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I
ncreasing production and use of nano-
materials have raised concerns about their
potential hazardous effects to the envi-

ronment and human health.1,2 Defining the
behavior of nanomaterials in the environ-
mental and biological systems is a critical
research focus before aiming to understand
their environmental risks.3,4 As an essential
component of the environment, plants play
a crucial role in preserving the ecological
equilibrium as well as providing the food
sources of animals and human beings. The
ongoing production and use of engineered
nanoparticles (ENPs) have greatly increased
the possibility of plant exposure to them, via
an aerial or root pathway. Once adsorbed
to the plant surfaces, the ENPsmay be taken
up, translocated, and stored in different
tissues of plants, followed by being trans-
ferred to the food webs, accumulating in
higher-level organisms, and causing possi-
ble biomagnifications.5,6 Investigations on
the behavior and fate of ENPs within plants
are of great importance for exploring the

mechanism of phytotoxicity and the full-life
cycle risk assessment of ENPs.
Biotransformation, which is defined as

biochemical modification by living organ-
isms, has been studied for a long time on
the common pollutants. In the process of
biotransformation, either enhanced toxicity
or detoxification is possible.7 In terms of
ENPs, they may also be modified by the
ambient environmental media and biologi-
cal systems and their final fate and toxicity
to organisms may be altered.8 Typical trans-
formations of nanomaterials most studied
recently include redox reaction, sulfida-
tion, phosphorylation, and macromolecular/
molecular modification.9 For instance, sulfi-
dation of Ag NPs significantly decreased
their toxicity to Escherichia coli growth due
to the lower solubility of silver sulfide.10

Natural organic matter and humic sub-
stances absorbed on the nanoparticle surface
can significantly change their aggregation
state, surface properties, and toxic effects.8,11

In the case of plants, Parsons et al. found the
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ABSTRACT Biotransformation is a critical factor that may modify the toxicity, behav-

ior, and fate of engineered nanoparticles in the environment. CeO2 nanoparticles (NPs) are

generally recognized as stable under environmental and biological conditions. The present

study aims to investigate the biotransformation of CeO2 NPs in plant systems. Transmission

electron microscopy (TEM) images show needlelike clusters on the epidermis and in the

intercellular spaces of cucumber roots after a treatment with 2000 mg/L CeO2 NPs for

21 days. By using a soft X-ray scanning transmission microscopy (STXM) technique, the

needlelike clusters were verified to be CePO4. Near edge X-ray absorption fine structure

(XANES) spectra show that Ce presented in the roots as CeO2 and CePO4 while in the shoots

as CeO2 and cerium carboxylates. Simulated studies indicate that reducing substances (e.g., ascorbic acids) played a key role in the transformation process

and organic acids (e.g., citric acids) can promote particle dissolution. We speculate that CeO2 NPs were first absorbed on the root surfaces and partially

dissolved with the assistance of the organic acids and reducing substances excreted by the roots. The released Ce(III) ions were precipitated on the root

surfaces and in intercellular spaces with phosphate, or form complexes with carboxyl compounds during translocation to the shoots. To the best of our

knowledge, this is the first report confirming the biotransformation and in-depth exploring the translocation process of CeO2 NPs in plants.
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biotransformation of Ni(OH)2 to Ni2þ in plant shoots
and leaves while no biotransformation occurred in
roots.12 Yin et al. found that the silver speciation in
the roots of Ag NP exposed Lolium multiflorum was
oxidized as Ag(I).13 A recent document reported that
CuO NPs were reduced to Cu2O and Cu2S in maize
plants.14 We recently studied the phytotoxicity and
biotransformation of two kinds of rare earth (RE) oxide
nanoparticles (La2O3 and Yb2O3) in cucumber.15,16

Root elongations of cucumber seedlings were severely
inhibited by both La2O3 and Yb2O3 NPs. Biotransforma-
tion of RE oxide NPs to RE phosphates in the cucumber
roots was observed. Enhanced dissolution of La2O3

NPs and Yb2O3 NPs by root-exuded organic acids was
considered to play an important role in the biotrans-
formation and phytotoxicity of them.
CeO2 NPs have various applications including diesel

fuel-borne catalyst, cosmetic additives, and polishing
agent, etc.17 They also have the promise to be applied
as superoxide dismutase and catalase mimetics due to
their electron transfer abilities.18,19 There have been
many reports on the toxicity of CeO2 NPs to different
organisms such as nematodes and bacteria.20,21 Only a
few reports pertain to the behavior of CeO2 NPs within
higher plants. By means of a radiotracer technique,
Zhang et al. studied the uptake and distribution of two
different sizes of CeO2NPs in cucumber plants.22 Only a
limited quantity of CeO2 NPs could be transported
from the roots to shoots. López-Moreno et al. found
root growth was promoted by CeO2 NPs in cucumber
and corn but reduced in alfalfa and tomato. Ce specia-
tion remained unaltered as CeO2 NPs after uptake by
roots.23 Different biotransformations of ZnO and CeO2

NPs in soybean were also investigated, and Zn was
found only in Zn2þ oxidation state andwas not present
as ZnO NPs inside the plant, which demonstrated the
biotransformation of ZnO NPs. In contrast, CeO2 NPs
did not undergo any biotransformation.24

According to the existing literature, no biotransfor-
mation of CeO2 NPs occurred in plants, which was
mainly due to the highly stable properties of CeO2

NPs. Nevertheless, given that CeO2 NPsmay encounter
different ambient environment across different plant
species, culture media, and growth stages, the behav-
ior and fate of CeO2 NPs in plants would be far more
complicated than the reports indicate. Our recent
works have emphasized the critical role of root-ex-
creted organic acids in enhancing the dissolution and
biotransformation of rare earth oxide NPs. Therefore,
we cannot ignore the potential dissolution and trans-
formation of CeO2 NPs in favor of plant systems.
In the present study, biotransformation of CeO2

NPs in hydroponic cucumber plants was investigated
using multiple methods. Transmission electron micro-
scopy (TEM) was used to observe the distribution of
Ce in roots of cucumber and equipped energy disper-
sive spectroscopy (EDS) was performed on the same

regions to obtain semiquantitative information of
the element composition. Speciation of Ce in the root
samples were analyzed in situ at the cellular scale by
synchrotron radiation based soft X-ray scanning trans-
mission microscopy (STXM) technique. Chemical spe-
cies of Ce in the root and shoot tissues were analyzed
by means of X-ray absorption fine structure (XAFS)
spectroscopy. To explore the mechanism involved in
the biotransformation, we carried out a simulated
study by incubating the CeO2 NPs with four reaction
solutions for 21 days and examined the transformation
by infrared spectroscopy (IR) and TEM. This research
will facilitate the understanding of the transformation
of nanomaterials and forecasting of their fate and toxicity
in the environment and biological systems.

RESULTS AND DISCUSSION

Ce Contents in Tissues of Cucumber. Neither CeO2 NPs
nor commercial bulk CeO2 showed toxicity to cucum-
ber biomass production even up to 2000mg/L in a pre-
experiment (Supporting Information, Figure S2). Ac-
cording to the US EPA guideline (1996),25 CeO2 NPs can
be considered as minimal toxicity on test plant species
under such a high concentration. Nevertheless, distri-
bution of CeO2 NPs in tissues should be determined for
understanding their ultimate fate in plant and environ-
ment systems. Total Ce contents in tissues of cucumber
treated with 2000 mg/L were determined and the re-
sults are shown in Figure 1. The majority of Ce in the
plants accumulated in the roots. Concentrations of Ce
in the leaves and stems are similar.

Distribution of Cerium in the Cucumber Roots. TEM is a
commonly used technique to locate the NPs in tissues.
Nanoparticles with high electron density in contrast to
the surrounding tissues can be easily observed and the
elemental information can be obtained qualitatively
and semiquantitatively by the equipped EDS. Many
studies have reported the uptake and distribution of
NPs in tissues observed by TEM technique.26,27 How-
ever, up to now, there is still no report pertaining to the
TEM observation of CeO2 NPs in plant tissues. Herein,
we examined the root tissues of cucumber plants by

Figure 1. Ce contents in tissues of cucumber treated with
CeO2 NPs for 21 days.
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TEM and Ce-bearing particles were found in the roots.
Although the roots were washed by flow tapwater and
deionized water for several times, a large number of
CeO2 NP agglomerates were still found on the outer
epidermis (Figure 2A). This is in accordance with the
previous report.22 However, differently, except for the
CeO2 NPs, many needlelike clusters were also found
mixedwith the NPs (Figure 2B). We can also find a large
number of needlelike clusters scattering in the inter-
cellular regions of the root (Figure 2C,D). To determine
the elemental composition of these clusters, an EDS
spot-scanning technique was performed on clusters
both on the root epidermis (Figure 2E) and in the
intercellular regions (figure not shown). The atomic
ratio of Ce/P was close to 1, indicating the composition
of these clusters may be CePO4. It is well-known that
RE3þ ions can be easily captured by PO4

3� and form
insoluble REPO4 (solubility product = 10�24�10�26).28

It is reported that the sorbed Ce3þions on the cell

surface of Saccharomyces cerevisiae can react with
PO4

3� released from inside the yeast cells and form
the Ce(III) phosphates nanocrystallites.29 Phosphate
anions may also bind with the surface cerium(III) of
CeO2 NPs and form CePO4, resulting in the shift of the
SOD activity and the catalase mimetic activity of CeO2

NPs.30 Although the existing literatures and EDS results
show the possibility that these needlelike clusters in
our results might be CePO4, to confirm it, it is still
necessary to further identify their chemical species.

In Situ Speciation of Cerium in the Roots. STXM is a
powerful technique to map the chemical composition
in situ at cellular level with high spatial resolution of
better than 30 nm. Chemical mappings of RE com-
pounds (LaPO4 and YbPO4) in plant cells using STXM
have been reported recently.15,16 In the present work,
cross sections of 1.5 μm thickness adjacent to those for
TEM observation were chosen for STXM stack analysis
to obtain the spatial distribution of Ce-components. Ce
distributions on root epidermis and in intercellular
regions were proved by dual energy analysis (Figure 3B
and F). Stack analyses were then applied on these Ce
distributing region and presented as a color-coded
map (Figure 3C,G). Near edge X-ray absorption fine
structure (XANES) spectra (Figure 3D) extracted from
the color-codedmap on the root epidermis (Figure 3C)
clearly exhibit amixture of characteristic peaks of CePO4

and CeO2. While in intercellular spaces, the red color
spectrum (Figure 3H), which was extracted from the red
particles in the color-coded map (Figure 3G), shows
exactly the same feature as CePO4. Combining these
results with the TEM/EDS results, we substantiated that
these needlelike clusters on root epidermis and in
intercellular spaces are CePO4. There are several types
of NPs that have been proved to be transformed in
plants.12,24 However, in the caseof CeO2NPs, there is still
no direct evidence on the biotransformation of them in
biological systems to date. Although several reports
claimed that CeO2 NPs underwent valence change
and transformation, unfortunately, there was a lack of
sufficient evidence to prove the presence and the
chemical compositionof the transformationproducts.30,31

To the author's knowledge, this is the first report confirm-
ing the biotransformation of CeO2 NPs and determining
the transformation products.

Speciation Analysis of Cerium in the Cucumber Plants by
XANES. Because of the low content of Ce in leaf and
stem tissues, it is hard to find the CeO2 or Ce-bearing
particles in the places of interest and thus in situ detec-
tion by TEM or STXM is difficult. Therefore, synchrotron
radiation based XANES technique was applied to de-
termine Ce speciation in the roots, stems and leaves.

XANES at the LIII threshold has been the most
powerful method to determine the valence of REs.32

Normalized Ce-LIII-edge XANES spectra of standard
compounds and cucumber samples were shown in
Figure 4. Three typical features can be found from the

Figure 2. TEM images of the cross sections from the apical
meristem region of the cucumber roots treated with 2000
mg/L CeO2 NPs for 21 days. (A) image of the root epidermis;
(C) image of the intercellular spaces; Panel B and D were
respectively the magnification of the highlighted rectangle
area in panels A and C; (E) EDS spectrum collected from the
clusters (identified by the arrow) in panel B. cw: cell wall.
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spectra which are respectively the low energy feature
A and the high energy feature B and C. Feature A is
attributed to the characteristic peak of Ce(III) oxidation
state such as CePO4 and Ce(NO3)3 herein. The feature B
and C, which are described as mixing of multielec-
tron configurations 4f0L and 4f1L, are the characteristic
peaks of Ce(IV) oxides and compounds.33 This spectral
difference is an important criterion for distinguishing
Ce compounds of the two different oxidation states.

In the root samples, the spectra obviously exhibit a
mixture of features B and C. Comparedwith the spectra
of standard compounds, the feature B in the spectra of
roots merged into feature A and almost disappeared.
This indicates the coexistence of Ce(III) and Ce(IV)
oxidation states in the root samples, which sufficiently
proves that Ce(IV) of CeO2 NPs was partially reduced to
Ce(III). Ce oxidation state in the leaves and stems were
also examined by XANES. Despite of the noise distur-
bance in the spectra of the leaves and stems due to
the low Ce contents, we can also see from the XANES
spectra that both Ce(III) and Ce(IV) oxidation states
existed and the spectra are similar to that of the roots.
To obtain the quantitative information of the Ce spe-
ciation, linear combination fitting (LCF) was performed
on the normalized XANES spectra using CeO2, CePO4,
and Ce(CH3COO)3 as the reference compounds. Herein,
we choose Ce(CH3COO)3 as the representation of cer-
ium carboxylates which possibly formed in plants. The
fitting spectra and parameters indicate that the fitting
results are satisfying and convincible (Supporting Infor-
mation, Figure S3). LCF results show that Ce species
in the roots presented as 66% CeO2 and 34% CePO4.
However, Ce species presented in the stems as 86.4%
CeO2 and 13.6% cerium carboxylates, and in the leaves
as 78.5% CeO2 and 21.5% cerium carboxylates. These
results suggest thatpartof theCeO2NPswere transformed

Figure 3. (A and E): TEM images of root cells; (B and F): Cemaps of rectangle area in panels A and E obtained by a ratio of 886
and 888 eV images. Color bar values are estimated fromCe absorption coefficients and X-ray absorptionmeasurements (in g/
cm2). The calculated surface densities are respectively between 1.1� 10�5 to 6.4� 10�5 g/cm2 and 2.4� 10�6 to 2.8� 10�5 g/
cm2; (C and G): color-coded maps of Ce-components in panels B and F derived from an STXM Ce M edge stack analysis. The
order of Ce contents is as follows: green > red > yellow; blue color represents the non-Ce regions; Panels D and H are
respectively the XAFS spectra extracted from the image sequences of panels C and G. The black line spectra above belong to
the standard compounds and the colored spectra below belong to the root samples. The vertical red dotted lines indicate the
characteristic peaks of CePO4 and the dash lines indicate the characteristic peaks of CeO2 NPs.

Figure 4. XANESCe LIII-edge spectra (5723 eV) of root, stem,
and leaf of cucumber plants treated with 2000 mg/L CeO2

NPs for 21 days. Vertical dash line and dotted line marked
the feature of Ce(III) and Ce(IV) compounds, respectively.
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to Ce(III) species in the whole plants. It should be noted
that the quantitative information in the roots may not
reflect the absolute component proportion due to
uncertainty of the washing process. But the clear
difference that can be seen is that Ce(III) speciation
exhibits as CePO4 in roots while as cerium carboxylates
in stems and leaves. Roots were abundant in PO4

3�

because they were completely immersed in the nu-
trient solution. Most of the released Ce3þ was precipi-
tated as insoluble CePO4 and immobilized in the roots.
A small part of the Ce3þmay be transported with CeO2

NPs to the shoots via the water flow and complexed
by carboxyl-containing substances.34 CeO2 NPs ac-
counted for the most proportion of Ce species in the
leaves and stems. These results confirm the biotrans-
formation of CeO2 NPs and provide direct evidence of
the translocation of CeO2 NPs and the transformed
products from the roots to shoots. It is possible that the
CeO2 NPs may also be transformed to Ce(III) in plants.
Further studies are required to validate this hypothesis.
The residual materials in the exposure solution at
the end of the growth period were also analyzed by
XANES (Supporting Information, Figure S4). The spec-
trum shows the same feature as the CeO2. LCF analysis
shows that the residual materials were composed of
97.2%CeO2 and 2.7%CePO4, which indicates thatmost
of the CeO2 NPs in the exposure solution remained
unaltered. This indirectly suggests that most of the
transformation of CeO2 occurred on the root surface
rather than in the exposure solution.

Transformation of CeO2 NPs by Simulated Studies. Trans-
formation of nanoparticles either chemically or biolog-
ically may alter their behavior and toxicity in the
environment. The factors that affect the transforma-
tion in the biological system are complicated. Redox
potential of the ambient environment will play an
important role in the transformation of NPs which are
composed of elements with changeable valences.
Natural water and aerated soil are always in an oxidizing
environment, while a hydroponic system and non-
aerated soil such as a wetland are predominantly in a
reducing environment.9,35 Additionally, plants can pro-
duce reducing substances such as reducing sugars and
phenols which will result in redox reactions.14

Microbes surrounding the plant roots can also pro-
duce abundant reducing substances in their metabolic
processes.36 In the present study, CeO2 underwent the
valence change from Ce(IV) to Ce(III), therefore, it is
reasonable to consider that reducing agents would be a
critical factor involved in the transformation. In addition,
dissolution of nanoparticles is also an important step
in the transformation process. Factors stimulating the
dissolution will undoubtedly promote the transforma-
tion of nanoparticles. Biogenic organic acids have
been suggested to be an important factor which may
stimulate the biotransformation of nanoparticles in
plants.15,16 Plant roots can create a microenvironment

around the roots called a rhizosphere by secreting
large quantities of substances including organic acids.
Therefore, we consider that CeO2 NPs might be re-
duced first and released as Ce3þ with the assistance of
reducing substances and organic acids, and then the
Ce3þ was precipitated with PO4

3‑ or complexed by the
carboxylates.

On the basis of the hypothesis above, simulated
transformations of CeO2 NPs in different aqueous
media were examined. The IR spectra of the products
were shown in Figure 5. After incubation in a solu-
tion composed of KH2PO4 or KH2PO4þ citric acid for 21
days, the spectra show a clear broad peak at 490 cm�1

that belongs to CeO2 NPs. Features at 1185 and
980 cm�1 are attributed to νsPO2 and νP�OH and no
typical features of νasPO2 in CePO4 at 1043 cm�1 were
observed. These suggest that H2PO4

� or HPO4
2� were

absorbed on the surface of CeO2 NPs but no CePO4was
formed. When the incubation solution contained
ascorbic acids (Vc), the feature at 1043 cm�1 appeared
and the peak intensity at 490 cm�1 decreased com-
pared to that in the solutions without Vc. These indi-
cate the reduction of CeO2 NPs and the formation of
CePO4. Additionally, comparing the peak intensity at
1043 cm�1, we can see that citric acid promoted the
formation of CePO4. More evidence were further pro-
vided by TEM images as shown in Figure 6. In the treat-
ment without Vc, CeO2 NPs remained in the pristine
crystal form (Supporting Information, Figure S5A).
When cultured in media KH2PO4 þ Vc, dendritic crys-
tals appeared (Figure 6A). HRTEM results show clear
(111) and (100) fringe lattices with the interplanar
spacings of 0.31 and 0.61 nm, which are respectively
attributed to cubic phase CeO2 and hexagonal phase
CePO4 (Figure 6B). When incubated in KH2PO4 þ citric
acidþ Vc, more dendritic crystals with large quantities
of adsorbed and embedded CeO2 NPs were observed
(Figure 6C). As seen from the HRTEM image (Figure 6D),
interplanar spacings of 0.61 and 0.43 nm are attributed
to (100) and (101) fringe lattices of CePO4. Clear fringe
lattices (111) and (002) which are attributed to CeO2

Figure 5. IR spectra of CeO2 NPs incubated in different
media for 21 d.
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can also be found. In addition, the (111) and (100)
planes are along the same direction, and we found
many dendritic crystals with the (111) plane but with
larger size than pristine CeO2 NPs (Supporting Informa-
tion, Figure S5B). These suggest that CeO2 NPs may
assemble along the (111) plane and grow to CePO4

ultimately. The results above suggest that a reducing
substance is a critical factor resulting in the biotrans-
formation of CeO2 NPs. Organic acids can stimulate the
continuous dissolution of CeO2 NPs.

Commercial CeO2 NPs were also studied and
similar clusters on the root epidermis were observed
(Supporting Information, Figure S6A�D). EDS was also
performed on the clusters and the results were similar
to that of 7 nm CeO2 NPs, while the difference is that
the number of transformed CeO2 NPs was relatively
less than that of the 7 nmCeO2 NPs and no clusters can
be found in the intercellular spaces for the commercial
CeO2 NPs treated cucumber plants. This may be due
to the different physicochemical properties (e.g., size,
chemical reactivity, etc.) of the commercial CeO2 NPs.
We also examined the biotransformation of CeO2 in
other plants. TEM images of the roots of soybean
treated with 7 nm CeO2 NPs were shown in Supporting
Information, Figure S7. Similar needlelike clusters were
observed on the root surfaces and in the intercellular

spaces (Figure S7), indicating that the biotransforma-
tion can occur in different plant species.

CeO2 NPs are always used as the insoluble model
material to study the behavior of nanoparticles in
biological or environmental systems and compared
with other soluble nanomaterials such as ZnO NPs.37

Phosphates widely exist in environmental and biologi-
cal systems and are the base components of the buffer
solution in laboratory researches. Organic acids also
have wide distribution in the environment and plants.
For instance, concentration of oxalic acid and citric
acid in plant cells and tissues can be as high as 1 mM.38

In addition, plants can produce many reducing sub-
stances such as catechol and reducing sugars. Given
that, CeO2 NPs may undergo biotransformation when
in contact with biogenic reducing substances with
the assistance of PO4

3� and organic acids, then their
ultimate fate and toxicity may be changed. Therefore,
data regarding toxicity of pristine CeO2 NPs are not
informative enough. Seen from our results, more com-
plicated interactions between nanoparticles and the
biological systems should be recognized and the feasi-
bility of using CeO2 NPs as the representative insoluble
nanomaterial should be reassessed. Transformation,
ultimate fate, and toxicity of nanoparticles in both
ambient media and biological systems should be
detailed addressed in future studies.

CONCLUSION

CeO2 NPs with high stability can undergo biotrans-
formation in plant systems. Biogenic reducing sub-
stances and organic acids as well as PO4

3� may be
the key factors involved in the biotransformation pro-
cess. The results presented in this manuscript highlight
the importance of the biological system in the trans-
formation of nanoparticles. The modification of nano-
particles in the transformation will not only change
their fate and toxicity, but also may cause dysfunction
of their beneficial application such as delivery systems
and imaging agents for plants. Therefore, the mechan-
isms and extent of these transformations should be
addressed in future studies not only for the risk assess-
ment but also for the proper application of nano-
particles.

MATERIALS AND METHODS

Synthesis and Characterization of CeO2 NPs. CeO2 NPs were syn-
thesized by a precipitation method as described in a previous
literature.22 The particle shape and structure were assessed by
TEM (JEM 200CX, Japan) and XRD (X'pert PRO MPD, Holland).
The TEM image shows that the NPs present a truncated octa-
hedral shape with an average size of 6.9 ( 0.4 nm (Supporting
Information, Figure S1A). The XRD pattern indicates that the
peaks can be indexed to pure fluorite cubic structure (Figure S1B).
Particle size and zeta potential of the CeO2 NPs (a suspension of
20 mg/L) were assessed by a Nicomp 380 ZLS Zeta potential/

Particle system (PSS Nicomp, Santa Barbara, CA, USA). Hydro-
dynamic sizes of the CeO2 NPs in deionized water and the
nutrient solution are 40.2 ( 7.2 nm and 691.7 ( 26 nm,
respectively. Zeta potentials of the CeO2 NPs in deionized water
and the nutrient solution are 32.9( 8.5mV and�15.1( 3.5mV,
respectively.

Seedling Culture and Nanoparticles Application. Cucumber seeds
were purchased from Chinese Academy of Agricultural Sciences.
Seedswere immersed in 10%NaClO solution for 10min, followed
by a rinse with deionized water to ensure the surface sterility.
Then the seeds were arrayed in Petri dishes with moist filter
papers and placed in the dark in an artificial climatic chamber

Figure 6. TEM images of CeO2 NPs incubated in media
KH2PO4þVc (A) andKH2PO4þ citric acidþVc (C). Panels Band
D were magnification of the rectangle areas in panels A and C.
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at 25 �C. After 3 days incubation, uniform seedlingswere selected
and each seedling was anchored by a plastic foam with a hole
and transferred into a 250 mL beaker containing 100 mL of
modified 1/4 strength Hogland solution. Six replicates were set.
The seedlings were allowed to grow in a growth chamber (PRX-
450C, Saifu, China) with a day/night temperature of 27 �C/18 �C,
day/night humidity of 50%/70% and 16 h photoperiod (light
intensity of 1.76 � 104 lux) for 10 days before treatment. CeO2

NPs were then added into the nutrient solution to a concentra-
tionof 2000mg/L followedbyultrasonic pretreatment for 15min.
The seedlingswereplaced in the growth chamber and allowed to
grow for three weeks. The solution in each beaker was replen-
ished tomaintain a constant volume (100mL) with fresh nutrient
solution every other day.

Ce Contents Determination by ICP�MS. At the end of the growth
period, the seedlings were harvested and washed thoroughly
with deionized water, and then lyophilized with a freeze-dryer.
Roots and shootswere separated andweighed. The dry samples
were ground to fine powders and digested with a mixture of
HNO3 and H2O2 on a heating plate. Total Ce contents in the
plant tissues were measured by ICP�MS.

Transmission Electronic Microscopy Observation and Energy Dispersive
Spectroscopy. After a 21d treatment, cucumber rootswerewashed
with deionized water thoroughly and the root apexes were cut
and fixed in 2.5% glutaraldehyde solution. Then they were
dehydrated in a graded acetone series and embedded in Spurr's
resin. Ultrathin sections (90 nm) were obtained using an UC6i
ultramicrotome (Leica, Austria) with a diamond knife. The sec-
tions were collected on copper grids followed by staining with
uranyl acetate and lead citrate and observed on a JEM-1230
(JEOL, Japan) transmission electron microscope operating at
80 kV. TEM/EDS spectra were collected on a TEM (Oxford Instru-
ments, Oxfordshire, UK) equipped with energy dispersive X-ray
spectrometer with a beam diameter of 25 nm. More than 10 sec-
tions cut from different roots were examined.

Soft X-ray Scanning Transmission Microscopy. Ce M4,5 edges X-ray
absorption near edge structure (XANES) measurements and
STXM imaging were performed at the beamline BL08U1 of the
Shanghai Synchrotron Radiation Facility. CeO2 NPs, CePO4,
Ce(NO3)3 3 6H2O as well as Ce(CH3COO)3 3 6H2O were chosen as
the standard materials. The standard materials were ultrasoni-
cally dispersed in ethanol and deposited on a TEM grid. Samples
of root sections with a thickness of 1.5 μmwere prepared by the
protocols as described in the process of TEM sample prepara-
tion. The grids were fixed on a sample holder and loaded into
the experimental chamber. First, a dual-energy method was
performed on the chosen regions of the sample and a Ce-
elementmapwas derived by calculation to ensure the existence
of the Ce-component in the regions. Then, image sequences
(called “stack”) were acquired at multiple energies spanning
the relevant element absorption edge (from 884 to 915 eV
for Ce M4,5 edge). Then they were aligned via a spatial cross-
correlation analysis method. Finally, XANES spectra were ex-
tracted from groups of pixels that have similar absorption fea-
tures within the image region of interest using the IDL package
aXis2000.

X-ray Absorption Spectroscopy. Samples of cucumber treated
with 2000 mg/L CeO2 NPs were collected and washed thor-
oughly with deionized water at the end of experiment. Leaves,
stems, and roots were separated and lyophilized with a freeze-
dryer. The dried samplesweremotor homogenized andpressed
into thin slices with diameter of 10 mm and thickness of 2 mm.
XAS spectra were collected on beamline 1W1B at Beijing
Synchrotron Radiation Facility. The ring storage energy of the
synchrotron radiation accelerator during data collection was
2.5 GeV with current intensity of 50 mA. CeLIII-edge spectrum of
the root sample was collected using transmission mode. Fluo-
rescence mode was applied for collection of CeLIII-edge spectra
of stems and leaves using a 19-element germanium array solid
detector. CePO4 and Ce(CH3COO)3 as well as CeO2 NPs were
used as standard compounds. Athena software was used to
process the normalization and liner combination fitting (LCF) of
the XANES spectra. At the end of growth period, the exposure
solutions were lyophilized after the plants were harvested and
analyzed by XANES.

Simulation Studies on the Biotransformation of CeO2 NPs. Four
reaction solutions, which separately were composed of KH2PO4,
KH2PO4þ citric acid, KH2PO4þ ascorbic acid (Vc), and KH2PO4þ
citric acid þ Vc, were prepared. The final concentrations of all
the components were set as 1 mM, and the pH values were
adjusted to 5.5 whichwere same as that of the nutrient solution.
CeO2 NPs were added to the solutions with stirring and ultra-
sonication. The final concentrations of CeO2 NPs in the suspen-
sionswere 200 and 2000mg/L. After a 21 d static incubation, the
2000 mg/L suspensions were centrifuged and washed with
deionized water for three times. The pellets were lyophilized
under�50 �C, quantitatively mixed with KBr and finely grinded
and pressed into transparent slices. The infrared spectra (IR)
were recordedonan IR spectrometer (Tensor 27, Bruker,Germany)
in the wavenumber range of 400�4000 cm�1. The CeO2 NPs
suspensions of 200mg/L in the series of reaction solutions were
used for TEM observation.
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