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Plant species-dependent transformation and translocation of
ceria nanoparticles

Uptake of nanoparticles by plants is species-dependent, the
underlying mechanisms of which are explored here. Root exudate
composition and xylem structure are found to be both important
factors in determining the transformation and translocation of
ceria nanoparticles in plants.
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Uptake of nanoparticles (NPs) by plants is species-dependent; how-
ever, its underlying mechanisms are rarely investigated. This study
compared the transformation, uptake and translocation of CeO, NPs
(nCeO,) in four different plant species. Corn showed the lowest trans-
location factor (TF) of Ce, while the differences among the plant spe-
cies reduced or diminished when the phosphates were removed from
the nutrient solution (-P treatment). Using transmission electron
microscopy (TEM) and synchrotron-based X-ray absorption near edge
spectroscopy (XANES), we found that the removal of phosphate from
the nutrient solutions reduces or eliminates the immobilization of
Ce** on the root surface thus promoting the upward translocation of
Ce from roots to shoots, which accounts for the enhanced total Ce
detected in all the four plants. Compared with the +P treatment, the
Ce(in) contents in the shoots of corn and wheat were enhanced by
27.4 an 4.0 times in the —P treatment, which may account for the re-
duced biomass of shoots in these two plant species. Our results indi-
cate that different plant species have different abilities of transforming
and translocating CeO, NPs and that the mechanisms differ
depending on the chemistry of the surrounding solution (+P/-P). Plant
xylems and root exudate compositions are both important factors in
determining the transformation of nCeO, and subsequent transloca-
tion of Ce species in plants. Further studies are required to determine
the composition of root exudates and to identify the components
driving the nCeO, transformation in different plant species under dif-
ferent culturing conditions.
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Environmental significance

Transformation of nanomaterials (NMs) in plants is a critical process
that may determine the final fate of NMs in the environment. We
previously found that root surface is the major site for nCeO,
transformation. In this study, we compared the uptake and
phytotoxicity of nCeO, to two dicots and two monocots. Different plant
species show different capacities to transform nCeO, into Ce(ur)
species, which results in different translocation of Ce in plants.
Removal of phosphate from the nutrient solution reduces or eliminates
the immobilization of Ce®*" on the root surface thus promoting the
upward translocation of Ce, which leads to the phytotoxicity found in
the monocots. Plant xylems and root exudate compositions are both
important factors in determining the transformation of nCeO, and the
subsequent translocation of Ce species in plants. This study reveals the
underlying mechanism behind the plant species-dependent uptake and
phytotoxicity of NMs in plants. Further studies are required to deter-
mine the composition of root exudates in different plant species and
identify the determining components for nCeO, transformation under
different culturing conditions.

1. Introduction

CeO, minerals were previously recognized as being highly sta-
ble in the environment; however, an increasing body of stud-
ies now suggest that CeO, in its nano form is prone to trans-
form in various environmental surroundings including
aquatic mesocosms," wastewater treatment plants,> activated
sludge,® synthetic river water,” bacteria,” plants,® etc., and
various transformation products were reported depending on
the ambient environment chemistry and biochemistry. For
example, in an activated sludge where the sulphur concentra-
tion is high, Ce*" ions might be released from nCeO, upon
bacterial reduction and complexation, forming Ce,(SO,); in
oxidizing environments or forming Ce,S; in reducing envi-
ronments.” In plants, low molecular organic acids and reduc-
ing substances excreted by plant roots can facilitate the re-
lease of Ce*" ions from nCeO, in the rhizosphere vicinity,
which then can be translocated from roots to shoots and
form either CePO, or Ce carboyxlates.®® Retransformation of
Ce*" jons released from nCeO, back to CeO, is also

This journal is © The Royal Society of Chemistry 2019


http://crossmark.crossref.org/dialog/?doi=10.1039/c8en01089g&domain=pdf&date_stamp=2019-01-18
http://orcid.org/0000-0002-2774-5534
http://orcid.org/0000-0002-5188-4382
http://orcid.org/0000-0002-8850-7556
http://orcid.org/0000-0003-4250-4584
http://orcid.org/0000-0003-0888-6769
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8en01089g
https://pubs.rsc.org/en/journals/journal/EN
https://pubs.rsc.org/en/journals/journal/EN?issueid=EN006001

Open Access Article. Published on 13 November 2018. Downloaded on 8/1/2025 9:17:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Nano

possible.* Transformation processes such as carboxylation/
complexation facilitate the release and mobility of Ce(mr) thus
increasing the toxicity, while sulfidation or phosphorylation
reduce the mobility and toxicity of NPs.'” However, re-
dissolution of CePO, is also possible in the presence of
strong Ce** ion-binding ligands in the root exudates."*

nCeO, transformation is highly associated with the physi-
cochemical characteristics of nCeO, such as surface coating,’
size,"> and shape."® For example, surface coating with citric
acid may act as a shield reducing the direct contact of the
particle surface with the ambient environment and subse-
quent dissolution.> Compared with larger size nCeQ,, smaller
size nCeO, released more Ce(m) ions and thus induced
higher toxicity to Lactuca plants."> Rod-shaped nCeO, with
highly reactive crystal facets transformed to a greater extent
in cucumber plants than other shapes of nCeO, such as octa-
hedra and truncated octahedra.'?

Another important factor, i.e. the plant species, has been
largely ignored in the study of the uptake and transformation
of nCeO, in plants. Previous studies have suggested that the
uptake and translocation of NPs are highly dependent on
plant species.”*'*> The discrepancy might not be attributed
only to the structural differences but also to the composition
difference of the root exudates, considering that the root sur-
face is the major site for the transformation of nCeO, in
plants."®

In this study, we exposed two monocots (corn and wheat)
and two dicots (cabbage and soybean) to nCeO, (2000 mg
L™") under two different hydroponic conditions (with and
without phosphates in the nutrient solution, called “+P” and
“~P” treatment, respectively), with the aim to understand
how plant species and culturing conditions impact the trans-
formation, uptake and translocation of nCeO, by plants. To
supply P for plant growth in the “-P” treatment, 1 mM
KH,PO, was sprayed onto the foliage of the plants every two
days. Translocation and transformation of nCeO, in plants
were then examined by ICP-MS, TEM and X-ray absorption
near edge spectroscopy (XANES).

2. Materials and methods
2.1. Materials, plant cultivation and exposure

nCeO, with an average size of 25 nm (Fig. S1}) were synthe-
sized by a precipitation method™ and the physicochemical
properties of nCeO, are described in Table S1.f Seeds of corn,
wheat, cabbage and soybean purchased from the Chinese
Academy of Agricultural Sciences were sterilized in a 5%
NaClO solution and rinsed with deionized water. Then the
seeds were placed on filter paper which was soaked with de-
ionized water in a plastic Petri dish and allowed for germina-
tion in the dark for 5 days. The seedlings were then trans-
ferred into 200 mL beakers containing 100 mL : strength
Hoagland solution. In the -P treatment, nutrient solution
without phosphate was used. To supply P for normal growth
of plant, KH,PO, (1 mM) solution was sprayed on the foliage
of the plants every two days. The seedlings were allowed to
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grow for 10 days in an artificial climate chamber, and then
exposed to 2000 mg L™ nCeO, suspension in i strength
Hoagland solution; 2000 mg L™ was the maximum exposure
concentration used in the phytotoxicity test established by
the U.S. Environmental Protection Agency guideline.'” After 2
weeks of exposure, the seedlings were harvested, rinsed with

deionized water and lyophilized for further analysis.

2.2. Phytotoxicity, Ce localization, quantification and
chemical species analysis

The dry weights of the shoots and roots of the plants were
measured for assessing the phytotoxicity. The root apexes
were collected, fixed, dehydrated, embedded, and sectioned
following the procedures for TEM observation as described
previously.® A JEM-1230 (JEOL) transmission electron micro-
scope was used for observing the sections. The shoots and
roots were ground into fine powders using a pestle and mor-
tar. The powders were then digested with a mixture of nitric
acids and hydrogen peroxide (v/v: 4/1), and the total Ce con-
tents were analysed by ICP-MS (Thermo).

For XANES analyses, the fine powders of the shoots and
roots were compressed into thin slices (~2 mm). The Ce L-III
edge spectra were collected using a 19-element high purity
Ge solid state detector array at beamline 1W1B of the Beijing
Synchrotron Radiation Facility. The XANES spectra of nCeO,
and Ce-containing compounds including CePO,, Ce acetate
and Ce oxalate were collected for reference. Linear combina-
tion fitting (LCF) of the XANES data was performed on
Athena software. LCF is justified because the X-ray adsorp-
tion of different species in the sample is additive.'® The total
absorption coefficient calculated by LCF can be written as

M = Zif|(STDy),

where M is the least squares fit to the sample spectrum,
(STD;) represents the absorption coefficient of the standard
reference spectra, and f; is the fraction of each reference spec-
trum in the sample spectrum, summed over the number of
references, i. Thus, with appropriate standard references,
LCF can identify and quantify the fraction of chemical spe-
cies in an unknown sample.

3. Results and discussion

3.1. Plant species-dependent Ce uptake - influence of
phosphate

Fig. S21 shows that the four plant species respond differently
to nCeO, exposure. In the +P treatment, nCeO, increased the
root biomass of soybean by 36%, but had no effect on the
other plant species tested. In the —P treatment, the positive
effects of nCeO, on the soybean roots were remarkably en-
hanced, with the root biomass increased by 60% compared
with that of the control, while nCeO, still had no effect on
the other plant species tested. nCeO, had no significant ef-
fects on the shoot biomass of soybean and cabbage in the —-P
treatment; however, nCeO, reduced the shoot biomass of
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corn and wheat by 24% and 63%, respectively, in the P treat-
ment. These results suggest that the phytotoxicity of nCeO, is
plant species-dependent and is influenced by the composi-
tion of the nutrient solution used in the hydroponic growth
system.

Table 1 shows that the Ce uptake and translocation in the
plants were also highly species-dependent. In the +P treat-
ment, the Ce content in the plants and the TFs of the mono-
cots (corn and wheat) were lower than those of the dicots
(cabbage and soybean) except for wheat where the Ce content
in the root is higher than those in the other plant species.
This might be due to the fact that cabbage and soybean have
larger leaf surface areas resulting in higher transpiration
rates, because the driving force for long distance transloca-
tion of nutrients mainly depends on the transpiration rate."

The removal of phosphate (P) from the nutrient solution
remarkably promoted the uptake of Ce into the roots of corn
and cabbage and the upward translocation of Ce in all the
four species. The Ce contents in the roots of corn and cab-
bage exposed under the —P treatment condition were 5.5 and
1.9 times higher, respectively, than those under the +P treat-
ment. The Ce contents in the shoots of all the plant species
were higher under the -P treatment than those under the +P
treatment. In particular, the Ce contents in the shoots of
corn, wheat, cabbage and soybean under the -P treatment
were 28.4, 5.0, 2.3, and 2.4 times higher, respectively, than
those under the +P treatment. Obviously, P has greater effects
on the translocation of Ce in the monocots (corn and wheat)
than in the dicots (cabbage and soybean). This indicates that
the accumulations of Ce in the shoots of all the plant species
under the -P treatment are equivalent.

3.2. Ce uptake and transformation by TEM

To further understand the above results, we observed the root
sections by TEM (Fig. S3-S61). In all the plant species, we
found needle or rod-like particles on the root surfaces in the
+P treatment, which are completely different from the mor-
phology of the pristine octahedral nCeO,; however, in the —P
treatment, we found large amounts of flocculated particles in
the vacuole of root cells while no needle or rod-like particles
were found on the root surface. The needle, rod, or the floc-
culated particles were CePO, which have been identified in
previous studies.®*° Given that the transformation of CeO,
mainly occurs on the root surface rather than inside of the
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plant,"® the Ce®* ions released from CeO, can be easily
immobilized on the root surface in the presence of P in the
nutrient solution, and the upward translocation of Ce will be
then inhibited. The removal of P from the medium reduces
or eliminates the immobilization of Ce on the root surface,
and thus the free translocation of Ce®* from the roots to
shoots can occur. The formation of CePO, in the vacuoles in
the —P treatment was because foliar applied P was adsorbed
by plants and stored in the vacuole as a P “pool” which then
reacts with the free Ce®" ions as they translocate into the
plant.>* The above results suggest that the P-containing ions
have a significant impact on the uptake of nCeO, in all the
plant species tested.

It should be noted that the particulate CeO, NPs were also
observed inside the root of soybean but were not observed in
the other plants (Fig. 1 and S5Bf). As shown in
Fig. 1A and C, nCeO, were found in the intercellular regions.
Interestingly, the morphology of some particles in the large
aggregates (Fig. 1B) was different from that of the original
nCeO,, suggesting the transformation of nCeO,. We previ-
ously found that nCeO,, which have been translocated into
the cucumber plant, cannot transform;'® however, a recent
study shows that nCeO, may also be dissolved inside the
leaves of sunflower resulting from pH variation and interac-
tion with antioxidant substances in apoplast.?> The nCeO,
that we found here may be transformed either before or after
their entering into the plants.

3.3. Transformation of nCeO, in plants analyzed by XANES

To further understand the translocation of Ce in the four
plant species, we quantified the chemical species of Ce in the
plant tissues by XANES and linear combination fitting (LCF)
analyses (complete LCF results are given in the ESLj Tables
S2 and S3). The XANES spectra show how X-rays are absorbed
by a specific atom, and how the absorption is modified by
the chemical and physical environment of the atom in differ-
ent compounds. With appropriate reference compounds,
quantification of different chemical species can be achieved
by doing the linear combination fitting (LCF) analysis on the
XANES spectra. The results show that Ce was mainly
presented as CeO, (>74.1%) in the roots of the four plant
species in both +P and -P treatments (Fig. 2A and 3A and B);
the Ce(mr) species are mainly CePO, in the +P treatment but
are mainly Ce carboxylates in the —P treatment. This is in

Table 1 Ce content (mg kg™ dry weight) in the roots and shoots of the plants treated with nCeO,, and translocation factors (TFs, defined by dividing
the Ce contents in the shoots by that in the roots) of Ce in the different plant species. Data are expressed as mean * SD (n = 8). * indicates a significant
difference between +P and -P treatment for each plant species (p < 0.05). Significant differences between different species in each treatment are com-
pared separately and expressed as lowercase letters. Different superscript letters indicate a significant difference (p < 0.05)

Root Shoot TFs (x1073)

-P +P -p +P -p +P
Corn 68093 + 20 5307 12499 + 2600° 158 + 56%* 5.6 + 1.6° 2.3 +0.85% 0.5 +0.1°
Wheat 39269 + 92787 34322 +10207° 140 + 45%* 28 + 117 3.6 + 1.0%* 0.8 +0.3°
Cabbage 58315 + 22799 31418 + 14821° 175 + 44%% 76 + 15° 3.0+0.7° 2.4 +0.4°
Soybean 35003 + 66157 31527 + 5669° 181 + 37%* 77 + 9° 5.2 + 0.5%% 2.4 +0.2°
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Fig. 1 TEM images of the root sections of soybean treated with
nCeO, under the -P condition. (A) and (C) show the intercellular
regions. (B) and (D) are the magnified images of the highlighted
rectangle areas in A and C. Red arrows in B indicate the nCeO, that
were morphologically “transformed”.

accordance with the TEM results that the Ce®" ions were
mainly immobilized on the root surface with a minimum
amount being translocated into the roots and shoots in the
+P treatment; however, in the -P treatment, the Ce*' ions
moved easily into the roots, bound to PO,*” in the vacuoles
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of root cells, and bound to carboxyl groups in the xylem dur-
ing the upward translocation.

The Ce species in the shoots were different from that in
the roots (Fig. 2B and 3C and D). In the +P treatment, CeO,
was the predominant species in the shoots, with the highest
proportion of 94.7% in corn and the lowest of 78.2% in
wheat; only a small amount of Ce presented as Ce carboxyl-
ates. However, in the —P treatment, the proportion of Ce car-
boxylates remarkably increased, with a proportion of 93.3%
in corn and the lowest proportion of 43.3% in the wheat
shoots. Phosphate deficiency can induce a high abundance
of metabolites with chelating ability and increase the active
exudation of organic acids out from the roots.>® This process
will enhance the dissolution of nCeO,. We further calculated
the absolute contents of Ce(iv) and Ce(m) in the roots and
shoots by multiplying their proportion by the total Ce con-
tents (Table S471). The Ce (v) and Ce(m) contents in the roots
and shoots in the -P treatment were both higher than those
in the +P treatment (consistent with the data in Table 1). No-
tably, the Ce(m) contents in the shoots of corn in the -P treat-
ment were 500 times higher than those in the +P treatment.
Ce(m) is more toxic to plants than Ce in its nCeO, form,”
therefore, the enhanced Ce(m) accumulation in the shoots
might be the reason leading to the decrease of shoot bio-
masses of the corn and wheat plants under the —P treatment.

The mechanism of the transformation and translocation
of nCeO, in the cucumber plant has been well discussed in
previous studies.®'® However, discrepancies of the transfor-
mation and translocation of nCeO, in different plant species
are not fully explored. We deduced that two factors may ac-
count for the species-dependent translocation of the CeO,
NPs found in this study (Fig. 4). Firstly, structural differences
between monocots and dicots result in different translocation
abilities of substances. The xylem walls of dicots usually have
higher affinity for nutrient ions than those of monocots be-
cause there are more negatively charged groups (e.g. carboxyl
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Fig. 2 Ce L-lIl edge XANES spectra of the root (A) and shoot (B) of the plants with treatment of 2000 mg L™ nCeO, for 2 weeks under the +P
(solid lines) and -P (dotted lines) conditions. Vertically dotted line indicates the peak of the Ce(in) species centered at 5726.7 eV.
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Fig. 3 Fraction of the Ce species in the four types of plants treated with 2000 mg L™ nCeO, for 2 weeks. (A) Root, +P, (B) root,

and (D) shoot, -P.
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Fig. 4 A schematic illustration of the transformation of nCeO, on the root surface and the translocation of nCeO, and ce®*

xylem of the dicot and monocot using soybean and corn as examples.
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groups) on the xylem walls of dicots than those of mono-
cots.?® Therefore, the translocation of cations in dicots is usu-
ally more difficult than in monocots, as the cations become
immobilised on the xylem walls. However, this is not consis-
tent with the higher Ce contents found in the dicots in the
+P treatment. This can be explained by the different transfor-
mation under the two culturing conditions. In the +P treat-
ment, Ce is mainly translocated in its particulate form (Table
S47), which is mainly driven by transpiration and is not af-
fected by xylem walls/ion charges. However, in the —P treat-
ment, more free Ce*" ions entered into the roots (Table S47)
and can easily bind to the negatively charged groups (car-
boxyl) on the xylem wall; structural differences will then have
significant effects on the translocation of Ce. The xylems of
dicots are more negatively charged than the xylems of mono-
cots, thus can bind more Ce*" ions and restricted the upward
translocation of the Ce*' ions. Different translocation pat-
terns of nCeO, and Ce®" in plant tissues are also reported in
a previous study which compared the two-dimensional distri-
bution of Ce in cucumber leaves with nCeO, and Ce*" ion
treatments.*® This suggests that the particulate CeO, mostly
move to the leaf margins along with the water flow within
the vascular bundle which is driven by transpiration; how-
ever, the Ce®*" ions mostly accumulate along the leaf veins,
suggesting the binding of Ce®* to the negatively charged
groups on the xylem wall. The xylem structure-dependent
translocation is further evidenced by looking at the transloca-
tion factor of the Ce(iv) and Ce(m) species in the plants (Fig.
S7t). The TFs of Ce(wv) in the dicots are higher than those in
the monocots, and remain largely the same between the +P
and -P treatments for each plant species, suggesting a
transpiration-driven translocation process of particulate Ce.
However, the TFs of Ce(m) change drastically between the +P
and -P treatments especially for the dicots. In the corn
plants, the TFs of Ce(m) in the -P treatment are 221 times
higher than that in the +P treatment, which leads to the accu-
mulation of enough Ce** inducing the toxicity. These results
indicate that the translocation of positively charged Ce®* de-
pends on the xylem structures.

Secondly, root exudates play a critical role in the transfor-
mation of nCeO, in plants. We extracted the root exudates
from the plants according to a previously described
method,”” and found that the hydrodynamic sizes of nCeO,
in root exudate solutions varied among the four plant species
(Fig. S8 and S9t). The largest size (199 nm) was found for
corn, which might be one possible reason for the low uptake
of Ce in corn. The zeta potential of nCeO, in the exudates un-
der the +P and -P conditions and among the different spe-
cies are not significantly different (Table S5t), suggesting that
surface charges are not associated with the Ce translocation.
Since the transformation of nCeO, mainly occurs on the root
surface with the assistance of the root exudates,*® the compo-
sitional difference in the root exudates may lead to different
extent of transformation of nCeO, on the root surface and
subsequently different translocation of Ce. Root exudates are
composed of low molecular compounds such as saccharides,

This journal is © The Royal Society of Chemistry 2019
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organic acids, amino acids, phenols, high molecular polysac-
charides and proteins.”” The low molecular organic acids
(e.g., succinic acid and malic acid)® and reducing substances
such as phenols,®® which are critical for the transformation
of nCeO,, varied among different species. Moreover, different
acids and reducing substances have different capacities to
dissolve the nCe0,.*** For example, mugineic acids, which
have been found to promote the transformation of CuO
NPs,*® are specifically excreted by gramineous plants (e.g.,
corn and wheat).’* Turnip cabbage excretes two more kinds
of organic acids (i.e. malic and glycolic acids) than cucum-
ber.*> Except for the compositional differences, amounts of
exudates vary among different species and at different growth
stages for the same plant species.®® Plant roots at the seed-
ling stage generally excrete a greater amount of reducing sub-
stances than that at the germination stage, which may ex-
plain why no transformation of CeO, in the roots of the four
plant species was found in a previous study."* We also no-
ticed that in the +P treatment, the TFs of Ce(u) in the dicots
are actually higher than those in the monocots (Table S4 and
Fig. S71), which may not be explained by either the xylem
structures or the exudate compositions. This indicates an ad-
ditional mechanism influencing the translocation of Ce on
top of the xylem structures and the composition of exudates,
e.g., dissolution of nCeO, inside the leaves.

4. Conclusions

In this study, the plant species-dependent transformation
and translocation of nCeO, were comprehensively studied for
the first time. Although the exposure concentration used in
this study is much higher than the predicted environmental
concentration of nCeO, (e.g., 0.25-1 mg kg *)** and natural
background concentration of Ce (48 mg kg™ dry soil),* the
mechanistic understanding of nCeO, behaviour in plants in
this study is of vital importance. Our results suggest that dif-
ferent plant species have different abilities of transforming
and translocating the CeO, NPs and that the mechanisms dif-
fer depending on the chemistry of the surrounding solution
(+P/-P). Plant xylems and root exudate compositions are both
important factors in determining the transformation of
nCeO, and subsequent translocation of Ce species in plants.
Further studies are required to identify the root exudate com-
ponents and the determining components for nCeO, trans-
formation. In addition, the components of root exudates may
vary (e.g., increase of organic acid levels)*® due to ambient
stress (e.g., NP exposure) for the same plant species, and
therefore, extracting and determining the exudate composi-
tion after NP exposure are important. Furthermore, different
plant species respond differently to nCeO, under different
culturing conditions. For some plant species (e.g., corn and
wheat in this study), deficiency of P can increase the poten-
tial phytotoxicity of nCe0,,”” and enhance the accumulation
of Ce (mainly in the form of Ce®") in plants. Besides, defi-
ciency of P is only one of the conditions that might occur for
plants, and more factors (e.g., pH values, redox state, and the
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presence of other ions) that may affect the conditions around
the root should be considered in order to comprehensively
understand the transformation of NPs in plants.
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