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ABSTRACT. Accelerator mass spectrometry (AMS) was developed 
over the past 15 years as an essential tool for detecting long-lived, 
cosmogenic radio-isotopes in the earth and space sciences. We apply 
this technology to the measurement of chemical kinetics, primarily in 
biomedical systems, which had heretofore employed short-lived 
isotopes and/or long counting times to quantify radio-isotopic labels. 
AMS provides detection efficiencies of=1%, 10^ to 10^ better man 
decay-counting. Long-lived isotopes are used and detected with AMS 
at concentrations which reduce sample size, chemical dose, radiation 
safety hazards and radiolysis. We measure ^H, "M^Be, l^C, 26A1, 
36ci, *1 Ca and Wl, but most of our current program uses 1 4 C. 
Initial experiments involved research on the genotoxicity of mutagens 
in cooked foods and reversible binding of compounds to antibodies. 
Through collaborations, we apply AMS detection to research in 
carcinogenesis, pharmacokinetics of toxins, elemental metabolism, 
distribution of topical medications and nutrition. 

INTRODUCTION 

Biology assumes the Herculean task of understanding fundamental chemical 
transformations that animate biological entities, from the sizes of viruses and cells to 
mice and blue whales. Some critical reactions are separated and studied in vitro, but the 
core of molecular bjology is to understand biochemical reactions in vivo, surrounded by 
the simultaneous reactants and products within the various compartments that make up 
living creatures. Molecular labeling is the principle tool for following metabolism and 
disposition of specific chemical compounds in these studies. The technology of 
molecular labeling includes a repertoire of techniques offering different combinations of 
sensitivity, specificity, safety, ease of use, and cost. Among these techniques, 
chemilumenescence, fluorescence, electron and nuclear spin resonance, mass 
spectrometry, colloidal metals and direct imaging through tunneling and atomic force 



microscopy can be found in modem laboratories. 

Radioisotopic labeling of molecules is also widely used in molecular tracing. Unlike 
fluorescent or spin labels which can be large side chains, radioisotopic labels are atomic • 
and are usually incorporated into a molecule without changes in that molecule's 
chemical behavior. Tritium and radiocarbon are particularly useful, since they substitute 
directly for stable hydrogen and carbon atoms in the natural molecule. They do not 
significantly alter chemical behavior except in very light molecules or when the heavier 
nuclei become pan of a light, active site on a molecule. These radioisotopes have very 
low natural abundances and provide excellent sensitivity. Molecular labels may be lost 
through metabolism, diminishing the specificity of the label, but this is less of a 
problem for radioisotopes of carbon and electropositive metals which are incorporated 
into stable locations in the traced compound. Radioisotopic labels do not require a 
stimulation for detection, since decay occurs spontaneously and is relatively 
unambiguous in its detection. Since the efficiency (e) for detecting radioisotopes is 
equal to the fraction of the mean life (x) during which the decays (dN) from a sample of 
radioisotope (N) are counted, expediency limits biological tracing to isotopes with short 
mean lives: 

e=dNVN = dt/x (1) 
Efficiency is increased by using isotopes with short mean lives (small x), or counting 
time is decreased by using large samples (large N). These short-lived radioisotopes, 
however, involve problems of radiation safety, short shelf-life of labeled compounds, 
possible radiolysis and waste disposal. Stable isotopes are detected safely with high 
precision. However, the changes in concentration above natural levels are usually so 
small that sensitivity of stable isotope mass spectrometry as a labeling tool is limited in 
spite of the excellent measurement precision. 

SENSITIVITY AND LIMITS OF A M S 

The benefits of radioisotopes are now available without some of the drawbacks 
associated with short-lived isotopes through direct, mass spectrometric detection of 
isotopes using accelerator mass spectrometry (AMS). AMS has a detection efficiency » 
for rare isotopes which is independent of mean life. This efficiency is a fraction of a 
percent for electropositive metals, is a percent or more for ^C detection and rises to 



10% for electronegative elements such as the halides. This decay-independent detection 
method has made a new suite of long-lived isotopes available for biomedical tracing, 
has increased the measurement sensitivity of medium-lived isotopes such as * 4C, and 
will make possible some complex double (or triple) labeling schemes using shorter-
lived isotopes in conjunction with long-lived ones. We recently reviewed the 
development and first applications of AMS to biomedical research ̂ . Here we will 
describe some of the potential we see for increased application of accelerator mass 
spectrometry and will provide some of our experience as aids to others wishing to 
pursue this sxciting application of nuclear techniques in biomedical science. 

Figure 1 shows the gain in detecting an isotope through AMS instead of counting 
decays. The plot assumes that the decays are counted for one day, a time which is 
generally much more than the time required to separate, prepare and measure a series of 
samples using AMS. The isotopes now available for biomedical research are those with 
half-lives greater than 14C. However, the sensitivity gain is also significant for 14C and 
isotopes having lives as short as tritium. The short-lived.isotopes of calcium, selenium 
and beryllium are effectively counted using AMS, but the efficiency gain cannot justify 
the complex extraction chemistries for these isotopes. They are detected by AMS in 
samples which are already prepared for measuring the long lived isotopes. 

The isotopes having lives longer than * 4C include several elements with.unique 
applicability to biomedical research. Aluminum and chlorine do not have isotopes 
reasonably countable by decay, although biomedical experiments have used decay 
counting of 3&C12. Selenium and beryllium have short-lived isotopes but are too toxic to 
use in sufficient doses for detection of purified fractions. Calcium and iodine, whose 
short-lived isotopes are already in frequent biomedical use, cannot be used in 
applications requiring stable compounds or over long periods in human subjects, ton, 
nickel and manganese are important trace elements in humans and are useful label 
isotopes for proteins hormones and enzymes. These isotopes with low specific-activities 
can now be detected with AMS, eliminating the restrictions listed above. While the 
Center for Accelerator Mass Spectrometry has measurement capability for 
1 4 C , 2 6 A1, 36ci, 4 1 C a and 1 2 9 I , most of our current biomedical program uses 1 4 C 
(work with 4 1 Ca is also beginning). * 4C particularly provides chemically exact tracers 
with a non-labile tracer for the study of organic processes. 



Figure 1 indicates that gains in sensitivity for detecting these tracers are from lfP to 
109 . These gains are applied to lower initial doses of the molecules to be traced or to 
smaller sized, better defined, extracted and purified samples. The gain in isotop; 
detection with AMS thus translates into a greater specificity of the chemical interactions 
through which a molecule is to be traced in complex living systems. Greater radiation 
safety and a decrease in radioactive waste are notable secondary benefits from the 
lowered doses and sample sizes. Working solutions may even fall below regulated 
radiation levels for general laboratory use. The slower decay rates also provide 
chemically desirable stability in reactants or standards over very long periods. As the 
best example, iodinated ( I 2 5 1, 1 3 1 I ) compounds for immunoassays have to be re-ordered 
or re-generated every few months. ' 2°l (ti/2 = 16 million years) is a label detected by 
AMS which will provide an unchanging specific concentration over any time scale of 
human interest! 

ISOTOPE INVENTORY AND CONTAMINATION 

AMS systems are isotope-ratio tandem mass spectrometers which have a dynamic range 
corresponding to isotopic ratios from 1:1015 to lrlOMO10, limited at the low end by 
backgrounds from stable isotopes which take improbable paths through the 
spectrometer, and at the high end by overload of the particle detector at high count rates. 
Unlike decay, counting, which quantifies radio-labels independently of stable isotopes 
and the molecular structure surrounding the label, AMS samples and standards,must be 
reduced to a common, inorganic, thermally- and electrically-conducting solid. AMS is 
inherently destructive of molecular information, and definition of the quantified 
materia? is accornpfisrted in selection and purification prior AMS measurement. The 
total elementaHnventory of the final sample must be controlled or measured in order to 
derive the number of labels present. This is an important distinction in designing 
experiments with AMS measurements. For example the graphite used in the ion source 
for l^C measurements contains carbon from several sources which have individual 1 4 C 
concentrations per unit mass, but which are now part of a single, well-mixed material: 

Isotope Ratio = S 1 4 C / I 1 3 C 
- (fl 1 4 Q + fn 1 4 C n + fd 1 4Cd + f s 1 4 C s + f c

1 4 Cc + ..) / 
(flMi + f n M n + fdMd + fsMs + fcMc + ...) (2) 



where 1: labeled molecules, n: natural carbon in the selected tissue or extract, d: dilutant 
or carrier carbon, s: substrate or separation media left in sample, c: contamination ... 
(plus other components depending on exact experiments); and f: process fractionation, 
which possibly depends on chemical form and procedure. The equation assumes that the 
1 3 C concentration of the sample is known, and that the measured isotope ratio can thus 
be related to the isotope concentration per mass (M). The quantity o"f interest, the 
number of labels, '^Q, can only be obtained from the measured isotope ratio if the 
other quantities pre known or are reasonably estimated. The mass of the labeled 
molecuies and, ideally, any contaminants are very small compared to die mass of the 
natural sample and/or tl;c .Uluting carrier. Through control samples, we can measure the 
mass and the ^C content in separate samples of natural, diluting, label, and substrate 
carbon. We initially assume that any contaminating carbon either is contemporary in 
^ C content, as are most of our model hosts, or is low in '^C like most of our diluting 
carriers. Based on these assumptions and the results of the control measurements, the 
final samples are diluted, if necessary, to be between 0.01 and 100 times contemporary 
1 4 C concentrations (=60aCi/mgG and 600fCi/mgC). The assumption of insignificant 
contamination is necessary for calculating expected isotope ratios, but it is shown to be 
a possibly bad assumption if the measured ratio does not match the expected ratio. 

While initial doses and final separated fractions are chosen for maximum sensitivity, 
unforseen reactions or contaminations result in samples over a wide dynamic range of 
isotope concentrations. We have inadvertantly "analyzed" samples having '^C as high 
as 250,000 times contemporary levels. All procedures must be designed to provide 
sensitivity along with robustness against such unexpectedly high concentrations. Since 
AMS measurements merely determine the isotopic concentration, all of the "science" is 
performed by defining the purified sample. These purification methods should be 
simple, contained and disposable. We use disposable materials, containers and surface 
covers to avoid contamination from undocumented use of equipment and containers 
with contaminating isotopes. We devised some simple technologies: disposable micro-
spatulas are made by cutting drinking straws diagonally near their ce.nter. We have 
found that thin-layer chromatography, electrophoresis, affur'ty chromatography, 
molecular weight selection, dialysis and other techniques can be adapted to define 
samples for AMS measurement. Many new purification technologies, especially those 
relating to nucleic acid samples, are now available as single-use, disposable items in 



kits. Individual centrifuge filters are used for molecular weight separations; single-use 
affinity or other chromatography columns can be assembled, and animal dissections are 
performed with disposable scalpels, forceps, needles and surfaces. 

The most damaging contaminations arise from procedures or equipment which are 
"known" to be free of radioisotopes, since the equipment or procedure never involved 
labeled compounds. Figure 2 shows some of the "background" measurements on one of 
our commonly used dilutants. We moved into laboratories in the summer of 1991 which 
had housed researchers whose techniques included the very sensitive polymerase chain 
reaction (PCR). Many new separatory technologies have been developed for use with 
PCR because this technique is especially sensitive to small, amplifiable DNA 
contaminants. The vacuum centrifuge which they left for us was assuredly clean and 
had never been used in radioisotope tracing. We finally traced the variable 
contamination shown in Figure 2 to this centrifuge in November. Swipes of the 
centrifuge showed that it was contaminated by ^ C , apparently introduced in 
"unlabeled" nucleotide primers which were produced in equipment which also prepared 
^C-labeled primers. This experience is similar to our first introduction to "unlabeled" 
forms of complex compounds which require specialized equipment in production^. 
Reagents cannot be used without first measuring their isotopic content Chemicals may 
be made from either petroleum-based or biogenic feedstocks, or a mixture of the two. 
Manufacturers will not generally provide a customer with enough information to 
determine if a compound derives from biogenic or fossil carbon or if it is contaminated 
with tracer isotopes which are significant only to AMS experiments. 

A few months after the centrifuge contamination was eliminated, we noted a pattern 
among carrier samples (Figure 2) which correlated with the technician preparing the 
biological samples. Only one technician was using certain plastic caps to cover culture 
tubes. These caps were indeed found to be contaminated from an unknown source and 
we have ceased using them. We find that no amount of paranoia is excessive when 
trying to avoid l^C contaminations. Since other long-lived isotopes have been used less 
often than l^C, contamination effects with these long-lived isotopes should be lower in 
most laboratories. 

Sensitivity and specificity are vitally important issues in biological experiments, as is 



the need to process and measure large numbers of samples to assess biological 
variability. We developed parallel.methods of carbon sample preparation which process 
>100 samples per week to graphite'*. Individual glass tubes are used in the oxidation. 
and then in the reduction of each sample to graphite. A disposable plastic manifold 
transfers the CO2 from combustion to reduction tube. No cross contamination has been 
seen between successive samples differing in 1 4 C concentration by 5 orders of 
magnitude. The ion source has shown little lasting contamination between samples. 
Uncertainties rise at high concentrationsdue to pile-up in the detector, but we measure 
concentrations of 50 attomoles of '^C in a milligram of carbon to uncertainties of <10 
attomoles. We measured over 3500 '^C biomedical samples and standards in the past 
year and may have an eventual capability of >10000 per year. 

EXAMPLES OF AMS PROJECTS AT LLNL 

Through collaborations and our own programs, we apply AMS detection of ^ C to 
research in carcinogenesis, mutagenesis, kinetics of toxins, elemental metabolism, 
immunoassays, dermal transport and general pharmacokinetics. We take advantage of 
both lower doses and smaller samples in completely re-uesigned experimental 
protocols. 

For example, we recently measured the uptake of two aqueous, chlorinated toxins into 
human skin at shon exposure times, comparable direcdy to normal bathing. Previously, 
anesthetized nude guinea pigs were submerged into beakers of water containing the 
labeled toxin at concentrations higher than normally found in treated water supplies^. 
The loss of the labeled toxin from die water was monitored to determine die rate of 
uptake. However, only long-time exposures are possible, since the technique is 
insensitive to the slight uptake into the skin at short exposures. By using patches of skin 
which are exposed to dilute solutions, we have measured the direct influx of 
trichloroethylene and chloroform from 5 ppb solutions in the first few minutes of 
exposure** (Figure 3). Similar methods can be applied to absorptions from other media 
or to entry of therapeutic compounds from dermal exposures. 

There are myriad chemical compounds, both biogenic and anthropogenic, in our 
environment which are capable of being genotoxic: of inducing genetic mutations 



leading to permanent or repaired mutations and possibly to tumors or cancers. The 
response of cellular or animal hosts to these compounds has been previously studied 
only at doses much greater than those naturally encountered. The large,doses were 
necessary to induce routinely measurable responses such as tumors, unnatural protein 
expression, observable mutations, or high levels of covalent binding to DNA (adducts). 
In our first studies, we showed that A'MS is the most sensitive tool for measuring DNA 
adducts, the most sensitive indication of a genotoxic compound?. We have progressed 
from measuring the adducts on murine liver DNA to a more complete measure of the 
specific dose received by each organ from a single genotoxic challenge** (Figure 4). The 
amount of 2-amino-l-methyl-6-phenylimidazo(4,5-b] pyridine (PhIP) used in the test 
was equivalent to that ingested from a single large hamburger. Never before have the 
pharmacokinetics of a xenobiotic been traced so completely using a dose equivalent to 
that obtained in normal dietary circumstances. We showed that the PhIP is cleared from 
the body through urine and feces with a biological half life of just hours, whereas the 
much larger doses required for decay counting remained circulating in the mice for 
several days9. Figure 4 shows the rise and the fall of the PhIP dose recorded in 5 organs 
and the blood just hours after the single dose was delivered. Chemical doses as small as 
these was not previously detectable through other technology. AMS measures not only 
the specific dose to an organ, but also the biochemical"response as the amount of ^ C 
label that is covalently bound to extracted and purified DNA . 

Figure 5 shows how hepatic DNA adducts increase as a funcdon of time during a 
chronic feeding schedule with hamburger meat containing 14C-labeled 2-amino-3,8-
dimethylimidazo[4,5-f]quinoxaline (MelQx). The MelQx dose is, again, similar in 
magnitude to that received by daily intake of cooked red meats. The Figure (5) 
demonstrates how efficient the kidneys and liver are in purging the blood of this 
carcinogen. The uncertainties on the data for hepatic DNA at 42 days are too large ;o 
determine if the slight downturn in the adduct level is a real trend. This initial chronic 
feeding study ̂  will now be continued to investigate the onset of any possible DNA 
repair. 

As well as being an important new tool for cancer research, AMS will have economic 
benefits to chemical developers who wish to determine the genotoxicity of chemicals 
before large development costs have been incurred. The effectiveness or loss thereof of 



chemical therapeutics can also be explored with AMS. If a cancer therapy ceases to 
control a. tumor or cancer, the kinetics can be traced to see if a resistance or adaptation 
has arisen, if cell membranes have become impermeable, if the drug is now being 
metabolized to ineffectively low concentrations in the blood or if multi-drug resistance 
factors are involved. Drug therapies depend on the drug reaching the target cells with 
minimal damage to non-target systems. Azidothymidine (AZT or Zidovudine) is still 
the best drug for the slowing of human immunodeficiency virus in its destruction of the 
immune system leading to acquired immune deficiency syndrome. AZT is, however, 
genotoxic and eventually interferes with cell regeneration. The mechanisms of this 
toxicity have been studied using fluorescent and immunoassay methods for tracing 
AZT on chromosomes ̂ . In this work, the concentration and effects of AZT in the 
telomeres at the ends of chromosomes is noted. However, the packing density of DNA 
in the chromosomes is too cotipact and the binding too low to allow the AZT-fluor or 
AZT-Ab combinations to show the complete binding and damage of AZT. We plan to 
use AMS measurements of l^C-labeled AZT to quantify the binding and incorporation 
of AZT in DNA more completely. We also use [14C]AZT in developing techniques for 
immunoassays through AMS measurements. 

The insecticide heptachlor and the herbicide atrazine have been our initial targets in 
testing new methods of performing immunoassays with AMS detection of the bound 
fractions. Competitive immunoassays may be a way to combine the extreme sensitivity 
of AMS with the selectivity of receptor binding. In our original efforts at devising an 
AMS immunoassay, we did not have an antibody that bound heptachlor sufficiently for 
assays at very low concentrations, but we demonstrated the constancy of the antibody's 
binding coefficient over 6 orders of magnitude (Figure 7). Such measurements suggest 
that.AMS. may have an application in determining low-rate products in general chemical 
kinetics as well as in biochemistry. 

MURINE MODEL FOR IMPROVED AMS SENSITIVITY 

To further enhance our sensitivity in tracing labeled compounds through mice, 'we have 
been developing mice which are depleted in ^ C from the natural biogenic 
concentration. Methanotrophic yeast or bacteria are grown as sources of proteins on 
methane and methanol depleted in ^ C ^ . We designed diets containing 25% and 65% 



protein derived from these petroleum sources. The growth of the mice on these diets 
have already yielded interesting data on nutrition. As shown in Figure 6, the females 
grow normally on these diets compared to the control mice. Males, however, tend to 
grow larger than normal on the 25% protein diet, but smaller when fed the higher 
protein diet; To our knowledge no other data exists on growth rates and anomalies for 
mice on such diets. We presently have mice which contain 20% the '^C in normal mice 
(making them appeal to be late pleistocene in ^C-dating terms!), but routine usefulness 
of the mice will not be reached until they contain 10% or less ni»ural carbon and their 
metabolism has been understood well enough to know that the effects traced in these 
mice are properly comparable to effects in normally raised mice. The diet is being 
adjusted to supplement the protein with essential nutrients, and methods of producing 
the mice in quantity are being developed. An important use of these mice may be in 
tracing nutrients and proteins that are too complicated or too little understood to 
properly label. Natural biogenic versions of these compounds will be essentially labeled 
compared to the W C level in the depleted mice. Since there is still a reluctance from 
many established AMS laboratories to us"e enriched isotope concentrations, these mice 
may be used as experimental models without introducing intensely labeled compounds. 

BIOMEDICAL AMS IN THE FUTURE 

At least one other AMS lab, Utrecht, has expressed interest in pursuing a program in 
biomedical ^ C applications of AMS. Heavier element measurements are being made 
sporadically at several AMS facilities. The new AMS system at Lucas Heights in 
Australia may include a biomedical component. We are actively encouraging other 
laboratories to enter the field A new technique cannot make large contributions to a 
science if there is only a single facility using the method. Independent confirmation is 
required from several sources. However, we see the application of AMS to **C and ̂ H 
tracing in biochemistry and chemical kinetics to be so large that we are already planning 
to have a dedicated smaller accelerator system devoted to these isotopes and these uses 
within several years. O ce reasonably small and affordable systems are available, we 
expect that research centers may form to share an AMS system, as has been done in the 
past for other large research tools. The great excitement in research circles encourages 
us that AMS has a good future in biomedical research, but so far we are a unique 
facility in applying a large effort to biomedicine. 
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