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1. Introduction

Global agriculture is facing a wide spectrum of challenges, 
such as stagnation in crop yields, low nutrient use efficiency, 
and declining arable land and water availability, etc.[1] Nanotech-
nology offers great potential to enable sustainable agriculture 
from multiple aspects.[2] Nanoscale approaches can improve 

Engineered nanomaterials (ENMs) have huge potential for improving use 
efficiency of agrochemicals, crop production, and soil health; however, the 
behavior and fate of ENMs and the potential for negative long-term impacts 
to agroecosystems remain largely unknown. In particular, there is a lack of 
clear understanding of the transformation of ENMs in both soil and plant 
compartments. The transformation can be physical, chemical, and/or bio-
logical, and may occur in soil, at the plant interface, and/or inside the plant. 
Due to these highly dynamic processes, ENMs may acquire new properties 
distinct from their original profile; as such, the behavior, fate, and biological 
effects may also differ significantly. Several essential questions in terms of 
ENMs transformation are discussed, including the drivers and locations of 
ENM transformation in the soil–plant system and the effects of ENM trans-
formation on analyte uptake, translocation, and toxicity. The main knowledge 
gaps in this area are highlighted and future research needs are outlined so as 
to ensure sustainable nanoenabled agricultural applications.

the use efficiency of agrochemicals by 
affording resource recovery options and 
through targeted delivery and slow release 
strategies,[3] improve the health and func-
tions of both soil and plants through 
microbiome enhancement,[4] improve 
crop management by incorporating 
nanosensors into plants,[5] and decrease 
losses by making crops more resilient and 
efficient.[6] These approaches can increase 
yields using fewer resources (e.g., ferti-
lizer, pesticide) and result in less nega-
tive impact on the environment. Although 
nanotechnology may play a critical role 
in the 3rd agricultural revolution, most 
nanoenabled platforms are still at the early 
stages of development. A recent special 
issue published in Nature Nanotechnology 
included a comprehensive discussion 
of the current state of nanotechnology 
application in agriculture.[7] The main 

implementation barriers and challenges to be overcome in 
order to realize the full potential of nanotechnology in agricul-
ture were identified as unclear safety issues relating to ENMs 
use, unknown interaction mechanisms within the plant, and 
unclear methods for optimum delivery of nanomaterials into 
plants.

A key aspect of ensuring safe use of ENMs in the produc-
tion of food crops is to understand the transformation of 
ENMs in both the plant and in its ambient environment (i.e., 
soil).[8] ENMs are highly dynamic and reactive; various physical, 
chemical, or biological transformations may occur in the envi-
ronment.[9] These processes change the properties of ENMs, 
thereby affecting the subsequent behavior, including transport 
in soil, uptake and translocation in the plant, and their toxicity 
to organisms. For example, some metal-based ENMs such as 
silver (Ag),[10] copper (Cu),[11] and zinc oxide (ZnO)[12] may dis-
solve quickly in the environment. Acquisition of an evolving 
coating of environmental or biological molecules (called 
“corona”) on the surface of these ENMs could occur, which 
either accelerates or slows the dissolution.[13] The released metal 
ions can be accumulated by the plant directly or as complexes 
with other components from the environment. For other ENMs 
such as silicon dioxide (SiO2) and titanium dioxide (TiO2), their 
chemical structures are persistent in environment, but physical 
transformation such as aggregation, agglomeration, or corona 
formation may occur, which can modify their surface charge 
and chemistry and influence subsequent behavior and bioavail-
ability.[8] In terms of the agricultural application of ENMs, the 
initially designed analyte function may be compromised due 
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to these transformation processes that may occur both in the 
soil before the material interacts with the plant or at the nano-
particle–plant interface. Therefore, a full understanding of the 
transformation mechanisms, processes, and drivers in the soil–
plant system is essential for accurate EMNs risk assessment, as 
well as safe and effective use of these materials in agriculture.

The transformations of ENMs in plants have been discussed 
in a small number of previous review papers.[14–16] The pre-
sent review does not intend to be a comprehensive literature 
review. Rather, we aim to summarize key findings of studies in 
terms of ENMs transformation and to extract useful informa-
tion linking these complex processes with the uptake, translo-
cation, and impacts of ENMs in plants as a basis for precision 
agriculture. Key questions to be discussed here include 1) the 
locations where ENM transformation occurs; 2) the drivers of 
ENMs transformation in the soil–plant system; 3) how ENMs 
transformation affects their uptake, translocation, and phytotox-
icity in plants. We also use this venue to highlight knowledge 
gaps in this area and to provide our opinions on the directions 
for future studies. After more than a decade of nanotoxicity 
studies, it is clear that some rethinking of approaches to 
address ENMs phytotoxicity is necessary. Instead of focusing 
on the short-term, high dose impact of as-manufactured ENMs, 
we argue that investigating the long term effects of transformed 
ENMs is more realistic and meaningful, not only for ENMs risk 
assessment in agricultural systems, but also for the sustainable 
application of nanotechnology in agriculture.

2. Types of ENM Transformation 
in the Environment
Physical transformation occurs for all types of ENMs in the 
environment. In soil, ENMs tend to aggregate, including both 
homoaggregation and heteroaggregation.[17] Homoaggrega-
tion is aggregation of particles of the same nature triggered by 
the compression of the electrical double layers on the particle 
surfaces in high ionic strength conditions. As the aggregation 
process continues, larger sizes of particles and clusters form. 
In soil, heteroaggregation occurs between ENMs and larger 
soil particles, effectively rendering the ENMs as part of the soil 
particle. ENMs can also adsorb and acquire an evolving coating 
(called a “corona”)[18] of environmental or biological macromole-
cules such as humic substances, proteins, nucleic acids, and 
polysaccharides, which can substantially change the surface 
properties of the material.

Chemical transformation implies compositional or structural 
changes of the ENMs. Dissolution is a common chemical trans-
formation of metal-based ENMs, and this transformation pro-
cess is routinely accompanied by other chemical reactions such 
as reduction, oxidation, sulfidation, phosphorylation, or chela-
tion. For example, oxidation is a first step for the release of Ag+ 
from Ag ENMs.[19] During oxidation, an oxide layer may wholly 
or partially coat the ENMs surface, which may then reduce fur-
ther oxidation and dissolution processes, although those effects 
may be reversed as the oxidation layer is further transformed or 
lost. For example, nanoscale CeO2 can be reduced and release 
Ce3+ ions.[20] Further transformation processes, following redox 
reaction and dissolution, such as precipitation, may occur for 

metal based ENMs, e.g., sulfidation of Fe,[21] Cu,[22] Zn,[23] and 
Ag,[24] chlorination of Ag,[25] or phosphorylation of Ce[26] and 
Zn.[27] Organic ligands may bind to the released metal ions. For 
example, organic acids can chelate Ce3+, forming Ce-carboyx-
lates.[28] In addition to metal-based ENMs, carbon based nano-
materials can also undergo redox reactions. Carbon nanotubes 
or graphene can be oxidized by hydroxyl radicals which are nor-
mally present in plant leaves at low levels.[29,30] The oxidation 
may generate aromatic hydrocarbons upon partial degradation 
or release CO2 upon complete oxidation. Graphene oxide can 
be reduced in soil via the respiration activities of bacteria.[31]

Biotransformation is inevitable since the environment 
is replete with biota such as plants, fungi, protozoa, and 
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bacteria/archae. Biotransformation may involve the physical 
and chemical transformation processes mentioned above, but 
is mediated by biological processes. ENMs may aggregate in 
the rhizosphere, on root surfaces or in biological fluids (e.g., 
xylem and phloem sap). Dissolution, degradation, redox reac-
tions, or chelation may take place in the cell wall/membrane, 
cytoplasma, vacuole, or extracellularly via enzyme-assisted reac-
tions or through interaction with reactive oxygen species. For 
example, graphene can be oxidized in plants by reaction with 
hydroxyl radicals (OH), with the subsequent release of CO2.[30]

3. Location and Drivers of ENMs Transformation 
in Soil-Plant System
The transformation of ENMs is driven by various factors in 
both soil and the plant. The major entry pathway of ENMs 
into plants is through soil exposure; therefore, transforma-
tion of ENMs in the terrestrial ecosystem is primarily driven 
and regulated by the physical and chemical environment of 
the soil. Soil is a highly complex mixture generally composed 
of 50% solids (minerals, organic matter) and 50% voids, which 
are approximately equal parts pore water and air.[32] The soil 
texture (mineral composition), soil pH, ionic strength, redox 
potential, humidity, and organic matter content (quality and 
quantity) may all affect the transformation of ENMs in soil 
matrices. Conversely, soil is also teeming with biota, including 
bacteria, fungi, algae, protozoa, and larger soil fauna such as 
earthworms and nematodes. The presence of this biotic com-
munity can cause tremendous spatial heterogeneity of soil; the 
physical and chemical properties of soil at different microenvi-
ronments in areas such as the rhizosphere can vary dramati-
cally.[33] Bacteria represent the largest population of organisms 

in soil. Bacteria are an essential community involved in many 
critical geochemical and biochemical processes, including 
carbon and nitrogen cycling.[34] Their biological activity (e.g., 
respiration,[31] excretion of organic acids[35]) can trigger various 
chemical transformations of ENMs. Nanoplant interfaces such 
as nanoroot and nanoleaf interfaces are also important loca-
tions of ENMs transformation before their entry into plants. 
Plants can excrete metabolites at the root and leaf surface which 
may react with ENMs and change the physicochemical proper-
ties of these materials.[20] There is also a large community of 
bacteria and other microorganisms colonized on the root sur-
face, where plant exudates are abundant, forming narrow but 
critical zone called the “rhizosphere.”[36] The microbial commu-
nity and physicochemical properties at this region are very dif-
ferent from other parts of the plant and soil and this region will 
play an important role in the transformation of ENMs. ENMs 
transformation inside plant tissues or fluids may be also pos-
sible, though little has been done in this area. This section will 
discuss the ENMs transformation at these different locations, 
as well as the key drivers for these processes in the soil–plant 
system.

3.1. Drivers of ENMs Transformation in Soil

ENMs transformation can occur in soil prior to contact with 
the plant surface (Figure 1A and Table 1). A key driver in soil 
inducing physical transformation of ENMs is the presence of 
various inorganic (minerals, ions)[37] and organic components 
(natural organic matter, NOM).[38] Differences in soil texture 
may greatly affect the aggregation state of ENMs in soil. Soil 
texture indicates the relative content of mineral particles of dif-
ferent sizes, including gravel, sand, silt, and clay.[39] Silty and 
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Figure 1. Transformation of ENMs in soil and plants using CeO2 ENMs as an example. A) Transformation of CeO2 ENMs at root and leaf interfaces. 
B) Magnification of root showing the transformation of CeO2 ENMs at the rhizosphere. C) Transport and transformation of CeO2 ENMs in the plant 
vascular structure. D) Transformation of CeO2 ENMs in a plant cell.
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clayey soils contain large amounts of negative sites for analyte 
adsorption and binding.[40] Therefore, these sites can strongly 
bind positively charged ENMs and cause stronger heteroag-
gregation of ENMs than a sandier soil. Soil texture also affects 
the humidity and redox potential of soil by indirectly impacting 
the water and air content.[41] Soils with high clay content have 
higher water holding capacity and less pore space for air than 
sandy soil, which creates a reducing environment that favors 
the reduction of ENMs.[42] Sandy soils have higher oxygen con-
tent which could favor oxidative transformations of ENMs (e.g., 
Ag and Cu ENMs).

Natural organic matters (NOMs) account for ≈1–5% of 
agricultural soil composition.[43] They are naturally occurring 
macromolecules containing large amounts of protein, humic 
substances, polysaccharides, etc., which are derived from the 
breakdown of plant and animal tissues at various stages. They 
can drive the transformation of ENMs by forming a NOM 
coating or “corona” on the particle surface, thus changing the 
surface of ENMs and affecting their subsequent behavior and 
fate. The relative amounts of NOMs versus ENMs in the soil 
environment are very large, and the modification of ENMs 
properties by NOM could be both substantial and dynamic. 
However, the effects of this transformation on the proper-
ties of ENMs are largely dependent on the composition of 
the NOMs and other soil conditions, such as pH and ionic 
strength.[44] NOMs can be divided into two distinct composi-
tions, hydrophilic and hydrophobic. The hydrophilic fraction 
contains humic substances, which represent the largest por-
tion (60–80%) of NOMs.[45] Attachment of hydrophilic and 
hydrophobic fractions to ENMs surfaces will cause opposite 
consequences in terms of surface charge. NOMs with larger 
molecular weight may form coherent and thick coatings that 
fully or nearly fully cover the ENMs surface. Depending on the 
properties of the NOMs, this coating may cause electrostatic 
stabilization of ENMs[46] or may cause flocculation and aggrega-
tion due to bridging effects between NOM molecules.[47]

Ionic strength in soil will greatly affect the stability of 
ENMs. Based on classic Derjaguin, Landau, Verwey, and 
Overbeek (DLVO) theory, the stability of colloidal particles 
are determined by the relative balance between the van der 
Waals attraction and the electrostatic repulsion.[48] ENMs are 
stable when there is sufficient charge within the electrostatic 
double layer (EDL) that contributes to the electrostatic repul-
sion. The thickness of the EDL is directly related to the sur-
rounding conditions, such as ionic strength, pH, and ion 
valences. In general, high ionic strength compresses the EDL 

and drives ENMs aggregation.[49] The effects vary depending 
on solution pH, valency, and type of ions. High valent ions 
have stronger effects than low valent ions.[50] For example, the 
addition of Ca2+ electrolyte causes greater aggregation of nega-
tively charged citrate functionalized Ag ENMs than does Na+ 
at the same ionic strength.[51] Ca2+ can bind with the carboxyl 
groups on citrate, which reduces the charge of the Ag ENMs 
and induces subsequent aggregation. By contrast, Ca2+ or Na+ 
did not change the zeta potential and induce aggregation of 
uncharged PVP-coated Ag ENMs regardless of pH range, sug-
gesting that the presence of ions does not necessarily affect 
the stability of all ENMs, with sterically stabilized ENMs being 
more resistant to aggregation.[51]

Soil pH is another important driver of ENMs transforma-
tion. For example, it affects aggregation since different ENMs 
have different isoelectric points (IEP), which is the pH at which 
ENMs have neutral surface charge and are subject to aggrega-
tion. The IEP varies greatly among different ENMs, ranging 
from extremely acidic to basic; therefore, the effect of pH 
on ENMs stability is quite different. Soil pH also affects the 
chemical transformation of ENMs, especially metal-based par-
ticles. The dissolution of metal-based ENMs can be enhanced 
significantly in acidic soil. Soil pH can also determine the 
chemical speciation of ENMs. For example, ZnO ENMs at a 
pH lower than 6 will tend to release Zn2+, but at more basic 
pH, a Zn(OH)2 layer may form at the particle surface, and fur-
ther transformation to zincate ions, Zn(OH)n

(n−2)−, could occur 
under highly basic conditions (pH > 12).[52]

Reduction and oxidation reactions occur widely in soil and 
are involved in many essential biogeochemical processes. These 
reactions also play important roles in the transformation of 
ENMs that are sensitive to the redox potential (Eh). The Eh is 
used to determine the overall reducing or oxidizing capacity of 
an environment. The Eh is related to the relative amounts of oxi-
dants and reductants in soil. In soil, common oxidants include 
oxygen, nitrate, nitrite, iron, sulfate, CO2, etc.[53] For example, 
ferrous ions (Fe2+) can reduce graphene oxide.[54] In an aer-
ated soil with high oxygen content, oxidation of ENMs is more 
favorable. This may result in the formation of an oxide layer on 
the surface of some metallic ENMs which can act as a protec-
tive coating for the particle core. However, for other ENMs, e.g., 
Ag NPs, formation of an Ag2O layer triggers the dissolution and 
release of Ag+. In unaerated (anoxic) conditions such as paddy 
soil, wetlands, and organic-rich soils, the environment is pre-
dominantly reducing, which drives the reduction of ENMs. Li 
et al. compared the Ag NP transformation in paddy soil under 
different conditions. Under aerobic conditions, 90% of Ag 
remained as Ag NPs after 2 days incubation in soil, whereas 
under anaerobic conditions, 95% was oxidized and transformed 
to Ag2S.[42] However, again, the microenvironment of soil may 
be highly heterogeneous. For example, even a paddy soil may 
have highly localized oxygen-rich areas which can impact the 
transformation of ENMs. Such complexity of soil need to be con-
sidered as a reality in all of these situations mentioned above.

Inorganic ligands such as sulfide, chloride, and phosphate are 
key drivers involved in the chemical transformation of metal-based 
ENMs. Sulfide is ubiquitous in the environment and sulfidation is 
a very common chemical processes for many types of metal based 
ENMs (e.g., Ag, Cu, ZnO, PbO), based on the Pearson acid-base 
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Table 1. Drivers of ENM transformation in soil.

Drivers Transformation Refs.

Natural organic matter (NOM) Aggregation [38,44,46,47]

Ionic strength Aggregation [49–51]

Soil pH Aggregation, dissolution [50,52]

Redox potential Reduction, oxidation [42,54]

Inorganic ligands Sulfidation, chlorination, 
phosphorylation

[21–27,56,57]

Microorganisms All physical and chemical 
transformation

[29,61]
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concept.[55] Metal sulfides are usually less soluble than their oxide 
counterparts. In spite of this, a low degree of sulfidation has only 
a minor effect on the release of Zn2+ from ZnO; only a high extent 
of sulfidation (>50%) will significantly reduce the dissolution.[56] 
The ZnS may further transform to Zn3(PO4)2 because Zn2+ has a 
higher affinity to phosphate ions (Ksp = 9.0 × 10−33) than to sulfide 
(Ksp = 2.0 × 10−25). For Ag NPs, the dominant species depends on 
the soil pH. Acidic conditions favor AgCl formation while neu-
tral or alkaline conditions are favorable for sulfidation of Ag.[57] 
Ag2S is chemically stable and has low Ag lability over extended 
periods. Depending on the chemical composition of the soil, the 
formation or reformation of ENMs may also occur. For example, 
CeO2 ENMs could be reduced by bacteria in soil, release Ce3+ and 
possibly further form CePO4. CePO4 is a representative phosphate 
mineral (rhabdophane) in soil that forms during the weathering 
of apatite. Redissolution of CePO4 in the presence of biogenic 
organic acids that are ubiquitous in soil (e.g., oxalic acid, citric 
acids, ascorbic acid) has been reported;[58] the released Ce3+ may 
be oxidized to Ce4+ and precipitated as CeO2 (nanoscale) again 
on the surface of CePO4. Other examples are the transformation 
of metal ions to metallic nano particles (e.g., Au, Ag) directly in 
plants or by plant extracts.[59,60]

Microorganisms are ubiquitous in soil, representing the 
greatest contributor of biomass. Thus, the biological activity 
of bacteria is a key driver for ENMs transformation in the soil 
environment. Bacteria-mediated transformation may include 
all the previously mentioned physical and chemical transfor-
mation processes. For example, CeO2 ENMs can be reduced at 
the surface of Bacillus subtilis and the released Ce3+ could be 
chelated by the carboxyl functional groups on the bacteria cell 
wall.[61] Carbon nanotubes (CNTs) can be oxidized by bacteria-
generated enzymes or radicals, causing oxidative degradation of 
the nanomaterial.[29] Facultative anaerobes such as Shewanella 
can cause reduction of ENMs (e.g., graphene oxide) by donating 
electrons mediated by cytochromes during their respiration pro-
cess.[31] These reactions may take place at the cell membrane, as 
well as in the cell cytoplasm or even outside of the cell. Micro-
organisms release large amounts of enzymes into soil,[62,63] 
which mediate and catalyze many biogeochemical reactions, 
such as the decomposition of plant/animal/microbial debris 
and nutrient (e.g., N, C, P, S) cycling, thereby facilitating the 
release of inorganic nutrients from minerals for plant growth. 
These enzymes, including oxidases, reductases, hydrolases, and 
lyases,[64] may also catalyze the transformation of ENMs.

As discussed, the transformation of ENMs in soil is a highly 
complex process due to the diverse and heterogenous nature 
of the soil environment. Many processes may occur simul-
taneously or sequentially. The dominant and final species of 
ENMs will depend on the residence time in the soil, the rela-
tive amount of absorbed ligands and soil environmental factors 
such as pH and oxygen content.

3.2. Drivers of ENMs Transformation in Plants

3.2.1. ENMs Transformation at Root and Leaf Interfaces

The rhizosphere is one of the most important locations for 
ENMs transformation (Figure 1B). This narrow region around 

roots (extending 1–3 mm from the root surface) is governed by 
complex interactions between the plant and other associated 
organisms, including microorganisms and invertebrates (e.g., 
nematode).[65] Studies have shown that ENMs transform to a 
greater extent in the rhizosphere region than in the soil away 
from the roots.[20,66] The transformation of ENMs in this region 
is driven by the chemistry of the rhizosphere. Plant root exu-
dates are secondary metabolites and can be generally divided 
into two classes based on molecular weight. High molecular 
weight compounds contain mucilage and cellulose, while small 
molecules include organic acids, amino acids, proteins, sugars, 
and phenols which can be utilized by the associated microbes. 
Mucilage is primarily polysaccharide which can protect root 
cells during the penetration into the soil. It may form a coating 
on ENMs that significantly changes their surface properties. 
Small organic molecules appear to play more significant roles 
in the chemical transformation of ENMs in the rhizosphere. 
Excretion of organic acids into the rhizosphere causes lower 
local soil pH around the root compared to the bulk soil, thereby 
enhancing the dissolution of metal based ENMs.[67] In addition 
to dissolution, significant redox reactions may also occur in the 
rhizosphere. Plant-secreted reducing substances such as phe-
nols and ascorbic acid can reduce CeO2 ENMs and release Ce3+, 
which can further transform to CePO4 or Ce carboxylates on the 
root surface.[68] For Cu ENMs, a more complex oxidation and 
reduction can occur, which produces Cu(II), Cu(I), and Cu(0) 
species in the presence of root exudates.[69] The exact composi-
tion of root exudates is plant species dependent. For example, 
mugineic acids, which can promote the dissolution of ENMs,[69] 
are specifically excreted by gramineous species. A larger diver-
sity of organic acids are found in the exudates of cabbage 
(Brassica oleracea var. gongylodes L.) than in that of cucumber 
(Cucumis sativus L.).[70] Therefore, the type and extent of the 
transformation of a given ENMs may vary with plant species.

Transformation processes such as aggregation, redox reac-
tions, and dissolution may also occur at the leaf interface 
(Figure  1A). Aggregation of ENMs could occur in the air due 
to the interaction with aerosol particles[71] or interaction with 
dust or microorganisms (phyllosphere) on the leaf surface. The 
aggregation state may change due to the interaction with water 
excreted from the leaf or derived from rain or irrigation. Logi-
cally, chemical transformation of ENMs at leaf surfaces may 
also occur by interacting with the epiphytes, which are a popu-
lation of microorganisms including bacteria, fungi, and yeast 
that are colonized on the phyllosphere, the above-ground part of 
the plant that is colonized by microorganisms.[72] The extracel-
lular polymeric substances (EPS) excreted by the microorgan-
isms may change the surface chemistry of ENMs by forming a 
corona on the particle surface or by causing dissolution of the 
particles. The role of the phyllosphere in the transformation of 
ENMs is almost completely unknown as of yet.

3.2.2. ENMs Transformation Inside Plants

Although many studies have reported an alteration of ENMs 
chemical species in plant tissues, few have differentiated trans-
formation processes that occur outside (in soil or at the nano-
root interface) or inside plants (e.g., in plant cells, sap, etc.). Ma 
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et al. demonstrated the main site for CeO2 ENMs transforma-
tion in cucumber plants by using split-root and petiole exposure 
methods.[73] In split-root experiments, the authors separated the 
root manually into two parts and placed them into two separate 
containers, one of which was filled with CeO2 ENMs suspen-
sions. The exposure lasted for 3 h to allow the uptake of CeO2 
ENMs into the plant. Then they cut off the roots exposed to 
CeO2 ENMs and continued the growth of the remaining seed-
lings for 7 days and examined the chemical species of Ce. They 
found no transformation of CeO2 ENMs after exposure for 3 h 
and 7 days, suggesting that short term root exposure did not 
cause any transformation and those CeO2 particles that entered 
the plant cannot be readily transformed. Unlike CeO2 ENMs, 
transformation of CuO inside maize plants was reported by 
Wang et al using a similar split-root method.[74] The authors 
reported the transformation of CuO ENMs to Cu2O and Cu2S 
inside the plants during xylem and phloem translocation. Not 
surprisingly, the difference between CeO2 and CuO fate sug-
gests that the occurrence of transformation inside the plant 
depends on the ENMs type.

The plant sap components (e.g., reducing sugars, enzymes) 
may also be involved in the reduction and transformation of 
ENMs (Figure  1C). Xylem sap, which is largely responsible 
for moving water- and soil-acquired nutrients from roots to 
shoots, consists primarily of water and inorganic ions, as well 
lesser amounts of hormones, organic acids, and other bio-
molecules.[75] One possible ENMs transformation process in 
the xylem is aggregation, largely due to the presence of inor-
ganic ions. Phloem sap contains much higher concentrations 
of inorganic ions and sugars, amino acids, proteins, organic 
acids, and hormones.[75] Therefore, both physical and chemical 
transformation may readily occur. The organic acids may drive 
the dissolution of ENMs, whereas the reducing sugars such as 
glucose and fructose can induce ENMs formation from ions.[74] 
Although there is no direct evidence showing whether and 
how sap transforms ENMs, based on the sap composition, the 
chance of transformation of ENMs in phloem is higher than 
in xylem. The transformation may be also affected by sap flow 
rate, which will essentially control residence time. The flow rate 
of xylem sap is 0.47–4.8  mm s−1, which is much higher than 
that of phloem sap (0.07–0.58 mm s−1).[76] Once the ENMs reach 
the xylem via the root, certain particles will travel upward very 
quickly and distribute into other tissues, allowing little time 
for the interaction of the ENMs with the sap components. In 
the phloem, the opposite appears to be true. As suggested by 
Ma et al., even in root rhizosphere, short term exposure cannot 
transform CeO2 ENMs, suggesting that a critical reaction time 
is required for transformation of particles (e.g., CeO2) that are 
intrinsically stable.

In addition to sap, transformation in the plant leaf is also 
possible. Experience gained from the green synthesis of ENMs 
has shown that plant leaves can serve as a “factory” for synthe-
sizing various kinds of ENMs such as Ag, Au, ZnO, and CuO 
ENMs.[59,77–79] A common method to synthesize metallic ENMs 
is to use reactive phytochemicals in plant leaf extracts (e.g., 
flavonoids, glucose, and fructose) to reduce the metal salt pre-
cursor.[80] It is reasonable to conclude that ENMs may also be 
reduced by those plant-generated substances. For example, CuO 
may be reduced to Cu(I) or Cu(0) species, undergoing similar 
processes in plant vascular fluids. Alternatively, oxidation of 

ENMs in the leaf is also possible, driven by the free radicals 
which are generated by various physiological processes in plant. 
Oxidative transformation of graphene to CO2 in rice leaves was 
recently reported, and hydroxyl radicals (OH•) were considered 
to be responsible for the transformation.[30] The exact type of 
ENMs transformation in plant tissues may greatly depend on 
the location of the ENMs within the organism. Although less 
studied, the presence of ENMs and their transformed species 
in intercellular spaces,[20] cytoplasm,[81] vacuoles,[81] and chlo-
roplasts[82] has been reported (Figure  1D); notably, the mecha-
nisms driving those transformations remain largely unexplored.

4. Effect of ENMs Transformation on Uptake  
and in Planta Translocation
The uptake of ENMs by plants, with particle accumulation in 
plant tissues especially in the edible parts (e.g., lettuce leaves, 
tomato fruit), is a major concern in terms of the risk of ENMs 
in agricultural ecosystems. Trophic transfer along the food 
chain and biomagnification of ENMs within agricultural eco-
systems have been reported, and there is a likelihood of human 
exposure through dietary uptake. ENMs accumulation in plants 
may also affect the nutritional quality of plant-derived food. 
The uptake and translocation of ENMs are controlled not only 
by plant species, which vary in terms of both morphology and 
physiology, but is also highly dependent on the physicochem-
ical properties of ENMs which may be altered during transfor-
mation processes. For example, aggregation decreases both the 
mobility of ENMs in soil and their reactivity, due to the decrease 
of available surface area. Larger aggregates may not be able to 
transport across size-restrictive biological barriers such as the 
cell wall/or membrane; therefore ENMs bioavailability in the 
plant will be reduced. Chemical transformations change ENMs 
properties such as structure and species, the behavior of which 
may differ significantly from the original form.

4.1. Effect of Transformation on Foliar Uptake of ENMs

Although plants have many physiological barriers to prevent the 
entry of substances that are not required for growth, there are 
many pathways that permit ENMs entry. For example, the leaf 
epidermis is covered by a waxy hydrophobic cuticle[83] that is per-
forated by pores with sizes of ≈5 nm;[84] this may permit entry of 
small ENMs.[85] The plant leaf also has large stomata (e.g., 13 µm 
for spinach[86] and cucumber,[87] 7  µm for tomato[88] and water-
melon,[89] etc.), which may allow larger particles or aggregates to 
enter when the pores are open.[90] The uptake of ENMs in plants 
via the foliar pathway, with subsequent translocation and accu-
mulation, has been explored only recently. Foliar-applied CeO2 
ENMs either as airborne powder or as suspension can accumu-
late in leaves and translocate to the root.[87] The stomatal pathway 
has been demonstrated as a pathway for ENMs uptake in leaves. 
The uptake efficiency is highly dependent on the size of ENMs 
and of the stomata. For example, polystyrene (PS) particles with 
a size of 43 nm could penetrate into leaves via the stomata while 
larger sized (1.1 µm) PS particles could not. Physical transforma-
tion such as aggregation could result in large clusters that pre-
vent ENMs entry into leaves via the stomata (Figure 2A).
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Chemical transformation of ENMs in the air and at the 
nanoleaf interface are also possible. For instance, redox sensitive 
ENMs such as Ag and Cu can interact with oxidants in the air (e.g., 
radicals, oxygen),[91,92] resulting in an oxide coating on the particle 
surface. Graphene oxide exposed to the air could be reduced upon 
exposure to sunlight.[93] These processes can greatly impact the 
uptake of ENMs into the leaf. For example, degradation of gra-
phene oxide reduces the amount of hydrophilic functional groups 
and increases hydrophobicity, which may reduce the binding of 
this material to the hydrophobic leaf surface but also increase 
entry through the stomata. The dissolution of metal-based ENMs 
releases metal ions, the uptake and  translocation mechanisms of 
which are quite different from the particulate forms.[94] Corona 

formation on ENMs surfaces may increase particle stability and 
prevent aggregation, thereby increasing the likelihood of entry 
into leaf. Importantly, our current knowledge in this area is very 
limited; ENMs transformation on the plant leaf surface is an area 
in need of significant investigation.

4.2. Effect of Transformation on Root Uptake  
and Translocation of ENMs

Under root exposure, ENMs must traverse several physiological 
barriers in order to reach the vascular structure for transloca-
tion to the shoots. In general, this process will follow three 

Small 2020, 16, 2000705

Figure 2. Effect of ENM transformation on the uptake and translocation of ENMs in plants. A) CeO2 ENMs aggregate near the closed stomata (left) and 
integrated into the leaf wax (right). Adapted with permission.[109] Copyright 2010, American Chemical Society. B) Different distribution patterns of CeO2 
ENMs (left) and CeCl3 (right) in cucumber leaves. Adapted with permission.[100] Copyright 2011, Royal Society of Chemistry. C) Comparison of the distribu-
tion pattern of CeO2 and La2O3 ENMs and CeCl3 in cucumber root sections and basal leaves. Adapted with permission.[101] Copyright 2015, Taylor & Francis. 
D) Gradual transformation of CeO2 nanorods on the root surface over 21 days. Adapted with permission.[26] Copyright 2017, American Chemical Society.
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steps: i) ENMs arrival at or deposition on the root surface.  
ii) ENMs movement across physiological barriers including 
the cuticle, epidermis, cortex, endodermis, and Casparian 
strip; and iii) ENMs translocation within the xylem or phloem 
to the shoot system.[76] The apoplastic pathway is one pathway 
for ENMs uptake and transport via the plant root.[95] Here, 
the ENMs enters the epidermal tissue and diffuses through 
the intercellular space. The symplastic pathway involves cell-
to-cell transport via the plasmodesmata. In either case, the 
ENMs need to cross the cell wall, which typically has 5–20 nm 
pores.[95] Therefore, particle size is one of the most important 
properties controlling entry into the roots. Theoretically, ENMs 
larger than 20 nm would not be able to cross the cell wall and 
cell membrane. However, if the structures are damaged, the 
penetration of larger ENMs is possible.[96] After entering the 
xylem, ENMs can be translocated to the shoot system. The par-
ticles must also pass through pores (called “pits”) of the con-
necting cells in xylem; the size of these structures is relatively 
large (43–340  nm),[95] although significant ENMs aggregation 
could restrict movement during translocation.

Given the presence of these barriers, aggregation in soil or 
at the root surface can effectively prevent the uptake of ENMs 
into the roots. For example, the accumulation of ENMs in 
plants cultured in soil is typically lower than that in plants cul-
tured in hydroponic solution due to homo- or hetero-aggrega-
tion of ENMs in soils. Supplementing ENMs with NOM such 
as humic substances can induce acquisition of a hydrophilic 
organic corona that increases particle mobility and uptake.[97] 
The corona can also change the ENMs surface charge,[98] which 
can significantly alter uptake and translocation in the plant.[99] 
A positively charged corona increases the adsorption of ENMs 
onto negatively charged root surfaces, whereas negatively 
charged ENMs are more readily translocated once in the plant.

As discussed, the chemical transformation of ENMs may 
occur in soil prior to reaching the root surface or at the root 
interface. It is known that ENMs dissolution can significantly 
enhance uptake by roots and also that translocation and dis-
tribution patterns of particles and ions within plants are dif-
ferent. For example, CeO2 ENMs tend to accumulate in leaf 
margins while Ce3+ ions accumulate mostly in vascular bundles 
(Figure 2B).[100] Nanoscale La2O3 have similar distribution pat-
terns as Ce3+, largely due to significant dissolution of the metal 
oxide after interaction with plants (Figure  2C).[101] Dissolution 
is typically accompanied by other concurrent or subsequent 
chemical processes, such as precipitation or complexation. In 
soil, Zn2+ ions released from ZnO ENMs can further transform 
to ZnS, Zn3(PO4)2

[102] or be incorporated into soil minerals 
such as γ-Al2O3 and goethite;[103] this process immobilizes the 
Zn in soil and reduces availability to plants. Phosphorylation 
has also been reported for rare earth (RE) oxide ENMs such as 
Yb2O3,[104] La2O3,[105] and CeO2,[20] all of which can release RE3+ 
ions to transform to REPO4. Similar processes also occur at root 
interfaces, where these processes may be accelerated by root- 
and microorganism-generated exudates. Although transforma-
tion of ENMs after interaction with plants has been reported, 
direct investigation of the effect of this transformation on the 
uptake and translocation of ENMs in plant is scarce. Wang 
et al. compared the uptake of AgNO3, Ag NPs, and Ag2S ENMs 
in cucumber (Cucumis sativus) and wheat (Triticum aestivum) 

and reported similar amounts of Ag accumulation in shoot and 
root while suggesting different distribution patterns of Ag in 
tissues.[106] Ag2S mainly accumulated in the veins while AgNO3 
accumulated mostly in leaf tip and margins. Another study 
found that the uptake of Cu(OH)2 ENMs with higher solubility 
in roots of wheat (Triticum aestivum) is greater than those with 
lower solubility (e.g., CuO and CuS ENMs) after 1 h hydroponic 
exposure.[107] In a follow-up depuration study, the authors 
removed the exposure solutions an found that both CuO and 
CuS ENMs persisted in or on the roots and continued to release 
Cu for translocation to plant leaves over 48 h. There is also 
some indirect evidence from studies such as that by Zhang 
and coworkers; here, the authors reported that changing the 
plant culture medium,[108] plant species,[28] or morphology[26] 
of the CeO2 ENMs affected analyte transformation and subse-
quent translocation. Importantly, removal of phosphates from 
the culture media dramatically enhanced Ce accumulation in 
the leaves.[28] Rod-shaped CeO2 ENMs have greater reactivity 
than other morphologies, including octahedral and cubical, 
and thus, have greater dissolution and accumulation in plant 
leaves.[26] Significantly higher amounts of CePO4 needle-like 
clusters have also been observed on root surfaces (Figure 2D). 
Transformation of CeO2 ENMs also depends on the plant 
species (Figure  3); monocot and dicot plants have different 
capacities to transform CeO2 ENMs into Ce(III) species at the 
root surface and thus, have different Ce translocation patterns 
within the plant.[28]

5. Implication of ENM Transformation  
and Future Research
ENMs are being discharged into agricultural environments, 
both intentionally (e.g., ENMs application in agriculture) 
and incidentally (e.g., biosolid application to soil as ferti-
lizer), and will have impacts on agricultural ecosystems that 
may be either positive or negative. To evaluate those impacts, 
one must understand the behavior and fate of ENMs in this 
highly complex system. Given the high reactivity and dynamic 
nature of ENMs, their transformation in agricultural systems 
is inevitable, and will be affected by many factors, including 
ENMs physicochemical properties, the soil environment and 
plant species. These dynamic transformation processes com-
plicate our understanding of ENMs fate and impact because 
of the presence of both the “acquired” and “original” identity. 
For example, a long-standing question in the nanotoxicology 
of metal-based ENMs is whether the source of toxicity is 
from the particle or from the ionic form that is transformed/
released from the prisitine ENMs.[110] Indeed, the toxicity of 
many ENMs such as ZnO, Ag, CeO2, La2O3, Yb2O3, and CdS 
quantum dots are all reported to be positively correlated with 
their dissolution, although the particle effect cannot be entirely 
excluded.[111] Metal ions can move more freely than the par-
ticles in plants and as such, cause greater toxicity. The pres-
ence of inorganic ligands which can precipitate the released 
metal ions may partially reduce toxicity. For example, S2− can 
reduce the toxicity of Ag by forming Ag2S;[112] PO4

3− can alle-
viate the toxicity of rare earth oxide ENMs by forming phos-
phate precipitates.[28] Some processes, e.g., precipitation with 
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inorganic ligands and complexation with organic ligands, may 
occur competitively. The formation of nanoscale CePO4 immo-
bilizes the Ce3+ and reduces bioavailability, while complexes of 
Ce3+ with small molecule organic acid may improve or main-
tain the transportability of Ce3+ in plants.[20,113] The final fate 
and impact depends on the net outcome of these reactions. 
ENMs transformation also affects their efficacy for agricultural 
applications. For example, some nanofertilizers are designed 
to release nutrients slowly or in a controllable fashion;[114] this 
function may be confounded by transformation processes. 
Surface change induced by corona formation may result in 
targeted ENMs being delivered to a nontarget location, as has 
been reported in targeted drug delivery in nanomedicine due 
to overcoating of the targeting ligands.[115] Transformation also 
complicates the prediction of ENMs behavior in the environ-
ment, since the primary nanoscale descriptors (e.g., size, sur-
face charge, hydrophobicity, porosity, etc.)[116] measured for 
the original ENMs may change dramatically and dynamically 
during transformation.

In spite of the clear importance of these processes, our 
understanding of ENMs transformation and the conse-
quences for plant uptake, biodistribution, and toxicity is 
quite limited. Most current toxicity and fate studies continue 
to use pristine ENMs that may well have little relevance 
to the particles present in complex environments, espe-
cially those applied via biosolids. More soil- and field-based 
experiments are needed to obtain environmentally relevant 
results with regard to the impacts and transformation prod-
ucts of agriculturally relevant ENMs. Table 2 and the subse-
quent subsections identify several key knowledge gaps and 
highlight critical next steps to address the current lack of 
understanding.

5.1. Elucidate the Role of Plant Metabolites in ENMs 
Transformation

Plant metabolites, such as root exudate components, are pri-
mary drivers of ENMs transformation at the nanoroot interface. 
When studying the interaction of ENMs with root exudates, 
knowledge could be leveraged from the study of mineral-root 
exudate interactions. Plants acquire a large quantity of nutri-
ents from soil minerals by secreting exudates to directly chelate 
mineral nutrients or to reduce the rhizosphere pH to increase 
nutrient availability. For example, as a response to iron defi-
ciency, plants can secrete organic acids to increase the disso-
lution of Fe-minerals and riboflavin/phenolic compounds to 
facilitate Fe acquisition.[117] Published in vitro experiments have 
shown that some key components, e.g., small organic acids,[20] 
reducing sugars and phenols,[74] are responsible for the dissolu-
tion and reduction of ENMs at the root surface. However, the 
composition of root exudates are complex and differ between 

Small 2020, 16, 2000705

Figure 3. Plant-species-dependent transformation of CeO2 ENMs in cucumber plants. A–D) Fraction of the Ce species in the four types of plants 
treated with 2000 mg L−1 CeO2 ENMs for 2 weeks. A) Root, +P; B) root, −P; C) shoot, +P; D) shoot, −P. +P and −P indicate whether the nutrient solu-
tion is supplemented with or without phosphates, respectively. E) Schematic illustration of the transformation of CeO2 ENMs on the root surface 
and the translocation of CeO2 and Ce3+ ions in the root xylem of a dicot (soybean) and monocot (corn) with and without the presence of phosphates. 
A–D) Adapted with permission.[28] Copyright 2019, Royal Society of Chemistry.

Table 2. Future research needs.

•  Elucidate the role of plant metabolites in ENMs transformation and the interplay 
between interactions with plants and their exudate composition

• Explore the role of microorganisms at plant interfaces in ENMs transformation
• Determine the kinetics of ENMs transformation in soil and plants
•  Unravel the long term effects of ENMs transformation on the agricultural 

ecosystem
•  Obtain a systems-level view of ENMs transformation in agricultural ecosystems, 

and the interconnections with soil quality and climate change
•  Take advantage of state of the art analytical techniques for ENMs transformation 

and impact studies, including synchrotron radiation approaches and single 
particle/cell ICP-MS (for example)
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plant species. Identification and quantification of the critical 
exudate components is therefore necessary for studying plant 
species-specific ENMs transformations.

The metabolites in xylem and phloem fluids are also impor-
tant for in planta transformation of ENMs but their role in this 
process is largely unexplored. The vascular fluids contain abun-
dant substances such as inorganic ions and organic compounds 
which may mediate ENMs transformation. For example, 
organic acids can cause dissolution while other organic con-
stituents may cause corona formation or evolution during their 
translocation within the xylem and phloem. As a result, ENMs 
behavior and fate may change during transport. The transfor-
mation of ENMs in plant leaves is also an important aspect 
but is largely unknown. For example, CNTs have been shown 
to enter the plant cell and chloroplast to enhance the photo-
synthetic efficiency.[118] However, if transformation occurs as a 
function of longer residence time of CNTs in plant leaves, func-
tionality may be lost and the safety of transformation products 
may become a concern. Unlike transformation occurring in soil 
or at the root surface, transformation inside plants may act in 
a mode known as the “Trojan effect,”[119] where initially innoc-
uous materials become toxic over time.

5.2. Explore the Role of Microorganisms at the Plant  
Interface in ENM Transformation

A robust microbiome exists in both the root (rhizosphere) and 
shoot (phyllosphere). These communities play vital roles in 
plant physiology, with the vast majority being beneficial (e.g., 
legume rhizobia) to plant growth and a very small minority 
being potentially pathogenic. Similar to the plant root, the 
microbiome also excretes a large amount of metabolites known 
as EPS.[120] These substances and their metabolic activity (e.g., 
respiration) contribute to the transformation of ENMs. Con-
sidering the size and activity of the microbiome, the effects on 
ENMs transformation are expected to be significant. A micro-
biome also colonizes the plant leaf and stem surface, forming 
the phyllosphere. ENMs transformation at/by the phyllosphere 
has not been studied, but their activity is expected to be sig-
nificant for ENMs designed for foliar application. The in planta 
microbiome, also known as endophytes,[121] may also cause 
ENMs transformation in plant tissues, affecting the transloca-
tion and impact of ENMs in plants. Thus, the role of the var-
ious microbiomes in ENMs transformation is wide open for 
exploration and may provide important insights for the design 
of functional nanoagrochemicals.

5.3. Determine the Kinetics of ENM Transformation

ENMs transformation is a dynamic process. For example, 
ENMs may dissolve at the root surface and be transported to 
plant tissues where reducing environments may induce the 
reformation of nanoscale materials in intracellular spaces or 
inside plant cells. Some transformation processes (e.g., disso-
lution of ZnO and CuO ENMs) may occur quickly at the root 
surface, resulting in the immediate uptake of ions and subse-
quent acute toxicity to the plant. Such rapid transformation can 

cause the loss of the desired functions of ENMs for agricultural 
application. A corona can form on the ENMs surface and alter 
material translocation temporarily but then later breakdown 
inside the plant. The corona will likely only partially cover the 
particle surface and will be highly dynamic, being replaced 
by high affinity biomolecules and/or degraded by enzymes in 
the local environment. A biomolecular corona may also serve 
as a platform for biofilm growth; the initial abiotic corona will 
degrade whereas the biofilm will exude EPS to sustain the bio-
film growth. The kinetics of each step of these transformation 
will be critical to understanding the subsequent behavior and 
final fate of ENMs, and may lead to redesign of ENMs for preci-
sion agriculture and sustained or targeted release that account 
for these transformation at the design stage (safe and benign by 
design approaches).

5.4. Unravel the Long Term Effects of ENMs Transformation  
on Agricultural Ecosystems

In reviewing the existing literature, many ENMs show low to 
moderate phytotoxicity. However, most of the current studies 
are carried out in simple or model systems (e.g., hydroponic, 
sand), with short term exposures to relatively high and often 
environmentally unrealistic doses. Long term retention of 
ENMs in soil is possible with continuous application of bio-
solids to agricultural land and possibly repeated application 
of nanotechnology in agricultural and soil remediation sce-
narios. Therefore, the ultimate ecosystem effects of ENMs 
will be largely determined by the transformed products rather 
than the pristine materials. Long term impacts that need to 
be evaluated include the effects of ENMs and their trans-
formed products on the soil and plant microbiome, plant 
growth and nutritional content, trophic transfer of ENMs 
along food chain, and possible transgenerational effects. 
Impacts on ecosystem services such a nutrient cycling, water 
purification and food production, as well as accumulation 
and persistence of ENMs residues in edible plant tissues, also 
need investigation.

5.5. Obtain a Systems-Level View of the ENMs Transformation 
in Agricultural Ecosystems

The complexity of transformation is not only due to the various 
physicochemical properties of ENMs, but also because of the 
dynamics of the soil and biological environment. ENMs can 
be divided into many different types in terms of size, shape, 
surface charge/chemistry, crystal structure, bandgaps, etc., 
each of which may affect the transformation process. ENMs 
transformation is also greatly affected by soil chemistry, the 
soil microbiome and the plant rhizosphere chemistry/micro-
biome; all of which are interconnected and further impacted 
by the environment and climate conditions. We therefore argue 
that these factors cannot be considered separately but rather 
must be considered and interpreted at a systems level. The 
interconnections between the plant, microbiome and ENMs 
are shown in Figure 4. ENMs transformation at the root inter-
face is largely determined by the rhizosphere, with its robust 
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root exudates and microbiome. However, ENMs exposure may 
also alter the plant root exudate composition, e.g. enhancing 
the excretion of organic acids and metal chelating substances, 
which can in turn further alter ENMs transformation. ENMs 
can also interact with the rhizosphere microbiome, causing 
alteration of the microbiome community structure and activity 
(e.g., respiration, composition of EPS), which in turn affects 
ENMs transformation. The plant and soil microbiomes are also 
interconnected. Any change in the root exudate profile can have 
significant impact on microbiome activity and structure in the 
rhizosphere, and any alteration of microbiome (e.g., inhibition 
of legume rhizobia) can affect plant growth and root exudate 
secretion. Moreover, environmental factors such as climate 
change-induced elevation of CO2 and changing soil moisture 
and temperature, can change microbial diversity and plant 
root exudate secretion, which will further affect ENMs trans-
formations. Clearly, only a systems-level approach will enable 
understanding of complex ENMs transformation processes in 
the soil–plant environment, including application of nanoinfo-
matics approaches.

5.6. Take Advantage of the Emergence of State  
of the Art Analytical Techniques

Given the complexity of ENMs transformation processes, 
advanced analytical techniques are required to investigate these 
phenomena. For example, identification and quantification of 
transformation products in soil and plant tissues are challenging 
due to the presence of high background interferences in such 
samples. Advanced techniques such as synchrotron radiation 
based techniques (e.g., X-ray absorption fine structure spectros-
copy) combined with imaging techniques including scanning 
transmission X-ray microscopy (STXM) and micro X-ray fluores-
cence (µ-XRF),[122] and isotope labeling approaches[49,123] coupled 
with in situ detection techniques such as autoradiography,[100] 
Nano Secondary Ion Mass Spectrometry (NanoSIMS),[124] laser 

ablation inductively coupled plasma mass spectrometry (ICP-
MS),[125] and single particle/cell ICP-MS are all sophistical 
techniques that can be brought to bare for studying ENMs trans-
formation. Metabolomics,[126] proteomics,[127] exposomics,[128] 
and secretomics[129] are emerging powerful tools to identify the 
components of root exudates, EPS, and plant/microbial metab-
olite response to ENMs exposure. The datasets obtained could 
be combined with machine learning approaches (e.g., nanoin-
formatics)[130] to identify key drivers and critical steps of ENMs 
transformation, and to predict ENMs transformations thereby 
facilitating safe-by-design of ENMs for sustainable application 
in agriculture.
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