamperometry tests and impedance results indicated the excellent catalytic performance and stability of Ag-NPs, indicating that the potential of biosynthesized Ag-NPs in hydrazine fuel cells [104] (shown in Figure 9).



Kimber et al. biosynthesized Cu-NPs intracellularly with Shewanella oneidensis MR-1. Many triazole derivatives were synthesized by the Cu+ catalyzed cycloaddition of benzyl azide to evaluate the catalytic azide-alkyne cycloadditions activity of the Cu-NPs. The authors proposed that Cu2O shells were formed when Cu-NPs were exposed to air and that the Cu+ surface layer may be the origin for the excellent catalytic performance. They also proposed that inorganic substances or stabilizing compounds were involved in maintaining superior catalytic activity [105].





4. Conclusion and Outlook


In the past few decades, some special bacteria have been proven to be capable of transforming toxic metal and metalloid ions into functional NPs, becoming known as efficient and eco-friendly nanofactories. This review highlights the NPs synthesized by these specific bacteria and their catalytic applications. Although some mechanisms for bioreduction are still unknown, reasonable hypotheses based on the experimental phenomena have been proposed to provide insight into the fabrication process of the biosynthesized NPs by the bacteria. The biosynthesized NPs were obtained without high-temperature treatments or additional chemicals, and have shown many unique properties, such as catalytic applications, optical applications, aerospace applications, biosensors and gas sensors. More importantly, the conditions for catalysis are usually facile, because bioreduced NPs can catalyze reactions in aqueous media at standard temperature and normal pressure. Due to their biocompatibility and stability, it was also proven that biosynthesized NPs are a feasible alternative to the physical and chemical methods traditionally used in catalysis, particularly in the removal of organic compounds. However, limitations in biosynthesis of NPs still exist: low production, poor control of product quality, contamination from biological cells and difficult separation of NPs from the biological materials.



Further research should focus on the following points: Firstly, a better understanding of the mechanisms involved in the NPs formation is necessary for reproducing biomaterials and controlling the morphology, size and dispersity. Secondly, current studies mainly concentrate on the biosynthesis of Ag, Au, Cu, Pd, Se and Te NPs, while knowledge about other NPs, which have been synthesized by plant, virus or yeast is lacking. Thirdly, exploring the microbial diversity to search for novel and sustainable microorganisms to biosynthesize NPs [106,107]. Finally, in the regard of catalytic applications, effective technologies are in needed to separate NPs from medium after catalytic reaction. To explore more characteristics of biosynthesized NPs, novel catalytic applications beyond water treatment and environmental sensors are anticipated.
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Figure 1. (a) Periodic table of elements that have been synthesized by bacteria. (b) Schematic representation of bacteria synthesis of NPs; both intracellular and extracellular process are included. 
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Figure 2. SEM and TEM images of biosynthesized elementary substance. (a) Ag-NPs by Bacillus sp. SBT8, scale bar: 100 nm (reprint from [39] with permission from Taylor & Francis. Copyright 2018); (b) Au-NPs by Acinetobacter sp. SW 30, scale bar: 100 nm (reprint from [42] with permission from Elsevier. Copyright 2018); (c) Cu-NPs by Shewanella loihica PV-4, scale bar: 50 nm (reprint from [47] with permission from Elsevier. Copyright 2018); (d) Pd-NPs by Enterococcus Faecalis, scale bar: 100 nm (reprint from [50] with permission from Elsevier. Copyright 2016); (e) Se-NPs by Lactobacillus casei 393, scale bar: 5 μm (reprint from [59] with permission from Elsevier. Copyright 2018); (f) Te-NPs by Haloarcheaon Halococcus Salifodinae BK3, scale bar: 60 nm (reprint from [63] with permission from Springer Nature. Copyright 2015). 
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Figure 3. SEM and TEM images of biosynthesized compounds. (a) Fe3O4 by Luteinizing Hormone Releasing Hormone, scale bar: 100 nm (reprint from [67] with permission from Elsevier. Copyright 2015); (b) Fe2O3 by Bacillus cereus SVK1, scale bar: 50 nm (reprint from [68] with permission from Elsevier. Copyright 2015); (c) SnO2 by Erwinia Herbicola, scale bar: 50 nm (reprint from [70] with permission from the American Chemical Society. Copyright 2014); (d) CuO by Morganela morganii, scale bar: 100 nm (reprint from [71] with permission from Elsevier. Copyright 2017); (e) CdS by Moorella thermoacetica, scale bar: 500 nm (reprint from [74] with permission from American Association for the Advancement of Science. Copyright 2016); (f) CdS by Desulforibrio caledoiensis, scale bar: 100 nm (reprint from [75] with permission from Elservier. Copyright 2016); (g) PbS by sulfate-reducing bacteria, scale bar: 500 nm (reprint from [77] with permission from Springer Nature. Copyright 2016); (h) CuS by Shewanella Oneidensis MR-1, scale bar: 20 nm (reprint from [80] with permission from Elsevier. Copyright 2016); and (i) ZnS by Shewanella Oneidensis MR-1, scale bar: 0.2 μm (reprint from [81] with permission from Elservier. Copyright 2015). 
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Figure 4. Catalytic applications of biosynthesized NPs, both elementary substances and compounds are included. 
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Figure 5. Schematic representation of the photocatalytic degradation process of dyes using SnO2 nanoparticles (reprint from [70] with permission from the American Chemical Society. Copyright 2014). 
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Figure 6. Dehalogenation of 5 mM (aq.) 2-chlorophenol. Solid lines: (◆) Chloride liberation catalyzed by Bio-Pd0 and (■) by Chem-Pd0. Dashed lines: controls (▲), Desulfovibrio desulfuricans cells alone (non-palladized resting cell biomass); (●), finely divided Ref-Pd0; data are means from two experiments (reprint from [92] with permission from Springer Nature. Copyright 2004). 
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Figure 7. The catalytic performance of bio-Pd-NPs and bio-Au-NPs on 4-NP reduction. (reprint from [96] with permission from Elsevier. Copyright 2018). 
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Figure 8. Reduction of 0.5 mM Cr6+ by ●, sonicated bio-Pd0-NPs (a); ■, chem-Pd0 (b); ▲, bio-Pd0-NPs (c); and ◆, E. faecalis cells (d) (reprint from [50] with permission from Elsevier. Copyright 2016). 
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Figure 9. (A) Chronoamperometry curves of Ag/C catalysts with different Ag content in 0.1 M K2SO4 + 10 mM N2H4 solution at 0.2 V. (B) Nyquist plots recorded at 0.2 V for the Ag/C 40Wt% catalyst in 0.1 M K2SO4 containing various hydrazine concentrations. Inset of (B): Plot of the charge transfer resistance (Rct) versus hydrazine concentrations (CN2H4). (reprint from [104] with permission from Elsevier. Copyright 2018). 
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Table 1. Elementary substances synthesized by bacteria.
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NPs

	
Cellular

	
Shape

	
Size

	
Type of bacteria

	
Ref.






	
Ag

	
Extra-

	
Spherical NPs

	
6~16 nm

	
Pseudomonas putida MVP2

	
[12]




	
Extra-

	
Spherical NPs

	
198~595 nm

	
Streptomyces sp. 09 PBT 005

	
[24]




	
Extra-

	
Spherical NPs

	
4.4 nm

	
Exiguobacterium sp. KNU1

	
[26]




	
Extra-

	
Spherical NPs

	
140 nm

	
Bacillus species

	
[38]




	
Extra-

	
Spherical NPs

	
12 nm

	
Stenotrophomonas sp. BHU-S7

	
[40]




	
Extra-

	
Spherical NPs

	
30~50 nm

	
Streptomyces ghanaensis VITHM1

	
[48]




	
Intra-

	
Equilateral triangles, hexagons NPs

	
200 nm

	
Pseudomonas stutzeri AG259

	
[36]




	
Intra-

	
NA

	
15~500 nm

	
Lactobacillus

	
[44]




	
NA

	
NA

	
37.13 ± 5.97 nm

	
Deinococcusradiodurans

	
[41]




	
NA

	
Spheri