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Modern industrialization is progressively degrading soil quality due to heavy metal contamination. Heavy metal (HM) contamination of agricultural soil has gained considerable attention due to its rapidly increasing levels. Nanoparticles (NPs) have unique physicochemical properties that make them effective stress relievers. Material science has recently been emphasizing “green” synthesis as a reliable, environmentally friendly, and sustainable method of synthesizing different kinds of materials, such as alloys, metal oxides, hybrids, and bioinspired materials. Therefore, green synthesis can be viewed as an effective tool to reduce the detrimental effects of the traditional nanoparticle synthesis methods commonly used in laboratories and industries. The review briefly describes the biosynthesis of NPs, the use of nanobiotechnology to remediate heavy metal-contaminated soil, the effect that NPs have on growth and development of plants, the behavior of NPs within plants when exposed to pollutants and the mechanisms used to alleviate HM stress. In addition, a broad overview of the major types of nanomaterials used so far in bioremediation of toxic heavy materials, recent advances regarding HM stress and the possible mechanisms by which NPs and HM interact in the agricultural system are also discussed.
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Introduction

Soil is an indispensable part of our ecosystem supporting all life forms, aquatic as well as terrestrial. It is a pre requisite for overall development of plant and crop cultivation. Often, “soil” and “land” are used interchangeably but it is important to understand that land is much more than just soil and soil is a significant as well as fundamental unit of land (Bakshi and Abhilash, 2020). Soil health plays a key role in regulating planetary processes and safeguarding crop productions. However, past few decades have witnessed degradation in soil health due to accelerated industrialization, extensive use of chemical fertilizers in agricultural practices in order to meet the growing population demand, anthropogenic activities, and environmental pollution (Lal, 2015). The contaminants that are associated with public and ecological health interest are pesticides, greenhouse gases, toxic heavy metal(loid) (HM), hydrocarbons, and nuclear residues. The major concern regarding these contaminants is that they are persistent, non-biodegradable and toxic in nature (Amin et al., 2021). Among these the notable contaminant rising exponentially all across the globe are heavy metal (loid), which negatively affect human health. Therefore, the emerging challenge around the planet is the food security and crop productivity especially in the countries with huge population (Rai et al., 2019).

Elements with density higher than 5 g/cm3 and atomic mass greater than (>20) are grouped as heavy metals. They are the natural constituent of the soil that originate from the weathering of parent material of soil, called “Paedogenesis.” While occurring naturally, the concentration of these HM in the soil are low which increases gradually (Bakshi and Abhilash, 2020). This increase is attributed to various anthropogenic activities such as dumping the waste of textile mills, tanneries, metal mining industries, pulp and paper industries in landfills and releasing the industrial effluents in the water bodies which further leaches and accumulate in soil (Fayiga and Saha, 2016; Rai et al., 2019). Due to the combustion of the fossil fuels aerosols are formed which play a major role in the HM accumulation (Bhuiyan et al., 2021). HM such as Pb (lead), Cr (chromium), As (arsenic), Zn (zinc), Cd (cadmium), Cu (copper), Hg (mercury) and Ni (nickel) are considered highly toxic, whereas Ba (barium), Sb (Antimony), Mo (molybdenum), Tl (Thallium), Sn (tin) are considered as less toxic than others (Bakshi and Abhilash, 2020).

The presence of HM in the soil has a negative impact on the plant as well as the microbiome associated with it. The stress generated by them lead to the formation of ROS (Reactive Oxygen Species) which in turn damages the essential macro-molecules inside the organism, affecting the nutrition quality and ecology of the vegetation as well as crops. For example, by amending Cu-contaminated soil with natural soil, it can disturb normal growth processes in plants by adversely affecting biochemical reactions and physiological processes (Saleem et al., 2020a). The damage caused by HM varies according to the plant species, type of heavy metal and physio-chemical properties (Chaplygin et al., 2021). Some studies also suggest that the HM contaminated soil hampers various biological process of plants and microflora including their diversity, abundance and genetic makeup (Rajput et al., 2022). The enzymatic activities, biomass, crop yield is reduced whereas oxidative stress caused by ROS is elevated (Huang et al., 2019). Stabilization of HMs at a specific site using site stabilization can help reduce their mobility, availability, and leaching at distant sites, thereby halting the spread of HMs (Suman et al., 2018). Nano-remediation has gained much attention in recent times, with a major potential to protect the planet from pollution and clean up contaminated sites. Enhancement of the microbial activities by involving the use of nanoparticles to eradicate the toxic contaminants is termed as “Nano-bioremediation” (Amin et al., 2021). One of the major advantages of this technology is that it is effective in deep soils and could work well along with other techniques like bioremediation. In addition to decreasing the costs of cleaning up polluted sites, nanotechnology also manages to decrease the progress time (Benjamin et al., 2019). The current review emphasized on the role of green nanotechnology in remediating heavy metal(loid) contaminated soil, biosynthesis of bio nanoparticles and different biogenic remediation techniques with their impact on environment.



Bio nanoparticles and their synthesis

Recent decades have witnessed the development of novel approaches for nanomaterial synthesis. Two primary principles are followed for the formation of the nanomaterial of desired shape, size, and function, namely bottom-up and top-down approaches (Figure 1). In bottom-up method nanoparticles are developed from smaller molecules. It also includes approaches like sol-gel processes, laser pyrolysis, chemical vapor deposition etc. Moreover, the top-down method includes the formation of nanoparticles from wide range of techniques such as sputtering, lithographic technique etc. (Kandiah and Chandrasekaran, 2021).
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FIGURE 1
 Pictorial representation of nanoparticle formation using various approaches.


Although in the last few years number of nanoparticles were developed using conventional top- down and bottom-up approaches but only few of them are currently used as they are produced from toxic chemicals and their by-products becomes a matter of serious concern to mankind. Moreover, the insufficient knowledge about their toxicity and issues related to human health does not allow the use of these nanoparticles in agricultural fields. To overcome this limitation “green synthesis” approach is being used extensively nowadays. In green synthesis the biologically originated extracts such as that of plants and microbes are used in the formation of nanoparticles (Andrade-Zavaleta et al., 2022). Synthesis of nanoparticles from plant derived extract is cost effective, and favorable as compared to microorganisms. In addition to being challenging to isolate, microbes can pose bio-hazards and are more susceptible to contamination. The following steps shows the green synthesis of nanoparticle (Singh et al., 2018).

a) Preparation of plant or microbe derived extracts and mixing it with metal salt solution.

b) Fabrication and biochemical reduction of the metal solution. In this process, the monovalent/divalent metal ions are converted into zero-valent states that are then grown and nucleated into nanoparticles.

c) Analysis of the formed nanoparticles through UV-VIS Spectroscopy.

d) Characterization of nanoparticles through TEM, SEM, XRD etc. and application in different sectors.

Fundamentally, the green synthesis of materials/ nanomaterials, produced through cleanup, regulation, remediation, and control will directly enhance their environmental affability. In essence, “green synthesis” can be summarized by several basic principles, such as waste prevention/minimization, lowering of derivatives/pollution, and using safer (or nontoxic) solvents and auxiliaries, along with renewable feedstocks. By implementing eco-friendly and environmentally-responsible synthesis procedures, it is possible to avoid the generation of unwanted byproducts (Singh et al., 2018; Kandiah and Chandrasekaran, 2021).



Mechanism of action of nanoparticles to alleviate the heavy metal stress

Several studies have been made to understand the underlying mechanism of action of nanoparticles in order to alleviate the HM stress. The effects of HM stress have been found to influence plant physiology, morphology, and biochemistry. Certain reports suggested that the NPs that regulates the plant growth could be harmful to them at higher concentrations (Vishwakarma et al., 2020). In order to overcome HM stress in plants, various approaches have been used, such as lowering the bioavailable HM concentration in the soil (Moharem et al., 2019), improving the plant defense system, enhancing the physiological functions, development of protective agents and heavy metal transport gene expression regulation (Cao et al., 2020a). NPs enters the cells either through channels of the plasma membrane or through penetration. These NPs acts as signal molecules which induces the genes of stress signaling thus activating the plant defense system. NPs transforms or absorbs the HMs present in the soil therefore minimizing their bioavailability as well as their mobility. For instance, the mobility of cadmium was reported to be decreased with the application of Fe3O4 NPs (Sebastian et al., 2019). Cadmium can be converted into much stable forms under the influence of mercapto Si NPs (Wang et al., 2020).

In the cell wall of the plant nanoparticles makes complexes after binding with the heavy metals, thus, making them biologically unavailable. The complex is then adsorbed on the plant cell surface which hinders their migration all across the plant therefore minimizing their biological activities (Wang et al., 2021). Additionally, the damage caused by the HM stress in plants can be reduced to some degree by chelating organic acids accumulated in their cell walls. NPs have been shown to increase the production of protective agents (Zhou et al., 2020).

Plant oxidation defenses can also be activated to alleviate HM stress (Figure 2). Biochemical reactions in plants produce ROS as a by-product (Wu et al., 2017). For instance, ROS are continuously formed in chloroplast or during photosynthesis and respiration. These reactive species, at lower concentrations acts as signaling molecules for growth, defense, and development. However, in stressed conditions ROS accumulates in higher concentration which in turn damages the proteins, cell membranes and other components of the cell (Wu et al., 2017). Antioxidant enzymes such as peroxidase (POD), superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), glutathione peroxidase (GPX), and glutathione reductase (GR) are mainly responsible for maintaining the ROS levels in the cells and hence they scavenge these reactive species when they are present in high level. Low molecular weight, non-enzymatic metabolites (polyphenols, Vitamin E, and Vitamin C) also possess the ability to degrade the ROS (Ullah et al., 2020; Zhao et al., 2020). In response to stress, ROS clearance pathways are triggered. Taking into consideration the biosynthesis of shikimate-phenylpropanoid and alanine, galactose, ascorbate, and aspartic acid metabolism can help plants recover from oxidative stress (Hussain et al., 2020). Plants using antioxidant enzyme-activated NPs (CeO2 NPs and Mn3O4 NPs and Fe3O4 NPs) can reduce ROS, which will ultimately reduce the effects of crop production losses (Konate et al., 2017; Yao et al., 2018).
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FIGURE 2
 Pictorial illustration of the mechanism involved in remediating HM contaminated soil. The presence of NPs enhances the adsorption of HM by rising the soil pH reducing the bioavailability and mobility of HM in soil. Nanoparticles can help in stimulating the defense cascade in plants by synthesizing the ROS which promote the ability of the plant for increased nutritional uptake and improving plant growth (APOX, ascorbate peroxidase; MDHAR, monodehydroascorbate reductase; DHAR, dehydro-ascorbate reductase; NPs, nanoparticles; SOD, superoxide dismutase; GR, glutathione reductase; ROS, reactive oxygen species).




Contribution of nanotechnology for remediating heavy metal contaminated soil

Nano-bioremediation is the process of removing contaminants by greenly synthesized nanomaterials/nanoparticles (Amin et al., 2021). It is a low-cost method of breaking down toxic chemicals using plants and microbes for reducing pollution and improving soil quality. The procedure can eliminate, reduce, or retain the number of pollutants existing in the soil by contaminants breakdown (Ashraf et al., 2019). Bioremediation effectiveness has been examined and improved using biotechnology (Gerhardt et al., 2017) however, nanotechnology has added a new dimension to the process (Gong et al., 2018). For instance, nanotechnology-based phytoremediation boosts the effectiveness of phytoremediation by allowing nanoparticles to be used to clean soil, water that contains heavy metals, and organic matter contaminated with pollutants (Pillai and Kottekottil, 2016; Awasthi et al., 2022). NPs have distinct physico-chemical properties that serve as catalyst and help to reduce the activation energy necessary for breaking down the compounds, causing the targeted pollutants to be degraded, adsorbated, or altered. There have been many studies and examinations of nano-bioremediation, using metal- and carbon-based nanoparticles as the most common materials (Chen et al., 2017a). Polymeric nanoparticles as nano capsules or nanospheres can also effectively remove hydrocarbons and pesticides (Chauhan et al., 2020). However, HM provide a unique challenge since they are non-biodegradable and very susceptible to infiltrating food chains and biological systems that are still required to be understood for their effective removal (Briffa et al., 2020). Nanobioremediation covers various techniques and devices such as nanobiosensors, nanosorbents, nanobiosurfactants, and nanophytoremediation which are discussed below in detail. However, the role of different nanomaterials in heavy metal stress alleviation of contaminated soil is discussed in Table 1.


TABLE 1 Role of different types of nanomaterials remediating pollutants in soil.
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Nanobiosensors

Nanobiosensors are modified biosensors that consist of biological elements which are linked with a transducer, usually made on nanoscale for the acquire, process and scrutinize data at atomic level (Rai et al., 2012; Ghaffar et al., 2020). The analytes are detected at very low concentrations through a physicochemical transducer that is more compact and linked to sensitized elements (Scognamiglio et al., 2013). Nano biosensors have several intriguing features, such as fictionalization, immobilization, and miniaturization, which increase the analytical performance of NMs by integrating bio components of a system into complex structures (Arduini et al., 2016; Usman et al., 2020). Nanobiosensors have shown great advantage over traditional biosensors as they exhibit increased specificity of detection and have applications in various fields such as soil nutrient monitoring, bioprocessing, environment control, and agriculture (Mandal et al., 2020). By managing water, land, fertilizers, and pesticides in a rational way, nano-biosensor technology can boost crop yields through early detection and rapid decision-making.

Heavy metals (such as mercury, cadmium, lead, arsenic,) are considered as one of the most hazardous substance that is disturbing the environment. They may accumulate in the crops which will further affect the plants and the human population consuming these plants. They can be detected using nanomaterials synthesized by biochemical and green synthesis techniques. A variety of nanomaterials (nanoclusters, antibodies, aptamers) and nanodevices (FRET or fluorescence resonance energy transfer, quantum dots and cantilever biosensors) are recently being used for the detection of heavy metals in water and soil (Saha and Bhaduri, 2021). By using nanobiosensors heavy metal phytotoxicity can be detected by measuring the chlorophyll content, plant water status etc.

Arsenic is one of the heavy metal contaminants posing major health issues to creatures residing the ecosystem. Lew and hi coworkers have studied the natural arsenic accumulation ability of the plant Pteris cretica with the use of nanobionic sensors that were embedded in the plant tissue (Lew et al., 2021). The nanobionic sensor can detect the real time changes occurring inside the plant during the uptake of the heavy metal. The study showed that the nanobionic sensors were able to detect the arsenic levels from 0.6 to 0.2 ppb after 2 weeks. Although the role of nanobiosensors in remediating the heavy metal contaminated soil is not well known but their role in detecting the heavy metal in water and soil are reported in several recent studies (Rigo et al., 2020a,b; Ballen et al., 2021).



Nanobiosorbents

The elimination of organic and inorganic matter with the help of biologically derived material is known as “biosorption” (Velkova et al., 2018). Whereas, the degradation of the pollutants through biosorption in combination with nanotechnology is referred to as “Nanobiosorbents.” It is one of the recent techniques that majorly focus on the HM removal from soil and water. Nanobiosorbents are sustainable, eco-friendly, greener, economical, and renewable materials that are widely exploited for their unique pollutant removal properties. The presence of -COOH (carboxyl) and -OH (hydroxyl) groups is a pre requisite for a biosorbent for adsorption of pollutants, heavy metals, radionuclides and dyes (Rizwan et al., 2022).

Waste products such as rice husk, bagasse, fly ash, and spent microorganisms have a high affinity to act as nanosorbents or biosorbents. For example, the formation of graphene Quantum Dots with rice husk as biosorbent for the removal of La (III) and Pb (II) (Mahmoud et al., 2020). Moreover, cellulosic material, starch, alginates, gums, pectin, chitin, and others can also act as a potent material for the formation of nanobiosorbents (Khan et al., 2022). Although several studies are reported till now on the role of nanobiosorbents in eliminating heavy metals from the contaminated soils, but they found a great application in the removal of contaminants from wastewater (Yadav et al., 2020).



Nanobiosurfactants

Biosurfactants are molecules produced either on living spaces or secreted by microbes extracellularly. These molecules exhibit lipophilic as well as hydrophilic activities and reduces the surface tension. In sustainable chemistry, biosurfactants emerged as ecofriendly and promising source for synthesis of nanoparticles (Debnath et al., 2021). Production of biosurfactants from microbes are often used for the heavy metal remediation like zinc, copper and nickel. The interaction between nano zirconia and rhamnolipid (glycolipid biosurfactant) was studied by Biswas and Raichur (2008). The study reveals the presence of high electronegativity interaction on the surface of nano zirconia with rhamnolipid. The ability of rhamnolipid to act as foaming agent, dispersant, and its ability to reduce toxicity made it a potent nano biosurfactant for alleviation of heavy metal stress. Soil with HM and hydrocarbon contamination was effectively remediated with the use of lipopeptide biosurfactant formed from Bacillus subtilis (Reddy et al., 2009).

Nanoparticles (NP) capped with biosurfactant stabilizes the complex and play a key role in heavy metal bioremediation. Sophorolipids (glycolipids) are produced by several non-pathogenic yeasts. NP capped with sophorolipids are synthesized by Starmerella bombicola which has a diameter of about 50 nm (Kasture et al., 2008; Sarubbo et al., 2022). The nanoparticles of zinc sulfide when capped with Rhamnolipid (synthesized by Pseudomonas aeruginosa) resulted in the formation of 4.5 nm of NPs. Stabilization of the NP and bioremediating heavy metals can be achieved with capping. The rhamnolipid (Biosurfactant) when capped with ZnS then NPs have the potential to escalate the decolorization and degradation of dyes used in textile industry. The rhamnolipids produced by P. aeruginosa BS01 are also used in the synthesis of ZnS nanoparticles to act as photocatalyst (Hazra et al., 2013).



Nanophytoremediation

Biotechnological technique that utilizes the ability of the plant to improve the environment is referred as “phytoremediation.” Recent studies suggest that plants have potential to degrade and eliminate HM contaminants such as sediment, soil, water and beyond. Phytoremediation is considered more expedient than conventional technologies due to its simplicity, sustainability, and compatibility with the surroundings (Awasthi et al., 2022). In addition to plants, the rhizospheric microbiome also plays an essential role in cleaning up these contaminated resources. Plants and microbes utilize the same phytoremediation principles found in nature for reducing organic and inorganic pollutants (Bakshi and Abhilash, 2020). Many phytoremediation techniques for alleviating soil pollution includes phytodegradation, phytovolatilization, rhizodegradation, and phytoextraction. Bioremediation is anticipated to provide a variety of benefits, including production of fiber or biofuel, soil organic carbon sequestration, soil stabilization, and microbial activity stimulation (Abhilash et al., 2009; Ali et al., 2013). The major drawback of phytoremediation is that it typically takes years, or sometimes even decades, to produce positive results. Furthermore, the application of this technique is restricted by soil quality, pollutant phytotoxicity, and weather conditions (Song et al., 2019). In recent years, phytoremediation has gained popularity due to its enhanced efficiency and cost-effectiveness when combined with other technologies like nanotechnology and microbial bioremediation (Gerhardt et al., 2017).

The rapid action and on-site remediation of nanotechnology are gaining acceptance as an effective and reasonable way to remove soil pollutants. As part of nano-phytoremediation, phytotechnology, and nanotechnology are used to remove contaminants. Most research on nanomaterials has been conducted on carbon-based materials, followed by metal oxides and metal nanomaterials (Chen et al., 2017b). Considering wheat plants grown in cadmium-contaminated soil, Hussain et al. (2019) investigated the possible role of Fe NPs (iron oxide nanoparticles). Addition of Fe nanoparticles at 20 ppm reduced the adverse effects of Cd by increasing Fe uptake, plant growth rate, antioxidant enzymes, and photosynthetic activity thereby lowering the plant cadmium concentration. Exogenous approach for applying Fe NPs has improved wheat plant morphology such as dry biomass of roots, shoots, grains and spike husks as well as photosynthetic pigments. Wang et al. (2014) reported chromium contaminated soil remediation using CMC-stabilized nZVI and observed that it significantly improved chromium immobilization by lowering the bio accessibility and leachability by 58 and 82%, respectively.

Nanomaterials (NMs) can considerably alleviate heavy metal stress through phytoremediation. Flax (Linum usitatissimum) is capable of removing large quantities of Cu from soils and can be grown as flax seed and is therefore a possible candidate for phytoremediation of Cu (Saleem et al., 2020b). The effect of TiO2 (nano-titanium dioxide) on Glycine max plant Cd accumulation from the soil was reported (Singh and Lee, 2016; Usman et al., 2020). By shielding plants from oxidative damage and scavenging free radicals generated by Cd toxicity, TiO2 decreased Cd toxicity, and increased Cd absorption in soybean plants. In a field experiment, Liang and his coworkers investigated the combined influence of NHAP (nano-hydroxyapatite) and NCB (nano-carbon black) on phytoextraction of lead by Lolium temulentum L. (ryegrass) from the soil as an improved technique of remediation. NCB or NHAP considerably reduced Pb phytotoxicity in ryegrass and boosted the ryegrass phytoextraction capacity. NHAP was identified as much suited than NCB for in situ treatment of Pb-contaminated soils (Liang et al., 2017). Plant metal toxicity can be reduced by using nanomaterials to regulate related gene expressions linked to water homeostasis, metal stress, cell wall production, oxidative stress, cell division, and photosynthetic processes (Gopalakrishnan Nair and Chung, 2014). According to a study, NMs can promote heavy metal accumulation in plants by regulating cell wall permeability, heavy metal co-transportation and transporter gene expression with NMs. Consequently, unfavorable effects of NMs on efficiency of phytoremediation have been found (Hu et al., 2014). For instance, the integrated effects of Cd (cadmium) and GO (graphene oxide) exacerbated Cd toxicity by increasing ROS production in Microcystis aeruginosa (Tang et al., 2015). It can also be concluded that various NMs affect heavy metal absorption or toxicity in various plant species in different ways (Gong et al., 2018).




Biogenic remediation


Plant and microbe derived

Phyto nanotechnology is considered as an eco-friendly, simple, quick, stable, and cost-effective approach for the production of nanoparticles and has recently opened up new paths for alleviating the HM stress associated with the soil. Biocompatibility, adaptability and the pharmaceutical use of integrating nanoparticles using water, as a reducing medium are all included in the benefits of phyto nanotechnology. In this approach, plant-derived nanoparticles are made from readily available plant components and the non-toxic nature of plants made them suitable for meeting all rising demands for nanoparticles with biomedical and environmental applications. Using leaf and root extracts from the therapeutic herbal plant Panax ginseng, gold and silver nanoparticles were successfully combined recently (Singh et al., 2016). In addition, many other plants have been employed to create metal nanoparticles.

The use of microorganisms such as fungus, yeast, actinomycetes, and bacteria for the production of nanoparticles has been explained in Figure 3 (Huang et al., 2019). Fungi have recently emerged as the most important source for the production of nanoparticles. FeO nanoparticles coated with polyvinylpyrrolidone (PVP) have been extensively applied by Gram-negative bacteria, Halomonas sp., to improve bioremediation of land polluted with Pb and Cd. Compared to bacteria or just NPs, this method eliminated almost 100% of Pb after 24 h and ~100% of Cd after 48 h (Alabresm et al., 2018). For the removal of Cu, Ni, and Pb, a biosorbent of magnetic Fe3O4 NPs treated with S. aureus with a surface coated with phthalic acid (nFe3O4PhthS) was utilized with adsorptive removal of 795, 1,355, and 985 mol g1 for Cu, Pb, and Ni, respectively. Cu2+ recovery was 83.0–89.5 per cent, Pb2+ recovery rates were 99.4–100 per cent, and Ni2+ recovery rates were 92.6–7.5 per cent. The nFe3O4PhthS core of the NPs and the functional groups present on the microbial surface played a crucial role in the elimination of HMs in a comparison investigation with dried S. aureus and nFe3O4PhthS (Mahmoud et al., 2016). As a result of this research, it was discovered that the core of the NPs and functional groups found on the microbial membrane had a significant influence on the pollutants removal. Recent research on the reduction of Cu, Cd, Cr, and Pb using HM resistant bacteria such as B. cereus (PMBL3) and L. macrolides (PMBL7) confirmed that ZnO NPs at 5 mg L−1 synergistically remove the Cr by 60%, the Cu by 70%, and the Pb by 85%, as compared to B. cereus (80 and 60%) and L. macroides (55 and 50%) at neutral pH, respectively (Baragaño et al., 2020).
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FIGURE 3
 Biosynthesis of microbe-based nanoparticles. SPR, surface plasmon resonance; SEM, scanning electron microscopy; TEM, transmission electron microscopy; DLS, dynamic light scattering; XRD, X-Ray diffraction spectroscopy.


At neutral pH, the negative charges on the surface of ZnO NPs encourage electrostatic interactions with metal cations; however, at lower pH, the HMs precipitate as hydroxides, and hydrogen ions compete with adsorbents for binding. The B. cereus strain XMCr-6 has also decreased Cr6+ via an enzyme-mediated mechanism. The reduced Cr3+ was shown to have a high affinity for cells, forming coordination interactions with the functional group on the bacterial cell wall's surface. Cr2O3 NPs were discovered on the cell surface (Laslo et al., 2022).

Utilization of HM contaminants by selected microorganisms to synthesize biogenic NPs (resource recovery) eliminates them from the environment (remediation) and enhances the value of the waste (effective waste utilization) (Ru et al., 2020). The formation of intracellular and extracellular (membrane-bound) Pd NPs was studied utilizing Enterococcus faecalis to recover Pd as Pd NPs. Transmission electron microscopy revealed a size range of 10 nm for Pd NPs, although the size of the Pd NPs depended on environmental factors such as temperature, pH, and biomass. The Pd NPs developed to have a lot of potential as nano catalysts since they have a high catalytic efficiency (6.3 mg Pd NPs reduced 5.0 mol Cr6+ in 12 h) and may be used to remediate industrial effluents (Cao et al., 2020b).

A similar work was done using riboflavin supplementation to create Te NPs from anaerobic sludge. It used pollutant tellurite Te4+ oxyanions to create insoluble elemental tellurium (Te0 NPs). It has been found that 2-Hydroxy 1,4 naphthoquinone stimulates Te4+ reduction and the formation of Te0NPs (Ramos-Ruiz et al., 2017). The process is aided by Rhodobacter capsulatus, which uses malate as an electron donor (Borghese et al., 2014), and riboflavin helps anaerobic methanogenic granular sludge reduce Te4+ faster.




Environmental concerns and fate of nanotechnology in soil remediation

Nanotechnology plays numerous roles and has made many advancements but still there is a concern about the implications of its presence on the environment, its fate, and its toxicological impact (Biswas et al., 2019). Because of their enhanced use, especially in remediation processes, the main aim of this section is to comprehensively summarize the fate and the environmental challenges associated with the deliberate emission of NMs and NPs. Based on statistics provided by, global production of engineered NMs in 2010 was estimated to be 260,000–309,000 tons, with 9–17% ending up in soils, 2% in waterbodies, and 0.1–1.5% in the atmosphere (Jośko et al., 2014). Environmental hazards are caused by NMs that persist in the environment for a long time by biodegrading or bioaccumulating in food chains and spread by organisms across trophic levels, causing them to pose ecotoxicological risks (Ameen et al., 2021). NM accumulation originates from the environment and from the plants. Plants act both as sinks as well as entry points for NMs for their accumulation in the food chain. The relevance of NMs to phytoremediation, including their effect on biomass production and plant responses, has led recent studies to focus more on their general effects on plant uptake of NMs. In spite of the fact that nanotechnology has the ability to solve problems that cannot be addressed by full-scale products, the safety of nanomaterials is still one of the biggest obstacles to their full application and prohibition to their wide use; hence, intensive studies must be conducted prior to their use.

It has recently been reported that NPs are posing serious problems for agriculture. NPs, when applied deliberately, may cause their accumulation or increase in their concentration in the soil, thereby altering their properties. Soils containing NPs have been reported to have altered pH, which is one of the most important parameters affecting soil nutrient availability, soil microbiology, soil health, and plant growth and development (Shi et al., 2018). As reported in a study carried out by Cullen, nanoscale zero-valent iron (nZVI) modification in the soil can cause a substantial rise in pH. Researchers reported similar results in a study on the effects of CuO nanoparticles on soil pH, where CuO nanoparticles consumed H+ from the soil to produce Cu ions and Cu(OH)+ complexes. Additionally, there is evidence that this process is more efficient in acidic soil. A number of NPs of Ag, Au, Ti, and Zn have been reported to be altering the soil pH and adversely affect soil microbiota and nematode populations (García-Gómez et al., 2018). There are three main factors influencing the detrimental effects of the presence of NPs in soil: their type and concentration, the type of soil, and the enzymatic activity of the soil.

The elevated concentration of NPs can lead to decreased dehydrogenase activity, which affects the balance of soil nutrients and fertility. Additionally, absorption and internalization of such nanoparticles can significantly impact mycelium and damage the normal functioning of microbes (Ameen et al., 2021). To bind and transport NPs in soil, three main mechanisms are involved, including surface complexation, hydrophobic partitioning, and ion exchange, which are also involved in the coupling of pollutants to colloid surfaces (Gao et al., 2017). In the presence of continuous NP emissions into the environment, they become ubiquitous. NPs are quite likely to penetrate into the food chain at various levels of trophic hierarchy and exert toxicological effects on a variety of aquatic and terrestrial animals as well as on humans (Cedervall et al., 2012).

NPs act as pollutants once they enter into the water bodies, where they ingested by lower aquatic organisms. Three species of animals representing different trophic levels were tested for metal NPs toxicity, including Danio rero (zebrafish), Daphnia pulex (Daphnia), and the microalgae Pseudokirchneriella subcapitata. Daphnia and microalgae were found to be more susceptible to NP exposure than zebrafish due to their particle filter-feeding habits. Therefore, once NPs enter the biological system, they influence biochemical processes at the molecular and tissue level (Yang et al., 2021). A number of toxicological effects, including DNA damage and oxidative stress induced by ROS, protein folding disruption, and cell death, have been documented because of the NPs (Olaru et al., 2019). Hence, before implementations of NPs for nano-bioremediation, these environmental concerns ought to be viewed as of the utmost importance. This would also enable NPs to be developed in a way that promotes sustainable applications.



Conclusion

The rapid release of pollutants into the environment in the modern era poses a substantial threat to both human health and the environment. Phytoremediation is one of the most promising technologies for treating HM-contaminated soil and has many advantages. In spite of this, the slow remediation process and variable weather conditions, as well as phytotoxic effects resulting from excessive contaminants (HMs), preclude its widespread use. Therefore, novel approaches are required to eliminate pollutants as much as possible because many conventional techniques are ineffective in removing different contaminants. The utilization of NPs in phytoremediation has shown great potential for enhancing phytoremediation efficiency in recent years. A major aim of this review is to provide an overview of the use of nanoparticles in solving potential issues, including the treatment of soil contaminated with heavy metals. Nano remediation has the potential to clean up large, contaminated sites, reducing clean-up time and eliminating the need for removal of contaminants and hence reducing the contaminant concentration to near zero. The success of the technique under field conditions is a key factor in the interdisciplinary work that is involved. Collaboration between chemistry and materials science is one of the main challenges of this research. Manipulating nanoparticle size and geometry can also enhance the remediation potential of nanoparticles. Future research is needed to address the constraints associated with the use of biologically derived nanoparticles in HM remediation, including studies on their toxicity to flora and fauna, bionanomaterials regeneration, regulation, degradation, and combined approaches for harnessing the potentials of bionanomaterials for phytoremediation, synergistic and antagonistic effects among microorganisms and bionanomaterials, and their stability in the bioremediation of the heavy metals at commercial and industrial levels.
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