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1. Introduction • 

The focussed proton microprobe, first developed by Cookson et al is a 

relatively new analytical tool whose applications and techniques are still being 

deve 1 jped. Only a few biological studies involving such a probe have been 
2-9} reported . The important dimensional unit in biology is the size of a cell. 

There is a wide variation in cell shapes and sizes but a typical dimension would 

be of the order of 10 um. Since cells are enclosed by membranes and act as 

individual units within the tissues or systems to which they contribute, many 

biological and medical investigations must be made at the cellular level. Such 

a spatial resolution or better can be achieved by a focussed proton microprobe 
1 9-121 ' and it is thus possible to perform elemental microanalysis within a 

single cell. The electron microprobe can achieve much better spatial resolution 

(though not much better than the specimen thickness because of the beam spread 

caused by electron scattering). However the bremsstrahlung radiation associated 

inherently with electron beam analysis makes the detection of true trace elements 

with an electron microprobe extremely difficult. The ion and laser microprobes 

are more sensitive than the electron microprobe but are not strictly comparably 

because they are inherently destructive. 

2. Spot Analysis 

Fig. 1 shows what was possibly the first proton induced X-ray emission (PIXE) 
2) spectrum from a single biological cell measured with a focussed proton microprobe 

It was recorded early in 1974 with the Harwell proton microprobe. A 5 um 

diameter 100 pA beam of 3 MeV protons for 400 sec was here traversing a single 

Chinese hamster lung cell - one of a colony which had been plated on to a 7 um 

thick nylon foil and then freeze dried after a quick rinse with isotonic sucrose 

solution. These cells are about 10 pm in diameter when in suspension but, on 

plating, they flatten out to about 20 pm. Similar spectra have been recorded by 

Cookson and Pilling . 
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Although it is easiest to obtain cells from cell lines which have been 

cultured in a laboratory, these are many generations removed from the original 

active cells. It is of great interest to study cells in their normal environment, 

or at least only recently removed from it. A cell which is both readily available 

and of great medical interest is the human erythrocyte or red blood corpuscle. 

Fig. 2 shows the X-ray spectrum from the reg'on of such a cell, measured again 

with the Harwell microprobe. The specimen was an air-dried blood smear on a 1 um 

thick foil of stretched polypropinol; the beam of 3 MeV protons was focussed to a 

5 w spot and the current was 150 pA for 1600 sec. We see the exponential decrease 

in background radiation, characteristic of PIXE, with the predominantly hydrocarbor. 

nature of the organix matrix ensuring that this background will be of little 

significance above 6 keV. This feature is of crucial importance in the application 

of PIXE analysis to biological material. The so-called heavy metals which are 

clearly visible in this region of the spectrum of Fig. 2 are the elements of 

greatest significance in many biological or medical investigations. 

3. Qualitative Mapping 

The spot analysis described can provide a quantitative measurement of 

elemental abundances within the small area selected. They can give no indication of 

which areas may be of interest. When elemental distributions are needed over a 

selected area,spot analysis is inappropriate. A line scan, though quantitative, 

may also miss a significant region. Some form of mapping technique is required, 

in which the focussed beam spot, is scanned in two dimensions with respect to the 

specimen and selected energy signals from the detector can be used to modulate the 

synchronously scanned vector of some storage device, thus building up a two-

dimensional intensity pattern representative of the required elemental distributions. 

An early example of such work , utilizing a storage oscilloscope and the Harwell 

microprobe in scanning mode, is shown in Fig. 3. The sample was an air-dried 

epidermal strip of a rose petal. The area scanned by the 3 MeV proton beam was 

300 vim square and the spatial resolution of the PIXF; maps, determined by the beam 

spot size, was about 5 pm. Individual cells show strong concentrations of" sonic 
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elements. The beam current was 100 pA and many hours were required to collect 

these maps plus otherswhich turned out to be of less interest. 

4. Quantitative Scanning Analysis 
141 

The system of scanning analysis developed on the Melbourne proton micro-
en 

probe employs an on-line PDP 11 computer system to record, sort and display the 

energy and position of all events with an effective energy and spatial resolution 

o f l O K x l K x l K channels. The advantages of such a quantitative scanning 

analysis system, in which no information is lost, are fairly obvious, so far as 

minimizing time and specimen damage and facilitating data manipulation, display 

and storage are concerned. We will show here some further advantages of such a 

system. 

Fig. 4 shows photomicrographs of a freeze-dried epidermal strip of wheat 

leaf, taken with reflected light (left) and transmitted light (right), after the 

specimen had been scanned over a region of 90 ym by 120 vm for 1800 sec with a 

75 pA current of 3 MeV protons focussed to a spot of 10 ym diameter. The boundary 

of the scanned area is marked on the prints. The lin;s of botanical cells arc 

clearly visible. The main feature is an open stoma or leaf pore which has a 

guard cell on either side. Fig. 5 shows six maps which were extracted from the 

data after scanning. They represent the distribution of Si, P, S, CI, K and Ca 

over the scanned area and show signficantly different concentration patterns. Many 

of the high concentration regions can be identified as specific cells. However, 

the map for Fe, seen on the left of Fig. 6, shows a surprisingly strong concentration 

on one area of a single stomatal guard cell. Fe is an essential trace clement, 

commonly distributed fairly uniformly. In the centre of Fig. 6, the Fe distribution 

is represented by means of averaged line scans, extracted from the same block of 

data. The region of high concentration shows up clearly. On the right of Fig. 6, 

the map of all X-ray events is displayed with markers around the region of Fe 

concentration. Fig. 7 shows the PIXE spectrum collected from the entire scanned 

area and Fig. 8 shows the spectrum of the marked region extracted from the same 

data. Approximately half of the Fe in the scanned area lies in the market! region. 



5. 

Careful re-examination of the specimen disclosed an apparent surface contaminant 

on the top of the left guard cell. This is visible in Fig. 4 as a dark patch in 

transmitted light and a bright patch in reflected light. 

5. Contamination 

The scanning <.-*mfsis data presented above serve to emphasize the importance 

of clean conditions in all handling of specimens for microprobes, where a single 

grain of dust may provide a major source of some trace elements. Specimens 

should therefore be prepared and handled in special clean rooms. Even then, tne 

natural environment of a biological specimen can not be fully controlled and may 

be a source of possible contamination. A spot analysis performed on the marked 

region of the above specimen would have produced a very misleading PIXE spectrum 

(Fig. 8). Likewise a line scan through this region would have been misleading 

(Fig. 6). Adequate cleaning or the complete prevention of contamination of 

biological specimens may not be possible; but a quantitative scanning analysis 

system can greatly help in identifying such contamination and in extracting 

reliable data from a specimen. 

The specimen itself may not be the only potential source of contamination. 

Most biological specimens for microanalysis are thin and are supported on thin 

foils. Most commerical plastic foils contain trace contaminants and the 

preparation of clean ultrathin foils of formvar, collodion, nylon etc is difficult 

These foils are cast on water. The water itself, the solid materials or their 

solvents, the utensils or the chemicals used to clean them are all possible 

sources of foil contamination 
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Another major source of contamination is any glue used for attaching a 

specimen to a foil. We generally employ nylon foils which are usually sticky-

enough to hold light specimens without t;lue. Nearly all glues appear to 

contain contaminants. With a 'arge specimen it is possible to attach at points 

which will not see the beam. When a specimen ha* to be embedded for support, to 

prevent collapse or distortion during sectioning, the embedding material 

invariably contributes contaminants. 

6. Specimen Preparation 

The most serious problem faced by an experimenter employing ion beams for 

microanalysis of biological material is the instability of his specimen, lie is 

employing a precise and sensitive instrument in a field where results arc 

strongly dependent on operational procedures. Consistency of results is not a 

sure indication of reliability. The basic question must be: is the material 

examined a true representation of the original biological specimen in its 

natural state, so far as the elements and their dispositions are concerned? 

Biological specimens are commonly in dynamic equilibrium with their environment 

and they are hence unstable in most other environments and must be fixed. 

Chemical fixatives commonly employed for light and electron microscopes prcseive 

the appearance but not the elemental nature of specimens. Only cryofixation 

appears to be a safe technique and this must be fast enough to prevent the 

migration of unbound ions across ce'ls. Before fixation, it may be necessary to 

remove a medium by rinsing. This must be done quickly with an isotonic solution 

of pure organic origin. Even so, as much as possible of the solution should be 

removed before drying. Stains should not be used and hence features are less 

easily identified than in simple microscopy. If the specimen is to be analysed 

in vacuum, then all unbound water must be removed. Dehydrating agents, such as 

alcohol, can not be used because they will leach out elements. Air drying is 

also inadvisable, though it is sometimes used for isolated cells if internal 

distribution is unimportant. The method of dehydration usually adopted is 

| 



frecze-drying, in which the water is sublimed off a cryofixed specimen in vacuum. 

Even this technique is not guaranteed to retain all elements and it would be 

safer though more difficult to arrange, if the specimen were maintained in its 

frozen hydrated state during the analysis. The peak to background ratio is 

worse for hydrated specimens, but such a technique has been used successfully 
14) with electron microprobes . Indeed, in developing techniques for use with 

proton microprobes, experience and information gained from investigations with 

electron instruments can be of great assistance. However, because the proton 

microprobe is much more sensitive than the electron microprobe, much work 

remains to be done in reevaluating techniques. 

\ie have already mentioned the problem of contamination when embedding of 

a specimen is adopted. There is also a danger that the embedding medium as it 

flows through the specimen may shift or even remove some elements. It is there

fore better to avoid the use of such materials, whenever possible. If sectioning 

is necessary, it can be done with the specimen frozen in the hydrated state 

preparatory to freeze drying. 

7. Beam Damage 

Having overcome the numerous problems in producing an uncontaminated, 

undistorted, dried, thin, biological target, without loss or movement of any 

elements of interest, we must still investigate the behaviour of such a target 

under proton bombardment. Although some atoms will inevitably be displaced by 

nuclear collisions, more damage will result from ionization leading to the 

breaking of chemical bonds. This will not necessarily lead to elemental losses. 

Such losses may depend more on heating and hence on the total energy dissipated 

in the target. It is useful to make a comparison with the behaviour of electron 

beams. 

The important ratio of K-shell ionization yield to energy loss in the 

specimen is comparable for protons and electrons of similar velocity traversing 
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thin specimens. However, for typical microprobe energies (3 MeV protons and 

30 keV electrons), this ratio will favour electrons except for li^ht element 

analysis. On the other hand, the background for heavy element analysis is so 

much lower for protons that counting statistics can be reduced. 

The only way in which complete confidence can be gained in the ability of 

the microprobe to measure relative elemental abundances in a specimen is to 

measure directly the effect of irradiation on elemental yields as a function of 

time. This should be done from the moment that the proton beam first strikes the 

specimen. A scanning analysis programme in which the beam charge pulses arc 

stored with all other events in time sequence allows such data to be extracted 

automatically from the total data block and plotted for each element after 

completion of the analysis. Fig. 9 shows some data collected over the first 

1200 sec. of exposure of a 5 pm thick section of freeze dried Mougeotia (a 

filamentous alga) embedded in Spur's resin to a 12 urn 10 nA of 3 MeV protons. 

Although data were collected in event-by-event mode, the beam was not scanned, 

thereby ensuring an abnormally high current density. Chlorine, mostly present in 

the resin, shows an initial rapid decrease followed by a more gradual fall. In 

contrast, calcium shows an increase, possibly due to movement of ions or the 

specimen. The specimen mass is apparently stable, as indicated by the bremsstrah-

lung yield associated mostly with the hydrocarbon matrix and any bound water. The 

use of bremsstrahlung to measure specimen thickness is a standard technique 

developed by Hall and used by Hall and Gupta to show initial rapid mass losses, 

particularly in a thin celloidin support foil. With protons we can separate 

contributions from the light elements by scattering. A forward scattering 

measurement on our thin nylon support foil (Fig. 10) showed a stable carbon 

matrix with initial rapid loss of hydrogen. The current was 2 nA for 2600 sec. 

This work is only preliminary but demonstrates that the stability of biological 

specimens during ion beam analysis is still an open question and beam effects 

need to be monitored, particularly if unscanned beams :f hî .h current density 

are used. 



8. Conclusion 

The proton microprobe promises to be a very useful tool in biological and 

medical research, where its sensitivity, particularly to the important heavy 

metals offers unique advantages. However, this very sensitivity brings with it 

a number of problems associated with the difficult and unstable nature of most 

biological specimens. It is shown that stringent precautions are needed in 

preparing and analysing samples and all techniques should be monitored where 

possible. The use of a quantitative scanning analysis technique offers a 

means of collecting all available forms of data efficiently, detecting possible 

particulate contaminants, monitoring specimen damage and minimizing such damage. 
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Figure Captions 

Fig. 1 X-ray spectnun from a Chinese hamster lung cell. 

Fig. 2 X-ray spectrin* from an erythrocyte. 

Fig. 5 Elemental distributions over a 500 •»• square area on an 

epidermal strip of rose petal. 

Fig. 4 Epidermal strip of wheat leaf in reflected light (left) and 

transmitted light (rightj after the microprobe had scanned the 

outlined (90 >.m by 120 urn) area. 

Fig. 5 Elemental distributions over the area outlined in Fig. 4. 

Fig. 6 Distribution of Fe in the wheat leaf epidermis, s*-jwn by a map 

(left) and by line scans (centre). The region of interest is 

shown (right) by markers on a total x-ray map. 

Fig. ? X-ray spectrum of the total scanned area of wheat leaf. 

Fig. 8 X-ray spectrum of the region of interest. 

Fig. 9 X-ray yields as a function of time (1.5 sec./channel) 

for high current density on Mougeotia. 

Fig. 10 Forward scattering yields as a function of time (10 sec./channel) 

for high current density on nylon. 
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