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Introduction

Skeletal imaging agents are of major clinical importance in the
early diagnosis of bone cancer and in the planning and evaluation

of therapy for such patients. This use is particularly important
since many types of primary cancer ultimately result in bone

metastases. Comparative studies of different Tc-diphosphonate
radiopharmaceuticals demonstrate that they exhibit different
tumor/bone ratios in animal models, and thus there is

considerable potential for improving the clinical utility of

these agents.

Skeletal imaqing agents are typically prepared by reducing

99mTco 4- with Sn 2+ in the presence of phosphonate-containing
ligands such as HEDP, MDP, HMDP, DPD, and DMAD.
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Technetiulm is reduced by Sn 2+ to lower oxidation state species

which then complex with the ligand. The phosphonate groups of

the resulting 99mTc-ligand complex cause the accumulation of
technetium at calcium-containing sites such as the bone.

In 1980 we reported the HPLC (high performance liquid

chro_natography) separat ion of a 99mTc (NaBH4) -HEDP
radiopharmaceutical analogue into 7 component Tc-HEDP complexes

(i). Individual Tc-HEDP complexes could thep be collected in

pure form as they eluted from the chromatography column and their
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biodistribution charact_ristics evaluated by injection into test

rats. In vivo distributions among femur, kidney, liver, blood
and femur muscle were distinctly different for the different Tc-

HEDP complexes (2). Thus, skeletal imaging can be improved by
using the specific Tc_diphosphonate complex that offers the best
imaging properties.

Objectives

The long-range objective of this research program is the
development of more efficacious technetium-99m

radiopharmaceuticals for use as imaging agents in diagnostic
nuclear medicine. Within this overall goal, we seek to isolate

and develop distinct site imaging agents, each of which has

p_operties optimized to provide diagnostic information concerning

a given pathological condition. These objectives are being
ac.complished by the development of analytical techniques which
are capable of separating clinically used mixtures into their

component technetium complexes. Each complex can then be

characterized in pure form by techniques such as EXAFS, NMR, and

mass spectrometry. Administration of the isolated, single most
effective imaging complex, rather than a mixture of technetium-

containing complexes, will minimize radiation exposure to the
patient and maximize diagnostic information available to the
clinician.

The specific objectives during the present funding period (9/1/89
to 8/3i/92) have been as follows:

i

(i) Development of strategies for improving yields of specific
Tc-diphosphonate complexes with optimum imaging properties.

(2) Development of electrodes for rapid in situ electrochemical

generation of skeletal imaging agents.

(3) Development of electrochemical _2ns0rs for Tc and Re imaging
agents.

(4) Characterization of stable Tc- and Re-diphosphonate
complexes obtainable in high yield by structural studies with

techniques such as NMR, EXAFS, and Raman spectroscopy.

(5) Development of improved separation techniques for the

characterization of diphosphonate skeletal imaging agents

(6) Evaluation of the effect of the biological milieu on Tc-
diphosphonate complexes.

(7) Electrochemical studies of technetium and rhenium complexes
synthesized by Professor Deutsch's research group for heart and
brain imaging.

'The results of our research in these areas are summarized in the
following sections.
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Strategies for Improving Yields of Specific

Tc-Diphosphonate Complexes with Optimum Imaging Properties

We have demonstrated that numerous Tc-complexes can be formed for

each diphosphonate ligand system, depending on the reaction
conditions, and that the imaging efficacies of the individual

complexes are variable. Irl order to obtain optimum imaging

properties, it is important to develop procedures that enable the

optimum Tc complex to be formulated in high yie!d, rapidly and

easily. We have shown that formulation pH, aerobicity vs.
anaerobicity and ligand to metal ratio can influence yield. This

was demonstrated in a systematic study of the reduction of TcOa-

by NaBH 4 in the presence of the following dJ.phosphonate ligands:
HEDP (3) , MDP (4) , DMAD (5) , PAA (6) , and DPD (7) .

Electrochemical reduction of TcO 4- in the presence of a
diphosphonate has been demonstrated as an effective means by

which to form Tc-diphosphonate complexes° Of special
significance is the dramatic effect that electrode potential, in

concert with pH, has on the resulting distribution of the Tc-

diphosphonate complexes that are e!ectrogenerated. We

demonstrated this in the previous funding period (DOE/ER/60487-3)

for HEDP (8) and then for MDP (9) ligand systems. Thus, this

electrochemical procedure shows promise as a means by which high

yields of specific Tc-diphosphonate complexes can be formed in

order to generate the optimum agent for skeletal imaging.

As a part of our systematic study of the electrochemical

generation of skeletal imaging agents, we have also studied the

DMAD ligand system (8). The effects of variables such as pH,

concentration of TcO 4- and l'gand, and especially electrode
potential were evaluated. One objective of this study was to

determine if different Tc-DMAD complexes are generated by

electrochemical reduction than are formed by chemical reduction.

A second objective was to determine if electrochemistry is an

effective technique for optimizing the yield of the specific

cemplex that is the most efficacious imaging agent. HPLC was

used to analyze each solution after complete electrolysis at a

specified potential. The electrochemically-formed complexes were
then identified by chromatographic rention time.

The results obtained on the DMAD system lead to three

observations. (a) The potential applied to the electrochemical

cell influences the yield of individual components as shown by
the chromatogr_ms Fig. 1 for pH 5 preparations that were

electrolyzed at different potentials. (b) The same Tc-DMAD

comple_es are formed by electrochemical preparation and by

chemical (NaBH4) preparation. (c) The contl'ol of both potential
and pH enables a specific Tc-DMAD complex to be produced in high

yields more easily by electrochemical generation than by chemical

generation. This is illustrated for component F in Fig. 2 which

is prepared i_ almost pure form by electrochemical (EC) reduction
compared to chemical reduction. These results are consistent
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with our results for the other diphosphonate systems studied thus

far and are supportive of electrochemical reduction as a means of

facilely generating in pure form a high yield of a particular
diphosphonate imaging agent.

Electrodes for Rapid in situ Blectrochemical Generation of

Skeletal Imaging Agents

That the nature of the electrode surface influences the course of

the chemical reaction to yield different concentrations of

products is not surprising since the electron transfer that

causes the reduction of TcO4" occurs at the electrode-solution
interface. Thus, we have good evidence that the nature of the

electrode surface can be used in conjunction with electrode
potential and formulation pH as a means of controlling the

electrode reaction to improve yields of specific components.

We have initiated a comprehensive study of the electrochemical

generation of Tc-MDP complexes at reticulated vitreous carbon

(RVC). RVC is a type of carbon foam that can be used as a porous

electrode with a !arge surface area. We are interested in this

material for the rapid electrochemical generation, by means of

the proposed electrochemical syringe, of specific complexes that

exhibit optimum imaging properties. The objective of this study
was to determine what effect the carbon surface of RVC has on the

generation products as compared with chemical reduction

procedures and electrochemical generation at the mercury

electrodes that we have used in the past. If we are able to
obtain the same control over product distribution with RVC as we

have demonstrated 'with mercury electrodes, then RVC should be

useful for the proposed application.

This study involved three types of experiments (ii). First

cyclic voltammetry is used to determine the reduction potential

of TcO 4 in the presence of MDP ligand. Tc-MDP complexes are
then generated electrochemically at an appropriate potential

applied to the RVC electrode. The resulting products are

analyzed by HPLC to determine the distribution of Tc-MDP

co.zplexes. This experiment is repeated at several potentials and
th,_n at several pHs to determine the influence of these

experimental paramenters. We have performed these experiments at

pH 2, 5, 7, 9, and ii at four potentials for each pH

The results of these experiments can be summarized as follows:

(a) The reduction potential of TcO4- shifts to more negative

values as the solution pH is increased. (b) Electrode potential

and solution pH can be used in concert to control yields of

specific Tc-MDP complexes. (c) Higher yields of complexes are

obtained at RVC than at mercury electrodes. (d) The same

complexes, as determined by chromatographic retention time, are
formed at RVC as we have found at mercury electrodes and by

chemical reduction with NaBH 4.
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In conclusion, RVC is a viable electrode material for the

proposed electrochemical syringe. It offers the advantage of a

flow-through electrode with a large surface area for the rapid

generation of Tc-MDP complexes at very low cost. RVC also avoids
the toxicity problems of mercury electrodes.

Electrochemical Sensors

for Tc and Re Imaging Agents

In the field of electrochemical sensor development, charged

polymer films on electrode surfaces have demonstrated their

utility for the selective extraction and preconcentration 3_f
electroactive analytes, most notably metal ions such as Fe 2+/ ,

Cu 2+._C -2+, Cr(VI), and charge transition metal complexes such as

Fe(CN)_ j-. The success of these sensors is based on the
extrac£ion of the component of interest from the sample by the

polymer film and the resulting enhancement in concentration at
the electrode surface, wh.ich improves sensitivity and detection
limit.

Sensor for TcO4-. Since TcOa- is both electroactive and _
negatively charged, an electrochemical sensor based on an
electrode that is modified with a positively charged polymer film

should enable the direct detection of TcO 4 at very low
concentrations with a single electrode sensing device. _e are

exploring this concept with the objective of making a sensor for

pertechnetate that could be used for its determination in

radiopharmaceutical preparatiOns, technetium generators, and in
the environment.

The polymer poly(dimethyldiallylammonium chloride), DMDAAC, has
been demonstrated to enhance surface concentrations of negatively

charged species at electrode surfaces (12). Thus, we are
evaluating this polymer first as a means of developing the

pertechnetate sensor. We have developed a procedure for

immobilizing the polymer film on a graphite electrode by

crosslinking. These electrodes are rugged and the polymer is

attached tenaciouly because it soaks into the slightly porous

electrode and is thereby anchored to the substrate. The general

experimental approach is to prepare a polymer coated elect_ .....de,
immerse it in a solutioD of pertechnetate, and determine if _lle

m

TcO 4 is loaded into the polymer by its voltammetric reduction.

For preliminary experiments we used ferricyanide as a

representative electroactive anion (ii). Ferricyanide is a
reversible electrochemical system, which enables us to perform

multiple experiments on a sensor without affecting its

properties. It also enables us to develop the sensor while

avoiding unneccessary handling of radioactive material. Our'
inJ.tial studies in which we are detecting ferricyanide that

partitions into the polymer film with cyclic voltammetry and
differential pulse voltammetry have shown an enhancement of the

detector signal for ferricyanide at the polymer modified
electrode of xl0 as compared to that at a bare electrode.
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Sim_,lar experiments have been performed on the prototype sensor

£,it_. samples of TcO 4 , and the same 10-fold enhancement cf signal.
occ_trs at the polymer-coated electrodes• The following aspects

of the TcO_- sensor are being evaluated : response time,
detraction limit, operating range, reproducibility, lifetime, and
int_irferences f_'om othel" components of real samples, The effect

of polymer film thickness and degree of crosslinking on these
perJ_ormance factors is also belng investlga.ed

Sen._i,,orfor Heart Imaging Agents. OUr objective in this pro3'ect
is to develop sensors for in vivo monitoring of technetium and

zhenium compounds for imaging the heart• Our strategy for

dewi_lopment of an in vivo sensor for 99m-Tc heart agents is a
mic_.'oelectrode sensor.' that would rely or, a polymer coating into
which the agent would partition and thereby enhance its detection

in the biolegical matrix. Experiments performed thus far have

been planned to answer questions regarding sensor design and

selection of materi&is for key components. These experiments

_i have been performed on a Re analog, [Re(diars)2Cl2]Cl, of the •
_' 99m-Tc agents to avoid unnecessary handllng of r_dloactive
i! material.

_., T_e search for a polymer that will extract the imaging agent and

_i thereby concentrate it at the probe has begun. Since the agent
_{ is electroactive, extraction into a fi].m that is immobilized on

- an electrode surface is easily measured by an electrocb, emica].

technique such as cyclic voltammetry _in which the peak current is "

• proportional to the concentration of the agent, in the film.

Experiments are being conducted on a series of polymers with

varying lipophilicity and charge :in order to determine the

extraction characteristics of the agent. The polymers are
poly (N-vinylpy1" _:oiidone) , poly(vinyl alcohol) , poly(acrylic
acid), and poly(dimethyldiallylammonium chloride). We have shown

d that these polymers can be immobilized on graphite electrodes as

. a nel'work by exposure of dry coatings of the polymer on the

electrode surface to gamma radiation as the cross-].inking agent
• (12,13). Once a suitable polymer is found, it will be evaluated

, as a coating on a car_on fibel" ulti"amicroelec;t_ode (diameter, ca. ,
5um) for an electrochemical aqent _-.ensor Results to date,! • .._ . u

indicate that [Reldiars)2Cl2] ' partitions mo.'_t _trongly into a
poly(acrylic acid) film at a solution pH at which the acid is

dissociated to give _an anionic polymer network. '-
i_

Structural Characterization of Tc and Re Diphosphonates

• Radiopharmaceuticals prepared by reduction of 99mTcO 4-in the
presence of excess MDP or HEDP have been shown by HPLC analysis
to be a mixture of Tc-MDP or T_-HEDP complexes We have, _._ .

chromatographically isolated a pure TC-MDP comple." at

sufficiently high concentrations for structural analysis by EXAMS [
and nuclear magnetic resonance (NMR) spectroscopy. Two Re-HEDP

comple:es have ,._iso been prepared. The first complex was made

via a ligand substitution method, with trans-
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[(pyridine)4(O)2Re]Cl*xH20 as the starting_material. The sec6nd
complex was prepared by reduction of ReO 4 %Jith stannous ion in
the presence of excess HEDP.

iH NMR studies on all of these samples show resonances that are
attributable to protons on MDP or HEDP. However with these

spectra we are unable to unambigv, ously distinguish between

protons on free excess ligand and ligand coordinated to Tc or Re.

When the 99Tc nucleus of the Tc-MDP sample was examined, no

resonances were observed. This could b_caused by 99Tc being in

a paramagneti c oxidation state. 31p NMR and 187Re NMR
experiments are planned to provide more information about these
systems.

EXAFS studies on the Tc-MDP sample have shown that there are 5.9

oxygen atoms at 1.99 A and 1.5 Tc atoms at 2.99 A (14), These
resu]ts were interpreted in terms of a possible tetrameric

structure. EXAFS spectra on the Re-HEDP complexes show 4-5 Re-O

bonds at 2.02 A and 1 Re-O bond at ]..69 A. Two peaks between 3.0

and 3.8 A were also found in the spectrum for the tin reduced
sample, but not for the substitution product. We have

tentatively assigned these two peaks to a Re-Re and a Re-Sn

interaction. The presence of this interaction suggests an

oligomeric structure similar to that found for the Tc-MDP complex
(14).

Raman spectroscopy is also planned to detect the presence of Tc:O

and Re=O bonds in the complexes. Preliminary Raman experiments
reveal an intense band at 1025 cm - in the trans-

[pyridine)4(O)2Re]Cl*H20 starting material, which is attributed
to a Re=O bond. Spectra of the Re-HEDP sample prepared by

reduction with SnCl 2 gave an intense band at ].125 cm _'I, which we
attribute to the a mono-oxo species.

Further experimentation on these complexes should give additional
structural infcrmation.

Development of capillary Electrophoresis as a Separation

Technique for Nuclear Medicine

In the past ten years capillary electrophoresis (CE) has
developed into a powerful tool in the field of separation science

(15). CE gives sepaz_ations similar to more traditional bed

electrophoresis techniques, but with dramatl..ally improvea
separations and in much shorter times.

In this technique, a _,ample is introduced into one end of a fused
silica capillary, typically 50-100 um i.d. and i0-I00 cm in

length, and each end of the capillary is immersed into an

electrolyte solution. The sample components migrate through the

capillary under an electric field cf typically 300 V/cm, and are

detected as they move past an in-line detector. The separation

mechanism is based largely on charge-to-size ratio. Perhaps the
greatest advantage of this technique compared to t_aditional

ii
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liquid chromatography is the very high separation efficiency __
possible, with literature reports of up to 1 million theoretical _mP-

plates, as compared to typically i0,000 plates for reversed phase
liquid chrematography. This separation efficiency d_amatical!y
increases peak capacity and r_sulting confidence in the purity of
single peaks _--_•

miLa=_ --

CE instruments became commercially available about four years iam=

ago, and the technique is currently _Indergoing rapid growth• New

applications in the separation of biological molecules such as
DNA and proteins, modifications of the capillary walls to induce
different separation selectivities, and new detectors such as __

electrochemical, mass spectrometric and radioisotopic are being

reported. The growth of this technique is witnessed by the
inclusion for the first time, of a capillary electrophoresis -'--_---
section in the 1990 biannual Fundamental Review issue of

Analytical Chemistry (16)•

CE has the potential to be a valuable separation technique for
the characterization and development of improved
radiopharmaceuticals Both the greater peak capacl:y and the

orthogonal retention mechanism compared to liquid chromatography

will prove beneflclal in the separation of mixtures of imaging
agents -

Using borrowed instrumentation, we have been able to perform some
experiments to evaluate the feasibility of using CE for the _

separation of Tc and Re diphosphona_e skeletal imaging agents•

(We have used the chemlcal similaritles of the Re analogues to Tc i_
complexes to our advantage and to avoid unnecessary radioactive _-
contamination of instrumentation ) Electropherograms have been

obtailied on samples of pure Na2HEDP ligand, pure ReO4-, and a li_

Re-HEDP mixture of complexes prepared by reducing ReO 4- with
stannous ion in the presence of excess HEDP and gentislc acid
stabilizer.

Fig. 3 shows an electropherogram of the Re-HEDP sample.
--

Detection was by UV absorption at 214 nm at which ReO 4 ,
gentis_ic acJ.d_ and complexes of Re--HEDP are known to absorb•

Experiments on pure ReO 4 and pure gentistic acid showed that the

sharp peak at 6.8 min is excess ReO 4- in the sample and the large
pea]{ at 2 6 min _ is aentistic acid The broad response in the _-_

region 3.7 to 5..7 min is attributed to Re-HEDP complexes in the
sample• Electropherograms with detection at 200 nm at which both

Re-HEDP complexes add free HEDP ligand absorb showed a separation L_:

of the free ligand in the sample from the Re-HEDP complexes•
_mir==__

Closer examination of the broad response region in Fig. 3 reveals
that at least 2 components are partially resolved• Whether these

represent different Re complexes er oligo_ners remains to be
investigated. How many more components lie withir_ this broad _-

_egion remains to be answered by o_ir proposed work. We

anticipate very similar behavior for the Tc based complexes.
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Fig. 3. Electropherogram of R6 _EDP sample.

The results of these preliminary experiments with CE show _romise

for the analysis of radiopharmaceuticals consisting of
diphosphonate metal complexes. The UV-VIS detector exhibited

adequate sensitivity for the samples investigated thus far. The

addition of a radiochemical detector would improve sensitivity

and give added specificity for radioactive components in the

sample. Further work is required to develop the full resolving
power of CE as applied to this system SO that all of the Re-HEDP

components in the broad peak in the electropherogram in Fig. 3
can be _esolved. An understanding of the interaction of

diphosphonate complexes with the capillary wall will be required

to fully exploit the resolving power of the technique.

Effects of Biological Milieu on Tc-PAA Complexes

Although 99mTc-diphosphonate radiopharmaceuticals have been

widely used in clinical settings for the last 15 years, there is

13'"II;II 'I)I "i'' ii'l'" ....... lr ', lr I,Iff,=r'flip _, lil_pl,,,in,,,lll_ll,5,plq,l,p_l,llllll .... ir , i_IiiiI_ ,i,, 'I_'' rr"IT ni,,liP,nrrll 1,r,ip "',,,,r,,ITi_l'11,,, , III,, ' ,rlr',,Ir,, I FI,IRIIr_' Ill,, ...... ,,,,ql, l ll_,_ 'El



little information about how these complexes are affected by

physiological and pathological processes in the body. It is

known that complexation of Tc with a diphosphonate ligand results
in a mixture of complexes that has a variable composition. This

composition is sensitive to formulation conditions Such as pH,

temperature, ligand to reductant ratio, Tc concentration,

presence of oxygen, and the reducing agent used (3). Given this
sensitivity, it is possible that the complex that is injected

into the patient is altered by the biological milieu, and is not

the chemical species actually responsible for the imaging. For

this reason we have investigated the effect of the biological

milieu on a Tc-phosphonoacetic acid (Tc-PAA) mixture using dnion
exchange HPLC with gamma detection to monitor the chemical

identities of the Tc.-PAA compl_xes in the radiopharmaceutical
mixture.

The Tc-PAA radiopharmaceutical was prepared hy reducing 99mTco 4-
with sodium borohydride in the presence of excess PAA. Analysls
of this mixture by HPLC showed two major components and one minor

component. Initially, in vitro experiments were performed to
evaluate the effect of saline and u_ine on the three Tc-PAA

complexes in the radiopharmac_utical. Chromatograms of the
radioph_rmaceutical diluted with saline and urine indicated that

saline has no significant effect on the composition of the

mixture, as there was only a slight shifting of retention times.

However, one of the major components of tlle mixture reacted

slowly in uriDe to yield a new Tc-PAA complex.

In vivo studies were pezformed by injecting the Tc-PAA mixture

into a Sprague-Dawley rat and collecting the urine via a urine

catheter. Chromatograms of t_ie urine showed the same components
as were xn the radiopharmaceutical before injection and

approximately the same relative concentrations. Thus, the

bioligical milieu of the rat exerts no significant change on the

chemical identities of the Tc-PAA complexes that are removed by
the kidney. This result is consistant with the results of

simila_ experiments that were performed on a Tc-HEDP complex,

which was found to pass through dogs unchanged (7, DOE/ER/60487-
3).

These studies clearly establish the feasibility of using HPLC to

monitor injected Tc-pnosphonate complexes that clear the body in

urine. This analytical capability should prove useful in

metabolism studies of individual Tc-phosphonate complexes.

Electrochemical Characterization of Thiolato-Technetium

Complexes That Are Potential Myocardial Imaging Agents

As part of our program to study the redox properties of

technetium and rhenium complexes and the implication that their

redox chemistry has on the biodistribution of these complexes, a

new series of technetium-thiolato complexes has been studied by

electrochemical and spectroelectrochemical techniques.
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Technetium(III) Compl_._xes trans-[Tc(SR)2(DMPE)2]+, The use of a _"

reduction-substitution route to p+repare the thiolato-technetium
complexes trans- [Tc (SR) _ (DMPE) 2 ] from the Tc (V) starting
material trans-[Tc(OH_ (O) (DMPE) _ ]_+ and alkane- or i
benzenemethanethiols has been investfgated (DMPE represents 1,2-

bis(dimethylphosphino)ethane). The four newly prepared complexes _

(R = C2H 5, n-C_H-, CH_C=H_, C|{2C6H4-P-OCH 3) were characterized by
spectroelectro6nemistryU(_7). The complexes exhibit a reversible

Tc(III/II) couple at about -0.5 Vr a reversible Tc(II/I) couple
at about -1.8 V, and an irreversible redox process at about +0.9

V that is tentatively assigned as resulting from a metal--based

Tc(IV/III) couple (all potentials obtained in 0.5M TEAP/DMF vs

Ag/AgCI (3 M NAC1)). The potentials of all three couples are '-

dependent on the nature of the thiolato R group; e°g., the

Tc(III/II) couple varies from -0.513 V for R := benzyl tc -0_622 V
for R = n-propyl. These dependencies are understood on the basis

of competition between the sigma donating and pi accepting

properties of the various thiolato ligand[. The visible spectra
of the five thiolato-Tc (II) complexes were obtained by

spectroelectrochemical techniques. For both the Tc(IIi) and

Tc(II) complexe_ the visible spectza are dominated by sulfur-to-

technetium charge-transfer transitions: the energies of which
depend on the technetium oxidation state but do not depend _,n the

nature of the thiolato R group.

B_ s (!, 2-bis (dimethylphosphino) ethane) technetium (_II) Complexes
with Az'ene-thiolato Ligands. The reaction of trans- ,

[T cd(OH _ (t) (eDM_Ev)e_]2/o plethe ?f H4epet_ (DI_ i12]+ bm s ac ise_Te_I I C 6 PE )s_ .
X = H, CI, CH3, OCH3, C(C_)3 (18) . Electrochemical and
spectrochemical measurements s_ow reversible Tc(III/II) redox

couples !n the range -0.19 V to -0.38 V vs Ag/AgCl (3 M NaCl).
Irreversible couples are exhibited at ca. -i.i V to -1.2 V for

Tc(II/I) and +0.7 V to +0.9 V for Tc (IV/III) . The

nucleophi!icity at sulfur can be modified by changing the nature
of the R group. S-alkyl complexes are ca. 300 mV harder to

reduce (Tc(III/II)) than the S-arenes. For the Tc(II/I) couple,
S-alkyl complexes are ca. 600 mV harder to reduce thatn _--arene
complexes. Subtle variations of E°' with R can be tracked

throughout the series. These variations can be related to the

electron donating or withdrawing power of the substituent and

are more profoumd than those resulting from equivalent R changes
on the phosphine ligands.

References

(i) Separation of Technetium Hydroxyethylidene Diphosphonate

Complexes by Anion Exchange High Performance Liqllid

Chromatography. TC Pinkerton, WR Heineman, E Deutsch, Anal Chem,
52, 1106-1110 (1980)

(2) In Vivo Distributions on Some Component Fractions of Tc(Na

BH4)-HEDP Mixtures Separated by Anion Exchange High Performance

'!1 15

..... ,'rl...........Wl"arll '*r:",,,"'rl'"",l,lllM_,l_", r)a"Imr'"'lllI,,,....II'_pI"IFI_I'Irl....vmlrl,,,,,rq,l!rl_,,,lli .......Ill ' ......al ',,_,,,,i,,,,iirlirl_r,',,,llr'"' '' ,_,iruFl,,,,llrl,.,lll(r,',I, '_)_ '""_II"l'r'"'"" _II"IIIal'"la n......... lqrllr_,,ifllll_l_ll. l.r_ IU'I,'l)r" ' "l"l'qIi,,,



Liquid Chromatography. TC Pinkerton, DL Ferguson, E Deutsch, WR

Heineman, K Libson, Int J Appl Radiat Isot, 33, 907-915 (1982)

_l Effect of Formulation Conditions on the Distribution of
='"Tc(NaBH 4)-HEDP Components Separated by Anion Exchange HPLC.

JP Zodda, S Tanabe, WR Heineman, and E Deutsch, AppI Rad Isot_ 4,
345-3 4

(4) Effect of pH on the Formation of Tc (NaBH 4 )-MDP Radio-
phari_.aceutical Analogues. S Tanabe, JP Zodda, E Deutsch, an_ WR
Heineman in Int J Appl Radiat Isot, 34 (12) 1577 (1983).

(5) Technetium-99m Complexes of Dimethylaminomethylene Dip_os-

honate (DMAD) I. Anion Exchange HPLC Characterization of

99mTc (NaBH 4 )-DMAD Mixtures. ME Huiland, WR Heineman and E
Deutsch. Int J Appl Rad Iso s 16, 301-311 (1989).

(6) Anion-Exchange HPLC Characterization and Biological

Distribution of Technetium Labeled Phosphonoacetlc Acid

Radiopharmaceuticals. MA Abdelnasser_ E Deutsch and WR Heineman,

manuscript in preparation.

(7) Chromatographic Characterization and Biological Behavior of

Technetium Diphosphonate Radiopharmaceuticals. PJ Schofield, PhD
Dissertationr University of Cincinnati, 1987.

(8) Chromatographic Characterization of Electrochemically

Generated Technetium-HEDP Skeletal Imaging Agents. RB Scott, PJ

Schofield, E Deutsch and WR Heineman_ Taianta, _6 285-292 (1989)

(9) Electrochemical Preparation of Technetium Complexes of
Methylene Diphosphonate and Comparison with Chemical

Preparations. JL Martin, Jr., WR Heineman and E Deutsch, Nucl

Med & Biol, submitted for publication.

(i0) Characterization of Electrochemically and Chemically

Generated Technetium Diphosphonate Radiopharmaceuticals. JL

Martin, PhD Dissertation, University of Cincinnati, 1987.

(ii) Electrochemical Preparation of Technetiuln Methylene

Diphosphonate (MDP) on the Reticulated Vitreous Carbon

Electrode. K Abbaspour, Ph D Dissertation, University of
Cincinnati, 1991.

(12 ) Electrodes with Polymer Network Films Formed by Gamma-

Iradiation Cross-Linking. ES De Castro, EW Huber, D Villarroel,

C Galiatsatos, JE Mark and WR Heineman, Anal Chem, 59, 134-139

(1987) .

(13) Characterization and Selectivity of Electrodes Coated with

Gamma-Radiation-Immobilized Hydrogel Matrices. ME Birch, LA

Coury, Jr and WR Heineman, Anal Chem, 62, 1123-1130 (1990).

16



,,.,,_,.._,,.,.._.,,,_, _,, ....... ,.,,.,i ......... ,_,, ........, ,,.,,sl ...... h.,,_ ......... ., ,.,,_. , ,,_ ,,I_I, _li, Li:li l_Id. ,,J_. ,,kJ,llU :miil_,Jl,m . : I_[_, ,_I, _ Hl i_i,,,* Lli_, , . ,I", u ,_ diii k41,,,_,,,_,,, =, ,_ , _ a,,,,_ J_ii,,,_ ',m._,

(14) Technetium _Diphosphonate Skeletal Imaging Agents" EXAFS

Structural Studies in Aqueous Solution. J.L. Martin, Jr., J Yuan,

CE Lunte, RC Elder, WR Heineman, and E Deutsch, Inorg Chem. 28,

2899-2901 (1989) .
i

(15) Capillary Electz'ophoresis. MJ Gordon, X Huang, SL Pentoney,

Jr and RN Zare, Science, 242, 224 (1988).

(16) Capillary Electrophesis. WG Kuhr, _nal chem, 62, 403R L •

(17 ) Thiolato-Technetium Comp?_ewes. 2. Synthesis, Character-
ization, Electrochemistry and Spectroelectrochemistry of the

Technetium (III) Cort_plexes tra_s-[Tc(SR)2(DMPE )2] + , where R is an
ALkyl or Eenzyl Group and DMPE is 1,2-Bis(dimethyl-phosphino)
ethane. T Konno, r JR Kirchhoff, WR Heineman and E Deutsch. Inorg

Chem, 28, 1174-1179 (1989).

(18 ) Thio lato_Technetium Complexes. 4. Synthesis, Character-

ization and Electrochemical Properties of Bis(l,2-bis(dimethyl-

phosphino) ethane)technetium(III) Complexes with Arene-thiolato

Ligan_c_s. T Konno, MJ Heeg, R Seeber, JR Kirchhoff, WR Heineman
and E Deutschf Trans Met Chem, submitted.

Publications Resulting From This Project

(i) Chromatographic Characterization of Electrochemically

Generated Technetium-HEDP Skeletal Imaging Agents. RB Scott, PJ

SchoL'ie3d, E Deutsch and WR Heineman, Talanta_ 36, 285-292 (1989)

(2 ) Technet ium-99m Complexes of Dimethylaminomethylene

Diphosphonate(DMAD) I. Anion Exchange HPLC Characterization of

99mTc (NaBH 4 )-DMAD Mixtures° ME Holland, WR Heineman and E
Deutsch. Int J Appl Rad Iso, 16, 301-311 (1989).

(3 ) Technetium- 99m Complexes of Dimethylaminomethy iene
Diphosphonate (DMAD) II. Biological Distributions of 99mTc-DMAD

Components Isolated by Anion Exchange HPLC. ME Holland, J

Bugaji, WR Heineman and E Deutsch, Int J Appl Rad Iso, 16, 313-

317 (1989) .

(4 ) Technetium-Diphosphonate Skeletai Imaging Agents : EXAFS

Structural Studies in Aqueous Solution. JL Martin, Jr., CE

Lunte, RC Elder, WR Heineman and E Deutsch. Inorg Chem, 28,
2899-2901 (1989).

(5) Anion-Exchange High Performance Liquid Chromatography of

Technetium-Labeled Phosphonoacetic Acid Skeletal Imaging Agent
Preparations. MA Abdelnasser, E Deutsch and WR Heineman. J

Chromatog, Biomed Appl, _88, 463-469 (1989).

(6) Thiolato-Technetium Complexes. 2. Synthesis, Character-

ization, Electrochemistry and epec,ro-electrochemistry of the

17



Technetium (III) Complexes trans-[Tc(SR)2(DMPE)2] +, where R is an
Alkyl or Benzyl Group and DMPE is 1,2-Bis(dimethyl-phosphino)
ethane. T Konno, JR Kirchhoff, WR Heineman and E Deutsch. Inorg

C_em, 28, 1174-1179 (1989).

(7) Factors Influencing Electroanalytical Measurement in Aqueous
Surfactant Media. JR Kirchoff, EA Deutsch and WR Heineman. Anal

Lett, 22, 1.323-1340 (1989).

(8) Characterization and Selectivity of Electrodes Coated with
Gamma-Radiation Immobilized Hydrogel Matrices. EM Birch, LA

Coury, Jr., and WR Heineman, Anal Chem, 62, 1123-1130 (1990).

(9) Thiolato-Technetium Complexes. 4. Synthesis, Characterization
and Electrochemical P_-operties of Bis (1,2-

bis (dimethylphosphino) ethane) technetium (III) Complexes with

Arene-thio lato Ligands. T Konno, MJ Heeg, R Seeber, JR

Kirchhoff, WR Heineman and E Deutsch, Trans Met Chem, submitted.

(i0) Thiolato-Technetium Complexes. 5. Synthesis, Character-
ization and Electrochemical Properties of Bis (o-

phenylenebis (dimethylarsine)) -technetium(II) and -technetium

(III) Complexes with Thiolato Ligands. Single Crystal Structural

Analyses of trans-[Tc(SCH3) 2 (DIARS) 2]PF6 and trans-

, ]o _ T Konno,
[Tc(SC6H5 2(DIARS)2 MJ Heegp JA Stuckey, JR
Kirchhof_ WR Heineman, and E Deutsch, Inorg Chem, submitted.

(i!) Thiolato-Technetium Complexes. 6. Synthesis, Character-

ization, Electrochemical Properties and the Single Crystal

Structural Analysis of [Tc(tdt) (DMPE)2]PF6, Where tdt = 3,4-
toluenedithiolate and DMPE = 1,2-Bis(dimethylphosphino)ethane. T

Konno, MJ Heeg, JR Kirchhoff, WR Heineman and E Deutsch, Inorg

Chem, submitted.

(12) Electrochemical Preparation of Technetium Complexes of

Methylene Diphosphonate and Comparison with Chemical

Preparations. JL Martin, Jr., WR Heineman and E Deutsch, Nucl

Med & Biol, submitted.

(13) Pertechna%e Sensor Based on Electrode Modified with

Poly (dimethyldiallylammonium chloride) . K Abbaspour and WR

Heineman, manuscript in preparation.

(14) Anion-Exchange HPLC Characterization and Biological
Distribution of Technetium Labeled phosphonoacetic Acid

Radiopharmaceuticals. MA Abdelnasser, E Deutsch and WR Heineman,
manuscript in preparation.

Students Supported

Postdoctoral Assistants

Dr. Noriaki Kaneki, Dr. Robert Thompson

18
" lp1, ....... ,q, "' ,,1,P' ,tr'tqql"_itl?'" '"" qlq'..... ,,, r, ,_ "'Wrl' ,,,,,yam ......... nif ,i,_,,,15,,,,,_q,lqn,,,_i ..... qllnI .... I,I, lilIV,_IFFII 5,llr,_l,r"nvl,','_n l_p_ at' IPl' 'Pmlrero_qFnllq'Jr*"'PP........ ' P"'llll



4

Gr_.dUate Students

John Wheele_ (Ph D 1990), Robert Tieman (Ph D 1991) , George

Ba_one (Ph D 1991), Karim Abbaspour (rh D 1991), Jane Johnson,

Lisa Hayes, Brig/tte _amos, Sandra Wheeler, Fred Hayes, _va

Dietz, Karen Rauen, AllLcia Wilson, Kate Yu, Tongbo Jiang, Haiou
Yao

,_:_, ,,,_q_,.........,,q...... aF",,"''q, '_" r_ ",,,_I,,llp'',,I..... i,t.... p,,,M ............. ,.........!,q,"_ml" _,'_,ipl 'IPll,"l__.... _.... '!q'' "' '"I_ ',_li'l_'''_'i_'ell_, ",,el,"_I '"'I''_,.... I,m,l,plr'ra ",



|

all

4

41

41

I

II
q
|
d

il + -+"+ " -" -
...... ]............ 1.... I.......... ,IP, 'ql_l'+ljll"l'il_llqll+ll,lu'll"l_ .... q'_ll 11' '' ....... 1, 'llPllrl ' ''I_I ',ml .... _l, lljrql, j_r] ,lllllll_l:...... lj,_l,_,,,_lll , .... 11' H' +,,1,n, _,'fq,Ilp,,, ++11rllm,_'lq'v;l+'lU..... ""I" 'P' 111Fl'q_In'P+_IJIM..... ilIF....... IIlml_pl'+,,_,ll,r,llj_l,' II+




