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a  b  s  t  r  a  c  t

Here  are  examined  the  root  uptake  and  phytotoxicity  of  octahedral  hexamolybdenum  clusters  on  rape-
seed plants  using  the  solid  state  compound  Cs2Mo6Br14 as cluster  precursor.  [Mo6Br14]2− cluster  units  are
nanosized  entities  offering  a strong  and  stable  emission  in  the  near-infrared  region  with  numerous  appli-
cations  in  biotechnology.  To  investigate  cluster  toxicity  on  rapeseed  plants,  two  different  culture  systems
have  been  set up,  using  either  a water-sorbing  suspension  of cluster  aggregates  or  an  ethanol-sorbing
solution  of dispersed  nanosized  clusters.  Size,  shape,  surface  area  and  state  of  clusters  in both  medium
were  analyzed  by  FE-SEM,  BET  and  XPS.  The  potential  contribution  of  cluster  dissolution  to  phytotoxicity
was  evaluated  by ICP-OES  and  toxicity  analysis  of Mo,  Br  and  Cs. We  showed  that  the  clusters  did  not
etal atom clusters
apeseed
anoSIMS

affect seed  germination  but  greatly  inhibited  plant  growth.  This  inhibition  was much  more  important
when  plants  were  treated  with  nanosized  entities  than  with  microsized  cluster  aggregates.  In  addition,
nanosized  clusters  affected  the  root  morphology  in  a different  manner  than  microsized  cluster  aggre-
gates,  as  shown  by FE-SEM  observations.  The  root  penetration  of  the  clusters  was  followed  by  secondary
ion  mass  spectroscopy  with  high  spatial  resolution  (NanoSIMS)  and  was  also  found  to  be much  more
important  for  treatments  with  nanosized  clusters.
. Introduction

Nanosciences reveal a great potential of development for all
isciplines and types of applications [1,2]. The physicochemical
roperties of materials at the scale of nanoparticles (diame-
er < 100 nm)  can greatly differ from those of the corresponding
ulk materials [3]. The size reduction of matter allows nanoma-
erials to execute novel activities such as luminescence, plasmon
esonance, catalysis, magnetism, etc., but can also bring new toxic
ffects which were not known so far [4].  Among the characteristics
f nanomaterials, those suspected to be responsible for nanotoxic
ffects are commonly: the size, the shape, the high specific surface
rea, the appearing reactivity of formerly inert materials, the pos-
ibility of crossing natural barriers, the solubility, the stability in
iquid medium or in the air, etc. [1,4]. All these new parameters
ave now to be carefully considered in toxicological studies.
Among nanomaterials, nanosized systems with luminescence
roperties have tremendous potential applications in biotechnol-
gy and information technology such as biological imaging, sensors,

∗ Corresponding author. Tel.: +33 223235022; fax: +33 223235026.
E-mail address: francisco.cabello@univ-rennes1.fr (F. Cabello-Hurtado).
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© 2012 Elsevier B.V. All rights reserved.

microarrays and optical computing. However, the design of non
toxic and robust luminescent systems emitting in the near-infrared
region is still an open challenge for nanobiotechnologies [5].  In this
frame, new systems incorporating luminescent [Mo6X14]2− cluster
units (X = Cl, Br, or I) inside monodispersed and size-controlled sil-
ica nanoparticles have been recently developed in our group [6–8].
Besides, molybdenum hexanuclear clusters are already involved
in several patents for applications in biotechnology as contrast
agents [9],  oxygen sensors [10] and in display technologies [11]. A
responsible development of nanotechnologies should imply toxic-
ity studies of each new nanomaterial. If those molybdenum clusters
are meant to be commercialized, their toxicity, as part of the
required risk evaluation, should be perfectly known.

Most of the work performed on the toxicology of nanoparticles
dealt with animal/human health and safety, whereas environmen-
tal health has been often neglected [1,4,12]. Plants, as important
environmental components and sinks in terrestrial and aquatic
ecosystems, are essential living organisms for testing ecological
effects of nanoparticles [13]. Thus, the study of the potential uptake

and accumulation of nanoparticles by plants and their subsequent
fate within food chains are of great importance. Despite this,
research on nanotoxicity using plants is still scarce. Most of the
available studies on nanoparticles phytotoxicity reported negative

dx.doi.org/10.1016/j.jhazmat.2012.03.058
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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ffects of some nanoparticles on higher plants [14]. The uptake and
ioaccumulation of nanoparticles by plants is crucial, and several
tudies have shown that some nanoparticles can enter plant cells
14,15] despite the limited size (around 4 nm)  of pores in plant cell
alls [16]. However, the mechanisms of penetration of nanoparti-

les in plants are not clearly understood yet. Rico et al. recently
ade a review on the proposed pathways found in the current

iterature [17].
The present study is intended for obtaining data on the acute

nvironmental toxicity of nanosized molybdenum clusters. In this
rame, the ternary halide Cs2Mo6Br14 (CMB) was used as precursor
f [Mo6Br14]2− cluster units for investigating the effects of these
anosized entities on seed germination and seedling growth, as
ell as their possible penetration and accumulation on rapeseed

Brassica napus),  a commercially important plant. In addition, these
lusters proved to be an interesting system since they aggregate
r remain nanosized depending on the dispersing medium. It was
herefore interesting to study their effect on plants for fundamental
spects of nanotoxicity studies. Thus, the present study is focusing
n how the size and shape of the material conditioned its toxic
ffects and penetration into rapeseed plants.

. Materials and methods

.1. Cs2Mo6Br14 cluster precursor

Cs2Mo6Br14 was used as the precursor of [Mo6Br14]2− cluster
nits (see Supplementary data). This precursor is prepared by solid
tate chemistry at high temperature as described in the literature
18] and can be dispersed as nanosized entities (1 nm)  in ethanolic
olution [6].

.2. Plant culture systems and biomass determination

Seeds of rapeseed (B. napus)  of the drakkar ecotype have been
sed. Plant culture system and test procedures have been adapted
rom U.S. EPA guidelines [13]. The cultures were performed on ster-
lized filter papers (Whatman no. 3) disposed in 90 mm × 15 mm
etri dishes that contain 4 ml  of the appropriate culture medium
described below). The dishes, containing 8 seeds each, were sealed
nd placed in a phytotron for germination and growth of the plants
t 24 ◦C in the dark. After 5 days of growth, the seedlings were col-
ected. The fresh shoots and roots were separated and their biomass

as immediately measured. Each experiment was conducted three
imes, i.e. three Petri dishes containing eight seedlings each. The
iomass results are presented as mean ± SE (standard error of the
ean) of the three independent experiments. Differences between
eans were evaluated for significance by one-way analysis of vari-

nce (ANOVA) and Duncan’s test for multiple comparisons, and by
tudent’s t-test for pairwise comparisons. Statistical significance
as accepted when p < 0.05.

Two procedures have been used to introduce the clusters into
he culture substrate. In the first system, denoted as H2O-CMB, the
lusters were directly dispersed in Milli-Q water and 4 ml  of the
esulting suspension were placed in the Petri dish. In the second
ystem, denoted as EtOH-CMB, the clusters were solubilized in a
5% ethanol solution and 4 ml  of this solution were placed in the
etri dish. In order to avoid solvent toxicity, the ethanol was  com-
letely removed by evaporation in a laminar fume for 24 h, and

 ml  of Milli-Q water were added to the Petri dish. Correspond-

ng controls have been prepared by dispersing either pure water or
thanol in Petri dishes, and following a similar procedure as above.
he pH of the culture medium with and without plant growth was
easured. In addition, to estimate the toxicological potential of
aterials 219– 220 (2012) 111– 118

dissolved elements compared to the clusters themselves, we
treated plants with either CsBr, KBr or K2MoO4 water solutions.

2.3. Culture medium characterizations

The modifications experienced by the cluster compound in the
culture medium have been characterized from different points of
view. The size and morphology of the cluster aggregates have been
characterized by direct observation of the dried culture substrates
(filter paper) using field emission scanning electron microscopy
(FE-SEM). The specific surface area of the cluster aggregates in the
H2O-CMB system was determined by the Brunauer–Emmett–Teller
method (BET) using a Micromeritics Tristar 3000. This specific sur-
face area was  measured on a powder of aggregates obtained by
centrifugation of a 1 mM suspension of Cs2Mo6Br14 in water and
dried in room conditions. The exact state of the clusters was deter-
mined by X-ray photoemission spectroscopy (XPS) measurements,
directly on the dried culture substrates for both H2O-CMB and
EtOH-CMB systems at 1 mM,  and on the starting Cs2Mo6Br14 pow-
der.

To estimate the possible dissolution of the clusters, the medium
of culture systems, with and without seeds, were collected after
5 days and centrifuged (RCF = 25,000 × g, 30 min) to eliminate all
the possible solid elements. Mo  and Br were dosed on the cen-
trifuge clarified liquid parts by inductively coupled plasma optical
emission spectrometry (ICP-OES).

2.4. NanoSIMS analysis

The presence of the clusters inside the roots was analyzed
by secondary ion mass spectrometry with high spatial resolu-
tion (NanoSIMS). A 16-keV cesium primary ionic source was
focused with a spatial resolution of ∼120 nm and raster-scanned
on the sample surface for the mapping of negative secondary ions
(12C14N− and 81Br−). Later, on the same samples, a 16-keV oxy-
gen primary ionic source was  focused with a spatial resolution of
∼400 nm and raster-scanned on the sample surface for the mapping
of positive secondary ions (98Mo+).

3. Results

3.1. Characterization of the clusters in the culture systems

It is worth noting that the solubilization of Cs2Mo6Br14 in a
95% ethanol solution leads to a stable dispersion of nanosized
[Mo6Br14]2− cluster units, and the EtOH-CMB sorbing medium
can be considered as a true solution [6]. On the other hand, even
if Cs2Mo6Br14 is firstly soluble in water, it reacts instantly and
exchanges its apical Br ligands for OH groups or water molecules
[19], according to the following hydrolysis reaction:

Cs2Mo6Br14 + xH2O → [(Mo6Bri
8)(OH)a

4(H2O)a
2]·12H2O + 2Cs+

+ 6Br− + 4H3O+

The resulting [(Mo6Bri
8)(OH)a

4(H2O)a
2]·12H2O cluster-based

compound is not soluble in water and precipitates, forming
microsized aggregates that sediment rapidly. Hence, the H2O-CMB
sorbing medium is a suspension.

The state of the clusters in both culture systems has been charac-
terized by FE-SEM observations of the inert substrates (Fig. 1). The
clusters in the H2O-CMB system form disc-like aggregates which
are of few micrometers in size (mean size = 2.3 ± 0.5 �m in diameter

and 390 ± 60 nm in thickness). On the other hand, the clusters in the
EtOH-CMB system also show disc-like or rod-like aggregates but
they are bellow the micrometer range (mean size = 550 ± 180 nm
in diameter and 100 ± 30 nm in thickness). Thus, the two
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tion, the inhibition was  significantly higher in EtOH-CMB than in
ig. 1. FE-SEM images of the culture substrates for (a) H2O-CMB and (b) EtOH-CMB
ystems.

ifferent culture systems allowed studying the effects of clusters
n two different forms.

The aggregation of the clusters observed in both systems may
ave an influence on their specific surface area which is an impor-
ant parameter to consider in toxicological studies. It is not possible
o collect the cluster aggregates from the culture medium with-
ut affecting their morphology. However, for H2O-CMB system the
ggregates are formed directly in water and before being spread on
he substrate. Thus, the cluster aggregates gathered by centrifuga-
ion of a H2O-CMB suspension are similar to those in the culture

edium. For this system, the cluster aggregates showed to have a
pecific surface area of 7.3 ± 0.2 m2/g. In the EtOH-CMB system, it
s not possible to simulate the aggregation process outside of the
ulture medium because the formation of these aggregates occurs
hen isolated clusters are in interaction with the substrate. In addi-

ion, the FE-SEM images showed that for the EtOH-CMB system, the
luster aggregates are partially buried in the filter paper (Fig. 1b).
hus, we have no information on the state of the clusters under the
urface. They can be adsorbed in the fibers of the filter paper with-
ut being aggregated due to an interaction with this substrate and
emain as truly nanosized. If we consider a [Mo6Br14]2− cluster unit
nd its Cs+ counter cations as inscribed in a perfectly smooth sphere
ith a diameter of 1 nm,  the theoretical specific surface area would

e about 1000 m2/g. Thus, the cluster species in the EtOH-CMB sys-
em may  have a specific surface area which can range between 7 and
000 m2/g, with a wide distribution within the system as confirmed
elow.
As shown by the hydrolysis reaction given above, the
ydrolysis of the cluster compound should result in a pH
ecrease. Indeed, the pH measurements performed on mediums
aterials 219– 220 (2012) 111– 118 113

prepared in the conditions of culture, but without receiving seeds,
showed a pH decrease proportional with the cluster concentration
(Supplementary information Fig. S2). In addition, the pH was found
equivalent for both systems at a given cluster concentration, indi-
cating that the hydrolysis rate might be similar in both systems.
However, in the presence of seedlings the pH of mediums always
appeared to be neutral, regardless the cluster concentration. Some-
how, the plants were able to neutralize the acidic pH.

The Mo  and Br elements have been dosed by ICP-OES in the “cen-
trifuge clarified” liquid parts of culture mediums treated with 1 mM
of clusters. In the H2O-CMB system without plant growth, the anal-
yses showed an average Br concentration of 4.91 ± 0.01 mM,  but no
trace of Mo.  This Br concentration indicates that 82% of the apical
Br ligands (i.e. roughly 5 Br ligands over the 6 initially bonded to
the cluster) were released in solution due to the hydrolysis of the
clusters. In the H2O-CMB system with plant growth, there were
still no Mo,  but the average Br concentration was 4.43 ± 0.04 mM.
This finding demonstrates that the presence of plants diminished
the Br concentration in the medium. In the EtOH-CMB system
without plant growth, the average Mo  and Br concentrations were
1.26 ± 0.03 mM and 6.12 ± 0.07 mM respectively. However, these
solutions appeared as perfectly transparent with an intense yellow
coloration, and their UV absorption spectra showed the typical sig-
nature of cluster units (Supplementary information Fig. S3).  Thus,
we can assume that the Mo  found in solution does not correspond
to ionic species resulting from the dissolution of clusters, but from
truly non-aggregated and nanosized cluster units that could not
be removed from the supernatants by centrifugation. The Mo  con-
centration indicates that 21% of the cluster units remained as truly
nanosized and dispersed in the liquid part of the culture medium.
This is in agreement with the hypothesis for the estimation of the
specific surface area of the clusters in the EtOH-CMB system. The
high Br concentration hence comes from the Br associated with the
clusters and from the apical Br ligands of the hydrolyzed clusters.
In the EtOH-CMB system with plant growth, the average Mo  and Br
concentrations were 0.22 ± 0.14 mM and 4.63 ± 0.20 mM respec-
tively. Thus, the presence of plants diminished the concentration
of cluster units in the medium.

The hydrolysis of the clusters and the release of apical Br ligands
when reacting with water have also been characterized with XPS
measurements (Supplementary information Fig. S4). The obtained
spectra clearly showed a diminution in the intensities of the Bra

peaks in both culture systems compared to the starting Cs2Mo6Br14
powder. The diminution of the Bra peaks is equivalent in H2O-
CMB  and EtOH-CMB systems, confirming the equivalent hydrolysis
rate. In addition, if some clusters were completely decomposed in
the culture medium, it would have been visible from XPS analysis
through the apparition of a new peak at 235 eV corresponding to
the oxidation of the Mo  (from oxidation number II to VI) and forma-
tion of MoO3. Such result has never been observed by XPS analysis
on the culture substrates (data not shown).

3.2. Effects of Cs2Mo6Br14 on rapeseed growth and development

A concentration of 1 mM has firstly been adopted to investi-
gate the phytotoxicity of Cs2Mo6Br14. Nearly 100% of the control
seeds had germinated after 5 days in the dark. The experiments
showed that seed germination was never affected by the clusters.
In contrast, all the Cs2Mo6Br14 treatments at 1 mM provoked a sub-
stantial inhibition of the roots and shoots growth as seen from
the biomass results (Fig. 2), the roots being always more affected
than the shoots (pH2O-CMB = 0.00001, pEtOH-CMB = 0.0001). In addi-
H2O-CMB (proots = 0.00001, pshoots = 0.0029).
In addition, to estimate the toxicological potential of dis-

solved elements compared to the clusters themselves, we treated
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Fig. 2. Biomass results for the water-sorbing suspension (H2O-CMB) and the
ethanol-sorbing solution (EtOH-CMB) at 1 mM,  compared with the negative controls
(H2O and EtOH) and with CsBr (2 mM),  KBr (14 mM)  and K2MoO4 (6 mM)  solutions.
All  the root and shoot growth data are respectively expressed as percentages of the
root  or shoot growth in H2O negative control. Significant differences among root
or  shoot biomass values are marked with different letters (p < 0.05). Significant dif-
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Fig. 3. Concentration–response curves for H2O-CMB system (�), EtOH-CMB sys-
erences between effects of a treatment on shoots and roots are marked with an
sterisk (p < 0.05). (For interpretation of the references to color in this artwork, the
eader is referred to the web version of the article.)

lants with either 2 mM CsBr, 14 mM KBr or 6 mM K2MoO4 water
olutions, which simulate the maximum Cs, Br or Mo  concen-
rations contained in a Cs2Mo6Br14 solution at 1 mM.  All the
reatments with dissolved ions also affected the plants growth and
ere again roots were more affected than shoots (pCsBr = 1 E−07,
KBr = 0.00007, pK2MoO4 = 0.0005). The treatments with high con-
entrations of Cs+ or Br− ions resulted in a certain degree of growth
nhibition, but their inhibitory effects, when existent, were always
ignificantly lower than those of the clusters (Fig. 2). On the other
and, the treatment with K2MoO4 resulted in a very high growth

nhibition, comparable or even higher than with EtOH-CMB system.
dditional experiments have been performed using 2 mM CsBr,
4 mM KBr and 6 mM K2MoO4 mixed together in one single treat-
ent, but the results did not show any synergic or additive effect

nd the growth inhibition was similar to K2MoO4 alone (data not
hown).

In order to further characterize the growth inhibition capacity
f the clusters and how this capacity is affected by the clusters
tate depending on the sorbing medium, concentration–response
urves have been constructed (Fig. 3). Rapeseed plants have been
reated with H2O-CMB or EtOH-CMB with Cs2Mo6Br14 concentra-
ions of 0.01, 0.1, 0.25, 0.5 and 1 mM.  These cluster concentrations
orrespond to Mo  molar concentrations of 0.06, 0.6, 1.5, 3, and

 mM respectively. Since we have seen that K2MoO4 treatments can
ause similar or even higher growth inhibitions than cluster treat-
ents, concentration–response curves have also been constructed

or K2MoO4. Concentration–response curves showed that the effect
f clusters on the plant growth was concentration dependent
Fig. 3). As already observed, the toxic effects were found in gen-
ral more important for plants treated with ethanol-sorbed clusters
han with water-sorbed clusters, and here again those effects
ere found more pronounced for roots (first significant effects at

Mo] = 0.06 mM,  p = 0.0100) than for shoots (first significant effects
t [Mo] = 0.6 mM,  p = 0.0102). The concentration–response curves
or the plants treated with K2MoO4 show different trends than for

lants treated with clusters. For this treatment, the growth inhi-
ition of the roots appears to evolve exponentially with the Mo
oncentration, whereas the shoots are not affected until a critical
oncentration (first significant effect at [Mo] = 3 mM).
tem  (�), and K2MoO4 solution (�). Results show separately root response (—) and
shoot response (—). All the root and shoot growth data are respectively expressed
as percentages of the root or shoot growth in H2O negative control.

3.3. Effects of Cs2Mo6Br14 on root morphology

In addition to growth inhibition, it was visible from direct obser-
vation of the plants that clusters also had effects on the root
morphology. Indeed, the plants treated with microsized (H2O-
CMB) clusters showed a high proliferation of root hairs, whereas
the plants treated with nanosized (EtOH-CMB) clusters showed a
perturbation of the root gravitropism (Supplementary information
Fig. S5). In order to clarify those observations, the roots have been
observed by FE-SEM (Fig. 4) for samples treated with 1 mM of
clusters, and compared with negative control (H2O). The plants
treated with 6 mM of K2MoO4 have also been studied since the
biomass results suggested similar effects as with ethanol-sorbed
clusters at 1 mM (Fig. 2). It clearly appeared that the root tissues
and root caps were much more affected and in a different manner
when treated with EtOH-CMB compared to H2O-CMB and even to
K2MoO4 (Fig. 4). The control root and root cap look homogeneous
and epidermal cells are visible, perfectly turgescent without any
apparent damage. In contrast, for the plant treated with H2O-CMB,
the root shows the mentioned high root hairs proliferation, and
the root cap looks eroded with the epidermal cells being hardly
distinguishable. Concerning the root of a seedling treated with
EtOH-CMB, it appears highly contorted, with an increased diame-
ter, and the root tissues are fully eroded. The root cap also presents
a completely different aspect, compared to control and to the root
treated with H2O-CMB, as it shows a smooth surface and is partially
dissociated from the root. Finally, the root treated with K2MoO4 is
homogeneous without apparent erosion, and with external root
morphology being very similar to the control root in spite of the
high growth inhibition induced by K2MoO4. This clearly suggests a
different toxicological mechanism compared to cluster treatments.

3.4. Uptake of Cs2Mo6Br14 by rapeseed plants

The interaction of microsized cluster aggregates with the vegetal
tissues and their penetration into roots was  first observed by FE-
SEM on roots treated with H2O-CMB (Supplementary information
Fig. S6). These observations revealed an important concentration
of cluster aggregates on the root surface. Moreover, some aggre-

gates, hardly visible by FE-SEM in secondary electron detection
(SE), appeared by backscattered electron detection (BSE) as shal-
lowly embedded under the root surface. Some H2O-CMB treated
roots were broken few millimeters above the root apex after being
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ig. 4. FE-SEM images of roots after 5 days of growth in pure water (first row), 1 mM

ompletely dried by the CO2 critical point method, and the
nside of the root was observed again by FE-SEM (Supplementary

nformation Fig. S7).  Cluster aggregates were then also found inside
he root and the comparison between SE and BSE images evidences
hat the cluster aggregates are intimately associated with the veg-
tal. They are slightly coated with organic matter, remarkable as
-CMB (second row), 1 mM EtOH-CMB (third row), and 6 mM K2MoO4 (fourth row).

it does not give a bright signal in BSE mode. In contrast, for plants
treated with EtOH-CMB, it has never been possible to observe by

FE-SEM the presence of clusters, neither on root surface nor inside
the root (data not shown) although clusters aggregates were eas-
ily visible with the same technique on the substrate of this culture
medium (Fig. 1).
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Fig. 5. NanoSIMS maps of 12C14N− , 81Br− and 98Mo+ secondary ions in whole (a and b) or cortex (c) root cross sections of plants treated with a water-sorbing cluster suspension
(left  column in figures a and b, and figure c) or ethanol-sorbing cluster solution (right column in figures a and b), both at 1 mM,  with (a and c) decimal and (b) logarithmic color
scales. Analyzed samples are transversal sections of the roots, made few millimeters from the apex after chemical fixation, resin embedding and ultramicrotome sectioning.
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or  every strip (a and b) the external part of the root is on the right side and the cen
n  vacuoles (va). (For interpretation of the references to color in this artwork, the re

The clusters penetration was then carefully investigated by
anoSIMS, a high spatial resolution ion microprobe. This technique
as found to be very powerful for such study as it allows the map-
ing of the elements of interest and to localize them in root cells
hanks to the image of the vegetal matter which is obtained by
he detection of the nitrogen atoms using 12C14N− secondary ions.
hus, the clusters have been localized by mapping 81Br− and 98Mo+

econdary ions in cross sections of the roots, few millimeters from
he apex (see Supplementary information for details on the sample
reparation). Fig. 5 shows an overview of the maps obtained for
oth culture systems. In these images, the signals can only be com-
ared between treatments, but not between different elements as
he intensity depend on the element sensibility to the ion beam
see Supplementary information). The 81Br− and 98Mo+ maps evi-
enced that the clusters mainly penetrate in the root when it was
reated with ethanol-sorbed clusters, whereas almost no clusters
ere observable in the root treated with water-sorbed clusters,

onsidering decimal color scale (Fig. 5a). By applying a logarithmic
unction to the color scale, it was possible to visualize areas with
ow and high concentrations of clusters in the same image. Indeed,
ig. 5b displays the same 81Br− and 98Mo+ maps with the colors in

 logarithmic scale, and the EtOH-CMB 81Br− map  nicely shows the
istribution of clusters along the entire root cross section. Due to
he lower sensitivity of the Mo  element compared to Br for this tech-
ique, it was not possible to detect the low concentrations of Mo  in
he center part of the root, considering the acquisition parameters
see Supplementary information), but analysis with longer times

f acquisition showed that Mo  is sill present with the same dis-
ribution as Br in these areas (data not shown). The clusters were
dentified abundantly present in apoplast and symplast of the root
pidermis, endodermis (cortex) and stele, with a concentration
 the root is on the left side of the strip. Arrows (c) indicate some cluster aggregates
s referred to the web version of the article.)

gradient decreasing from the epidermis to the stele. In addition,
they do not appear as microsized aggregates but more as continu-
ums. This suggests that mainly nanosized clusters can penetrate in
the root and that this condition can only be achieved when clusters
are dispersed in the culture medium with an ethanol-sorbing solu-
tion. However, confirming the FE-SEM observation of the inside of
broken roots (Supplementary information Fig. S7), it was  still pos-
sible to find few microsized cluster aggregates in roots treated with
water-sorbing suspensions (Fig. 5c). Although the relative concen-
tration of these aggregates is too low to be visible in Fig. 5a and b,
they become visible in Fig. 5c thanks to a longer acquisition time
(see Supplementary information), and are then found present in
the vacuoles of the root.

4. Discussion

An appropriate characterization of nanomaterials is essential for
toxicological evaluation as size, shape, aggregation, surface area
or composition, among others, can potentially influence toxicity.
Moreover, the properties of nanomaterials can change from the
form in which they are synthesized to the form to which biolog-
ical test systems are exposed. Consequently, in addition to the
characterization of synthesized nanosized Cs2Mo6Br14 clusters, we
tried here to analyze clusters in the vehicle in which it is adminis-
tered, in the test system and finally within the biological system.
Even if cluster units are nanosized entities, they are hydrolyzed

in presence of water and co-precipitate with water molecules to
form the crystalline compound [(Mo6Bri

8)(OH)a
4(H2O)a

2]·12H2O
that adopts the shape of disc-like aggregates (up to few microm-
eters) in water. However, the clusters formed smaller aggregates
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up to several hundred nanometers) when they were introduced
n the culture substrate in a nanosized form (EtOH-CMB). Thus, in
ur systems, the interactions of the clusters with the paper seem
o protect them to some extent from aggregation. This is in agree-

ent with previous studies already showing that the interaction of
anoparticles with organic matter can reduce particle aggregation
20,21]. It was even found that in the EtOH-CMB system, at least
1% of the clusters remained in the liquid medium as nanosized
ntities.

Toxicity tests showed that all the treatments with clusters
esulted in a concentration-dependent inhibition of the rapeseed
rowth, with the roots being more affected than the shoots. How-
ver, treatments with microsized cluster aggregates (H2O-CMB)
esulted in limited toxic effects compared to treatments with
anosized clusters (EtOH-CMB) which resulted in a high growth

nhibition (up to 86% for treatments with 1 mM Cs2Mo6Br14). The
ifferences in growth inhibitions for the same initial mass of clus-
er compound indicate that the concentration-dependent toxicity
f the Mo6 clusters depend on their aggregation state. Indeed, we
ave shown that the clusters and cluster aggregates can be found

n a wide range of sizes depending on the dispersing medium, with
pecific surfaces areas that can theoretically vary between 7 and
000 m2/g.

The toxic effects of metal-based nanoparticles can be incre-
ented by the release of metal ions or other components in

he dissolution process. From literature and our own analysis
Figs. 2 and 3), the most toxic component of clusters is molybde-
um, an essential micronutrient but also a heavy metal which is
oxic at high concentrations [22]. Even if plants are fairly tolerant
o Mo,  excessive Mo  application can impair nitrogen metabolism
nd thus reduce normal plant growth [22]. We  have shown by
CP-OES and XPS analysis that cluster hydrolysis happened in our
ulture medium (Supplementary information Fig. S4)  but it only
oncerned the apical Br ligands and the Cs counter cations, and
o Mo  was released in the solution as ionic species. Concerning Cs+

nd Br− ions, the phytotoxicity tests showed that both ions induced
ome growth inhibitions in good agreement with previous stud-
es [23,24],  but it did not reach the high growth inhibition found
n the case of treatments with ethanol-sorbed clusters (Fig. 2).
inally, the possible influence of an acidic pH resulting from the
luster hydrolysis is hardly discussable because rapeseed plants
ere able to neutralize the pH of the medium (Supplementary

nformation Fig. S2).  In addition, pH effects could not explain the
mportant differences existing between the H2O-CMB and EtOH-
MB  systems as we did not observe pH differences between both
ediums.
Concerning the interactions of the cluster aggregates with the

lant root surface, they were found to be adsorbed in close contact
ith root tissues (Supplementary information Fig. S6).  From the

E-SEM images of the external part of the roots (Fig. 4), it was clear
hat the clusters severely damaged the epidermal cells and even the
ortical cells in the case of EtOH-CMB. In addition to root growth
nhibition, differences in root morphology were observed depend-
ng on the size of the cluster aggregates. Thus, while microsized
luster aggregates enhanced hypertrophied root hair production
ven at proximity of the root cap, nanosized clusters treatment
esulted in stunted plants, and a loss of gravitropism. This agravit-
opism must be due to the observed highly deteriorated root cap
s it is where the primary site for gravity sensing is located [25].
rovided that MoO4

2− affected root morphology in a different way
han the clusters (Fig. 4), and that the Mo  from the clusters is not lib-
rated, we can conclude that the phytotoxicity of the clusters must

esult from particular physical and chemical interactions with root
rowth.

Histological examination of the tissues exposed to nanomate-
ials is determinant to characterize their distribution and effects.
aterials 219– 220 (2012) 111– 118 117

Here, the NanoSIMS technique provided very useful information
on the uptake of clusters. Other techniques have already been
used to localize elements or even nanoparticles in plants, such
as SEM coupled with energy dispersion spectroscopy [26], trans-
mission electron microscopy [14,15,27,28], confocal microscopy
[14,28], two-photon excitation microscopy [29], or micro X-ray
fluorescence using a synchrotron radiation and combined with X-
ray absorption near edge structure spectroscopy [26], but these
techniques have shown some limits and prospecting for new mon-
itoring possibilities remains an important task. In this frame, the
NanoSIMS technique was found to be a very powerful technique
for studying the root uptake and localization of elements inside the
plant with a high spatial resolution, and which could be applied to
a wide range of elements. Indeed, here NanoSIMS results showed
that cluster penetration in the root was much more important in
the ethanol-sorbing system (Fig. 5). As suggested by ICP-OES anal-
yses and UV absorption of the liquid medium, in the EtOH-CMB
system an important part of the clusters remains as nanosized
entities which therefore easily penetrate and translocate into the
root, provoking a high growth inhibition and important damages
to the root morphology. In addition, NanoSIMS allowed observ-
ing a gradient of concentration in the root cross section. Clusters
were observed at higher concentrations in the apoplast of the epi-
dermal and cortical cells, pleading for an apoplastic penetration
pathway through the root epidermis and cortex. The clusters were
also observed inside the cells and in some cases microsized aggre-
gates showed to be accumulated inside vacuoles (Fig. 5c), but it
is unclear whether they were transported there as nanosized indi-
viduals or as aggregates. The vacuole sequestration of nanoparticles
in plant cells has also been reported by Etxeberria et al. [30]. How-
ever, in spite of the capacity to penetrate cells and thus the intrinsic
possibility to pass to the stele avoiding the endodermal caspar-
ian strip, no cluster was  observed inside vascular cells. In most
described cases of nanoparticles uptake by plants, the substantial
longitudinal movement of nanoparticles in plants, either from root
to shoot via xylem or from source to sink organs via phloem, showed
to be very limited with short distance movements been favored
[15,27–29,31].

In summary, hexamolybdenum clusters provided by
Cs2Mo6Br14 were found to have important toxic effects on
rapeseed plants. Although the consequences of the partial cluster
hydrolysis, i.e. release of dissolved Cs+ and Br− ions, were found
to contribute to the overall toxicity, the importance of the size
of the cluster aggregates has also been evidenced and showed
to be preponderant. Indeed, treatments with microsized cluster
aggregates resulted in limited toxic effects, whereas treatments
with nanosized clusters resulted in a higher growth inhibition
and in important damages on the root morphology, likely due
to an easier penetration of the clusters in the root as evidenced
by NanoSIMS analysis. The high specific surface area of these
nanosized clusters induces then high toxic effects. As a matter of
fact, for applications in biotechnologies the doses of nanoparticles
are far below those tested in this work [32]. However, the lowest
concentration of clusters used here (10 �M)  already showed
significant toxic effects on growth. Considering that rapeseed is
not a very sensitive plant species and that we did not test chronic
exposure, one can expect the no-observed-effect concentration
for Cs2Mo6Br14 will be considerably lower than 10 �M. As a
consequence, such material should be handled with care since it
can have harmful effects on organisms. Hence, for biotechnological
applications these clusters should be embedded in a biocompat-
ible matrix such as silica. The embedding of Cs2Mo6Br14 in silica

nanoparticles has been the subject of already published works
[6–8]; the evaluation of the toxicity of those cluster@SiO2 nanopar-
ticles is now under progress, and so far no toxic effect has been
found.
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