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Radiopharmaceuticals are used in nuclear medicine to image
specific organs for the purpose of diagnosis or to provide
selective delivery of radiation for therapy of cancerous tissues
and traumatic lesions.1 Nuclear medicine procedures are used
extensively for noninvasive detection and assessment of abnor-
malities in the heart.2 One strategy for developing heart imaging
radiopharmaceuticals explores99mTc coordination compounds
with an overall charge of 1+ and a certain degree of hydro-
phobicity.3 In general, the chemical composition of the injected
radiopharmaceutical is known. However, the specific chemical
form that is actually responsible for the image may be altered
due toin ViVo reactions.
Recent developments in the area ofin ViVo sensing have been

achieved with microelectrodes. The use of carbon fibers for
detection of neurotransmitters in the brains of test animals has
been well documented.4 Since many radiopharmaceuticals are
electroactive, electrochemical sensors offer a possible avenue
for continuous, direct,in ViVo monitoring of a radiopharma-
ceutical after injection into a test animal.
We have developed a microelectrode carbon-fiber sensor with

a coating of Nafion gel to monitor a specific chemical form of
an agent after injection and as it localizes in and images an
organ. The sensor has been shown to measure [Re(DMPE)3]+

where DMPE is 1,2-bis(dimethylphosphino)ethane,5 a nonradio-
active analog of the prototype cationic lipophilic99mTc imaging
agent [99mTc(DMPE)3]+ in the heart of a live rat. This Re
complex was also detected in isolated organs such as the lungs,
muscle, kidney, and liver. Furthermore, as far as we know,
this is the first time that a chemical sensor has been developed
for in ViVo measurement of a radiopharmaceutical analog.
The sensor consists of a carbon-fiber microelectrode with a

thin polymer coating (Figure 1). Re(DMPE)3
+ is detected by

the following oxidation when the potential of the sensor is
scanned from-200 to 400 mV

Re(DMPE)3
+ f Re(DMPE)3

2+ + 1e-

This same electrode reaction occurs at both bare carbon fibers
and at polymer coated electrodes. A key feature of the sensor

is its small size, which stems from using a 32µm carbon fiber
electrode. The polymer film, which provides the necessary
selectivity and detection limit to monitor [Re(DMPE)3]+ in ViVo,
is a gel consisting of a mixture of Nafion and tri-n-butyl
phosphate (7.5:2.5 by weight of 5% Nafion [Aldrich]; tri-n-
butyl phosphate [Fisher]). Nafion has been shown to concen-
trate hydrophobic cationic coordination compounds through
interaction with its tetrafluoroethylene backbone and fixed-
charge sulfonate ion exchange sites.6 The tri-n-butyl phosphate
functions as a gelling agent which also enhances the hydro-
phobicity of the film thereby improving the ability of Nafion
to preconcentrate hydrophobic compounds.7 Nafion gel modi-
fied microelectrodes have been shown to detect [Re(DMPE)3]+

in the presence of potential interferents in biological tissue such
as ascorbic acid and uric acid which are also oxidizable.8

Male rats (250-300 g) were anesthetized with pentobarbital-
sodium and given heparin intraperitoneally. The test rats (n )
3) were given 1.4 mL/kg of 1 mM [Re(DMPE)3]CF3SO3 in
saline and 5% ethanol by tail vein injection, and control rats (n
) 2) were given the vehicle (minus the analyte). Thirty min
after analyte injection the organs were removed, placed in sealed
vials, and stored on ice until use. For the electrochemical study,
each isolated organ (except blood) was placed in a dish with a
few drops of saline. A Pt auxiliary electrode and a bare Ag/
AgCl wire reference electrode were used. Square-wave voltam-
metry was the technique used for electrochemical detection.
Voltammograms recorded with sensors inserted 1-2 mm into

the left ventricle wall of hearts removed from a control rat and
a test rat are shown in Figure 2(parts a and b, respectively). No
distinguishable voltammetric wave was observed for the control
heart (Figure 2a), indicating acceptable selective exclusion of
interfering electroactive species such as ascorbate and urate. A
very pronounced peak at+40 mV was observed (Figure 2b)
for the heart perfused with [Re(DMPE)3]+. This peak is
consistent with electrochemical oxidation of [ReI(DMPE)3]+ that
has partitioned from the heart tissues into the Nafion gel film
of the sensor. The actual location of the tip is not known but
is probably in the extracellular fluid or at least in the area of
disrupted vasculature and cellular tissue. After the microsensor
was removed from the heart, it was recalibratedin Vitro.
Comparison of the voltammograms obtained from the excised
heart with that obtained in a 1× 10-5 M [Re(DMPE)3]+ solution
(Figure 2c) shows similarities in both the peak current and
potential. The amount of [Re(DMPE)3]+ that diffused to the

* Author to whom correspondence should be addressed.
† Department of Chemistry.
‡ Department of Radiology.
X Abstract published inAdVance ACS Abstracts,June 1, 1997.
(1) (a) Arend, S.; Pauwels, E.; Arndt J.; Meinders, A. E.Netherlands J.

Med. 1994, 45, 177-191. (b) Hach, A.; Hahn, K. Neurosurg. ReV. 1993,
16, 125-133. (c) Harwood, S.; Camblin, J.; Hakki, S.; Morrisey, M.; Laven,
D.; Zangara, L.; Patel, J.; Webster, W., Jr.; Carrol, R.Cell Biophys.1994,
24-25, 99-107. (d) Maxon, H. (d) Thomas, S.; Schroder, I.; Englaro, E.;
Samaratunga, R.; Schel, H.; Moulton, J.; Deutsch, E.; Deutsch, K.Sem.
Nuc. Med.1992, 22, 33-40. (e) Ercan, M.; Unlenen, E.; Aktas, A.Nuc.
Med. Com.1994, 15, 533-539.

(2) Saha, G. B.; Go, R. T.; MvIntyre, W. J.Int. J. Rad. Appl. Instr. -
Part B. Nucl. Med. Biol.1992, 19, 1-20.

(3) (a) Gerson, M. C.; McGoron, A. J.; Roszell, N. J.; Biniakiewicz, D.;
Millard, R. W. InCardiac Nuclear Medicine, 3rd ed.; Gerson, M. C., Ed.;
McGraw-Hill, Inc.: New York, 1997; pp 3-27. (b) Nowotnik, D. P ; Nunn,
A. D. Drug News Persp.1995,5, 174-183.

(4) (a) Marsden, C. A.; Joseph, M.; Kruk, Z.; Maidment, N.; O’Neill,
R.; Schenk, J.; Stamfords, J.Neurosci.1988,25, 389-400. (b) Wightman,
R. M.; May, L. J.; Michael, A. C.Anal. Chem.1988,60, 769A-778A. (c)
O’Neill, R. D. Analyst1994,119, 767-779.

(5) Vanderheyden, J. L. Ph.D. Dissertation, University of Cincinnati,
1985.

(6) (a) Szentirmay, M. N.; Martin, C. R.Anal. Chem.1984, 56, 1898.
(b) Martin, C. R.; Dollard, K. A.J. Electroanal. Chem.1983,159, 127-
135.

(7) Audebert, P.; Divisia-Blohorn, B.; Aldebert, P.; Michalak, F.J.
Electroanal. Chem. 1992,322,301-309.

(8) Swaile, B. Ph.D. Dissertation, University of Cincinnati, 1994.

Figure 1. Scanning electron micrograph of a Nafion gel modified
carbon fiber microelectrode tip.
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carbon surface of the gel-modified microelectrode following
insertion into the organ appears to correspond to a tissue
concentration of ca. 1× 10-5 M [Re(DMPE)3]+ (1% of the
injected dose) which is consistent with published values for
uptake of [Re(DMPE)3]+ and [Tc(DMPE)3]+ in the rat heart
determined by radioactivity.9 Although agreement between the
sensor and biodistribution values is good, this must be consid-
ered an approximation until more is known about the effect of
heart tissue on the rate of diffusion of [Re(DMPE)3]+ to the
Nafion gel surface.
The ability of the sensor to function in other excised organs

and blood from rats injected with [Re(DMPE)3]+ was evaluated.
In all of the organs tested, except the brain, voltammetric waves
indicating the presence of [Re(DMPE)3]+ in the tissue sur-
rounding the sensor tip were obtained. Figure 3 shows the
measured peak currents for [Re(DMPE)3]+ reported by sensors
inserted for 30 min in various excised organs and blood. The
sensor peak current is directly proportional to the concentration
of [Re(DMPE)3]+ in the tissue. The relative magnitudes of these
currents correlate well with the reported biodistribution of
[186Re(DMPE)3]+ in rat.9a It is significant that no signal was
obtained for the brain, which is consistent with the view that
the charged [Re(DMPE)3]+ complex should not cross the brain-
blood barrier.3b

The use of the sensor for detecting [Re(DMPE)3]+ in a live
anesthetized rat after injection was also explored. An anesthe-
tized rat was placed on a mechanical respirator through an
endotracheal tube, and the chest was opened by a midsternal
thoracotomy. The heart was supported in a pericardial cradle.
Before analyte injection, the microelectrode sensor was slowly
inserted into the beating heart with a micromanipulator such
that the sensor tip was 1-2 mm into the wall of the left ventricle.
A square wave voltammogram obtained prior to injection of
[Re(DMPE)3]+ yielded the voltammogram shown in Figure 2d.

The appearance of the unusual recurring spikes/pulses coincides
with the respiration rate of the rat induced by the mechanical
respirator. A 25-point smoothing of the signal (using a moving
average) produced a curve that resembles Figure 2a, namely,
the voltammogram for the control excised heart. Similar to the
conclusion from the voltammogram of Figure 2a, no observable
wave was obtained from a sensor inserted into the live control
heart, which confirms the absence of signal due to interferents.
A voltammetric scan recorded 45 min after [Re(DMPE)3]+

was injected into the anesthetized rat shows a peak at-40 mV
(Figure 2e) due to oxidation of [Re(DMPE)3]+ at the sensor.
Recurring pulse/spikes similar to those found in the control heart,
but at a higher frequency than in Figure 2d, correspond to the
heart rate of the rat and not the respiration rate since the
respirator was turned off while the voltammogram was recorded.
A seven-point smoothing of the signal revealed a more obvious
peak for [Re(DMPE)3]+ as shown in Figure 2f. Following the
procedure used to obtain voltammogramc (Figure 2) gave a
voltammogram for [Re(DMPE)3]+ with the same peak potential
as in voltammogramse and f. The peaks in Figure 2 (parts e
and f) are shifted about 80 mV negative with respect to those
shown in Figure 2 (parts b and c). We attribute this shift in
peak potential to a difference in the half-cell potential of the
silver/silver chloride quasi-reference electrodes used in the two
experiments, rather than to a change in the rhenium complex
itself such as substitution of a DMPE ligand with two Cl- ,
which results in a much greater shift in the potential.10 The
reference electrode size was minimized by using a silver wire
coated with silver chloride, which was immersed, unprotected,
directly into the saline solution bathing the organs.
The data presented demonstrate that a Nafion gel modified

microelectrode sensor can detect [Re(DMPE)3]+ not only in the
excised organs but alsoin ViVo in the beating heart of an animal
following intravenous injection. Thus, sensors of this type can
provide a new analytical tool for studying electroactive radio-
pharmaceuticals. The possibility now exists to monitorin ViVo
an imaging agent in real time as it distributes into different
organs. Simultaneous monitoring in different organs could be
accomplished by using an array of microsensors.
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Figure 2. Square wave voltammograms at Nafion gel modified
microelectrode sensor. (a) Sensor inserted in control heart isolated from
rat without injection of [Re(DMPE)3]+. (b) Sensor in heart isolated
from rat 30 min after injection of 1× 10-3 M [Re(DMPE)3]+ into test
rat. The voltammogram was taken 2 min after the sensor was inserted
into the heart. (c) Sensor used inb removed from rat, soaked in 0.15
M NaCl for at least 30 min to remove all [Re(DMPE)3]+ and then
soaked in 1× 10-5 M [Re(DMPE)3]+ solution for 2 min. (d) Sensor
inserted in the heart of a live anesthetized rat before injection of the 1
× 10-3 M [Re(DMPE)3]+ solution. (e) Sensor inserted in the heart of
a live anesthetized rat 45 min after injection of the 1× 10-3 M Re-
(DMPE)3+ solution. The scan was taken about 5 min after the Nafion
modified sensor was inserted in the heart. The same condition as ind
was observed during the scan. (f) Voltammogram ine after seven-
point smoothing. Square-wave voltammetry parameters: scan limits,
-200 to 400 mV; square-wave amplitude, 25 mV; frequency, 15 Hz;
step potential, 4 mV; samples per point, 256.

Figure 3. A bar graph of peak currents from square wave voltammo-
grams obtained at sensors inserted into different organs isolated from
a test rat. The current is the maximum signal obtained 30 min after
inserting a sensor. See Figure 2 for square wave scan parameters.
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