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Tapered metal monocapillary optics provide a potential alternative to

conventional methods of producing small X-ray beams. This paper

presents the initial results of chemically speci®c imaging using such

devices. Cellular resolution of organic selenium is obtained in a

longitudinal section of mature Astragalus bisulcatus, a selenium

hyperaccumulating plant. This work demonstrates the utility of metal

monocapillary optics for imaging dilute levels of target elements in

biological tissues.
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1. Introduction

Selenium, an essential trace element in eukaryotes (Hat®eld, 2001), is

toxic at higher levels. Hyperaccumulating plants are able to actively

and speci®cally accumulate high levels of the element into their

tissues (Brooks, 1998); Astragalus bisulcatus hyperaccumulates more

than 0.6% of its shoot dry biomass as Se from inorganic selenium

naturally occurring in soil (Trelease et al., 1960). We have previously

used chemically speci®c imaging with an apertured 100 � 100 mm

beam to show how selenium is partitioned between selenate and

organic selenium in the leaves and stems (Pickering et al., 2000). Here

we use a smaller beam, produced by a novel tapered metal mono-

capillary optic, to investigate the localization and chemical form of

selenium on a cellular scale within the plant structures.

Metal monocapillary optics provide a potential alternative to

conventional methods of producing small X-ray beams (Hirsch, 1998,

2000, 2003) for hard X-ray imaging and micro X-ray absorption

applications (Bertsch & Hunter, 2001). Compared with zone plates,

capillary optics have the advantage of not requiring adjustment along

the beam direction on changing energy, which allows images at

multiple energies to be perfectly spatially aligned. Metal mono-

capillary optics allow higher photon-energy operation than glass

monocapillaries in a shorter length, because of the dense metal's

higher critical angle for total external re¯ection. Metal mono-

capillaries are also a cheaper alternative to Kirkpatrick±Biaz mirrors.

A shortcoming is that the very short focal length requires the end to

be very close to the sample, which makes it dif®cult to measure the

intensity incident on the sample. Nevertheless, this problem can be

circumvented by measuring a background in the form of a blank pixel

at the end of each raster.

In this paper we present the initial results of using a metal

monocapillary optic with a 5 mm exit aperture to probe the locali-

zation and speciation of selenium at cellular resolution in a sectioned

sample from a mature A. bisulcatus plant.

2. Materials and methods

A paraboloidally tapered metal monocapillary optic with a gold

interior was manufactured and characterized as described elsewhere

(Hirsch, 1998, 2000, 2003). Experiments were carried out on the

structural molecular biology wiggler beamline 9-3 of the Stanford

Synchrotron Radiation Laboratory (SSRL), with a double-crystal

Si(220) monochromator, an upstream vertically collimating

Rh-coated mirror for the rejection of harmonics and a downstream

refocusing Rh-coated mirror. Intensity was measured upstream of the

optic and downstream of the sample using N2-®lled ion chambers.

Motorized slits were mounted upstream of the tapered metal capil-

lary optic to reduce the incident beam size. The optic itself was

mounted on a custom motorized orientation stage.

Mature A. bisulcatus plants were cultivated according to the

method of Pickering et al. (2000). A section of mature lea¯et branch

was made using a microtome, mounted on adhesive Mylar tape, and

covered with polypropylene to minimize dehydration. Optical

micrographs were collected, and the sample was mounted on an xy

raster stage within 0.1 mm of the output of the capillary and normal

to the beam. Se K� ¯uorescence was monitored with a Canberra 30-

element germanium detector, upstream of the sample, at approxi-

mately 55� to the incident beam.

Data were collected using the SCAN_CONTROL software, which

was developed at SSRL for these experiments. This software consists

of two separate programs that run concurrently ± an XWindows

graphical user interface or GUI (Fig. 1) and a data acquisition

program. The latter is a relatively small and robust program that

communicates with the GUI using shared memory, thus allowing the

real-time display and analysis of the data while the experiment is in

progress. The use of two discrete programs in this way means that if

the GUI crashes the collector will continue, and the GUI will simply

be relaunched with no loss of data. During a typical experiment the

sample abscissa is scanned at each X-ray energy for each point in the

ordinate scan, so that the maximum completeness of the data at any

given time is ensured. A variety of optional capabilities are available,

such as automated optimization of the hutch table position at the end

of every raster. The GUI program has data manipulation and display

capabilities, such as adjustable false-color displays and the ability to

arithmetically combine images.

3. Results and discussion

Astragalus bisulcatus has pinnately compound leaves comprising

several pairs of lea¯ets growing from either side of the stem-like

rachis (the rachis itself branches from the main stem; Raven et al.,

1992). Fig. 2(a) is a low-magni®cation optical micrograph of a

100 mm-thick longitudinal section through a stem-like rachis. Fig. 2(a)

shows a pair of nodes where the lea¯ets branch off on small stalk-like

petiolules. A higher-magni®cation optical picture of one of the nodes

(Fig. 2b) reveals several details, including the vascular bundles that

are visible as bright vertical lines running from bottom to top. The

helical structure of the xylem vessels can be seen. The vascular

bundles are seen to diverge, with a smaller bundle, the lea¯et trace,

forming an extension to the lea¯et.

Chemically speci®c imaging was carried out on the same region of

plant tissue, and the results are shown in Fig. 2(c) for organic sele-

nium measured at 12660.7 eV. The map shows that the higher sele-

nium concentrations occur in the cortex, those layers of cells that lie
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outside the vascular bundle, with the highest concentration close to

the epidermis. This result is consistent with our previous observations

of the highest concentrations in the periphery of such structures

(Pickering et al., 2000). There is an indication that the selenium is

sequestered predominantly within, rather than outside of, these cells.

Some selenium concentration is observed in the trichomes (hairs),

although to a lesser extent than was observed for cadmium in Bras-

sica juncea (Salt et al., 1995).

The concentration in the vascular bundles is considerably lower

than in the surrounding cells. However, periodic structure in the sub-

1 mM level coincides with the location of the xylem vessels. The

extremely ®ne nature of these (10±15 mm across) suggests that the

selenium is associated with ®bres in the xylem bundle. A map at the

energy sensitive to selenate (12667.0 eV) was also collected, but no

signi®cant presence of selenate was detected. This result is consistent

with the low level of selenate in the medium (5 mM) and with our

previous observations of predominantly organic selenium in this

region of the plant (Pickering et al., 2000).

Excellent spatial resolution is achieved with the metal mono-

capillary optic, as shown in particular by the periodic structures in the

xylem vessels, which are only some 10±15 mm across. The sensitivity

to low levels of selenium is also demonstrated by these structures,

which show a detection level of better than 1 mM (equivalent to

1.5 � 109 atoms per pixel). In a subsequent paper (Pickering et al.,

2003), we will present chemically speci®c images of seedlings of

A. bisulcatus germinated in the presence and absence of selenate.

In summary, tapered metal monocapillary optics have been

successfully used to quantitatively image and speciate selenium at

dilute physiological levels in living tissues of plants. Excellent spatial

resolution has been achieved. Future applications of these optics will

include studies at low X-ray energies (e.g. the sulfur K-edge) and at

higher spatial resolutions (e.g. 1 mm).
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Figure 2
Longitudinal section of a mature leaf branch of Astragalus bisulcatus, imaged
with optical microscopy and using a metal monocapillary optic. The step size is
5 mm in both dimensions, and the specimen is approximately 100 mm thick.
Concentration is derived as previously described (Pickering et al., 2000) via a
concentration standard. (a) and (b) are optical micrographs; (c) is a map of
organic selenium.

Figure 1
Example windows from the data collection and analysis software.
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