
d&ot-f/oyz.^--) 

UCRL-JC-107116 
PREPRINT 

TlieUseof AMStothe 
Biomedical Sciences 

J. S. Vogel 

This paper was prepared for submittal to 
Environment Canada Workshop on Canadian 

Requirements for AMS 
Burlington, Ontario, Canada 

April 15-16,1991 

April 1991 

Thisisapreprintof a paper intended forpublicaHoninajoumalorpFoceedinjs. Since 
changes may be made before publication, this preprint is made available with the 
understanding that it will not be cited or reproduced without the permission of the 
author. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United Slates Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise docs not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

mV-
MAY 2 0 1991 

% 
DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED 



UCRL-JC--107116 

DE91 012037 
Application of AMS to the Biomedical Sciences 

John S. Vogel 
Center for Accelerator Mass Spectrometry 

University of California, Lawrence Livermore National Laboratory 
Livermore, California 94550 U.S.A. 

1. Introduction 

The possibility of using AMS in biological studies is noted by Keilson and Vaterhouse1 as 
early as the first AMS conference in Rochester (1978), and an overview of AMS and some 
possible applications of tracing metallic isotopes in bio-medical research h published by 
Elmore2. However, the direct application of AMS to research in the biomedical sciences only 
began to appear in 1988-90, partially due to the influence of a biomedical AMS research 
group developed between the Physics Department and Biomedical Science Division at 
Lawrence Livermore National Laboratory in 1987. Indeed, the 1990 AMS conkrence heard 
5 papers showing active research in biomedical sciences3 4 5 6 7 , the first sue: evidence 
since the initial Rochester conference. Our first successful use of AMS for dete... ng Re
labeled compounds in molecular biology has also been published8, as has a technique for 
archaeological dating9 which arose from the synergism available in our biomedical AMS 
program. 

The AMS facility (The Center for Accelerator Mass Spectrometry) grew out of a plan to 
construct a multi-purpose ion-beam facility in the Physics Department10 . The needs and 
restrictions of AMS were of primary concern in the design of the laboratory, and no 
compromises were knowingly made to the quality of the AMS system in order to serve other 
users (Figure 1). The facility is built around an HVEC model FN accelerator from the 
University of Washington (their "injection" tandem), which had been the machine 
previously proposed for an AMS laboratory in British Columbia11. Beginning in 1986, 
Canadians have been involved in the design, construction, operation, and application to 
biomedical science of this facility, through the RIDDL AMS group which operated at Simon 
Fraser University using the FN accelerator at McMaster University. Initial testing of ideas 
for biomedical research were carried out at SFU/McMaster while the LLNL facility was 
under construction12. 

The Center began making AMS measurements in 1989, and a gross yearly breakdown of 
sample categories of 1 4 C measurements is shown for the two years (April to April) in 
Figure 2. In the first year, standard known materials and background determinations were 
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the single largest category. In the past year, two large geoscience surveys occupied the large 
fraction of time spent on 1 4 C measurements. Biomedical experiments were limited by the 
original sample preparation system, which has now been replaced with a batch-mode 
operation. We expect 1hat the number of biomedical samples will increase 5-fold in the next 
year, and the number of geoscience 1 4 C samples will double, at least. Other sotopes will be 
measured for both fields, but the sample load for the other elements is not predictable at 
this time. The current state of the laboratory's isotope menu is given in Table 1. While the 
Center has embarked on exciting research in geoscience and other fields, only the biomedical 
research and its prospects for the future will be discussed here, as LLNL has a body of 
experience in this area which may be unique. While many of the detailed techniques for 
making these biomedical measurements resemble those used in the application of AMS to 
other fields, the biological tracing experiments differ substantially from the observational 
approaches of the earth science investigations. 

These scientific programs in Biomedical Science and Nuclear Chemistry (i.e. geoscience) 
have been funded since 1988 through LLNL's Internal Research and Development Program. 
Both have matured to the point that external funding is expected to be able to carry the 
research costs in the near future. The facility support is still expected to be derived from 
LLNL programs. 

2. Isotope tracing in molecular biology 

The Biomedical Sciences Division of LLNL is particularly interested in the role xenobiotics 
play in initiating mutations (benign, beneficial, or fatal) in cells. We use various hosts, 
from cell lines to mice and rats, in order to detect the effects of toxins, mutagens, 
carcinogens, or chemotherapeutics in living systems. The biological effects of these 
materials are quantified as a function of how much of the xenobiotic entered the cells and/or 
caused damage to the genetic content of the cell nuclei. One measure of this chemical invasion 
is obtained by counting the number of DNA adducts (co-valently bonded foreign molecules on 
the bases of DNA) as a function of the applied chemical dose. AMS allows us to obtain direct 
stoichiometric quantification of these adducts through measurement of the 1 4 C present in 
purified DNA after exposure to a 14C-labeled carcinogen8. Radiocarbon is presently the 
isotope of our choice for detecting these adducts, since the xenobiotics are invariably organic 
chemicals in which a , 4 C atom can be incorporated in a non-labile molecular location 
without causing any change in chemical behavior. Similarly, tritium can be easily 
incorporated into a wide variety of chemicals, and the value of tritium AMS in quantifying 
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molecular interactions is just now being explored. Initial efforts in sensitive detection of 
tritium are encouraging, but no biomedical results have been obtained. 

While our emphasis has been on 1 4 C, with its nearly universal applicability, we are also 
interested in some of the heavier isotopes which can be detected with AMS. Chlorinated 
hydrocarbons are a ubiquitous class of manufactured chemicals, some of which have been 
shown to become concentrated in adipose tissue over long periods of low exposure and are 
harmful to mammals. We are developing an ultra-sensitive (we hope) radio-immuno-assay 
for detection of heptachlor and dioxin using 14C-labeled competitors, but 3 6 CI may have a 
role to play in the understanding of this molecular family. Selenium-79 may also have 
applications in immuno-chemistry, since some of the atoms in the di-sulfur bonds which 
control the geometries of antibodies can be replaced with 7 9 Se. This essential element may 
also be kinetically traceable at levels well below toxicity using this isotope rather than the 
more common, short-lived 7 5 Se. lodination of proteins is a well known art, primarily 
because the short lifetimes of the useful iodine isotopes require production of the iodinated 
proteins close to the use of the compounds. Besides its several environmental and geological 
uses, the very long-lived isotope, 1 2 9 l , could improve the comparability of experiments 
using iodinated proteins. The proteins could be available with long-term stability for 
repeated or linked experiments. Others have begun to explicate the biokinetics of elemental 
aluminum6'7 using 2 6 A I . While we have useful measurement capability for detecting 2 6 A I , 
it is an element which does not presently fit into our biomedical interests. Calcium-41, 
however, will be of immediate interest to us once we obtain sufficient energy from the 
accelerator and begin to develop our capability for detecting this isotope. It may prove useful 
in understanding cell regulation, as well as being a tool for studying bone resorption and 
osteoporosis5. Although we are presently emphasizing use of 1 4 C in our research, we expect 
that isotopes from masses 3 to 129 may eventually play larger roles in biomedical 
research. AMS facilities based on the larger accelerators, such as CAMS, provide the needed 
tool to explore a wide range of biomedical tracers. 

3. Biomedicine = many samples 

Our experiments with low doses of environmental carcinogens reflect the protocols which 
will become a common part of biomedical AMS. In previous work with mutagens which arise 
from the cooking of meats, the chemical equivalent of many kilograms of cooked beef had 
been fed to mice as purified, radio-labeled compound in order to determine the most basic 
pharmacokinetic lifetimes of this class of dangerous carcinogens. At present, we are 
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experimentally determining the complete biokinetics of one of these food mutagens: PhIP, or 
phenylimidazopyridine. Original experiments13 in kinetics were done at a chemical dose of 
100mg of PhIP per kilogram of body weight (100mg/kg), equivalent to the PhIP content of 
100 million fried hamburgers. The compound was found to be evacuated through the urine 
over a period of 2-3 days. The fecal removal was complete in 1 day, within the counting 
detection of the scintillation system used (30dpm). We have recently repeated the 
experiment using a more relevant chemical dose of 1.25ng/kg, equivalent to the amount of 
PhIP which could be made during the preparation of a single large hamburger. The fecal 
evacuation of the compound is found to be the same at the two divergent doses. However, as 
shown in Figure 3, the urinary excretion is very different from that in previous work. 
Clearly, there is a rate-limiting process in the metabolism and excretion of this compound 
which does not become saturated at normally relevant doses. Since biological risk is 
calculated as a function of the exposure time of a given organ, the risk in consuming this 
chemical cannot be directly extrapolated from the evidence of larger dose experiments. The 
low chemical dose is obviously easy to detect using AMS, and in fact, we are detemining the 
entire "box model" of the mouse with respect to this compound. We are measuring the 
concentration of [14C]PhlP in the two excreta, in the blood, and in nine different tissues or 
organs, all at 10 time points after exposure. The entire experiment is independently 
repeated 3 times. Thus, this experiment entails at least 360 1 4 C measurements. 
Experiments such as these do not strain the capacity of our AMS system, since each 
measurement takes only about 3-5 minutes (including replication). We need determine the 
1 4 C concentration to only 1-3%, and the ion source provides 20-60 uA of 1 2 C - . However, 
this and other experiments do severly strain the sample selection and preparation process. 

4. Preparation of samples - the log-jam 

Since we are and will be involved in geoscience experiments and surveys which require 
100-600 1 4 C measurements, the sample preparation problem is not just a biomedical one. 
We plan to have at least 2 other injection legs and ion sources, but even with the present 
capacity of our high-intensity ion source, sample chemistry is the most rapidly expanding 
part of our labor pool. In biomedical experiments, the researcher defines the carbon to be 
analyzed through dissection and/or chemical purification. Thus, unlike in the geosciences, 
there is no pretreatment at the AMS facility, and the sample is "merely" combusted and 
graphitized. For all of our 1 4 C efforts, we have a 10 reactor "cold" manifold, an 8 reactor 
"cold" manifold, and a 4 reactor "warm" manifold. We will soon operate a graphite 
'franchise' at Angelo State Uni. (Texas) with a 10 reactor "cold" system. Further, we are 
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siding some of our bigger collaborators and clients in constructing their own graphitizers to 
suit their through-put and sample types. Of course, we require that all of these graphite 
systems be operated by knowledgable people who understand contamination and background 
problems. Each remote graphite system must send in its own standards and blanks. All make 
filamentous graphite on a cobalt powder substrate14 1 5 . 

However, the preparation of graphite from a large number of biomedical samples which may 
have 1 4 C concentrations ranging over 5 orders of magnitude cannot be safely done in the 
usual reactors connected to a common manifold 1 2 . Instead, we have developed modifications 
to a sealed-tube method16 of producing filamentous graphite. Titanium hydride is added to 
the zinc powder reductant in a sealed tube with a separate cobalt catalyst. The entire tube is 
uniformly heated in a furnace for 5-6 hours to form the graphite on the cobalt'17. The ' 
hydrogen released from the hydride appears to block carbonyl production and the deleterious 
transfer of zinc to the cobalt-graphite sample. The number of tubes which can be 
simultaneously processed is limited only by the size of the furnace (and the ability of the 
staff to catalog all the sample data!!). We have processed (combusted and graphitized) up to 
40 per day. To avoid the contamination of samples by gas exchanged from manifold walls, a 
completely disposable manifold has been developed from plastic "Y* joints and Tygon tubing. A 
new mini-manifold is used for each sample, at a per sample cost of = $1.50. We have 
handled >500 Modern material followed shortly by 0.01 Modern material using this system. 
We will also use this process in environmental surveys as well, where there are many 
samples at nearly contemporary 1 4 C concentration for which 1.5% precision is sufficient. 

5. Biological and chemical sample preparation 

Even if we have solved the problem of graphitization of the combusted sample, there are still 
a great many procedures which can, and do, contaminate the sample during the biological 
separation and chemical selection of the fraction of carbon to be analyzed. This was a 
problem at our own facilities at LLNL, but we have evolved procedures to minimize such 
contaminations. However, we have found that working with sampes from other biomedical 
institutions requires constant evaluation and correction of their procedures in their 
facilities. At a minimum, we insist that one or two of us go to each collaborator's laboratory 
and review with them the possible paths of contamination. Initially, any animal facilities 
and laboratories which are to be used must be "swiped" and checked using AMS. Usual 
radiation safety detectors are far too insensitive to detect levels of 1 4 C which are 
disasterous to AMS samples. Measuring the 1 4 C in a small clipping of hair from animals is a 
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good way to integrate their exposure over time to internal and external (cages) sources of 
contamination. From the start, we must have separate work areas for "hot" and "cold" work. 
The compounds which we are tracing in living hosts usually arrive at 1-50Ci/Mole 
concentrations, or several micro-Moles of 1 4 C in a vial!! The initial step in the "hot" area 
is to carefully dilute these compounds. Injections or applications of the diluted, but still 
"hot", compound to the host must also be done at a work station which will not be used in 
later procedures. Lab bench covers, paper wipers, latex gloves, and disposable lab coats 
must be used "to excess" in order tc prevent small, inadvertant contaminations. Once a 
sample is biologically defined, it may require further chemical characterisation. Large 
shared instruments, such as gas chromatographs, cannot be used because of possible 
exchange between samples. Instead, disposable methods of chemical definition are used. For 
example, kits are available for separating nucleic acids on small disposable columns, and 
there are single-use centrifuge filters for molecular weight separations. At $2 per sample 
they are inexpensive compared to the entire processing of a given sample. 

The most pernicious source of contamination is the work areas and habits of the researchers 
and technicians who have handled radio-tracers previously. The "background" in a usual 
biochemical scintillation counter is =30cpm, due to small spills, poor arrangements, etc. 
With these backgrounds, it is not possible for experienced technicians to know what common 
laboratory practices will lead to contamination which is large by AMS standards. It seems 
helpful, if socially undesirable, to have a paranoid AMS operator watching and commenting 
on handling procedures. 

6. The pent-up demand 

Even with the obstacles of contamination and sample preparation, AMS has benefits to bring 
to biomedical science which make the efforts worthwhile. Our group has presented talks and 
posters at conferences dealing in cancer research, toxicology, environmental mutagens, etc. 
The response has been consistently one of extreme interest leading to many requests for 
collaborations. The sensitivity we display in our detections of molecular interactions cannot 
be gained using any other method. We cannot now begin to keep up with the demand for 
measurements, even with the expected expansion to more biomedical measurements in the 
next year. While we prefer not to disclose the exact collaborators, they include researchers 
from the US National Cancer Institute, a Scandinavian research center, commercial research 
centers, and University of California campuses. One project involves up to 300 samples 
from a Canadian research institute. The original experiment was performed at doses too 
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small to detect conventionally. When the Canadian saw one of our biomedical presentations, 
he negotiated a collaboration/contract with us for the measurements of his stored tissues. 
Another collaboration will focus on the value of not finding adducts of a labeled campound. It 
is of great value to discover early in the commercial synthesis of a compound whether or not 
it is genotoxic. Figure 4 shows that TCDD ('dioxin') does not bind directly to the DNA in 
murine hepatocytes. The known effects of dioxin result from enzyme induction, but our data 
are the firs! to test for direct binding at relevant levels. The highest dose level in the Figure 
represents a nearly fatal dose, and carbon in the dioxin is 96% 1 4 C . 

One of the projectsderived from our biomedical experience involves collaboration with a 
major manufacturer of diesel engines. By 1994, the particulate emission from diesels must 
be reduced to new lower standards in California. This is a short time scale to change engine 
manufacturing methods, and is a distressingly short time frame when one does not even 
understand the general source of the carbonaceous particles. Working on the assumption that 
the box model of a diesel engine would be even simpler than the box model of a mouse, we are 
applying 1 4 C tracers in diesel fuel and lubricants in order to understand the source of the 
particles. Contract values ranging in the upper 6 figures are expected. 

7. Is biomedical AMS for every lab? 

While I think that there are enough interesting experiments in biomedical tracing to involve 
several AMS facilities full time, the AMS community has been slow to develop methods of 
interacting with experimental biochemistry. We think that our new sample protocols allow 
us to perform these experiments easily; but we, too, remain cautious. The cost of 
contaminating a sample has been minimised to just the biological and chemical sample 
preparation. We have not found lasting danger to our highly modified ion source18 or to 
other components of the AMS system. Still, AMS operators may remain wary. 

We have established another experimental program at LLNL which may allow even the 
cautious to join in biomedical research. We have shown that sensitivity for detecting 
molecular interactions can be increased by using methanotrphic bacterial hosts which have 
been grown on natural gas. We have also begun a project to deplete the 1 4 C content in our 
most usual host: the C57BL/6 mouse. A mouse diet has been developed in which the fiberous 
portions are made of contemporary materials, but the protein in the diet is derived from 
natural gas. Just the growing and breeding of these mice has become an interesting study, as 
we note any differences in growth rates, litter sizes, etc. These data are important because 
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our derived diet is much richer in protein than normal mouse diets. Very little data exists 
concerning the effects of such a diet. The Lazarus Project (to raise the "dead", i.e 
radioaclively "dead" with regard to 1 4 C) is now in its second generation of both the control 
and the depleted lines of mice. The control mice remain contemporary. However, the depleted 
mice are apparently 11,100 years "old" at 0.25 Modern. 

As the depletion in 1 4 C progresses, these mice will become more valuable in: increasing the 
sensitivity of biomedical assays; permitting experiments, especially nutritional studies, to 
be performed with nutrients, vitamins, carcinogens, etc. having only natural 1 4 C content; 
and, perhaps, making biomedical AMS available to labs with even the fussiest physicists. 

8. Conclusion 

From the standpoint of the Biomedical Sciences Division and CAMS at LLNL, AMS has a bright 
and diverse future in radio-isotope tracing. Such work requires a dedicated amalgamantion 
of AMS scientists and biomedical researchers who will re-design experimental protocols to 
make the most of the AMS advantage while minimizing the danger of catastrophic 
contamination. 

The nature of many biomedical efforts requires a fast turn-around on numerous samples 
measured to only "moderate" precision. These can be provided at a "high p-ecision" lab by 
using an intense ion source and lowering the number of repeated measurements. However, a 
moderate precision laboratory, built from a used machine with an intense ion source, could 
also be a world leader in these measurements. Sample preparation must be maximized for 
throughput and isolation, perhaps at the expense of small isotopic fractionations. For many 
of us who have engaged in the hunt for the best precision, this appears antithetical. Our 
previous exquisite crafting of each AMS measurement gives way here to useful rapid, but 
trustworthy, results. For example, our radio-immune-assay project was at a complete 
halt, biologically, while the accelerator was being worked on over several weeks. The next 
step in the assay analysis could not be begun until we had the results from the last 
experiments. Similarly, mice and other living hosts must be used with efficiency and 
timeliness. Experiments using animal hosts must have quick results in order to rapidly find 
the maximal animal protocol. We will now devote every Monday afternoon and evening 
(night, too?) to make the AMS measurements which keep the biochemical research on track. 

Finally, funding agencies must appreciate the value and the need for extreme 
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interdisciplinary interaction in this application. Even the lower-voltage AMS facilities 
appear to some granting bodies as too large an operation for routine biomedical research. 
However, CAT scanning, PET scanning, and NMR imaging arose from unwieldy physics 
experiments to contribute heavily to biomedical science in their present form. And so will 
AMS. We have 2 spare EN accelerators and spare FN parts ready to put in place when it does. 
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Figures 

1.) The floor plan of the CAMS facility. The AMS injection magnet and the AMS analyzing 
magnets are closest to the accelerator. All other users obtain their ion beams from 
one of the two large switching magnets (re-built used cyclotron magnets). The 
tritium AMS analyzer is part of the second switching magnet. Ion milli-, micro-, 
and nano- probe lines come from the first switching magnet. The two microanalysis 
techniques of AMS and tomographic micro-probe imaging are exceptionally 
compatible, and our plans include dedicating the laboratory increasingly to these two 
applications. 

2.) The number of 1"*C samples measured (to "some" degree of precision, 0.5-5%) in 
our first two years of operation. The laboratory is primarily funded by Director's 
discretionary grants in biomdeicine and nuclear chemistry. The sample split reflects 
these realities. 

3.) The amount of a labeled carcinogen (PhlP) excreted from mice at various time points 
after exposure can be derived from the 1 4 C measurements of the urine and feces. Our 
recent work was done using the amount of PhlP expected to be in a single large 
hamburger(1.25 ng/kg). Previous measurements had been done with the equivaler.i 
of "over 100 million" hamburgers. The difference in the time protiles has important 
implications to calculations of cancer risks. 

4.) The 1 4 C content of murine hepatocyte ONA after exposure to fully-labeled 
[14C'J]TCDD (dioxin). Although the liver as a whole might contains enough 1 4 C to 
make it 1 million Modern, the DNA does not show any adducts from the labeled dioxin, 
except at the highest (nearly lethal) dose. Chemicals which do not bind directly to 
DNA are not directly genotoxic, but they may, like TCDD, cause damage through 
induction. 



Table 1 

Current Isotopes Being Measured Bv CAMS 

Isotope Current Status Accuracy 
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ground 4 x l 0 - 1 5 

Calibrations in progress, back 
ground 3x10-15 

Calibration in progress, back
ground 4 x l 0 " 1 4 

Best 0.5%, more 
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