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Biomolecular tracing through accelerator

mass spectrometry

John S. Vogel and Kenneth W. Turteltaub
Livermore, CA, USA

Accelerator mass spectrometry (AMS) has been
developed through the past decade into a sensitive
tool for the detection of radio-isotopes, primarily
for isotope tracing and chronometry in the earth
sciences and archaeology. In the past few years,
initial experiments have demonstrated the useful-
ness of this technique for detection of 14C, 26Al, and
41Ca in biomolecular tracing. We review the advan-
tages of using AMS detection of radio-isotopes in
biomedical research.

Introduction

Accelerator mass spectrometry (AMS) using
tandem electrostatic (Van de Graaff) accelerators
developed as a geochronology tool during the 80’s.
This development is best recorded in the proceed-
ings of recent C conferences [1] and five AMS
conferences [2-4]. The suggestion of using AMS
for detection of *C in biomedical studies was first
made in 1978 (5], and the possible importance of
AMS for tracing Al in neurological research was
mentioned in 1980 [6]. Possible biomedical appli-
cations of AMS were discussed in 1987 [7]. How-
ever, active work to fully integrate biomedical
procedures with AMS technology started only in
1988 at Lawrence Livermore National Laboratory
(LLNL), where biomedical scientists joined the

0165-9936/92/$05.00.

physicists and earth scientists in planning and
building the Center for AMS (CAMS). At pres-
ent, this is the only AMS facility (of 20-30 in the
world) in which biomedical measurements are a
large fraction of the analysis program. The wide-
spread, and still current, resistance to using AMS
for biomedical tracing arises primarily from a be-
lief (and experience) that enhanced radio-isotope
levels from labeled compounds find numerous,
non-biological, routes through random contami-
nations to the final sample [8]. While it is neces-
sary to be constantly mindful of this possibility,
methods are available to control this contamina-
tion, and reports of effective biomedical AMS re-
search first appeared in 1990 [9-14].

Biomolecular tracing with AMS combines de-
tection sensitivity from the low natural back-
grounds of radio-isotopes with the efficiency and
precision of mass spectrometric measurements.
AMS counts individual radio-nuclei, independent
of the half life of the isotope, rather than detecting
their decay. Thus, small amounts of long-lived
radio-isotopes (f,, = 10—107 years) can be used as
biological tracers; providing stable working com-
pounds, time-independent measurements, less ra-
dioactive waste and minimized chemical and ra-
diation exposures. Table 1 lists the radio-isotopes
which are presently being used in biomedical stud-
ies through AMS detection, along with isotopes
which are under development for biomedical ap-
plications, and isotopes which may have a role in
future biomedical research. Many of these iso-

© Elsevier Science Publishers B.V. Allrights reserved
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topes can replace short-lived isotopes which are
detected through decay counting. The current lim-
its of sensitivity and the final chemical form of the
sample are given for the isotopes which have been
detected with AMS. The most developed AMS
capabilities are for measuring "*C.

Accelerator mass spectrometry

AMS is a type of tandem mass spectrometry in
which two mass spectrometers are separated by an
accelerator providing molecular dissociation as
well as an energy gain (Fig. 1). The equipment
currently used for AMS includes one form or an-
other of a tandem electrostatic (Van de Graaff)
accelerator. We describe our AMS system, but
similar components are found in all systems,
whether they use the larger and older accelerators
from nuclear physics laboratories or the newer and
smaller accelerators built exclusively for AMS
[21].

A cesium-sputter (fast atom bombardment) ion
source converts a fraction of the atoms in a solid
sample to negative ions at =30 ke V. Most samples
have been chemically and physically separated,
but one laboratory preserves spatial information
of the sample while sputtering [22]. Some ele-
ments or molecules do not form negative ions. In
particular, the instability of the negative N ion
removes the principal isobar in carbon measure-
ments. The ions are sorted by a low energy mass

High energy mass
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spectrometer which selects either a single mass se-
quentially or a set of defined masses simultaneous-
ly [23] for injection into the accelerator beam
tube. The increasing positive potential in the beam
tube accelerates the negative ion toward the 2-15
MYV terminal at the center of the machine. The
ions traverse a thin carbon foil or a confined, dif-
fuse gas which strips the outer electrons, produc-
ing positive ions and dissociating any molecules.
The positive ions are then accelerated toward
ground potential. Quadrupole lenses select and fo-
cus the ion and charge state of interest from
among the distribution of states and ions emitted
by the accelerator. The second, high energy, mass
spectrometer separates the ions of the rare isotope
from the ion beam of a common elemental iso-
tope. This latter ion beam, *C** in our case of
counting C** is measured in an off-center Fara-
day cup. The rare isotope is subjected to a second
rigidity (or momentum) selection through another
magnet, a velocity (energy) selection through
crossed electric and magnetic fields, and finally in-
dividual ion identification in a multi-anode gas
ionization detector. The accelerator not only re-
moves interfering molecular isobars but also raises
ion energies, so that atomic scattering from resi-
dual gases is negligible throughout the final beam
transport and a nuclear particle detector can be
used to identify ions through their specific energy
losses. AMS systems are ratio mass spectrome-
ters: the integrated ion beam of the stable isotope

60 seleciable
samples
30-35 kV
Negative ion
sputier source

spectrometer Quadrupole

lens

2-10 MV

W(C"
= L

(1)
WL

c )
J

é!ach

Stable Isotope
Faraday cup

Low Energy Mass Spectrometer

Tandem electrostatic Van de Graafl accelerator:
molecular dissociator

JAVAN

Quadrupole
Magnetic filter lens Magnetic x
Electrostatic (Wien)
Filter

Gas ionization detector

Fig. 1. Schematic of the LLNL accelerator mass spectrometer shows the major components used to obtain partin 1015 sensitivity in
detecting rare isotopes. This spectrometer, based on a rebuilt tandem Van de Graaff accelerator, is large (accelerator length ca.
13.5 m), but smaller systems also exist. The accelerator provides energy gain and dissociates isobaric molecular interferences by
stripping two or more electrons from negative ions as they pass through a thin carbon foil or diffuse gas in the center of the accele-

rator,
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corrects the count of the radio-isotopes for varia-
tions in accelerator transmission. Although stable,
efficient transport is a necessary feature of succes-
ful AMS spectrometers, the isotope ratios can not
be accepted as absolute. Comparison between
standards and secondary standards determines the
radio-isotope concentration in an unknown.

AMS samples

The AMS ion source requires approximately 1
mg of sample material in the form of a thermally-
conducting low-volatility solid (Table 1). Much of
the sputtered sample may be binder or carrier, but
AMS measures an isotope ratio and careful inven-
tory must be kept of dilution factors. Non-con-
ducting oxides or very small samples are mixed
with metal binders, such as silver. For *C mea-
surements, the sample is oxidized to CO, and re-
duced to graphite on a cobalt catalyst/binder [24].

The biochemical definition, separation and pu-
rification of the sample without introduction of
isotopic contamination is important and is often

trends in analytical chemistry, vol. 11, no. 4, 1992

very difficult in laboratories which have a history
of radio-isotope use. Our processes for prepara-
tion of biomolecular '*C samples will be discussed
elsewhere [25]. We use disposable materials and
surfaces where possible, and we test reagents be-
fore use. In particular, reagents that have complex
preparatory chemistry may contain *C above ex-
pected natural levels if they are made or purified
in the same equipment used for isotopically la-
beled forms. Microgram quantities of these mate-
rials have only a fraction of radioactive disintegra-
tions per minute more than a surrounding natural
matrix. These compounds appear to be unlabeled
for scintillation purposes, but we have received
‘unlabeled’ heterocyclic amines which contain 2.2
uCi of *C per mole carbon — 30 000 times natural
C concentrations [8]. The preferred range of fi-
nal AMS samples in the ion source is between 7
nCi/mole carbon and 700 fCi/mole carbon (1% to
100 times natural levels). Equipment, storage
areas and bench tops must also be characterized
for 1*C levels through AMS before use. Since some
long-lived isotopes such as °Al, *Cl and “'Ca

TABLE 1. Long-lived isotopes for biomolecular tracing with accelerator mass spectrometry

Chemical Some biomedical

Element AMS Half-life  Scintillation Half-life Sensitivity
isotope (years) isotope (days) (parts per form applications
1015)
Hydrogena 3H 12.3 - - ? TiH, Biochemical, pharmacological
and xenobiotic label
Beryllium® 10Be 1.6-108 Be 53.3 5-10 BeO Element metabolism and
toxicology
Carbon? 14C 5730 - - 3 Graphite Biochemical, pharmacological
and xenobiotic label; clinical
diagnostics
Aluminum? 2671 720 000 294A| 0.0045 3-5 AlLO, Element metabolism
Chlorinet 36C| 300 000 38C| 0.039 5-10 AgCl Label, intermediary
metabolism
Silicon 32gj 130 - - 15-108 [15] K,SiFg Bone metabolism
Calciuma 41Ca 100 000 45Ca 165 2[16] CaH;, CaF, Element metabolism; bone
development and disease;
cell regulation
Manganese %Mn  3.7-108 5Mn 312.2 30 000 [17] Mn,0, Element metabolism
Iron 80Fe  1.5-108 S5Fe 978 1000 (18] Fe Element metabolism,
55Fe 445 protein labeling
Selenium 7Se 65000 75Se 119.8 c ¢ Trace element metabolism
35 87.2 protein labeling
Technetium 9%Tc  2.6-108 85Tcm 61 c ¢ Therapeutics, drug label;
%BTc 42108 human subject research
%Tc 213 000
lodines 129] 16-108 125] 59.9 10-20(19,20] Agl Thyroid metabolism; immune
126] 13 assays; protein labeling
131 3

2 Under development for measurements at CAMS.
b Currently measurable at CAMS.
¢ Undeveloped for AMS.
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were seldom used previously, laboratories and
equipment are less likely to have been contami-
nated by these isotopes.

Elemental tracers

AMS provides a method to detect long-lived iso-
topes of elements for which metabolic and toxico-
logical information has been lacking. Aluminum in
its elemental form has been present in the human
environment for only 100 years. Its effects on and
contribution to neurological and renal disorders
had been difficult to establish, because aluminum
isotopes capable of being counted by decay have
half-lives of 6.5 min or less. Instead, complexing
reagents along with chromatographic methods
and atomic absorption spectroscopy are used to
obtain sensitivities of a few ug/l, if the contamina-
tion from ubiquitous *’ Al is minimized in the labo-
ratory [26]. Gross kinetics of aluminum in rats for
periods of 21 days [27] and in a human for periods
up to 106 days [28—-30] are now studied using AMS
detection of *°Al to sensitivities of a few hundred
pg/l.

Calcium kinetic experiments, particularly those
involving metabolic abnormalities in calcium/bone
pools and tissue calcification, may now use the
long-lived radio-isotope of calcium, *'Ca, as well
as the low-abundance stable isotopes [12]. *'Ca is
much cheaper to produce than the purified stable
isotopes and provides an inherently more sensitive
tracer because it has very low natural abundance.
Mass spectrometry is used in multiple source/sink
experiments with two or more stable calcium iso-
topes [31]. AMS could be used in such experi-
ments to detect *>*!Ca with respect to “’Ca.

Table 1 also lists isotopes for which only specu-
lations of elemental tracing exist. Heretofore,
there was no usable tracer isotope for chlorine, but
quantification of **Cl is now possible [32]. Berylli-
um and selenium have isotopes of high specific ac-
tivity (short half-lives), but experiments previous-
ly had to balance detection ease against the toxici-
ty of the elements. AMS could track the low-activ-
ity isotopes of these and other necessary elemental
micro-nutrients at doses far below toxicities or
natural concentrations, which is particularly im-
portant in nutrition research with human subjects.

Labeled compounds
The applications of radio-labels are numerous

and encompass almost all fields of biological re-
search. We are particularly interested in the role
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xenobiotics play in initiating mutations (benefi-
cial, benign or detrimental). We use various hosts,
from cell lines to rodents and primates, in order to
detect the effects of toxins, mutagens, carcino-
gens, or chemotherapeutics in living systems. Bio-
logical effects of these materials, such as genotox-
icity, are quantified as functions of the chemical
dose to a target tissue. One measure of genotoxici-
ty is obtained by counting the number of DNA ad-
ducts (covalently bonded molecules on DNA
bases) as a function of the applied chemical dose
after exposure to '*C-labeled molecules. Both the
dose and the response are quantified by the
amount of "C in the tissue and in the purified
DNA, respectively. Previously, limitations in de-
tecting isotope labels forced experiments to be
performed at relatively high chemical and radioac-
tive doses. Further, detection of radio-isotopes
through counting decays becomes more uncertain
toward lower doses. Large uncertainties can arise
in the extrapolation of such dose and response
data to environmentally relevant doses (Fig. 2).
The extrapolations mask the important distinc-
tions among threshold effects or non-linear versus
linear responses at low doses. Through the sensi-
tivity of AMS, we obtain direct stoichiometric
quantification of this biological response, adducts,
at tissue concentrations relevant to real human ex-

Confidence Intervals

Biological Response

ENVIRONMENTAL

EXPERIMENTAL
Dose Range

Fig. 2. The biological effect of a compound on a target tissue
is related to the dose received by that tissue. Many tech-
niques are limited to high experimental doses because they
lack sensitivity in detecting both the low dose delivered to the
target and the assayed response. Extrapolations from high-
dose data may not predict low-dose effects due to threshold
or non-linear responses. AMS provides the sensitivity to
measure delivered doses comparable to human exposures
and to measure DNA adducts stoichiometrically at these
doses.
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posure [9]. Radiocarbon is our choice for labeling
candidate compounds, since the xenobiotics are
usually organic chemicals in which a '*C atom can
be incorporated in a non-labile location without
causing any change in chemical behavior. Similar-
ly, tritium can be easily incorporated into a wide
variety of chemicals, and the value of tritium AMS
in quantifying molecular interactions is now being
explored [33].

Fig. 3 shows the excess *C content of murine
urine, feces and blood after a single 41 ng/kg dose
of the labeled carcinogen, 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP), equivalent
to the human dose received from 200 g of fried
ground beef. We are studying the time history of

(pg)

Total Radiocarbon Content

0 0.5 1 3 ;] 12 24 48 72 96
Time after Dosing ( h}

Fig. 3. The amount of 4C detected in the urine, feces and
blood of mice is quantified as a function of time after a single
exposure to 1 ng of a 1#C-labeled carcinogen. The concentra-
tion in the blood returns to the natural level, 1.4 pg/g, in 6-12
h. Essentially all of the dose is excreted within 12-24 h,
much less than the clearance time found at higher doses
where saturation of biochemical processes may occur.
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this chemical in 11 organs, blood, and excretions
of this murine host to produce a complete pharma-
cokinetic model of the distribution of PhIP after a
single exposure [34]. In comparison with previous
experiments at a 100 mg/kg dose, we find that the
PhIP clears the body with a biological halflife of
1.14 hinstead of 24 h [35]. In similar studies of car-
cinogens in primates [36], we show that AMS is
sensitive enough to detect labeled adducts on lym-
phocyte DNA from simple blood extractions, re-
ducing the need of taking complex biopsies from
valuable primate models. This sensitivity for test-
ing covalent bonding of a compound to DNA in
cultures and murine or primate hosts means that
AMS will be a highly sensitive first step in testing
new compounds for genotoxicity. Since many can-
cer chemotherapeutics also act through their ge-
notoxicity in cancerous cells, drug effectiveness
could be monitored similarly.

We have also used the absence of 'C as a bio-
marker in the study of dermal hydrocarbon bal-
ance in diseased skin L37]. Since AMS is very pre-
cise in quantifying '“C concentrations in small
samples of natural materials [38], we detect the
presence of fossil-derived emollients (petroleum
jelly) in separated fractions of dermal lipids which
should otherwise contain only contemporary '*C
concentrations. Previous research pooled lipids
from 10 or more patients [39], but we assay sam-
ples from each patient to detect individual varia-

 Whole scale **y Pelar Limads W n-Akanes

1.4 e T R e e A e A R
1. a Conlemparary :

(Modern)
L
1
1

'%¢ concentration

Patient 1 Patient 2 Patient 2, Rx Emollient

Fig. 4. The 4C concentrations in diseased skin scrapings
and in the lipid extractions from the skin of two patients, who
ceased their emollient use for 1 month, indicate a possible in-
clusion of fossil alkanes in the polar lipids. The lipids from
one patient were tested during medication as well (R,). The
concentration is measured in units of ‘Modern’, equal to the
concentration of 4C in 1950 A.D. air (6.1 pCi/gram carbon).
Contemporary biogenic materials are above Modern due to
atmospheric nuclear tests in the early 1960's. The petroleum
jelly emollient has recently biogenic polar lipids, but it is pri-
marily made of fossil carbon alkanes.



trends in analytical chemistry, vol. 11, no. 4, 1992

tions. Fig. 4 displays data from two patients who
ceased using the emollients for a month before
sampling was performed. The non-polar lipids (al-
kanes) clearly derive from the petroleum jelly,
which is made from fossil fuel carbon. The jelly
also contains recent, biogenic polar compounds.
There are some indications that fossil components
are metabolized into the polar pool and are re-
tained in the unfractionated tissue. We are further
fractionating the polar lipid components to see if
direct evidence of alkane metabolism can be
found.

AMS is not restricted to experiments in which
an isotopic label is on a predetermined reactant.
Environmental toxins are seldom isotopically la-
beled when produced, and their concentrations
are too small to quantify through any fossil carbon
signatures. We are attempting to detect unlabeled
chlorinated hydrocarbons by a competitive radio-
immunoassay using the chemically exact, labeled
ligand as the competitor. Fig. 5 shows a direct
binding assay of the '*C-labeled insecticide
1,4,5,6,7,8,8-heptachloro-3a,4,-7,7a-tetrahydro-
4,7-methano-1H-indene (heptachlor). In this as-

The question of proper units for describing
AMS results was one of the first problems to
be faced when we began biomedical re-
search with AMS four years ago. The unit
‘Modern’ is a well defined unit of radiocarbon
content which has been used in carbon dat-
ing for several decades. It is defined to be
0.95 the radiocarbon activity of an oxalic acid
standard from the U.S. NIST (NBS oxalic
acid, SRM-4990B). Modern can be shown to
be equivalent to 59.0-109 '4C atoms per gram
of carbon and is an approximation to the con-
tent of the atmosphere at 1950, before exten-
sive nuclear testing had begun. We find this
unit to be useful in our work, because '4C
concentrations so expressed give an imme-
diate sense of relation to current biogenic
levels. A sample at 50 000 Modern is a mate-
rial which must be handled carefully: 20 ng of
such material will double the 4C in a mg of
contemporary tissue! However, many bio-
medical researchers are more accustomed
to decay-derived units («Ci/mmol, or xCi/mg),
as used in this section in order to emphasize
our sensitivity (Modern is 6.11 pCi/g).
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Fig. 5. A direct binding radioimmunoassay for the hydropho-
bic pesticide, heptachlor, between 10 fmol and 20 pmol dem-
onstrates the precision and sensitivity possible in AMS mea-
surements and the reproducibility in our assay protocols.
Each data point has error bars representing the uncertainty
in the mean of three independent assays for each concentra-
tion of heptachlor. Pulse pile-up in the detector at high con-
centrations causes the larger uncertainties toward higher
doses. AMS can easily quantify tens of amol per mg carbon.

say, hydrophobic losses to the vessel during reac-
tion and volatile losses during the required drying
before combustion account for the large fraction
of missing heptachlor. These losses are now less
than 20%. However, the repeatability of the re-
ceptor interaction and the sensitivity of the AMS
measurement are shown. Each data point repre-
sents the mean of three separate assays, with the
uncertainty in the mean being smaller than the
data symbol in some cases. The uncertainty rises
with dose because the detector cannot distinguish
separate counts from samples much greater than
100 Modern. At the lowest dose, AMS quantified
60 + 8 amol of the 8.5%-labeled compound. Non-
specific binding to the separation media is orders
of magnitude lower than these bound fractions.
The process of immunoassays using AMS could
bring superior sensitivities with simplified extrac-
tion chemistries to a number of environmental and
medical research problems.

While '“C provides a long-lived label without
chemical modification of most compounds, the
technology and chemistry are well developed for
labeling proteins, enzymes and pharmaceuticals
with other elements. ‘21, 77%%Tc, 7Se, and “Fe,
with their extremely low specific activities, may be
possible labels for drug titration and reactant trac-
ing in human subjects. These long-lived isotopes
offer stable chemical compounds over many years,
alleviating the problems of normalization and
comparison.
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Future directions

AMS facilities for specifically biomedical re-
search are a likely outgrowth of present research.
Our facility measures a range of isotopes, and has
a high throughput of >100 samples during the one-
half day per week we make biomedical measure-
ments. This throughput will reduce the per sample
measurement cost to less than US$ 50, from the
US$ 300-500 cost for archaeological or geological
samples at most AMS facilities. Our throughput
could increase and cost decrease if samples were
delivered ready for measurement. Preparation of
these samples could become a routine function of
laboratories where the biomedical studies are per-
formed, but the difficulty of avoiding contamina-
tion should not be underestimated. For the tech-
nology to become widely used, however, more fa-
cilities will be required. Since C and *H will be
the isotopes most in demand, we and others are re-
searching designs of smaller, isotopically limited
AMS machines [21,33,40]. We expect that a re-
gional ‘Center’ or two might be established ini-
tially. With the further development of AMS in
biomedical research, individual institutions might
invest in dedicated machines, leading to eventual
clinical diagnostic use.
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Solid-phase reactors in flow injection

analysis
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The use of a solid-phase reactor coupled on-line to
a flow injection manifold can significantly expand
the potential of flow injection analysis by enhan-
cing such basic analytical parameters as sensitivi-
ty and selectivity, and allowing implementation of
specific reactions. Typically, solid reactors involve
chemical reactions (whether enzymatic, immuno-
assay, ion-exchange or redox) or act as sorbent ex-
tractants or reagent releasers. These aspects and
major trends in their use in conjunction with flow
injection manifolds are examined here.

Introduction

After 18 years of continuous growth flow injec-
tion analysis (FIA) can be considered to be at the
summit of its development phase as an enhancer of
analytical features. This enhancement has been
achieved through a number of effects, e.g.: The
higher available selectivity of flow injection meth-
ods compared to their manual and automated
counterparts is a result of the inherent kinetic
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character of this technique, and can be further in-
creased in different ways [1]. The great versatility
of this technique has fostered the development of
a number of ways of altering sensitivity, which can
be either increased (stopped-flow, iterative pas-
sage of the plug through the detection point, use of
solid reagents or micellar media) or decreased
(sampling zones, dilution or pseudo-dilution,
changes in the flow-rate or sample volume) at will
[2].

The degree of automation made possible by a
flow injection manifold ranges from that of a basic
manual system in which only the progression of
the analytical reaction is automated to that of a
fully automated analyzer controlled via a micro-
computer through passive and active interfaces.
By its very nature FIA lends itself readily to minia-
turization, a universal trend in analytical chemis-
try today, which has so far resulted in such modes
as capillary FIA [3], integrated microconduits [4]
and integrated reaction (retention)-detection [5]
systems.

There are other aspects of flow injection devel-
opment that also testify to the maturity attained by
this technique, namely the possibility of directly
introducing solid samples into a manifold 6] and
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