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Soil enzyme activities as an integral part of the environmental risk assessment of nanopesticides  1 
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Nanotechnology has extraordinary potential to improve agriculture, essential in the current 9 

scenario of increasing population and projected shortage of natural resources1. For example, 10 

nanopesticide formulations (NPFs) are showing economic and environmental advantages over the 11 

corresponding conventional formulations by better delivering and controlling the application of 12 

pesticides. This can result in lower application doses, increased crop yields and reduced 13 

contamination to soils1,2. Nonetheless, there is a paucity of information on the ecological and health 14 

implications of engineered nanoparticles (NPs), particularly NPFs, on terrestrial ecosystems. Before 15 

widely spreading NPFs in agricultural fields, it will be necessary to robustly evaluate their risks, 16 

including for regulatory purposes. One of the major challenges will be to determine whether the tools 17 

that are currently available for the risk assessment of more conventional pesticide formulations, 18 

including soil biochemical and microbial responses and determinations of total pesticide 19 

concentrations, would differ from those used for NPFs2,3.  20 

NPFs are generally composed of an active ingredient (AI) that is in contact with a NP, such as a 21 

polymeric or inorganic material1,2. In some cases, the NP itself can act as the AI with its own 22 

antimicrobial activity1,4, such as Ag and chitosan-based NPs. Following their application to crops, 23 

NPFs may eventually reach soils and waters, where the AI can be released2 and chemically 24 

transformed, leading to toxic effects to soil microbes. The mobility of the NPs will be affected by the 25 

properties of the soil (e.g., organic matter content, pH), as well as by interactions with the soil 26 

components (e.g., agglomeration, dispersion)1. Based upon the design of the NP and its response to 27 
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stimuli, the AI will have different efficacy, release rates and risks2, putting into question whether 28 

existing methods of risk assessment need to be refined. Global responses of soil health, such as the 29 

measurement of microbial composition and enzyme activities, are showing great potential to indicate 30 

environmental risks induced by these novel NPs3,4, through their links to contaminant degradation 31 

and maintenance of the rhizobial microbial community.  32 

Alterations of the soil enzyme activities, including those of the extracellular hydrolases, may 33 

affect agricultural systems through modifications in nutrient cycling and soil fertility4. Numerous 34 

important pathways implicating soil enzymes have been shown to be good indicators of the quality 35 

of the soil ecosystem and are likely to be affected by NPs (Fig. 1). For example, nanoscale Cu(OH)23 36 

and Ag4 have been shown to negatively affect non-target soil microorganisms responsible for N, P, C 37 

cycling in soils. On a macroscopic level, the AI (particularly metals) can be assimilated by plants and 38 

biomagnified throughout the food chain. On a molecular scale, the enzymes can facilitate the 39 

breakdown of NPs, pesticides, detrital inputs, organic compounds and nutrients, which can be 40 

recovered and used by plants and other organisms. Therefore, within an integrated assessment of risk, 41 

soil enzyme activity measurements are likely to provide key information of the direct and indirect 42 

effects of the NPs on soil function3.  43 

In addition to enzyme activity measurements, major shifts in the diversity of the soil microbial 44 

community or the regulation of functional genes related to major microbial functions can serve as 45 

useful indicators of soil health3,4. Indeed, the composition of the microbial community and its 46 

diversity indices can be used as a complementary means to assess soil health. Nonetheless, 47 

interpretation of microbial community compositions acquired through 16S and 18S rRNA sequencing 48 

can be costly and challenging towards directly interpreting soil health due to the large number of 49 

phylogenic groups involved in specific soil functions. Functional genes could potentially be linked to 50 

soil functions and enzyme activities, but this would involve quantifying the expression of very large 51 



3 
 

sets of genes for specific functions. In contrast, the determination of enzyme activities is generally 52 

sufficiently sensitive and analytically reliable to measure the stress induced by NPs in soils. 53 

Furthermore, temporal variations in enzyme activities distinct from no-treatment controls or 54 

conventional formulations can indicate early changes caused by the NPFs3,4. The low costs and simple 55 

instrumentation required to perform enzyme assays (i.e. spectrophotometer) make these analyzes 56 

highly accessible for all users of nanotechnology, allowing them to monitor soil quality and adjust 57 

agricultural practices, if required. Studies have also indicated good agreement between complex 58 

genomic analysis derived conclusions data and simple soil enzyme assay results in interpreting soil 59 

health5,6. 60 

In spite of the obvious benefits of using enzyme activities to evaluate soil quality, a number of 61 

caveats should be noted. The majority of available research has measured activities following short-62 

term exposures to inorganic NPs4, under laboratory conditions. Long-term field experiments 63 

involving chronic exposures to NPs will be necessary, especially for compounds with higher mobility 64 

or potential to accumulate in soils over time. Other factors that will require additional research 65 

include: the role of the soil type, soil management practices, application regime, dose and delivery on 66 

a field scale, target enzymes, presence of secondary products, climate impacts, climate change and 67 

the role of animals and livestock2,3,7. Activities are typically measured using absorbance or 68 

fluorescence spectroscopy, following hydrolysis of the respective substrates. Additional efforts are 69 

required to optimize the enzyme activity measurements in order to ensure the fewest possible 70 

analytical and spectral interferences due to the presence of the NPs; to rigorously measure NPs fate 71 

under representative conditions, including NPF concentrations; to clearly distinguish the effects of 72 

natural colloids from engineered NPs and to evaluate the mechanism of action of NPs on the 73 

metabolism of soil bacteria.  74 
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Although the measurement of enzyme activities has undoubtedly demonstrated its potential as a 75 

useful environmental indicator for these emerging contaminants3,4, further research is needed to 76 

validate their use as an internationally accepted environmental indicator and to involve producers and 77 

users in scientific-industrial partnerships7. This knowledge will help contribute to the development of 78 

novel NPFs and robust regulatory approaches for ensuring that they safeguard soil microbiota, which 79 

will ultimately lead to positive environmental and economic impacts. Maintaining and protecting 80 

biodiversity, including microbiodiversity, has become an increasingly necessary field of research, 81 

which is essential for ensuring the functional resilience of soils and the proper management of natural 82 

resources. Nanotechnology clearly has the potential to improve agricultural sustainability7; however, 83 

without considering soil microbiota and enzymes as critical components in the assessment of 84 

ecological risk, the cost/benefit calculation for the use of NPFs will not be complete.  85 

 86 

Fig. 1 – Schematic representation of some of the important pathways of an active ingredient (AI) 87 

encapsulated in nanoparticles in the environment and its interactions with soil enzymes.  88 
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