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Deuterium Micromapping of Biological Samples by Using the
D(T,n)*He Reaction and Plastic Track Detectors

Abstract. A technique has been developed to micromap deuterium by using the
D(T,n) He reaction and plastic track detectors. Labeling of cells with subpicogram
quantities of deuterium was demonstrated. The technique was used to localize

human lymphocytes transformed in vitro.

The use of stable isotopes as tracers
in biomedical and other fields is now of
interest (/). In particular, the detection
and localization of deuterium, the sta-
ble isotope of hydrogen, would be use-
ful. Since nonexchangeable hydrogen
is contained in most organic molecules,
deuterated organic compounds could be
used as tracers in vivo. We show here
that the D(T,n)*He reaction can be a
sensitive indicator for the presence of
deuterium and that plastic track detec-
tors can be used to reveal the micro-
scopic position of the deuterium (2). A
general scheme for the localization of
stable isotopes using nuclear reactions
was proposed theoretically by Malmon
3.

Conventional autoradiography (ARG)
of radioactive nuclides is one of the
most valuable microlocalization tech-
niques available for studying the in-
corporation and transport of molecules
in living cell systems. The concomitant
biological effect of the radiation on the
living system under study may occa-
sionally restrict the scope of informa-
tion available from animal experiments,
and certainly inhibits conventional ARG
studies in human clinical investigation
(4). For example, if one wished to
trace autologous lymphocytes during
biomedical studies of adoptive immuno-
therapy (5), it would be preferable to
use a stable isotope rather than tritium
to label the cells in vitro before reinjec-
tion. Tritiated lymphocytes could also
be traced in the body after reinjection,
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but they might be damaged by chronic
low-level beta radiation.

The deuterium is detected by bom-
barding the sample with a triton beam
to produce the D(T,n)*He reaction.
The unique feature (6) of this reaction
is a strong resonance with a peak total
cross section of 5 barns at a low bom-
barding energy of 160 kev and a high
total energy released in the nuclear re-
action (Q value) of 17.5 Mev. The full
width at half maximum of this reso-
nance corresponds to 2.5 um in tissue.
The bombarding energy is so low that
the yield of background alpha particles
produced by triton bombardment of
elements heavier than deuterium is neg-
ligible. An alpha particle emitted in the
forward direction has an energy of 4.7
Mev. This means that samples up to
several micrometers thick can be used
with an absorber to stop the incident
triton beam. The alpha particles, after
passage through a 6-pum-thick Teflon
(7) absorber, have an energy of about
2 Mev, which is suitable for detection
in plastic track detectors.

In our experiments, an 8-pm-thick
cellulose nitrate plastic track detector
on a 100-um Mylar backing for me-
chanical support (8) is mounted on an
aluminum- slide (2.54 cm by 7.62 cm).
A 6-um Teflon film is fastened, wrinkle-
free, to the surface of the track detec-
tor. A drop of cells in suspension is
evaporated to dryness on the Teflon. To
minimize clumping of the cell speci-
mens due to surface tension, the Teflon

is coated with a layer of carbon 50 to
100 A thick by vacuum evaporation to
complete the detector assembly (see
Fig. 1). The slide is mounted in thermal
contact with a metal block cooled with
air circulating through a Dry Ice-alco-
hol mixture during bombardment by a
beam of 400-kev diatomic tritons (TT+)
at the Research Van de Graaff acceler-
ator of Brookhaven National Labora-
tory. After bombardment, the detector

- is removed from the slide and etched in

6.25N NaOH at 40.0°C for 45 minutes
to develop the alpha particle tracks as
characteristic etched cones. The speci-
mens and track detector can be ex-
amined and photomicrographed before
and after bombardment.

Plastic track detectors (9) are very
insensitive to other radiations, includ-
ing photons, electrons, and neutrons
produced during bombardment. The
position and direction of the etched
alpha particle tracks locate the spatial
origin of the nuclear reaction to about
2 to 10 pm. The alpha particles which
enter the track detector are detected
with nearly 100 percent efficiency under
these physical conditions.

The effective reaction cross section,
@, taking into account the target thick-
ness and efficiency of the track detec-
tor, is given by

X
7=+ [o(NGHXaXsXa)dn (1)
X1y

where X; and X, are the thicknesses of
the sample and of the absorber, respec-
tively, X is the minimum detectable
depth of alpha penetration into the de-
tector, G is the geometrical efficiency, o
is the nuclear reaction cross section,
and the integration is carried out over
the particle penetration distance 7 (see
Fig. 1).

In the materials used and for the
energies encountered, the range of an
alpha particle is approximately pro-
portional to energy. With this approxi-
mation, the geometrical efficiency is
(10)

G (7,X1,X2,X5) =

_1_[1_X1"‘7l Xﬂ__X:x
2 R, R:

R 2)

where R,, R,, and R, are the calculated
ranges (//) of reaction alpha particles
in the sample, absorber, and detection
plastic materials, respectively. The bio-
logical samples analyzed were typically
I to 3 um thick, the absorber was 6-
pwm Teflon, and the minimum detectable

361



depth of a track in a cellulose nitrate
plastic detector was 1 um. The theo-
retical effective cross section for the
samples analyzed, &, was obtained by
inserting Eq. 2 into Eq. 1, and numeri-
cal integration was performed, assum-
ing an isotropic spatial distribution of
monoenergetic alpha particles (6). The
calculated effective average cross sec-
tion is 1.1 barns. It varies only = 10
percent over a sample thickness of 1 to
3 um when the energy of the incident
tritons is 200 kev and the beam is nor-
mal to the surface of the absorber.
An estimate of the reaction rate for
a typical bombardment can be made by
using the 1.1-barn effective cross sec-
tion. We have estimated the natural
deuterium content of a dehydrated and
defatted mammalian cell nucleus 5 um
in diameter to be 1.2 X 108 atoms
(12). This corresponds to a density of
2.0 X 10—9 g/cm2. Beam currents of
about 1.8 X 10! tritons per second per
square centimeter were used through-
out, which resulted in an induced reac-
tion rate of 0.1 track per hour per
normal nucleus. The average power
dissipated is 6 mw/cm? on the sample.
Thus, the deuterium content of the cell
nucleus would need to be enhanced by
a factor of 10 to 100 to make it con-
venient to observe. The use of higher

400 kev TT™*

ALPHA PARTICLE
PATH

POSITION OF ETCHED
ALPHA TRACK

MYLAR BACKING

Fig. 1 (left). Diagram of detector assembly. See text for
Fig. 2 (right). (a) Human erythrocytes fixed
in deuterated formaldehyde and photographed after bombard-
ment by tritons. (b) Alpha particle tracks in cellulose nitrate
detection film, corresponding to (a). (¢) Transformed human
lymphocytes labeled in vitro with deuterated thymidine. Note
distortion of cells due to triton bombardment. (d) Alpha par-
ticle tracks in cellulose nitrate detection film, corresponding to
(c). Note that only the cell in the lower half of (c) was heavily

explanation.

labeled with deuterium.
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beam currents would also increase the
sensitivity.

Three types of samples were ana-
lyzed to demonstrate the feasibility of
this method: Chlorella vulgaris algae
(98 percent deuterated), human eryth-
rocytes fixed with deuterated formalde-
hyde, and human lymphocytes labeled
with deuterated thymidine. The algae
(13) remained microscopically intact
after 16 hours of irradiation and pro-
duced a dense, radial cluster of tracks
(12).

Human erythrocytes were fixed with
deuterated formaldehyde (12, 14).
Single erythrocytes were identified and
matched with their radial track pat-
terns (Fig. 2, a and b). For 26 cells,
the average number of tracks observed
per cell was 36. A strip of Kimfol (15)
plastic 3.5 um thick was irradiated
simultaneously as a deuterium standard.
By comparing the track densities from
the cells and the Kimfol, the deuterium
content of a cell was estimated to be
(300 £75) x 10-1 g and the en-
hancement of deuterium over its nat-
ural abundance was estimated to be
640 = 160.

Finally, human lymphocytes were
labeled in vitro with deuterated thymi-
dine. The labeled precursor was pre-
pared by modifying a synthesis of
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thymidine from S5-bromodeoxyuridine
(16), using deuterated methyl iodide
(14) as a reactant. Ultraviolet spectro-
photometry, thin-layer chromatography,
and mass spectrometry (m/e = 245)
of the product indicated that methyl-
deuterated thymidine was formed. The
deuterated thymidine (5 pM) was
added to 5-ml cultures (I7) of fresh
human leukocytes 24 hours after initi-
ation of lymphocyte transformation by
phytohemagglutinin. After 72 hours of
culture, the erythrocytes were lysed and
the lymphocytes were centrifuged
through 95 percent ethanol and then
through absolute ethanol. Microdrops
of ethanol containing lymphocytes in
suspension were evaporated on the sur-
face of the detector assembly. Control
cells similarly prepared with nondeu-
terated thymidine were deposited on
another portion of the same surface.
The cells were observed and photo-
graphed with incident-light microscopy
and were unstained throughout the ex-
periment. In this experiment, the slide
was mounted at 45° to the beam,
rather than at 90° as in the initial
studies. Thus, the beam was effectively
increased in width without significant
loss of detector efficiency. The cooled
slide was bombarded for 56 hours. The
bombarded cells remained generally in-
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tact, but suffered considerable distor-
tion. The nuclei seemed to undergo
partial homogenization, losing their
normal chromatin pattern, while the
nuclear membrane appeared to become
thicker.

Further work will be necessary to
determine whether these changes are
caused by thermal or radiation damage
from the incident triton beam. The cell
damage, if caused by heating, may be
ameliorated in future experiments by
cooling the block with liquid nitrogen
and eliminating the thermal insulation
formed by the 100-um Mylar support-
ing the cellulose nitrate film. Alter-
natively, cooling might be accomplished
by conduction to a cold gas contained
above the sample.

Although all erythrocytes fixed in
deuterated formaldehyde produced
radial track patterns, some phytohe-
magglutinin-treated lymphocytes ex-
posed to deuterated thymidine did not
(Fig. 2, ¢ and d). Sparse tracks were
noted over all nondeuterated control
lymphocytes. It is inferred that the
labeled cells were transformed by the
phytohemagglutinin, while the cells as-
sociated with few tracks in excess of
background were not transformed. The
number of alpha particle tracks in indi-
vidual clusters corresponding to lym-
phocytes were counted. The greatest
deuterium content of a lymphocyte was
estimated to be (6 = 3) X 109 atoms.
A lymphocyte fully labeled with
methyl-deuterated thymidine is ex-
pected to incorporate 5 X 10° deuteri-
um atoms during one cell division
(12). Unexpectedly, a randomly ori-
ented background track pattern was
observed. We suspect that this was due
to contamination of the Teflon film by
detergent during the dispersion and
fusion of the 0.2-um tetrafluoroethylene
particles which were used during the
casting of the film. Any contaminant of
tetrafluoroethylene that contains hydro-
gen should introduce deuterium in the
absorber and result in randomly ori-
ented background tracks. The radial
track pattern associated with cells was
readily distinguishable from the ran-
dom background pattern, especially at
low magnification. This pattern was not
observed in the erythrocyte samples be-
cause the triton fluence—and hence the
sensitivity—was lower by a factor of
50.

The system of deuterium micromap-
ping described in this report is less
sensitive than conventional tritium
ARG, but it may prove useful for
certain clinical studies of patients to
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whom it may be considered inappropri-
ate to administer tritiated metabolic
precursors or tritiated cells. As a par-
ticular example, the feasibility of label-
ing human lymphocytes with deuterated
thymidine is demonstrated.
F. H. GEsLER, K. W. JONES
J. S. FOwWLER, H. W. KRANER
A. P. WoLF, E. P. CRONKITE
D. N. SLATKIN
Brookhaven National Laboratory,
Upton, New York 11973
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Singlet Excited Oxygen as a Mediator of the

Antibacterial Action of Leukocytes

Abstract. Human polymorphonuclear leukocytes kill a colorless mutant strain
of Sarcina lutea much more readily than a carotenoid-containing strain. A similar
protective effect has been reported in the organism during photodynamic inacti-
vation, where it is attributable to the quenching of singlet excited oxygen by
carotenoids. The findings with leukocytes support the suggestion. that singlet ex-
cited oxygen acts as one of the mediators of their bactericidal action.

Although oxidation has been consid-
ered one of the primary means whereby
polymorphonuclear (PMN) leukocytes
destroy ingested bacteria, the actual
bactericidal cellular reactions have not
been well characterized. The respiratory
burst which accompanies phagocytosis
in leukocytes was assumed by Iyer et al.
(1) to be due to the formation of H,0,,
and Paul and Sbarra (2) subsequently
made direct measurements of an in-
crease in H,0, production by leuko-
cytes during phagocytosis. Klebanoff
and co-workers (3) extended these ob-
servations and suggested that a three-
component system including myeloper-
oxidase, H,0,, and halide (Cl— or I—)
is responsible for the bactericidal activ-
ity of PMN leukocytes. The role of
these compounds as antibacterial agents
in PMN leukocytes has been studied in
patients suffering from chronic granu-
lomatous disease, whose PMN leuko-
cytes are unable to produce H,0, when

stimulated (4), and in patients with
myeloperoxidase deficiency (5). In both
of these cases, bactericidal activity is
impaired.

Another hypothesis has been ad-
vanced to explain bacterial killing with-
in leukocytes. Allen et al. (6) reported
the appearance of chemiluminescence
from human PMN leukocytes after
stimulation with either bacteria or latex
particles. They proposed that the chemi-
luminescence reflects the generation of
singlet excited oxygen (1O.*), which
acts as the bactericidal agent. The *0,*
could be formed, according to Allen
et al.,, from the decomposition of an
oxygen intermediate, such as the super-
oxide radical (-O:2—), formed during
pyridine nucleotide oxidation. Several
workers (7) have suggested that the
spontaneous dismutation of ‘Oz~ pro-
duces 10,*, as follows
+207
e

0.+ 0y H:0: + 10.*
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