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Summary

• Cereals are an important source of selenium (Se) to humans and many people

have inadequate intakes of this essential trace element. Conversely, arsenic (As) is

toxic and may accumulate in rice grain at levels that pose a health risk. Knowledge

of the localization of selenium and arsenic within the cereal grain will aid under-

standing of their deposition patterns and the impact of processes such as milling.

• High-resolution secondary ion mass spectrometry (NanoSIMS) was used to

determine the localization of Se in wheat (Triticum aestivum) and As in rice (Oryza

sativa). Combined synchrotron X-ray fluorescence (S-XRF) and NanoSIMS analysis

utilized the strengths of both techniques.

• Selenium was concentrated in the protein surrounding the starch granules in

the starchy endosperm cells and more homogeneously distributed in the aleurone

cells but with Se-rich hotspots. Arsenic was concentrated in the subaleurone endo-

sperm cells in association with the protein matrix rather than in the aleurone cells.

NanoSIMS indicated that the high intensity of As identified in the S-XRF image

was localized in micron-sized hotspots near the ovular vascular trace and nucellar

projection.

• This is the first study showing subcellular localization in grain samples contain-

ing parts per million concentrations of Se and As. There is good quantitative agree-

ment between NanoSIMS and S-XRF.

Introduction

Selenium (Se) is an important trace element in the human
diet (Schwarz & Foltz, 1957) and is a vitally important part
of the enzyme glutathione peroxidase, which prevents tissue
degeneration by acting as an antioxidant (Fordyce et al.,
2000; Hartikainen, 2005). It has been estimated that
between 0.5 and 1 billion people world-wide may be defi-
cient in Se, and this includes populations in developed
countries (Combs, 2001). The recommended reference
intake of Se in the UK is 60 lg d)1 for women and 75 lg
d)1 for men (Broadley et al., 2006) but in 1999 the intake
was estimated to be as low as 35 lg d)1, significantly below
the reference intake (Rayman, 2002). This decrease has
been attributed to a number of causes, most notably a

reduction in the amount of wheat imported from North
America, which has a higher Se content than European
wheat (Hawkesford & Zhao, 2007). The Se content of
wheat can be increased by applying an Se fertilizer to the
soil as practised in Finland since the early 1980s (Eurola
et al., 1991).

Arsenic (As) is a carcinogenic and toxic element. Arsenic-
contaminated groundwater is widely used for irrigating
crops in Bangladesh and West Bengal, India, in particular
for deliberate flooding of rice paddies. Rice (Oryza sativa) is
one of the main foods in As-epidemic areas (Rahman et al.,
2008) and in Bangladesh makes up 73% of the calorific
intake (Meharg & Rahman, 2003). Irrigation with As-con-
taminated water has resulted in rice with elevated concen-
trations of As, and surveys have shown that rice is a major
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source of inorganic As (the most toxic form of As) in a rice-
based diet (Williams et al., 2007). Compared with other
cereal crops, rice accumulates more As because of a higher
bioavailability in the flooded paddy soil (Xu et al., 2008),
and also because arsenite is taken up by silicon transporters
which are highly expressed in rice roots (Ma et al., 2008).

To date there have been few reports of the location of As
and Se in cereals at high resolution. This information is
needed to understand how these trace elements are trans-
ported to and deposited in the grain, and whether milling
will increase or minimize their concentrations. Most chemi-
cal analyses of trace elements in crops are performed using
techniques that have high elemental sensitivity but do not
have the necessary resolution to map the position of these
elements at the subcellular scale, and in many cases require
the whole grain to be milled and digested, hence losing spa-
tial information altogether. Analytical techniques such as
energy or wavelength dispersive X-ray spectroscopy have a
resolution of c. 1 lm but do not have the necessary sensitiv-
ity to detect parts per million (ppm) concentrations.
Spatially resolved X-ray absorption near edge structure
(l-XANES) and synchrotron-based X-ray fluorescence
(S-XRF) techniques (Meharg et al., 2008) have very high
sensitivities and a resolution of a few microns, which allows
mapping of the whole grain but generally cannot resolve
subcellular features. Meharg et al. (2008) present S-XRF
images showing As distribution in fractured rice grains and
found As to be ‘preferentially localised at the surface, in the
region corresponding to the pericarp and aleurone layer’.
However, a subsequent study (Lombi et al., 2009) investi-
gating As distribution in thin sections of rice grains indi-
cated that high concentrations were present in the aleurone
and outer parts of the endosperm near the ovular vascular
trace. Lyons et al. (2005a) showed that Se was concentrated
in wheat grain embryos prepared by hand dissection but
also evenly distributed throughout the whole grain, in com-
parison to other mineral nutrients (e.g. zinc (Zn), iron (Fe)
and potassium (K)) which were concentrated in the aleu-
rone. Williams et al. (2009), using S-XRF, showed a similar
accumulation pattern of Se in rice grains with enrichment
in the embryo and a concentration gradient decreasing from
the outer parts of the grain to the centre.

Secondary ion mass spectrometry (SIMS) microscopy is a
technique well suited for analysing the distribution of trace
elements at high resolution. SIMS is increasingly being used
to analyse biological materials as it is recognized that this
technique has excellent potential for trace element analysis
because of its unique combination of high sensitivity, high
lateral resolution, detectability of all elements and isotopes,
molecular imaging and the potential for 3D analysis (Burns,
1982; Chandra et al., 2000; Guerquin-Kern et al., 2005).
The NanoSIMS has been specifically designed for high-res-
olution, high-sensitivity SIMS analysis with particular focus
on biological, materials and geological applications (http://

www.cameca.fr/html/product_nanosims.html). In all ana-
lytical instruments there is a trade-off between sensitivity
and resolution, and the NanoSIMS does not offer the sensi-
tivity of techniques such as S-XRF or the lateral resolution
of transmission electron microscopy with energy dispersive
X-ray spectroscopy (TEM + EDX); however, it is the com-
bination of high sensitivity (down to ppm) and high lateral
resolution (down to 50 nm) that makes this technique ide-
ally suited to analyse trace elements in biological materials.

NanoSIMS analysis has been successfully applied to sev-
eral biological systems; for instance by Quintana et al.
(2006) to study ferritin and hemosiderin cores from the
brains of Alzheimer patients, and to study the nickel (Ni)
distribution in the hyperaccumulator plant Alyssum lesbia-
cum (Smart et al., 2007). Audinot et al. (2004) used Nano-
SIMS to image traces of As in human hair and showed that
the high lateral resolution obtainable prevents any misinter-
pretation of whether the As detected by conventional chem-
ical analysis techniques (atomic absorption or chemical
analyses) results from external contamination or from phys-
iological absorption by the patient. These samples are simi-
lar to the cereal grain samples analysed in this paper in the
sense that sample preparation was relatively simple as the
starting materials contain little free water and therefore do
not require complex preparation methods (Chandra &
Morrison, 1992).

In the present study, the localization of As in rice and Se
in wheat (Triticum aestivum) has been investigated using
high-resolution NanoSIMS analysis. The localization pat-
terns of As and Se were compared with those of their respec-
tive chemical analogues phosphorus (P) and sulphur (S).

Materials and Methods

Samples

Wheat (Triticum aestivum L. cv. Hereward) grain samples
were obtained from a field experiment conducted in the
University of Nottingham’s (UK) experimental farm in
2007. Selenium fertilizer was applied to the crop at the
stem extension stage in the form of sodium selenate (400 g
Se ha)1). Other inputs were the same as in normal agro-
nomic practice. The wheat was harvested at maturity. Rice
(Oryza sativa L. cv. Oochikara) grain samples were obtained
from a pot experiment conducted in a glasshouse at Ro-
thamsted Research (Harpenden, UK). Sodium arsenite
(10 mg As kg)1 soil) was added to the soil at the beginning
of the experiment and rice was grown under flooded con-
ditions (Xu et al., 2008). At maturity, rice grains were col-
lected and dehusked, but not polished, so that the aleurone
layer was intact. In both experiments high concentrations
of Se and As were achieved in the grains by the addition of
Se or As to the soil to ensure that they would be well above
the sensitivity limit for NanoSIMS analysis. These
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concentrations were measured using inductively-coupled
plasma mass-spectroscopy (ICP-MS) (Agilent LC1100 series
and Agilent ICP-MS 7500ce; Agilent Technologies, Santa
Clara, CA, USA) after an acid digestion (HNO3 ) H2O2)
in a microwave digester, and were found to be 16.7 mg
kg)1 Se in the wheat samples and 2.5 mg kg)1 As in rice.
The wheat plants showed no obvious signs of suffering from
Se toxicity even with this high concentration. The bulk con-
centration of As in the rice at 2.5 mg kg)1 was rather simi-
lar to the highest concentrations (1.7 mg kg)1) measured in
rice grains collected from As-contaminated fields in Bangla-
desh by Meharg & Rahman (2003).

Sample preparation

As cereal grain samples contain little water at maturity, con-
ventional SIMS preparation procedures (Burns, 1982;
Chandra & Morrison, 1992; Grovenor et al., 2006) to
remove water from biological samples before analysis under
ultra high vacuum were not necessary. However, as rice
grains readily absorb water on storage, it was necessary to
keep them under a vacuum of c. 10)2 mbar for 1 wk before
mounting to remove the majority of the residual water.
Whole-grain samples were mounted in London Resin White
(London Resin Company, Basingstoke, UK) in 10-mm-
diameter steel rings which fit into the NanoSIMS holders.
No fixation or embedding was performed; the resin simply
located the grain in the ring. Half of each type of grain was
left protruding from the top of the ring and, to create a flat
surface for analysis, a razor blade was used to transversely
section the protruding grain level with the top of the holder.
Results from two rice grains and two wheat grains are pre-
sented here, but analyses were performed on several other
samples of both types of grain with very similar results.

Samples were examined by conventional and confocal
light microscopy and by scanning electron microscopy
(SEM) to identify flat regions for SIMS analysis. Samples
were then coated with 10 nm of platinum to prevent charg-
ing during SIMS analysis.

To ensure that artefacts had not been introduced by the
above sample preparation method, one immature wheat
grain sample was prepared by high-pressure freezing as a
comparison. This sample (16 d post-anthesis) was obtained
from a pot-grown wheat plant without Se fertilization and
contained little Se (i.e. below the detection limit for the
NanoSIMS). The grain sample was frozen using pressurized
jets of liquid nitrogen. High-pressure freezing was able to
prevent the redistribution of diffusible ions that can occur
during desiccation of samples with a high water content,
and damage to the sample by the growth of ice crystals. This
sample was post-stained with osmium tetroxide and embed-
ded in Spurr’s resin. Sections 1 lm thick were cut with a
Reichert ultratome (Reichert, Vienna, Austria), placed onto
a 7 mm · 7 mm silicon wafer and gently warmed to give

good adherence to the silicon substrate. As the sections were
thin it was not necessary to coat with platinum as the con-
ductivity of the silicon substrate prevented charge build-up.

Analytical methods

SIMS analysis was performed using the CAMECA Nano-
SIMS 50 ion microprobe which allows simultaneous detec-
tion of five ionic species from the same sputtered volume
with high mass and high spatial resolution while still main-
taining up to 50% transmission of all the sputtered ions
necessary to achieve high sensitivity (http://www.cameca.fr/
html/product_nanosims.html). A focused 16-keV Cs+ pri-
mary ion beam is scanned over the surface of the sample
and the sputtered negative secondary ions are collected and
analysed using a double focusing mass spectrometer. In this
study, the instrument was generally configured to maximize
the sensitivity to trace elements by using a large D1 aperture
which reduced the lateral resolution to c. 100–200 nm but
improved the counting statistics. Higher resolution images
(10 lm · 10 lm maps) were taken with smaller D1 aper-
tures and have a spatial resolution of better than 100 nm.
The incident Cs+ beam currents were 2–4 pA for all experi-
ments unless otherwise stated. The region of interest was
selected first with a charge-coupled device (CCD) camera
and then using the secondary electron image created by
scanning the primary ion beam. In all cases it was necessary
to remove the platinum coating from the area of interest
and implant caesium ions to achieve steady-state analysis
conditions before collecting chemical images (Guerquin-
Kern et al., 2005). This was achieved by continued scan-
ning of the region of interest with a large, defocused beam
until no further changes in the secondary electron signal
were observed and steady-state analysis conditions were
reached. As the bulk concentrations of the elements of inter-
est were low, it was necessary to carefully calibrate the detec-
tors using appropriate standards to ensure correct tuning of
the spectrometer. Sodium selenate, dissolved in water and
re-crystallized onto a resin surface, was used for Se calibra-
tion and a solid gallium arsenide standard was used for As.
Ion maps were collected simultaneously for 16O), 12C14N),
32S), 31P 16O) and 75As) or 80Se) together with the sec-
ondary electron map. Secondary electrons are produced
during the sputtering process and these can be used to give
an indication of both sample morphology and surface
topography. NanoSIMS maps are presented in an arbitrary
linear colour scale, with red and yellow regions indicating
higher concentration and blue and black indicating lower
concentration.

An FEI FIB 200 focused ion beam (FIB) microscope
(FEI Company, Hillsboro, OR, USA) with a 30-keV Ga+

primary ion beam with a current of 100–300 pA was used
to simulate the effect of the NanoSIMS incident ion beam
on the sample surface topography.
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One rice grain sample was also analysed with synchrotron
X-ray fluorescence (S-XRF) using beamline 20ID at the
advanced photon source (APS) at Argonne National Labo-
ratory (Argonne, IL, USA). This sample was mounted in
resin and prepared as described above so that the same sam-
ple could be analysed with the NanoSIMS after S-XRF
analysis. Half of the grain (3 mm · 1.7 mm) was mapped
using S-XRF with a step size of 15 lm and the beam
focused to c. 2 lm. The rationale for this experiment was
suggested by previous work by Meharg et al. (2008) using
S-XRF showing increased As concentrations near the sur-
face of the grain in similar rice samples. Mapping large areas
is very time consuming in the NanoSIMS, and therefore the
analytical strengths of the two techniques have been com-
bined by mapping a rice grain at lower resolution with
S-XRF to target regions with high As content which were
subsequently studied at higher spatial resolution in the
NanoSIMS.

Results and Discussion

Selenium distribution in wheat grains

Figure 1 shows a scanning electron micrograph of an area
of the wheat grain selected for NanoSIMS analysis. It shows
the outer part of the endosperm, with a single layer of
thick-walled aleurone cells surrounded by the outer layers of
the grain (testa and pericarp) and enclosing the starchy
endosperm cells. (The main morphological components of
wheat grains are described in Grundas (2003).) The aleu-
rone cells are clearly well preserved, with phytate granules
being easily visible. The starchy endosperm cells contain
starch granules, with the layer of cells immediately below
the aleurone being particularly protein-rich (Tosi et al.,

2009). The surface, although not completely flat, is not so
rough that reliable NanoSIMS analysis is prevented.

Figure 2 shows NanoSIMS ion maps of the area shown
in Fig. 1 taken with a dwell time of 60 ms per pixel and a
current of 2 pA. Significant differences can be observed
between the individual elemental maps, showing that the
influence of topography does not dominate the local ion
yield. This indicates that the images reveal genuine varia-
tions in composition. The 12C14N) ion is commonly used
in SIMS analysis of biological materials as a marker for the
distribution of proteins (Levi-Setti, 1988) and to illustrate
morphology (Grignon et al., 1992). The 12C14N) signal
intensity in Fig. 2 is much stronger in the regions around
the starch granules, which is consistent with the granules
being surrounded with a protein-rich matrix. The oxygen
map shows a more even distribution, apart from in the aleu-
rone cells, where intense regions of signal are observed.
These regions correspond with high intensity in the
31P16O) map and show the location of the phytate gran-
ules. Although a bulk concentration of 16.7 mg kg)1 Se is
very high for wheat grain (normal values lie within the
range 0.01–2 mg kg)1 Se (Hawkesford & Zhao, 2007)), it
still presents a serious analytical challenge for techniques
with high spatial resolution. At this concentration, however,
the 80Se) signal is readily detected by the NanoSIMS and is
relatively uniformly distributed across the protein matrix of
the aleurone cells but more concentrated in the region sur-
rounding the starch granules in the starchy endosperm cells.
These results are consistent with those of Eurola et al.
(1991), who showed that flour fractions containing the
aleurone cells contained only slightly higher Se concentra-
tions than flours that did not. They also agree with the
results of Lyons et al. (2005a), who showed that the con-
centration of Se in the embryo was only 1.5 times higher
than in the endosperm (including the aleurone) and that Se
was quite evenly distributed throughout the whole of the
grain. The Se distribution is very similar to that of sulphur
(S) (see also Feeney et al., 2003), which is not unexpected
as these elements share the same mechanisms of uptake and
transport (Hawkesford & Zhao, 2007), with c. 80% of the
Se in the wheat grain being present in proteins as selenome-
thionine or selenocysteine (which replace methionine and
cysteine, respectively) (Whanger, 2002).

Higher magnification images of the aleurone cell and
starchy endosperm cells from the areas indicated by the
boxes in Fig. 2 are shown in Figs 3a and b, respectively.
These images were taken under the same analytical condi-
tions so the Se ion counts can be quantitatively compared.
The line scan of Fig. 3c indicates that the concentration of
Se is greater inside the aleurone cell than in the surrounding
region but that the distribution within the cell is relatively
uniform. Figs 3b and d show that Se is concentrated in the
protein region surrounding the starch granules in the star-
chy endosperm cells, with little signal detected inside the

Fig. 1 Scanning electron micrograph of the outer edge of a wheat
(Triticum aestivum) grain showing the aleurone layer (left) and the
starchy endosperm (right). This area was subsequently analysed in
the NanoSIMS.
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starch granules. Figs 3b and d also show that Se follows the
S distribution.

The wheat grain sections prepared by high-pressure freez-
ing were analysed under similar conditions to ensure that
no artefacts had been introduced by the sample preparation
method. Supporting Information Fig. S1 shows an aleurone
cell, clearly showing phytate granules and the nucleus in the
centre of the image. The morphology and chemical distri-
bution is very similar to that shown in Fig. 3a. It can there-
fore be concluded that sectioning with a razor blade and
removal of the platinum coating have not had a serious
effect on the morphology or major element distribution in
these samples.

The high-resolution capability of the NanoSIMS is illus-
trated in Fig. 4. This image together with Fig. 3d clearly
shows that there is normally a close relationship between
the distributions of S and Se at the submicron level. How-
ever, higher resolution imaging of the aleurone cells
revealed the presence of 1–2 lm sized Se-rich areas as
shown in Fig. 5. These regions appear to be situated on the
outside of the phytate granules. Surprisingly, the same hot-
spots are not seen in the S map, with less S detected in these
hotspots in comparison to the surrounding areas. In the
other regions of the cell, the distribution of the Se follows
closely that of S. Wheat is relatively tolerant to high

concentrations of Se (Lyons et al., 2005b) and it is possible
that the wheat grain stores the Se in these localized regions,
which may be vacuoles, to prevent high Se concentrations
having toxic effects more widely within the grain. This is
the first time that localization of Se to this kind of feature
has been observed in the wheat grain and further work is
needed to identify the processes that lead to this apparent
sequestration. It would be interesting to investigate if the Se
hotspots also occur in grain containing lower concentrations
of Se, although analytically this will be difficult. Analysis of
similarly Se-fertilized grains by high-performance liquid
chromatography (HPLC)-ICP-MS showed little difference
in the form of Se between the bran and white flour frac-
tions; both contained selenomethionine as the major Se
compound (Dave Hart, Institute for Food Research, Nor-
wich, pers. comm.). It is therefore not clear what the likely
form of Se is within these Se hotspots.

In Fig. 4 the 31P16O) signal was more concentrated
inside the starch grains and is presumably associated with
phospholipids present within the starch granules. The char-
acteristic ‘porous’ structure observed inside all of the starch
grains, and shown most clearly in the 31P16O) image of
Fig. 4, is an artefact created by scanning the sectioned
starch surface with an intense ion beam. The effect of ion
beam milling has been confirmed with experiments in a

Fig. 2 NanoSIMS ion maps of the outer part of the wheat (Triticum aestivum) grain showing the distribution of 16O), 12C14N), 32S), 31P16O),
80Se) and secondary electron (SE) signals. An aleurone cell and a region of the starchy endosperm are indicated by red boxes and are presented
at higher magnification in Figs 3a and b, respectively.
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focused ion beam microscope which produced identical
topographic features. These same features were also obser-
ved in wheat grain containing 100% amylopectin starch,
suggesting that these characteristic features are a general
response of starch on exposure to an energetic incident ion
beam rather than preferential removal of different starch
components.

Arsenic distribution in rice grains

Figure 6 is a low-magnification NanoSIMS image of the
edge of a rice grain showing two aleurone cells and part of
the starchy endosperm. The structure of the rice grain has
been described diagrammatically by Krishnan & Dayanan-
dan (2003). The structures and elemental distributions are

very similar to those seen in the wheat grain, with the pro-
tein matrix around the starch granules in the starchy endo-
sperm cells revealed by the characteristic distributions of the
12C14N) and 32S) signals. It can be seen in this image that
the As is concentrated in the protein matrix of the starchy
endosperm cells just below the aleurone layer (the subaleu-
rone) with very few counts from the aleurone layer itself.
This pattern is also observed further into the grain, with the
As being concentrated in the protein matrix. The concentra-
tion of protein decreases from the subaleurone cells to the
central starchy endosperm cells and a similar gradient in As
concentration is observed. Similar gradients in protein con-
centration have been demonstrated in endosperms of other
cereal species (Tosi et al., 2009). This finding may indicate
that As is associated with thiol groups of the proteins.

15 µm15 µm(a) (b)

(c) (d)

Fig. 3 Higher magnification NanoSIMS ion maps of (a) the wheat (Triticum aestivum) aleurone cell indicated in Fig. 2 showing 16O), 12C14N),
31P16O) and 80Se) signals, and (b) the wheat starchy endosperm region indicated in Fig. 2 showing 16O), 12C14N), 32S) and 80Se) signals.
(c) Line scan for 80Se) across the wheat aleurone cell as indicated by the arrow in (a), with the intensity in counts per second (cps). (d) Line scan
for 80Se) and 32S) ions across the starchy endosperm region as indicated by the arrow in (b), with the intensity in cps. The line scans were
averaged over 400 pixels to improve the counting statistics using a box with a width of 10 pixels (parallel to the line) and a height of 40 pixels
(normal to the line) and stepped along the image in 1.5-lm intervals.
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Recently, Lombi et al. (2009) showed an S distribution in
rice grains that decreased from the outer parts of the grain
to the interior of the endosperm. Furthermore, As(III)-thiol
complexes were found to represent over 50% of the total As
in the endosperm of rice. Both these findings, obtained by
particle induced X-ray emission (PIXE) and synchrotron
techniques and therefore only resolved at the micron scale
level, are corroborated by our results at the subcellular level.

The As speciation in similar samples was previously deter-
mined to be 30% inorganic As (mainly arsenite) and 70%
dimethylarsinic acid (DMA) (Xu et al., 2008). The presence
of As(III)-thiolate complexes could not be revealed using the
technique employed by Xu et al. (2008) but is likely consid-
ering the report of Lombi et al. (2009). This may explain
why the distribution of the As is different to that of P because

very little of the As in the rice grain is in the form of arsenate,
which is chemically similar to phosphate. Transport of arse-
nite and DMA from vegetative tissues to the rice grain would
thus be expected to follow a different pathway from that for
phosphate (Zhao et al., 2009).

Higher magnification images, taken under the same ana-
lytical conditions, enabled a direct comparison of the con-
centrations of key elements in the aleurone and starchy
endosperm cells (Figs 7a and b, respectively). The ring
structures in the 16O), 31P16O) images and the dark circles
in the secondary electron image of Fig. 7a correspond to
the location of the phytate granules and are similar to the
images of phytate in wheat reported by Heard et al. (2002),
and are also similar to the 16O) and 31P16O) maps in wheat
(Figs 2, 3a). It was expected that the whole of the phytate
granule would show a high concentration of P and O, but
16O), 31P16O) signals were lacking from the central region
of the granule, possibly because of an artefact from the well-
known matrix effect in SIMS analysis (Benninghoven et al.,
1987; Wilson et al., 1989). The yields of 16O) and
31P16O) secondary ions are very low from the bulk of the
phytate granules even though the local concentrations of
these elements are high. The yields of these same ions adja-
cent to the surrounding material (matrix) are much higher
and this leads to the ring structure. FIB imaging and energy
dispersive X-ray spectroscopy demonstrated that these phy-
tate granules have not been preferentially sputtered away to
leave a hole and do indeed contain high concentrations of P
and O. The majority of the phytate granules in Fig. S1 do
not show the ring artefact, and it is possible that the pres-
ence of the underlying silicon wafer in these thin sections
either increases the yield from the central region of the phy-
tate granules or reduces the build-up of charge inside the
granules (as proposed by Heard et al., 2002). Unfortu-
nately, this imaging artefact prevents the determination of
the As content of the central regions of the phytate granules
in the grains sectioned with a razor blade.

Line scans taken across the As images in Fig. 7 show that
micron-scale regions of the starchy endosperm cells contain
higher concentrations of As than the aleurone cells
(Fig. 7c). If the As signal intensity from the starchy endo-
sperm region (summed over that defined in Fig. 7a) is
directly compared with that from the aleurone region, and
it is assumed that there are no differential matrix effects in
these two regions, it appears that there is a concentration of
As 2.5 times higher in the starchy endosperm cells than in
the aleurone cells. However, although the images were taken
under very similar analytical conditions, there is a consider-
able difference in the intensity of the 12C14N) signal (not
shown in Fig. 7a) between the two images. For biological
materials the 12C14N) intensity is known to be very sensi-
tive to topography, local matrix effects and protein-rich
regions and so can be used to normalize other signals to at
least partially remove these counting artefacts (Follet-Gueye

5 µm

Fig. 4 High-resolution NanoSIMS ion maps of a proteinaceous
region between the starch granules in the starchy endosperm cells of
the wheat (Triticum aestivum) grain showing the distributions of the
12C14N), 32S), 31P16O) and 80Se) signals.

3 µm
Fig. 5 High-resolution NanoSIMS ion maps from the middle of a
wheat (Triticum aestivum) aleurone cell showing the 32S) and 80Se)

signals. Selenium-rich hotspots are clearly observed but there are no
accompanying sulphur hotspots.
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et al., 1998; Derue et al., 2006). To take into account the
chemical environment and topography differences between
the two As images, the 75As) signal intensity was first nor-
malized pixel by pixel with respect to the 12C14N) signal
and then ratioed. This increases the count ratio between the
two regions to 18 in favour of the endosperm, suggesting an
even greater difference in As concentration between the star-
chy endosperm and aleurone regions. When the As signal
was normalized with the 32S) signal this gave a ratio of 5.8.
It is currently not clear which of these values represents the
closest approximation to the real compositional variation,
but for all three estimates the As concentration is higher in
the endosperm than in the aleurone cells.

Polishing of rice grains usually removes both the aleurone
and the subaleurone layers and thus reduces the amount of
As consumed via the rice grain. An unfortunate conse-
quence of this processing is a depletion of protein, which
could have consequences for nutrition in regions where rice
provides a significant proportion of the daily protein intake.
The bran and subaleurone cells also contain high concentra-
tions of other beneficial components in addition to proteins
(dietary fibre, vitamins, micronutrients and phytochemi-
cals) which are lost by polishing (Lombi et al., 2009).

In the sample analysed with S-XRF, As was localized near
the ovular trace and nucellar projection (see Fig. S2).
Because of the thickness of the sample required for Nano-
SIMS analysis, and penetration of the X-ray beam, the As
map is somewhat distorted, but the main aim of using this
technique, which has already been extensively used to ana-
lyse the localization of As in rice grains (Meharg et al.,
2008; Lombi et al., 2009), was to target regions showing
different As intensities for subsequent analysis with the
NanoSIMS at higher resolution. At each location a 90 by
90 lm map (with a dwell time of 10 ms and a current of
29 pA) was obtained to compare the As distribution
directly with the S-XRF data. Both optical and SEM exami-
nation indicated that the synchrotron beam was quite dam-
aging to the rice sample as approximately every 15 lm
there was a 1–2 lm sized hole. Ideally NanoSIMS analysis
should be performed on a flat surface, but the presence of
these holes was clear in the 90-lm scans and any enhance-
ments of ion signals from these regions were disregarded.

In the regions near the ovular vascular trace and the
nucellar projection, S-XRF showed a higher average As con-
centration and NanoSIMS analysis was able to identify
micron-sized hotspots as shown in a typical image in Fig. 8

25 µm

Fig. 6 NanoSIMS ion maps of the edge of a rice (Oryza sativa) grain showing the 16O), 12C14N), 32S), 31P16O), 75As) and secondary electron
(SE) signals.
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(area 1 of Fig. S2). Hotspots were found in areas 1–4, 7
and 11–13 of Fig S2, and, in general, one or two hotspots
were found in each 90-lm scan. With the exception of areas
7 and 13, no hotspots were found at any location other than
the high-As region shown by S-XRF near the ovular vascu-
lar trace and nucellar projection. The ovular vascular trace,
in conjunction with the chalazal and nucellar tissues, trans-
ports nutrients into the endosperm (Krishnan & Dayanan-
dan, 2003). It is therefore not unexpected that there is a
higher As concentration in this part of the grain. Because of
the large step size of the S-XRF analysis it is possible
that the highly localized hotspots in areas 7 and 13 lay
between the analysis points, and hence these areas are shown
in Fig. S2 as being low in As.

In each area analysed, the total number of As counts from
NanoSIMS was normalized pixel by pixel with the total
number of S counts in order to reduce errors caused by
topography or small changes in primary ion current which
could modify the yield of secondary ions. The normalized
data were grouped into three regions, those near the ovular
vascular trace and nucellar projection (the high-As region
identified in the S-XRF data), aleurone and endosperm (all
areas away from the high-As region), and averaged. Area 13
was excluded from the averages of the endosperm region
because this area was anomalously high in both As and
number of hotspots, as shown in Table S1.

(a)

(b) (c)

Fig. 8 (a) 90-lm NanoSIMS ion maps of rice (Oryza sativa) grain
area 1 on Supporting Information Fig. S2 showing the 16O) (left
panel) and 75As) (right panel) signals. Two arsenic (As) hotspots
were found in this area. Higher magnification scans (10 lm) were
taken of each of these; the upper hotspot is shown in (b) and the
lower in (c). Synchrotron damage (regular holes) can be seen in the
16O) map.

5 µm 5 µm(a)

(c)

(b)

Fig. 7 High-magnification NanoSIMS ion
maps of (a) a rice (Oryza sativa) aleurone cell
showing 16O), 31P16O), 75As) 80Se) signals
and the secondary electron image, and
(b) the rice starchy endosperm cell region
showing 16O), 12C14N), 75As) signals and
the secondary electron image. (c) Arsenic
intensity scans across the aleurone (solid
line) and starchy endosperm (dashed line)
images shown by the arrows in (a) and (b),
respectively.
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Both the normalized data and the average number of hot-
spots per square micron (presented fully in Table S1) show
that there is approximately twice as much As in the region
near the ovular vascular trace and nucellar projection as in
the endosperm, with no enrichment of As in the aleurone
layer. The As:S ratio for the ovular vascular trace and
nucellar projection region was 2.61 · 10)4 ± 1.5 · 10)4,
twice that of the endosperm As:S ratio of 1.37 ·
10)4 ± 4.8 · 10)5 (quoted errors are 1 SD). The As X-ray

signal from the synchrotron data in the As-enriched region
near the nucellar projection is approximately double that of
the endosperm part of the grain, and hence there is good
quantitative agreement in the ratio of As between the two
regions from the two techniques.

The lateral resolution of the synchrotron analysis is
not sufficient to show details of the localization of As in
the As-rich areas. The combination of a large step size
and large interaction volume means that several small
hotspots may be included under one analysis point and
therefore a high, but diffuse, As signal is presented in
the synchrotron map. Furthermore, because of the pene-
tration of the X-rays, hotspots of As located within the
volume probed by the beam would also contribute to
the measured signal. Therefore, if hotspots were located
in the same area but at different depths the overall map
would show a more homogeneous distribution of As. By
contrast, SIMS is inherently a surface analysis technique
and therefore the signal is generated only from the top
few nanometers of the sample surface. With the higher
resolution capabilities of the NanoSIMS, it is quite clear
that the higher average As concentrations were actually
located in small As hotspots near the ovular vascular
trace and nucellar projection. At present it is not clear
why the As is localized in these micron-sized hotspots.

Two recent papers have reported that rice bran contains
high concentrations of As (Meharg et al., 2008; Sun et al.,
2008). Meharg et al. (2008) suggest that the As is localized
in the pericarp and aleurone, but the data presented here
indicate subaleurone localization. The S-XRF images pre-
sented by Meharg et al. (2008) and Lombi et al. (2009) also
clearly show a region of As localization at the surface, which
is suggested to correspond with the surface longitudinal
groove, and this is consistent with the new S-XRF and
NanoSIMS data presented here.

In the supporting information of Meharg et al. (2008), a
higher resolution S-XRF map is presented which shows As
accumulation within c. 200 lm of the edge of the rice grain.
Combining the NanoSIMS and S-XRF data presented in
this paper and these higher resolution S-XRF data (Meharg
et al., 2008), a consistent explanation for why milling of the
grain reduces the overall As concentration in the grain as
stated by Ren et al. (2006) and Sun et al. (2008) can be
suggested. In both of these papers the relative As concentra-
tions in the different parts of the grain are calculated after

separating the bran layer from the endosperm by milling or
polishing. Franz & Sampson (2006) state that the bran layer
comprises 7% of the mass of a whole rice grain, and Sun
et al. (2008) used this value to indicate when polishing
should be stopped. However, it is difficult to control this
process so that only the aleurone layer is removed during
polishing, and it is likely that part of the region immediately
underneath the aleurone layer, the subaleurone, was also
removed. Fig. 6 shows this subaleurone region to have a
high As concentration. The data presented in a recent paper
by Norton et al. (2009) are also consistent with As being
localized in the subaleurone. In the paper by Sun et al.
(2008), removal of 7% of the grain resulted in a 10%
decrease in the As concentration; however, Norton et al.
(2009) milled away 20% of the grain, which resulted in a
45% reduction in the As concentration. This more severe
milling would presumably result in complete removal of the
high-As subaleurone region and hence explain the marked
decrease in As concentration. The NanoSIMS maps shown
in Fig. 6, the combined synchrotron and NanoSIMS data
of Fig. S2 and Fig. 8, the higher resolution S-XRF data of
Meharg et al. (2008) and the milling data of Norton et al.
(2009) consistently indicate that this subaleurone layer and
possibly the ovular vascular trace contain the highest con-
centration of As, and explain why milling of the grain
reduces the overall As concentration in these rice samples. It
is also possible that rice embryos contain higher concentra-
tions of As than other parts of the grain (embryos are
removed during polishing) and this is an obvious target for
future analysis using NanoSIMS.

Conclusions

This study has demonstrated that NanoSIMS is a power-
ful technique for identifying the location of important
trace elements in cereal grains. To our knowledge, this is
the first time the precise location of parts-per-million
concentrations of Se and As have been analysed with sub-
cellular resolution, and several new features have been
observed.

This report demonstrates that in wheat Se is located rela-
tively uniformly across the aleurone, apart from the presence
of Se-rich hotspots, and also in the protein matrix surround-
ing the starch granules in the starchy endosperm. The similar
distribution patterns of Se and S suggest that the two
elements are transported to and deposited in the grain via
the same pathway. The presence of the Se-rich hotspots
in the aleurone cells is yet to be explained as there are no
accompanying S hotspots.

In the rice samples far from the ovular vascular trace, As
is more concentrated in the protein matrix in the subaleu-
rone cells of the endosperm with very little in the aleurone
layer. Near the ovular vascular trace and nucellar projection
the macroscopic variation in As revealed by the S-XRF
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experiment is a result of increased concentrations of
micron-sized As-rich regions. These patterns are in contrast
to that of P, suggesting that the two elements follow differ-
ent pathways into the grain. It is believed this is the first
time S-XRF and NanoSIMS analysis has been used on the
same sample, and there is good quantitative agreement
between the two techniques.
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Supporting Information

Additional supporting information may be found in the
online version of this article.

Fig. S1 High-resolution secondary ion mass spectrometry
(NanoSIMS) ion maps of an aleurone cell from the high-
pressure frozen wheat grain sample showing the 16O),
12C14N), 31P16O) and secondary electron signals.

Fig. S2 Synchrotron X-ray fluorescence (S-XRF) map of
the top half of a transversely sectioned (As)-containing rice
grain showing a high As concentration near the ovular vas-
cular trace.

Table S1 Average of arsenic:sulphur (As:S) normalized
high-resolution secondary ion mass spectrometry (Nano-
SIMS) data and average number of hotspots per square
micron for the ovular vascular trace and nucellar projection
(region of high As concentration), the endosperm, the aleu-
rone and area 13
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