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" Pumpkin and wheat were exposed to
CeO2 nanoparticles in hydroponics at
100 mg L�1.

" Treatments included pure, gum
arabic- and fulvic acid-containing
nutrient solutions.

" None of the plants exhibited reduced
growth or any toxic response.

" CeO2–NPs translocated into
pumpkin shoots but not into wheat.

" The presence of organic matter
affected the amount of CeO2

associated with roots.
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An important aspect in risk assessment of nanoparticles (NPs) is to understand their environmental inter-
actions. We used hydroponic plant cultures to study nanoparticle–plant-root interaction and transloca-
tion and exposed wheat and pumpkin to suspensions of uncoated CeO2–NP for 8 d (primary particle
size 17–100 nm, 100 mg L�1) in the absence and presence of fulvic acid (FA) and gum arabic (GA) as rep-
resentatives of different types of natural organic matter. The behavior of CeO2–NPs in the hydroponic
solution was monitored regarding agglomeration, sedimentation, particle size distribution, surface
charge, amounts of root association, and translocation into shoots. NP-dispersions were stable over 8 d
in the presence of FA or GA, but with growing plants, changes in pH, particle agglomeration rate, and
hydrodynamic diameter were observed. None of the plants exhibited reduced growth or any toxic
response during the experiment. We found that CeO2–NPs translocated into pumpkin shoots, whereas
this did not occur in wheat plants. The presence of FA and GA affected the amount of CeO2 associated
with roots (pure > FA > GA) but did not affect the translocation factor. Additionally, we could confirm
via TEM and SEM that CeO2–NPs adhered strongly to root surfaces of both plant species.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Engineered nanomaterials (ENMs) are used in many commer-
cial products and applications, and it is certain that the large quan-
tity of ENM-production and use will result in exposure of these
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materials to the environment (Gottschalk and Nowack, 2011).
Exposure modeling has shown that soils are important sinks for
ENM, especially in countries where sludge application on agricul-
tural land is a standard procedure (Mueller and Nowack, 2008;
Gottschalk et al., 2009). As a result, ENM will inevitably interact
with plants growing in these soils.

Contrasting results were published so far about uptake of NP by
plants. Birbaum et al. (2010) could not find translocation of 38 nm
CeO2 in soil-irrigated or directly aerosol-exposed maize plants.
Also, 20 nm TiO2 particles were not translocated into wheat shoots
although they were found in roots (Du et al., 2011). Other studies
observed uptake on NP: 7 nm CeO2 particles were taken up into
seedlings of cucumber, alfalfa, tomato, and corn at concentrations
up to 4000 mg L�1 (Lopez-Moreno et al., 2010). 7 and 25 nm
CeO2 particles were shown to be translocated to the shoots of
cucumber (Zhang et al., 2011). Also for TiO2 and CuO, it was shown
that cucumber and maize were able to translocate the particles
from the roots to the shoots (Servin et al., 2012; Wang et al., 2012).

Various factors influence uptake and translocation of particles
within the plant, mainly size, agglomeration state, shape, dissolu-
tion rate, and surface chemistry (Stark, 2011). Differences between
plant species are also important. It was demonstrated that Fe3O4-
particles (min. size 20 nm) were translocated from the roots to
the leaves of pumpkin plants but not of lima beans (Zhu et al.,
2008). 10, 30, and 50 nm Ag particles were taken up by tobacco
but not by wheat (Judy et al., 2012).

So far, the influence of the presence of organic matter in the
medium on ENM uptake into plants has not been studied. The up-
take of C60 and CNT by rice plants in the presence of NOM was
investigated (Lin et al., 2009), but this study did not include a
NOM-free control, and thus, the effect of NOM could not be eluci-
dated. What has been done so far in several studies was that NP
coated with organic matter were added to the medium. For exam-
ple, Ag-NP coated with tannic or citric acid (Judy et al., 2012) or
gum arabic-coated Ag-NP (Yin et al., 2011) were exposed to plants.
Uptake of CNTs coated with gum arabic or fulvic acid into wheat or
rape was compared (Larue et al., 2012). Also, citrate-coated and
bare Ni-hydroxide particles were compared (Parsons et al., 2010).
In all these experiments, the coated NP were added to the nutrient
solution, but no additional organic matter was present in solution.

Organic matter is a ubiquitous component of soils. High
molecular-weight NOM favor the formation of large aggregates
with ENMs, whereas low molecular-weight NOM stabilize
dispersed particles (Navarro et al., 2008). Furthermore, the surface
charge of ENM might be altered by NOM interactions. Thus,
stability of ENM dispersions might be improved due to increased
electrostatic or steric repulsion (Domingos et al., 2009). It has been
shown that stabilization of CeO2–NP dispersion with polyacrylic
acid is due to higher steric repulsion (Sehgal et al., 2005; Limbach
et al., 2008). Polyacrylic acid has very similar chemical properties
to fulvic acid (Navarro et al., 2008). The detailed characterization
of form and state of ENMs during the experiment are the key as-
pects for identifying impact and risk of ENMs (Powers et al.,
2007; Montes-Burgos et al., 2010; Scown et al., 2010; Stone
et al., 2010; Handy et al., 2012).

The aim of this study was to characterize the effects initiated by
plant root growth and natural organic matter on CeO2–NP behavior
in a controlled hydroponic system. We studied two economically
important plants, spring-wheat that after corn and rice is the most
important crop plant and pumpkin because of its large xylem sizes.
CeO2–NPs are industrially used in semiconductor manufacturing,
as fuel additives and for polishing lenses (Limbach et al., 2008). They
combine a low background signal in plants with insolubility under
environmental conditions and remain unaltered after uptake by
plant roots (Birbaum et al., 2010). For higher environmental
relevance, we used two different forms of NOM, FA and GA (Street
and Anderson, 1983). Additionally, both served as stabilizers for
NP-dispersions. Particle size, agglomeration state, and surface
charge were monitored over the entire time of the experiments.
Furthermore, plant growth parameters: relative chlorophyll-content
of leaves, biomass development, root/shoot ratio, and phenotypic
detection of chlorosis were documented to estimate possible
phytotoxicity.
2. Materials and methods

2.1. Materials

The CeO2-particles used here were produced by flame-
spray-synthesis as described and characterized before (Grass and
Stark, 2006; Limbach et al., 2008). In short, NPs were uncoated
99.9% pure CeO2 with particle-sizes (measured as average diameter
in TEM images) between 17 and 100 nm. XRD (X-ray diffraction) re-
vealed a primary particle size of £ 38 nm and DLS (dynamic light
scattering) a hydrodynamic diameter in pure water of £ 110 nm.
The specific surface area was calculated from BET to be
22.3 ± 0.16m2 g�1.

2.2. Hydroponic system

The plants were grown in Hoagland medium as described by
Tandy et al. (2006). For wheat, a 10% strength medium was used,
resulting in 3.2 mM ionic strength; for pumpkin, 20% strength Hoa-
gland was utilized due to the higher nutrient demand of this plant.
The media were adjusted to pH 5.6 by 2 M KOH and buffered with
5.1 mM MES (2-N-morpholino-ethanesulfonic acid).

The NPs were dispersed at a concentration of 2 g L�1 CeO2 in
Hoagland medium by ultrasonication (Ultralab 4000, B. Braun, D)
at 180 W for 12 min and diluted to a final concentration of
100 mg L�1 CeO2–NPs. The Ce-content of the 100 mg L�1

CeO2–NP solution was 81.4 mg L�1. As dispersing agent, either
10 mg L�1 gum arabic (GA) (Sigma Aldrich) or 15 mg L�1 fulvic acid
(FA) (Suwannee River Fulvic Acid Standard I; IHSS) were added to
the media. These concentrations are representative for organic
matter in soil systems in all soil depth (Kalbitz et al., 2000). Four
different treatments were prepared:

(1) Control (medium of 10% for wheat or 20% for pumpkin
Hoagland solution).

(2) CeO2 pure (medium + 100 mg L�1 CeO2–NPs).
(3) CeO2 + FA (medium + 100 mg L�1 CeO2–NPs + 15 mg L�1 fulvic

acid).
(4) CeO2 + GA (medium + 100 mg L�1 CeO2–NPs + 10 mg L�1

gum arabic).

2.3. Solubility of CeO2–NPs and nutrients

To determine the solubility of CeO2–NPs and to quantify nutri-
ent ions in the medium, samples were filtered through 30 kDa cel-
lulose membranes in 15 mL tubes (Millipore, Billerica, MA, USA)
and analyzed for Ce and other elements (P, Ca, Fe, Mg, Mn, Na).
Nutrient-concentrations in mg L�1 (ppm) were measured via ICP-
OES (ICP-OES-MPX, Varian, CH) in the different Hoagland solutions
after incubation of 20 d without plant growth. Solutions as de-
scribed before, in addition: FA = 10% Hoagland + 15 mg L�1 FA;
GA = 10% Hoagland + 10 mg L�1 GA, were analyzed.

2.4. Plants and growth conditions

Wheat (Triticum aestivum var. Sella) and pumpkin (Cucurbita
maxima, var. Gelber Zentner) seeds were purchased from UFA-
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Samen (Fenaco Genossenschaft, Winterthur, CH). The seeds were
surface sterilized with 6% NaOCl solution for 10 and 15 min,
respectively. Afterward, they were rinsed 5 times in Millipore
water and put on germination paper. Wheat seeds were kept at
room temperature (RT) for 4 d in the dark and than 1 d in light, irri-
gated with Millipore water, before transplanted to the hydroponic
system. Pumpkin seeds were kept 5 d in the dark at 28 �C and then
2 d in light at RT, wetted with Millipore water, before transplanted
to the hydroponic system. Each plant was grown in an individual
1 L bottle with solution aeration.

Plants were grown in an airflow-climate-control-chamber
(Kälte 3000, Landquart, CH) in 14.5 h daylight cycles (see
Table S1, Supplementary material for details). Wheat and pumpkin
were grown under control conditions for 21 d on 1 L 20% Hoagland
control-medium (replaced every 7 d). Plants were then exposed to
the above-described treatments for 8 d in 1 L bottles (for further
details on plant growth see Supplementary material). Each day
samples of 2 mL were taken from the supernatant, avoiding resus-
pension of CeO2 attached to roots and container walls, for analysis
of suspended CeO2 and for particle characterization, wheat plants
evapotranspired 50 mL and pumpkin plant around 200 mL during
the treatment time, and these losses were considered in measure-
ments of concentration. On day 8 of treatment, the plants were re-
moved from the bottles and divided into roots and shoots. The
shoots were weighed and oven dried at 70 �C. The roots were
rinsed 10 times in DI water, dried with tissues, weighed, and dried
at 70 �C.

2.5. Particle size and surface charge of CeO2

During each day of treatment, the particle size distribution of
the NP was recorded via NTA (nanoparticle tracking analysis) using
a NanoSight LM20, (NanoSight Ltd., Wiltshire, UK). Each sample
was analyzed 3 times, and the count values for each nm between
1 and 500 were summed up and converted into relative intensity.
On treatment-day 1 and 8, the hydrodynamic diameter and the
surface charge of NPs in the media were measured with a Zetasizer
3000 (Malvern, Worcestershire, UK) in three replicates per sample,
10 measurements each.

2.6. Quantification of cerium in particles, suspension and plant
material

Quantification of Ce was carried out after a 2-step acid digestion
with conc. HNO3 for 120 min and in a 2nd step with an addition of
38% H2O2 in a microwave oven (lavis Ethos EM-2, MLS GmbH, Leu-
tkirch, D), with a maximum temperature of 165 �C. After digestion,
the samples were diluted to 25 mL with DI water. Ce concentra-
tions in the supernatant of hydroponic bottles were measured via
ICP-OES-MPX after the described 2-step acid digestion, following
(Limbach et al., 2008). Shoot-Ce-content was measured via ICP-
MS (ICP-MS-920, Varian, CH) from 200 mg of dried plant material
after the described 2-step acid digestion.

2.7. Imaging of particles via transmission electron microscopy (TEM)

Nanoparticle imaging was carried out on a CM 12 transmission
electron microscope (FEI, Eindhofen, NL) operated at 100 kV. Prior
to the measurements, media samples were diluted 1:1000 using
Millipore water. Preparation was done by placing carbon-coated
copper grids that were glow-discharged for 45 s (Emitech K100X,
GB) on holders for centrifugal tubes. 3 mL of diluted sample were
added, and NPs were centrifuged with 3000 rpm for 180 min in a
90� angle onto the grid. After centrifugation, the grids were briefly
dipped in Millipore water, and the excess moisture was drained
along the periphery using a piece of filter paper.
2.8. Imaging of particles on root surfaces via scanning electron
microscopy (SEM)

For preparation of SEM samples, the roots were gently rinsed in
double distilled water. The preparation of samples and analysis by
SEM is described in the Supplementary material.

3. Results

3.1. CeO2–NP concentration in Hoagland media

Fig. 1a shows that the total Ce-concentration in supernatants of
10% Hoagland media in hydroponic bottles remained constant over
a time of 8 d after dispersion with FA or GA, with no difference be-
tween stabilizers. In 20% Hoagland medium, dispersed particles re-
mained stable over 5 d before the concentration decreased slightly
when FA or GA were present (data not shown). In contrast, all par-
ticles sedimented within 3 d when pure CeO2 was dispersed in 10%
or 20% Hoagland media.

Ce concentrations in the supernatant changed in the presence of
plants (Fig. 1b and c). The Ce-concentration in CeO2 + FA and
CeO2 + GA suspensions was reduced when compared to initial con-
centrations by 36% and 18% in wheat media and 36% and 26% in
pumpkin media, respectively. In the pure CeO2 treatment of wheat
and pumpkin, particle behavior was the same as without plants.
Within each experiment (without plant, wheat-medium, pump-
kin-medium), the concentrations did not significantly differ be-
tween treatments on day 1. From day 2 on, the concentrations
were always significantly lower (p < 0.01) in the CeO2 treatment
than in the FA and GA treatments, while the FA and GA treated
media showed no significant concentration difference (p < 0.01)
in any of the treatments during the entire experiment.

3.2. Nutrients and CeO2 solubility in Hoagland media

To test the solubility of 100 mg L�1 CeO2-particles, a filter-
experiment with the four different growth media was carried
out. After filtration of all treatment and control media, we could
not detect any Ce via ICP-OES, with a detection limit for Ce of
0.1 mg L�1. Therefore, less than 0.1% of the CeO2 was dissolved.
The concentrations of nutrients in the growth media are shown
in Table S2 (Supplementary material). In control Hoagland
medium, we could detect 92–108% of the added nutrients after
filtration of 20 d old samples. This was also true for Ca, Fe, Mg,
Mn and Na in the 20 d-incubated CeO2-dispersions. Only the
P-concentration was reduced by 17%, 6%, and 20% for pure, FA,
and GA CeO2-dispersions compared to NP-free control media and
initial concentration of 100 lM KH2PO4. Wheat plants increased
the pH from the initial 5.6 to 6.1, whereas pumpkin plants
decreased the pH down to 5.2–5.0 (Table 1).

3.3. Zeta potential

The zeta potential of 100 mg L�1 CeO2–NPs in Millipore water
was +21.3 mV. When the particles were dispersed in Hoagland
solution with pH adjusted to 5.6, the zeta potential changed to neg-
ative counts (Table 1) with values from �12.3 mV (pure CeO2) to
�22.5 mV (CeO2 + FA). After 8 d, in the presence of plants, the val-
ues were higher, �10.7 mV in pure CeO2 medium of wheat and
�16.5 mV in CeO2 + GA medium of wheat and pumpkin.

3.4. Particle size distribution in media

Particle size distributions in the Hoagland medium in the absence
and presence of plants are shown in Fig. 2. After dispersion of pure
CeO2, a range of 17–400 nm was observed which reflects single
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Fig. 1. Ce-content in Hoagland media over exposure time of 8 d (mean of 3 replicates), 100 mg L�1 CeO2–NPs suspended in Hoagland media in the absence or presence of FA
(15 mg L�1) and GA (10 mg L�1). (a) Without plants in 10% Hoagland, (b) in presence of wheat in 10% Hoagland and (c) in presence of pumpkin in 20% Hoagland.

Table 1
Zeta potential (ZP) in mV and pH of CeO2–NP-suspensions in the absence (day 1 and 8) and presence of wheat and pumpkin (day 8). Measurements were conducted with a
Zetasizer 3000 by Malvern, STDV (±) are directly calculated over 3 � 10 measurements per dispersion.

Medium of CeO2–NPs Day 1 Day 8

ZP (mV) pH ZP (mV) pH

Wheat Pumpkin

in Millipore water +21.3 ± 0.8 6.9 n.a. n.a.
in Millipore water + 15 mg L�1 fulvic acid �34.3 ± 1.1 5.6 n.a. n.a.
in Millipore water + 10 mg L�1 gum arabic �24.7 ± 5.9 6.7 n.a. n.a.
in 10% Hoagland �12.3 ± 0.6 5.6 �10.7 ± 0.6 6.1
in 10% Hoagland + 15 mg L�1 fulvic acid �22.5 ± 0.5 5.6 �13.8 ± 0.9 6.1
in 10% Hoagland + 10 mg L�1 gum arabic �18.2 ± 0.9 5.6 �16.5 ± 0.1 6.1
in 20% Hoagland �8.6 ± 0.1 5.6 �12.3 ± 0.6 5.2
in 20% Hoagland + 15 mg L�1 fulvic acid �18.3 ± 0.3 5.6 �16.3 ± 0.9 5.0
in 20% Hoagland + 12.5 mg L�1 gum arabic �16.4 ± 0.7 5.6 �16.5 ± 0.1 5.2
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Fig. 2. Particle size distribution measured via NTA at day 1 and day 8 of treatment in the absence and presence of plants (mean of 3 independent measurements). (a) Fulvic
acid-stabilized system with/without wheat, (b) gum arabic stabilized system with/without wheat, (c) fulvic acid-stabilized system with/without pumpkin and (d) gum arabic
stabilized system with/without pumpkin. STDV are not given for clarity reasons.
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primary particles as well as bigger agglomerates and aggregates.
When FA or GA was present, the size range narrowed to 25–
250 nm, mirroring that both stabilizers prevented the formation of
agglomerates and aggregates in the size range of 200–400 nm. When
particles were incubated over 8 d in media without plants, the size
shifted slightly to higher values, that is, the main peak for FA shifted
from 110 nm to 130 nm, for GA from 100 nm to 130 nm.

DLS measurements on day 8 confirmed these small shifts. For FA,
the main DLS peak was at 170 nm and for GA at 165 nm (data not
shown). The measurements by DLS and NTA for CeO2 pure treatment
after more than 24 h gave non-valid data most likely because of par-
ticle sizes of P1 lm and fast sedimentation of NPs during analysis.

When wheat plants were grown on the media the size shifted to
a main peak at 150 nm on day 8. With pumpkin growth, another
feature occurred. Particle size remained the same as without plants
when GA was present. When FA was present, particle size was
slightly reduced over time of plant treatment. Sizes of around
100 nm were measured on day 8 compared to 130 nm on day 1
and 130 nm without plants on day 8.

3.5. Interaction of CeO2–NPs with roots

The amounts of cerium associated with roots are displayed in
Fig. 3. The highest amounts were detected for wheat and pumpkin
in the CeO2 pure treatment with 130.3 and 91.9 mg kg�1,
respectively. The amount of NPs associated with pumpkin roots
was significantly (p < 0.001) lower in the presence of FA
(32.2 mg kg�1), while for wheat, the reduction was not significant.
In the presence of GA, the amount of NP associated with the roots
was significantly (p < 0.001) lower for both pumpkin and wheat
(21.8 and 13.2 mg kg�1). The FA and GA treatments were also sig-
nificantly (p < 0.001) different from each other. The interaction of
CeO2 with the roots was therefore reduced almost sevenfold for
pumpkin roots and sixfold for wheat in the presence of FA and
GA. Since wheat had a smaller biomass production (0.18 g of dry
root/plant) than pumpkin (0.41 g dry root/plant), there is a
biomass-dilution-effect that has an influence on the values in
Fig. 3. When Ce-values are converted to Ce/plant, pumpkin shows
a higher amount of cerium associated with the roots in CeO2 pure
and CeO2 + GA treatment than wheat (Table 2).

3.6. Translocation of CeO2–NPs into plant shoots

The Ce-values of all control plants were below limits of quantifi-
cation; thus, data are only shown for treated plants (Fig. 3). Also, the
wheat plants did not contain any measurable Ce. Pumpkin plants
contained Ce in all three NP-treatments (CeO2 pure > FA > GA).
Although the amount of NPs attached to the roots in CeO2 pure treat-
ment was 7 times more than in the CeO2 + GA treatment, only
5 times more Cerium was found in the CeO2 treated pumpkin



(a)

(b)

Fig. 3. Ce-concentration of plant material after 8 d of treatment with 100 mg L�1

CeO2 NP in Hoagland medium (mean of 3 treatments, error bars indicate STDV). (a)
Ce in g kg�1 of plant roots �� indicates p-value < 0.001 (values of control plants were
below LOD therefore values are not shown). (b) Ce in mg kg�1 of plant shoots
(values of control plants and for wheat treatments were below LOD therefore values
are not shown).

Table 2
Relative distribution of cerium in the system after 8 d of plant treatment, measured
distribution in % of initial amount Ce in the hydroponic system: dispersion, adhered to
the roots of plant, translocated into the shoot, rest (accounting for precipitation and
losses during washing process).

Treatment Dispersion in % Root in % Shoot in % Rest in %

Wheat
CeO2 pure 0 27.8 0 72
CeO2 + FA 63.3 20.7 0 16
CeO2 + GA 81 4.6 0 13.8

Pumpkin
CeO2 pure 0 45 <0.1 55
CeO2 + FA 64 16 <0.1 20
CeO2 + GA 77.5 6 <0.1 16.5
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shoots. Translocation factors of Ce (defined as Ce-content ratio of
shoot to root) were 0.00019 in CeO2 pure and FA treatment and
0.00028 in the GA treatment. This was far below the described trans-
location factors reported for natural occurring cerium from soils
(0.04–0.09) (Tyler, 2004).

3.7. Overall CeO2–NP distribution

In the overall distribution of NPs after 8 d of treatment strong
differences could be measured between FA and GA-stabilized dis-
persions compared to pure CeO2 (Table 2). Most of the NPs could
still be found in dispersion when FA or GA was added. In the
non-stabilized dispersions, the highest amount had disappeared,
implying sedimentation. High amounts of NPs were associated
with the roots in the CeO2 pure treatment, 27.8% in wheat and
45% in pumpkin. The translocation to pumpkin shoots accounted
for less than 0.1 wt.% of CeO2.

3.8. TEM and SEM imaging of particles and root surfaces

The TEM pictures in Fig. 4 illustrate the difference between
agglomerates of CeO2–NPs in pure treatment and the FA and GA
treatments. Fig. 4a shows the CeO2 particles at high magnification.
Fig. 4b shows large and very dense agglomerates of CeO2 pure
treatment, 4 h after dispersion. It was possible to confirm the
agglomerate-size of >1 lm in CeO2 pure medium via the TEM-
method, explaining the non-valid measurements using NTA or
DLS. In Fig. 4c the CeO2–NPs stabilized with FA are depicted 1 h
after dispersion and in Fig. 4d after 8 d of interaction with pumpkin
roots. The pictures illustrate that there was no great change in size
of agglomerates over time. However, smaller and larger agglomer-
ates exist and are distributed all over the grid. The same was true
for NPs from the GA treatment (Fig. 4e and f). It was distinguish-
able that the GA-stabilized particles, with pumpkin root interac-
tion, were the smallest of all treatments. The TEM pictures and
the results from the particle size analysis by NTA agree with each
in that there is a wide range of particle sizes even in the presence of
GA and FA.

In Fig. S1 (Supplementary material), the SEM image of the root
surface of a control wheat plant is compared to the CeO2 pure
treatment, where big aggregates are scattered over the root sur-
face. The identification of CeO2 on the root surface was carried
out via EDX-determination (Fig. S3, Supplementary material). The
EDX-spectra clearly showed that the lighter spots on the SEM-
images represent CeO2–NPs attached to the root surface. Identical
behavior was found for pumpkin roots (images not shown). TEM-
studies of wheat-root surfaces showed a quite uniform dispersal
of NPs from CeO2 + GA and CeO2 + FA treatment (a and b), in con-
trast to the CeO2 pure treatment (Fig. S2, Supplementary material).
3.9. Toxicity

Neither wheat nor pumpkin showed any phenotypic response
to CeO2 exposure. The monitored physiological parameters are gi-
ven in Tables S3–S6, Supplementary material. The relative
chlorophyll-content of the leaves, the biomass development
including root/shoot ratio, and visual observations did not reveal
any impact of the NPs. Hence, we conclude that there was no direct
toxic effect induced by CeO2–NPs at a concentration of 100 mg L�1.
The low toxicity of CeO2–NP to plants is already known (Ma et al.,
2010). In the literature, indirect toxic effects of NPs have also been
described, e.g. starvation caused by nutrient binding to NP-surfaces
(van Hoecke et al., 2009). We demonstrated in filter-experiments
of CeO2 dispersions that the available phosphate concentration
was reduced to 85%, whereas all other nutrients showed no reduc-
tion in availability (Table S2, Supplementary material). The re-
moval of phosphate was therefore not enough to cause any
indirect starvation effect.
4. Discussion

4.1. Behavior of CeO2–NPs in growth medium and influence of NOM

The CeO2–NP behavior was altered when fulvic acid or gum ara-
bic was added to dispersions. In the presence of both compounds,
the particles remained in dispersion longer compared to the un-
coated and non-functionalized basic material. Agglomeration of
ENMs is strongly dependent on surface charge, free ions, and inter-
action of electric forces between particles or other solids (Limbach
et al., 2005, 2008). The two main reasons for this are van der Waals
attraction and electrostatic interaction (Hotze et al., 2010). The io-
nic composition of Hoagland medium altered the surface charge of
NPs measured as zeta potential and resulted in a rapid formation of
dense and large agglomerates of uncoated and non-functionalized
CeO2–NPs (Limbach et al., 2009). In general, zeta potential values
between �20 and +20 mV favor agglomeration. As a result, parti-
cles agglomerate and reach sizes of >1 lm, followed by rapid



Fig. 4. Transmission electron micrographs of CeO2-particles in the different media: (a) 1 h after ultrasonic dispersion with acryl polymer in Millipore water, (b) 4 h after
dispersion in 20% Hoagland solution, (c) 1 h after dispersion in 20% Hoagland solution with addition of 15 mg L�1 fulvic acid, (d) as in c but after 8 d in presence of pumpkin,
(e) 1 h after dispersion in 20% Hoagland solution with addition of 10 mg L�1 gum arabic and (f) as in e but after 8 d in presence of pumpkin.
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sedimentation due to low electrostatic repulsion (Limbach et al.,
2005). Due to electrostatic repulsion, particle suspensions are the
more stable the more the zeta potential differs from the point of
zero charge. The zeta potential of CeO2 in Hoagland medium was
more or less similar in all dispersions and remained constant over
time with values in general less negative than �20 mV (�10.7,
�13.8, and �16.5 mV for pure, FA and GA, respectively). In all
treatments, the CeO2 particles were therefore in a non-stabile elec-
trostatic condition. This explained why particles in the CeO2 pure
treatment formed large agglomerates and sedimented within 2 d.
But FA- and GA-stabilized NPs were maintained in dispersion over
8 d, and therefore, we conclude that the higher stability of particles
in the presence FA or GA was not of an electrostatic nature (only
small difference in zeta potential of pure and FA) but due to steric
repulsion (Domingos et al., 2009; Hotze et al., 2010).

In the presence of plants, only small changes in particle size dis-
tribution were detected. The observed differences were in good
agreement with changes in pH and in line with expected changes
in electrostatic repulsion between particles. Plant roots exudate
protons and organic acids that change the chemical composition
of the surrounding medium (Rovira, 1969; Jones and Darrah,
1994). In the wheat treatment, the pH increased and the zeta po-
tential decreased. Because the NPs surface charge was closer to
the point of zero charge (pzc: in medium at pH 7), the agglomera-
tion increased (Limbach et al., 2009). Pumpkin plants reduced the
pH, resulting in constant (CeO2 + GA) or slightly decreased
(CeO2 + FA) particle sizes in media, in agreement with the higher
stability of CeO2 at lower pH.

4.2. Interaction of plant root with CeO2 and translocation

We showed via ICP-OES, SEM and TEM analysis that a high
amount of CeO2–NPs adhered to the root surface of wheat and
pumpkin. Considering the root biomass and the amount of avail-
able NPs in suspension, there was no considerable difference in
root adherence between the two species. Nevertheless, the
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addition of NOM had a large influence on the amount of CeO2 asso-
ciated with the roots because the adsorption of particles to the
roots stabilized with organic matter was strongly reduced. FA
and GA therefore did not only slow down agglomeration between
particles but likewise inhibited the sorption of NPs to roots. Simi-
larly, they reduced the uptake of NPs into pumpkin shoots. Since
we could not detect any dissolved Ce-ions in the liquid media,
we conclude that all Ce found inside shoots are most likely derived
from translocated CeO2–NPs. However, the translocation factors
(ratio of shoot/root concentration) were the same in the CeO2-pure
and FA-treatments and not much higher for GA (0.00028 instead of
0.00019). The effect of FA and GA on uptake of CeO2 was therefore
an indirect one by reducing the amount of root-associated CeO2

that was available for translocation. A slight effect of surface
charge (in the case of GA) cannot be excluded, but the fact that
the pure and FA-treated particles had the same relative transloca-
tion indicated that once on the root surface, the aqueous surface
speciation of the particles no longer played a major role in deter-
mining the translocation of the particles inside the plant.

Our work showed that CeO2–NPs with a size range of 17 nm
to >1 lm are at least partially available for uptake by pumpkin
(Cucurbita maxima). This is in accordance with Zhu et al. (2008)
who found that Fe-NPs with a particle size of 20 nm translocated
to pumpkin leaves in hydroponic solution. Another study (Zhang
et al., 2011) obtained similar results for cucumber, a related spe-
cies. Even 50 nm Au-particles were shown to be taken up by plants
(Judy et al., 2012).

In contrast to pumpkin we could not detect any translocation of
Ce into the shoots of wheat. It has already been reported before
that monocots are less likely to take up NP, e.g. (Zea mays)
(Birbaum et al., 2010; Lopez-Moreno et al., 2010). Also, 10, 30,
and 50 nm Au-NP were taken up by tobacco but not wheat (Judy
et al., 2012). The differences in CeO2-accumulation between wheat
and pumpkin plants might be explained by specific alterations in
root structures and the physical and chemical interactions be-
tween NPs and root exudates in the rhizosphere (Rico et al.,
2011; Judy et al., 2012). For plants in a hydroponic system, the
Casparian strip may be missing in some cells of the root exodermis
(Zimmermann et al., 2000). This would result in a lower hydraulic
conductivity of roots and may create an easy passage to vascular
bundles of the endodermis. However, the mechanism by which
NP are taken up by plants is not well understood, but they were
shown to be present in xylem and phloem sap and to be mobile
within the plant (Wang et al., 2012).

A very obvious difference between wheat and pumpkin is their
water uptake capacity. Regardless of apoplastic or symplastic up-
take pathways, the translocation of NPs is most likely to be driven
by water flow. Since pumpkin transpired far more water (200 mL)
than wheat (50 mL) during the 8 d of treatment, it would take
much longer for wheat to accumulate detectable amounts of Ce
in the shoots. Another difference deriving from the high water up-
take capacity of pumpkin is larger sieving pores that may act as lar-
ger pathways compared to the wheat endoderm. The
characteristics of pumpkin to take up larger insoluble organic mol-
ecules are already known and makes it a successful phytoremedi-
ator (Lunney et al., 2004; Gent et al., 2007). Yet, no explanation was
found for how this uptake is realized. We suggest that the pathway
of particle uptake and incorporation of insoluble organic molecules
may be the same.
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Appendix A. Supplementary material

Details of plant growth and system build up, as well values of
plant toxicology. Images of particles on the root surfaces, via trans-
mission electron microscopy (TEM) and Scanning electron micros-
copy (SEM), energy-dispersive X-ray spectroscopy (EDX).
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.chemosphere.
2012.12.025.
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