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Abstract

This paper briefly summarizes the need for trace elemental microanalysis
in the biological and medical sciences. It discusses some of the specific
problems associated with the preparation, handling and irradiation of fragile
soft tissues and isolated cells, and how these problems can be solved. The
advantages of total, quantitative data collection and analysis are also
discussed.

Introduction

The role of trace elements is of great importance in the various
physiological and biochemical processes that occur in biological systems.
Subtle changes in trace element availability can create deficiencies or
excesses that can adversely affect the activity of many key enzymes and
hormones, and thus can have a deleterious result on the growth and functioning
of the plant or animal. A detailed investigation of chemical composition and
its relation to morphological structure under various environmental conditions,
can assist in the understanding of the interaction between trace and macro
elements. The need in the biological and medical sciences is for
multi-elemental analysis with high sensitivity and spatial resolution at the
cellular and sub-cellular level.

Non-Destructive Microanalytic Tools

It is desirable to use a non-destructive probe to analyse biological and
medical specimens. Microanalysis may highlight an unexpected or inconsistent
elemental distribution, as cells and tissue often may be in an abnormal
physiological state. Conservation of the target permits re-analysis (perhaps
over a larger or smaller region of interest) with the same or a complementary
analysis technique. The Scanning Electron Microprobe (SEM) has been
successfully employed to non-destructively study elemental localizations in
biological tissue. The sensitivity of this instrument, which is around one
part in a thousand, is limited by the continuum of background radiation
(bremsstrahlung) produced principally by the deceleration of the incident beam
of electrons in the target. Because of their greater inertia, a beam of
protons produces a bremsstrahlung background which is significantly lower than
that produced by an equivalent beam of electrons (1). The elemental
sensitivity of the Scanning Proton Microprobe (SPM) is thus correspondingly
higher and concentrations as low as one part per million can be detected.

Figure 1 shows the X-ray spectra obtained from a silicon cell in freeze-
rlried wheat leaf epidermis irradiated by both a SEM and SPM. Although the SPM
had an absorber in front of the detector to preferentially attenuate low energy
X-rays, the ratio of characteristic X-ray peak to continuum background for each
element can be compared directly, as their ratios are independent of the
absorber used. As can be seen from the spectra, the P/B ratio for Si is
similar for the two probes. For Cl, K and the other detected macro elements,
the P/B ratios are significantly higher (5 ->• 10 times) for the SPM. Since the
continuum background from proton irradiation decreases rapidly with increasing
X-ray energy, the heavier trace element P/B ratios ::or the SPM are several
orders of magnitude higher than those of the SEM. Although no trace elements
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X-ray spectra from a Si cell in freeze-dried wheat leaf

were detectable with the SEM, the SPM spectrum shows many trace element peaks,
some of which are from elements whose concentrations are close to the ppm
(atomic) level.

When the focussed beam from the SEM penetrates into a specimen, the
incident electrons undergo multiple scattering and the beam spot spreads to a
diameter approximately equal to the thickness of the specimen. For trace
element analysis this thickness should be no less than 1 pm, since for thinner
specimens there is usually insufficient material for the detection of trace
concentrations. A. focussed beam of protons scatters much less than one of
electrons (of similar velocity) (2), so for SPM analysis much thicker specimens
can be used. These specimens are easier to prepare and handle, and trace
elements can be detected readily with currents as low as 100 pA. With this
beam intensity the SPM has a resolution of 1 pm. For Scanning Transmission Ion
Microscopy (STIM), a low current imaging technique developed at Melbourne (3) ,
the probe resolution is down to 0.3 ym. Figure 2 is a STIM image of a diatom,
the clearly visible ribs have a period of 0.7 pm.

Figure 2: High resolution STIM
image of a diatom. (Scan:
13 vm x 16 urn)
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The Nature of the Specimen

Biological or medical tissue is potentially a very unstable medium and
therefore precautions must be taken to maintain specimen integrity during
preparation and irradiation. A large fraction of the specimen is composed of
water, which must be stabilized or removed if ionic exchange or movement of
elements is to be avoided. Conventional techniques of chemical fixing, as used
in electron microscopy, preserve the structure of the cells but not their
original ionic content. As an illustration, a rat kidney papilla was
sectioned and irradiated with the SPM, (after is had been fixed, stained with
Lanthanum and embedded in araldite). Figure 3 shows a photomicrograph taken
after the irradiation. The ring of cells that comprises a kidney tubule can
clearly be seen in the photomicrograph and in the accompanying La map. No such
structure was evident in maps from elements that were originally in the tissue,
as these had been washed out during the chemical preparation.

Figure 3: Photomicro-
graph and La map from rat
kidney papilla. (Scan:
1 20 (jm x 120 urn)

Snap freezing appears to be the only suitable method of fixing tissue for
microanalysis. It must be done quickly and at a temperature cold enough to
prevent migration of unbound ions and the formation of large ice crystals.
Although frozen hydrated analysis allows the specimen to be examined in a state
which is morphologically and elementally close to the in vivo state, the
trapped ice contributes significantly to bremsstrahlung background. For trace
element analysis it is desirable to remove this ice by sublimation under
vacuum, '4) even though the freeze-drying process will inevitably result in
some cellular distortion and possible loss of extremely volatile elements.

The fragile nature of the specimen dictates that running conditions must
be chosen to minimize target movement and/or elemental loss due to localized
beam induced heating. The focussed beam spot should be scanned in a
continuous, rapid, unclosed path to quickly and evenly spread the heat over the
entire scanned area. Exposure to the beam should be minimized by the use of an
efficient data collection system. A method of total quantitative data
collection and analysis was developed at Melbourne (5) especially for
biological SPM application. With this system, all detected X-ray signals,
together with the spatial coordinates at which they were produced, are
digitized and stored directly by a computer. The information can then be
digitally filtered to quantitatively display spatial distribution maps of
individual elements, line scans of individual elements, or X-ray spectra from
sub-regions of the scanned area.

Necrosis in cocoa leaves is a serious problem in the highlands of Papua
New Guinea. The SPM was used to scan the margin of a necrotic lesion on an
unwashed cocoa leaf which showed symptoms of Ca deficiency. Figure 4 shows a
set of four elemental maps extracted from the data collected during the
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Figure 4: Elemental maps, virtual
line scans, and spectra from a
diseased cocoa leaf. The
1 mm x 1 mm scan was centred on
the margin of a lesion.
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irradiation. The necrotic lesion (lower right) contains high concentrations of
Ca, localized in the vascular tissue, but virtually no K, which is found only
in the healthy living tissue (upper left). Si is strongly concentrated along
the boundary of the lesion, whereas Fe is localized in small random areas and
is probably associated with contaminant soil particles. Also shown is a set of
virtual line scans and spectra from three sub-regions, all of which were
extracted from the same data set. These line scans and spectra show the
relative elemental concentrations in the healthy tissue, the necrotic lesion
and along the boundary region.

Information from Coulomb scattered charged particles and from nuclear
reactions can also be digitized and processed in exactly the same way. All
this information, together with the X-ray signals, can be collected
simultaneously during the one single irradiation. An added advantage of this
technique is that because all the information is digitized and stored in
correct time sequence, elemental loss and target movement during irradiation
can be monitored; n.nning conditions can then be selected accordingly to
minimize any loss or .novement.

One of the major considerations associated with the microanalysis of
biological specimens is the introduction of contaminants during specimen
preparation; conventionally used techniques may not be desirable as they are
not developed with such considerations in mind. The preparation of individual
cells may involve the use of washing techniques to remove excess media^). Two
problems encountered with this technique are the introduction of contaminant
elements from the washing buffers, and their adjustment to the correct pH and
tonicity to maintain cellular integrity. Figure 5 shows a 3D contour map of K,
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Figure 5: 3D contour map of the K
distribution in a single red blood
cell. (Scan: 12 urn x 12 urn)

extracted from a single red blood cell approximately 8 ym in diameter. This
map exhibits the "ring" structure associated with the cell's bi-concave
shape. The 3D map gives a more realtistic picture of the original specimen and
provides an enhanced visual representation of the elemental concentration and
d.' ̂ tribution.

Quantitative Analysis

SPM analysis of biological and medical specimens has often yielded results
that were unexpected, and these results often have pointed to trace element
correlations .that were previously not considered important. By recording all
detected signals from the target directly by a computer, the original data set
can be re-analysed a number of times from slightly different perspectives, in
order to quantitatively confirm a particular observation or correlation.

Figure 6 shows a set of elemental maps from the root of a rye grass plant
grown in an abnormally high Cu rich culture solution. Bulk cvnalysis on similar
plants had shown that, as the Cu concentration in the yrowing medium was
increased, a greater proportion of CM (absorbed by the plant) was being
retained in the roots, and not translocated to the rest of the plant. The SPM
was employed to find the sites of, and possible mechanism for, Cu localization
in the roots of these plants.

The maps indicate that there was an apparent localization of P, Ca and Fe
on, or close to, the surface of the root. The distribution of Cu correlated
well with these elements. The maps for K, Cl, S, Mn and bremsstrahlung
radiation, on the other hand, appeared to be more uniform, or in the case of K,
more concentrated towards the central part of the root. Such an interpretation
is only speculative as the X-ray P/B ratios for S, Cl, and Ca were all
approximately one, and therefore about 50% of the distribution of each of these
maps could be attributed to background rather than elemental content.

To account for this background the data set was re-analysed. The scanned
area was divided into a number of sub-regions running longitudinally along the
root, and the X-ray spectrum for each sub-region was extracted, and background-
subtracted counts for all element were calculated. The results, which were
normalized to bremsstrahlung to correct for size and thickness variations in
the root, are shown in the figure. These results show a definite correlation
between the distribution of Cu, P, Ca and Fe, and indicate that the Cu has



Figure 6: Maps and relative elemental concentrations from regions of
interest in a rye grass root. (Scan: 1 mm x 1.5 mm)

probably co-precipitated on the surface of the root with a Calcium and/or an
Iron phosphate.

Conclusion

Although the problems associated with the preparation, handling and
irradiation of soft biological tissue are numerous and complex, the effort
expended in their solution is worthwhile as the SPM offers a unique opportunity
to study the role of trace elements in biological and medical systems.
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