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 Preparation and Biological Characterization of Isomeric 188Re(V) Oxocomplexes with Tetradentate S4 Ligands Derived from meso-Dimercaptosuccinic Acid for Labeling of Biomolecules Sepp Seifert,* Tobias Heinrich, Christian Jentschel, Christian Smuda, Ralf Bergmann, and Hans-Juergen Pietzsch Forschungszentrum Rossendorf, Institut fu¨r Radiopharmazie, PF 510 119, D-01314 Dresden, Germany. Received July 27, 2006; Revised Manuscript Received September 15, 2006
 
 A new type of tetradentate S4 ligand has been synthesized by bridging two molecules of meso-2,3dimercaptosuccinic acid for stable binding and easy conjugation of rhenium-188 to tumor targeting structures. The stereoisomeric tetrathiolato S4 ligands form very robust anionic five-coordinated oxorhenium(V) and oxotechnetium(V) complexes. Two routes for the preparation of the 188Re(V) oxocomplexes with (iBu)2N(O)CC(SH)C(SH)C(O)NH(CH2)3NH(CH2)3NHC(O)C(SH)C(SH)C(O)N(iBu)2 (ligand 1) and its hydrophilic crown ether derivative (ligand 2) were tested and optimized. Several isomers were separated by HPLC from the preparation solutions and characterized in Vitro and in ViVo. The identity of the species obtained was determined by comparison with the HPLC profiles of reference 185/187Re analogues and 99/99mTc complexes which were characterized by ESI-MS. All of them were absolutely stable in rat and human plasma solutions. Challenge experiments with cysteine corroborated the high inertness of the isomers toward ligand exchange reactions. Various in ViVo samples, taken off at different times from blood, intestine, and urine of rats, confirmed the high in ViVo stability of the 188Re-S complexes. Biodistribution studies using male Wistar rats were performed and exhibited a high uptake 4 and fast clearance from the liver of the more lipophilic cis and trans isomers of complex I (log Po/w between 1.5 and 1.7), whereas the isomers of the hydrophilic complex II (log Po/w about -1.75) were rapidly excreted Via the renal and the hepatobiliary pathway. The low level of activity in the stomach confirms good in ViVo stability. Thus, these new 188Re-S4 complexes fulfill the requirements for a stable and high specific activity labeling of biomolecules with rhenium-188.
 
 INTRODUCTION Rhenium-188 (Eβmax ) 2.1 MeV, t1/2 ) 16.9 h) is an attractive radionuclide for developing therapeutic radiopharmaceuticals due to its favorable nuclide properties and its daily availability from commercial 188W/188Re generators in high specific activity (1-3). Besides the therapeutic usefulness of 188Re, the emission of the 155 keV gamma photon is an additional advantage since the biodistribution of 188Re-labeled agents can be evaluated in ViVo with a gamma camera. A further advantage of using rhenium-188 as a therapeutic radionuclide is the chemical analogy with technetium-99m, which is the most widely used radioisotope in gamma camera imaging. Both radionuclides are obtained as sodium permetalates by elution of the generator with 0.9% saline. Because Na188ReO4 constitutes the starting material for the preparation of 188Re radiopharmaceuticals, any synthetic procedure must comprise an appropriate reduction step required to change the metal oxidation state from +7 to lower values and to allow the formation of complexes between the metal and some selected ligand. To improve the potencies of rhenium188, tumor-specific substances must be developed to accumulate the radioactive compound in the tumor and to spare healthy tissue from radiation. This can be achieved by linking a radionuclide-bearing chelate to a target-seeking biomolecule. Various chelate systems coordinating the metal at different oxidation states are currently under investigation for stable labeling of biomolecules according to the bifunctional approach (4-8). At oxidation state +5, ligands of the “N2S2” or “N3S” type (e.g., 9-11) are used. They bind rhenium rapidly to form stable pentacoordinate complexes with oxorhenium(V). Unfor* Corresponding author. Tel: +49 351 260 2442. Fax: +49 351 260 3232. E-mail: [email protected].
 
 tunately, chelate complexes of 188Re often degrade much more rapidly than the 99mTc analogues, which are limiting the further development of rhenium-based therapeutic agents. To overcome this stability problem, we developed a tetradentate S4 ligand system derived from meso-dimercaptosuccinic acid (DMSA), which forms very robust oxorhenium(V) complexes (12). Two isomers have been fully characterized both in solid and solution states and found to adopt the expected squarepyramidal coordination geometry. The equatorial plane is formed by four thiolate sulfur atoms, whereas the oxygen occupies the apical position. The orientation of the metal oxo group is exo in relation to the carbamido groups in both isomers (Figure 1). In the present study, we describe preparation routes for the lipophilic complex I (no carrier added and carrier added 99mTc-S4 I and carrier-free 188Re-S4 I) and the hydrophilic 188Re-S4 complex II (Figure 2). While the preparation of the 99mTc(V) oxocomplex succeeded in one step in alkaline solution with propylene glycol as an ancillary ligand (13), attempts to prepare the corresponding 188Re complex by direct reduction of perrhenate, according to the preparation of [188ReO(DMSA)2]- (14), failed. However, the preparation was successful using conditions described by Bolzati et al. (15). This procedure differs from that commonly applied to the reduction of pertechnetate or perrhenate by the presence of two additional reagents (oxalate ions as ancillary ligand and γ-cyclodextrin as host molecule). Beside this improved preparation method, we also tested an indirect preparation route. Recently, we have reported the preparation of 188Re(V) oxocomplexes by a combined reoxidation/ligand exchange reaction starting from 188Re(III)-EDTA (16). The formation of the precursor complex and the subsequent preparation of the desired 188Re(V) complexes may be performed under mild conditions
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 1602 Bioconjugate Chem., Vol. 17, No. 6, 2006
 
 Seifert et al.
 
 Figure 1. Molecular structures of the exo-cis (left) and one exo-trans (right) isomer of the Re-S4 complex I.
 
 Figure 2. Chemical structures of the
 
 188Re-S
 
 4
 
 complexes I and II.
 
 and consequently allows the labeling of sensitive biomolecules coupled to bidentate or tetradentate chelators. Beside various preparation methods, we report on the in Vitro and in ViVo behavior of the two 188Re-S4 complexes I and II and their isolated isomers.
 
 EXPERIMENTAL PROCEDURES Materials and Methods. All solvents and commercially available substances were of reagent grade and used without further purification. The tetradentate S4 ligand 1 has been synthesized by bridging two molecules of N,N′-diisobutyl-2,3dimercaptosuccinamide with N-(3-aminopropyl)propane-1,3diamine (12). Ligand 2 was prepared in an analogous way, starting from 4-nitrophenyl 2,2-dimethyl-5-(1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-ylcarbonyl)-1,3-dithiolane-4-carboxylate. Na99mTcO4 was obtained from a 99Mo/99mTc generator (Mallinckrodt, Petten, The Netherlands), and Na188ReO4 was eluted from a 188W/188Re generator (Oak Ridge National Laboratories, Oak Ridge, TN). Thin-layer chromatography (TLC) and high performance liquid chromatography (HPLC) analyses were performed for controlling the identity, the radiochemical purity, and the stability of the preparations. For controlling the 188Re-EDTA preparations by TLC, silica gel strips (Kieselgel 60, Merck) were used and developed with mobile phases of acetone and water. RP-18 strips and mixtures of acetonitrile and water (80/20 to 20/80) were used as mobile phases for analyzing the final 188Re-S4 complex preparations. The strips were scanned with a TLC radioanalyzer (Rita, raytest Isotopenmessgera¨te GmbH, Straubenhardt, Germany). HPLC analyses were performed on a Perkin-Elmer device consisting of a Turbo LC System with a quaternary pump (Series 200 LC Pump), a Programmable Absorbance Detector Model 785A (Perkin-Elmer Instruments GmbH, Rodgau-Ju¨gesheim, Germany), and a homemade γ-ray detector (well-type NaI(Tl) crystal). HPLC analyses were carried out with a Zorbax 300SBC18 column (5 µm, 250 × 4.6 mm, Agilent) using a gradient eluant of acetonitrile (A) with 0.1% TFA/water (B) with 0.1% TFA, linear gradient elution (I): 0-20 min 40 to 50% A, 5 min 50 to 90% A, 10 min 90% A; linear gradient elution (II): 0-5 min 0 to 20% A, 30 min 20 to 25% A, 5 min 25 to 100% A, 10 min 100% A; flow rate 1 mL/min. The effluent from the column was monitored by UV absorbance at 254 nm for Re reference complexes or γ-ray detection for the 99mTc and 188Re
 
 complexes. The separation of the isomers was performed with a semipreparative Zorbax 300SB-C18 column (5 µm, 250 × 9.4 mm, Agilent) using the same linear gradient elution and a flow rate of 4 mL/min. For separation of the 99/99mTc complexes the HPLC system started with 50% of A from 0 to 20 min followed by a linear gradient 50% A/50% B to 100% B from 20 to 25 min. The gradient remained at 100% B for 6 min before switching back to 50% A. Mass spectrometric analyses were carried out on a Micromass Tandem Quadrupole Mass Spectrometer (Quattro LC) operating in the MS mode. Mass spectral data were recorded at the negative and positive ESI mode using a cone voltage between 20 and 150 V. About 0.01 mg of the sample dissolved in 1.0 mL methanol/water (50/50) was infused at a flow rate of 5 µL/min. Synthesis of Nonradioactive Reference Rhenium Complexes I and II. To a solution of 1 equiv of tetrabutylammonium tetrachlorooxorhenate(V) in dry methanol was added slowly a solution of 1 equiv of the corresponding S4 ligand 1 or 2 dissolved in dry methanol and stirred at room temperature under nitrogen. The crude product was purified and separated by preparative HPLC yielding single isomers. The cis and the trans isomer of I was already intensively described (12). Two different isomers of complex II could be separated by preparative HPLC and characterized by ESI-MS. HPLC: tR(II1) ) 10.9 min, tR(II2) ) 11.5 min (0-12 min, 20-30% A; 12-15 min, 30-40% A; 15-20 min, 40-90% A; 20-22 min, 90% A). II1 MS: pos. ESI: [M + H]+, m/z 1151.2, [M + Na]+, m/z 1173.3; neg. ESI: [M - H]-, m/z 1148.4. II2 MS: pos. ESI: [M + H]+, m/z 1151.0, [M + Na]+, m/z 1172.8; neg. ESI: [M - H]-, m/z 1148.2. The mixture of isomers was characterized by NMR. 1H NMR (CD3OD)/399.95 MHz: δ ) 1.64-1.85 (m, 4H, 2 CH2CH2CH2), 2.70-3.23 (m, 8H, CH2NH2CH2, 2 CH2NH), 3.51-3.82 (m, 48 H, 24 CH2), 3.92-4.03 (m, 2H, 2 CHS), 4.66-4.72 (m, 2H, 2 CHS), the ammonium and amide protons were not detected. Preparation of No-Carrier-Added and Carrier-Added 99mTc-S Complex I. To 0.5 mg of the S ligand 1 dissolved 4 4 in 0.1 mL of methanol and 0.2 mL of propylene glycol were added 0.1 mL of pertechnetate eluate and 0.2 mL of 1 M NaOH. After addition of 0.5 mg of stannous chloride dissolved in 0.2 mL of methanol, the reaction solution was allowed to stand for 10 min at room temperature. Carrier-added preparations for ESIMS analyses were performed with 20 µL of a 0.005 M K99TcO4 solution (0.1 µmol) which was added to the eluate. The isomers were separated by HPLC before mass analyses; MS: pos. ESI: [M + H]+, m/z 794.4; neg. ESI: [M - H]-, m/z 792.3. Synthesis Procedure for the 188Re Complexes. 188Re-S4 Complex I. Method 1. Following the procedure developed by the Duatti group (15) for the preparation of 188Re(V)-DMSA, which was optimized for the tetradentate S4 ligand 1, a mixture of 1.0 mL of perrhenate eluate (50-500 MBq) and 0.2 mL of ethanol, containing 5 mg of oxalic acid, 5 mg of γ-cyclodextrin, 5 mg of ascorbic acid, and 0.05-0.1 mg of S4 ligand 1, was reduced by adding 0.1-1.0 mg of stannous chloride dissolved in 0.1 mL of 0.1 N HCl. The reaction was completed by heating at 50 °C for 30 min. Radiochemical yield: 90-93% (HPLC and TLC, all isomers). For stability and biodistribution studies, the isomers were separated by semipreparative HPLC. After neutralization of the isomer fraction, the organic eluants were evaporated in Vacuo, and the complexes were redissolved in saline and 20% of propylene glycol. Finally, the desired radioactive concentration was adjusted by dilution with saline. The identity of the species obtained was confirmed by comparison with the HPLC profiles of reference 185/187Re analogues.
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 A 2-3 mL volume of perrhenate eluate from a generator (50-500 MBq/mL) were added together with 0.05 mL of 1 M HCl to a kit vial containing 5 mg of EDTA, 5 mg of mannitol, and 1.0 mg of SnCl2 in freeze-dried form under nitrogen. After 20-30 min at room temperature, the complex formation was finished. Radiochemical yield: >95% (TLC). Method 2. To 1.0 mL of the acidic 188Re-EDTA solution, 0.25 mg of the S4 ligand 1 dissolved in 0.5 mL of ethanol was added, and the reaction solution was heated at 50 °C for 30 min. Radiochemical yield: 65-75% (HPLC). 188Re-S Complex II. Method 1. Using 0.005-0.01 mg of 4 the hydrophilic ligand 2, the preparation of complex II may be performed in aqueous solution with the same amounts of ancillary ligands and reducing agent. The reaction is completed within 30 min at 50 °C. Radiochemical yield: 90-94% (HPLC and TLC, all isomers). Both complexes can be prepared using a kit formulation, in which the ligand is stabilized in the form of a stannous complex. The kit vial contains 5 mg each of oxalic acid, γ-cyclodextrin, and ascorbic acid, 10-50 µg of the Sn-S4 complex, and 1.0 mg of SnCl2 in freeze-dried form and under nitrogen. For the reconstitution not more than 1.5 mL of [188Re]perrhenate eluate must be added. Method 2. To 1.0 mL of the acidic 188Re-EDTA solution was added 0.25 mg of the S4 ligand 2 dissolved in 0.5 mL of water, and the reaction solution was heated at 50 °C for 30 min. Yield: 60-70% (HPLC). Determination of Partition Coefficients. Partition coefficients of the separated isomers of the 188Re-S4 complexes were determined by shake-flask method by mixing 0.5 mL of the complex solution (0.1 M phosphate buffer pH 7.4 with 20% propylene glycol) and 0.5 mL of octanol and shaking for 5 min. After centrifugation, aliquots of both phases were counted and the partition coefficient calculated. The measurement was repeated three times. Stability Studies. For in Vitro stability studies, 0.5 mL of 0.1 M phosphate buffer solution of pH 7.4 as well as rat and human plasma (diluted 1:1 with 0.1 M phosphate buffer) were incubated with each separated isomer of 188Re-S4 complexes I and II at 37 °C for 1, 2, 24, and 48 h. The reoxidation to perrhenate was determined by TLC. The pH-stability of the cis and trans isomer was determined in aqueous solutions containing 20% propylene glycol at pH 2, 7, and 9. The samples were analyzed by HPLC after 1, 4, 24, and 48 h. Ligand exchange (challenge) experiments were performed in 0.01 M solution of cysteine at 37 °C for 2 h and analyzed by HPLC. The in ViVo stability of 188Re-S4 complexes was studied using rat arterial blood samples, kidneys, urine, and intestine samples at various time points (1-10 min, 1 h, 2 h) after injection of 30 MBq of 188Re-S complex. To precipitate the blood cells and proteins, 4 0.15 mL of ethanol was added to 0.10 mL of the supernatants obtained after centrifugation (11000g, 3 min) of the samples. After cooling at -60 °C for 5 min and repeated centrifugation, the supernatants were analyzed by HPLC and TLC. Biodistribution Studies. The animal studies were carried out according to the relevant national regulations using male Wistar rats (5-6 weeks old). About 0.5 mL of the 188Re complex solution (0.5 MBq) was injected into the tail vein under slight ether anesthesia. After the injection, the rats were sacrificed by heart puncture 5 and 60 min as well as 24 and 48 h postinjection (pi). Selected organs were isolated for weighing and counting. The activity concentration in the tissue of organs was calculated in terms of percentage of injected total activity (dose) per gram tissue (% ID/g) or injected dose per organ (% ID/organ). 188W/188Re
 
 Figure 3. HPLC pattern of a 99/99mTc-S4 preparation used for separation of isomers; RP-18 column (Zorbax 300, 5 µm, 9.4 × 250 mm), acetonitrile/0.1% TFA (A)//water/0.1% TFA (B), (50/50) for 20 min, than in 5 min to 90% A, 6 min at 90% A; flow rate 4.0 mL/min.
 
 Figure 4. HPLC pattern of an 188Re-S4 I preparation according to method 1 with 0.05 mg of ligand and 60 min heating at 50 °C.
 
 RESULTS AND DISCUSSION Synthesis and Characterization of 99mTc and 188Re Complexes. The preparation of the 99mTc complex I succeeded in high yields in slightly alkaline solution. The reaction products were analyzed by HPLC and ESI-MS. For that reason, carrieradded preparations were performed which resulted in the same HPLC pattern as no-carrier-added preparations. Using optimized HPLC conditions, the following chromatogram was obtained (Figure 3). It shows a mixture of isomers which was eluted between 8 and 19 min. The main products were identified by comparison of their retention times with those of isolated cold rhenium isomers (not shown). They represent the exo-trans (13.0 min) and the exo-cis (18.5 min) isomers of the Tc-S4 complex I. For the compounds which were eluted at 8.0 and 11.4 min, the same masses of m/z ) 794.4 ([M + H]+) and 792.3 ([MH]-) were found as for both exo isomers. It may be concluded that the corresponding endo isomers may also be formed under the special reaction conditions. The preparation of the desired 188Re-S4 complexes was performed by two different reaction routes. According to method 1, the direct reduction of perrhenate in the acidic solution of the S4 ligand and ancillary ligands, perrhenate was completely reduced within 30 min at 50 °C or 60 min at room temperature by 1.0 mg of stannous chloride. Using 1.0 mg of S4 ligand 1, more than 30% of an unknown 188Re product was formed which was eluted in HPLC at about 31 min. The percentage of this impurity decreased when the ligand amount was reduced. Less than 10% was still formed using 0.05-0.01 mg of the S4 ligand (Figure 4). Under these conditions, the reduction was completed after 60 min at 50 °C in a total volume of not more than 1.5 mL. Because of the high lipophilicity of the S4 ligand 1 and the resulting 188Re complex I, the preparation had to be carried out in aqueous/alcoholic solution. As demonstrated for the corresponding 99mTc complex isomers, the exo-cis and exo-trans isomer of the 188Re-S4 complex I was determined by comparison of retention times with those of cold rhenium reference isomers.
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 Figure 5. HPLC pattern of 188Re-S4 complex II prepared according to method 1 with 0.01 mg of ligand 2 and 1.0 mg SnCl2 by 30 min heating at 50 °C.
 
 Figure 6. Decrease of perrhenate yield in the reaction solution as measure of formation of complex II in dependence on pH (50 °C, 1.0 mg SnCl2). Table 1. Logarithms of Partition Coefficients of 188Re-S4 Complex Isomers between Octanol and 0.1 M Phosphate Buffer of pH 7.4 (mean ( SD, n ) 5) complex/isomer
 
 log Po/w, pH 7.4
 
 I/trans I/cis II/1 II/2 II/3
 
 1.56 ( 0.03 1.73 ( 0.04 -1.72 ( 0.05 -1.86 ( 0.04 -1.71 ( 0.03
 
 The preparation of complex I according to method 2 resulted in lower yields of the 188Re-S4 complex. In contrast to the preparation of 188Re(V)-DMSA, which was formed in neutral solution in yields of >95% using the same 188Re-EDTA preparation as starting complex (16), the 188Re-S4 complex requires acidic solution for the formation. The four isomers known from method 1 were also observed in method 2 preparations. The conformation of the two other isomers, which were eluted between the trans and the cis isomer, remains unknown, because they were only observed in solutions of very low concentrations of the radiometals. Probably, rhenium-188 and technetium-99m form complexes with the meso as well as the racemic bridged ligands. That would result in six isomers according to the following Scheme 1. In contrast to the non-radioactive rhenium complex preparations, in which only the exo complexes were detected, the carrier-free 188Re preparations seem to result in the formation of the exo and endo complexes, respectively. Three assumed isomers were separated by HPLC, when the 188Re-S4 complex II with the crown ether S4 ligand 2 was analyzed (Figure 5). Two of the three peaks found in HPLC analyses of carrierfree preparations could be assigned to the two isomers which were separated by HPLC of cold reference rhenium complex II preparations. These isolated fractions II1 and II2 showed the same m/z values in positive and negative ESI-MS analyses. As already observed for complex I, more than two isomers were also detected in preparations of 188Re-S4 complex II. In accordance with findings made for the optimum preparation of 188Re-S I, diminishing of ligand quantity also resulted in higher 4
 
 Figure 7. HPLC patterns of in ViVo samples of the cis isomer of complex I (top: intestine, 2 h pi; middle: urine, 2 h pi), and isomer 2 of complex II (bottom: urine, 1 h pi). Table 2. Biodistribution of the Cis and Trans Isomers of Complex I after Intravenous Administration in Wistar Rats (n ) 5) at 5 and 60 min pi (% ID/g ( SD) cis [% ID/g ( SD]
 
 trans [% ID/g ( SD]
 
 tissue
 
 5 min
 
 60 min
 
 5 min
 
 60 min
 
 blood liver kidneys intestinea spleen pancreas lungs stomacha thyroida heart femur brain muscle
 
 0.85 ( 0.15 3.42 ( 0.28 0.53 ( 0.15 47.12 ( 8.41 2.66 ( 0.56 0.15 ( 0.03 0.92 ( 0.08 0.54 ( 0.22 0.03 ( 0.01 0.31 ( 0.05 0.16 ( 0.02 0.04 ( 0.02 0.10 ( 0.02
 
 0.09 ( 0.00 1.30 ( 0.14 0.10 ( 0.03 80.64 ( 1.02 2.41 ( 0.41 0.03 ( 0.01 0.40 ( 0.04 0.53 ( 0.04 0.01 ( 0.00 0.05 ( 0.00 0.04 ( 0.00 0.01 ( 0.01 0.04 ( 0.02
 
 3.34 ( 0.90 3.50 ( 0.68 1.51 ( 0.14 26.16 ( 5.51 1.29 ( 0.16 0.42 ( 0.07 1.43 ( 0.09 0.65 ( 0.19 0.08 ( 0.03 0.96 ( 0.16 0.36 ( 0.04 0.08 ( 0.02 0.16 ( 0.03
 
 0.44 ( 0.13 0.88 ( 0.10 0.23 ( 0.04 66.14 ( 2.83 0.70 ( 0.21 0.14 ( 0.02 0.58 ( 0.12 0.58 ( 0.09 0.03 ( 0.01 0.21 ( 0.08 0.13 ( 0.03 0.01 ( 0.00 0.10 ( 0.02
 
 a
 
 % ID/organ.
 
 yields of the desired complex isomers. While 15-20% of the lipophilic impurities (tR ) 41 min) were formed when the preparations were carried out with 0.5-0.1 mg of ligand 2, only 3-5% was found in HPLC using the very low amounts of 0.020.005 mg of ligand 2 for preparation. On the basis of these results, a kit formulation for the preparation of the 188Re-S4 complexes was developed. The low amounts of the sensitive tetrathiolate ligands could be stabilized as stannous complexes. Between 10 µg (complex II) and 50 µg (complex I) of the Sn-S4 complex was found to be sufficient for optimum labeling yields of 90-94%. Surprisingly, it is possible to clearly diminish the amount of the reducing agent SnCl2. For a complete reduction of 1001000 MBq of [188Re]perrhenate, 0.1 mg or even 0.05 mg of SnCl2 per vial was sufficient. The complex formation succeeded quickly and completely in an acidic solution of pH 1.5-2.0. However, the reduction of perrhenate was delayed when the pH of the reaction solution was increased (Figure 6). Despite
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 Scheme 1.
 
 Table 3. Biodistribution of the Isomers 1, 2, and 3 of Complex II after Intravenous Administration in Wistar Rats (n ) 5) at 5 and 60 min pi (% ID/g ( SD) isomer 1 [% ID/g ( SD]
 
 a
 
 isomer 2 [% ID/g ( SD]
 
 isomer 3 [% ID/g ( SD]
 
 tissue
 
 5 min
 
 60 min
 
 5 min
 
 60 min
 
 5 min
 
 60 min
 
 blood liver kidneys intestinea spleen pancreas lungs stomacha thyroida heart femur brain muscle
 
 0.18 ( 0.04 1.56 ( 0.33 0.60 ( 0.13 33.56 ( 3.74 0.05 ( 0.01 0.12 ( 0.07 0.16 ( 0.02 1.32 ( 0.29 0.02 ( 0.01 0.07 ( 0.02 0.08 ( 0.02 0.01 ( 0.00 0.05 ( 0.01
 
 0.01 ( 0.00 0.03 ( 0.01 0.10 ( 0.02 57.99 ( 6.82 0.01 ( 0.00 0.04 ( 0.06 0.01 ( 0.00 0.87 ( 0.94 0.00 ( 0.00 0.00 ( 0.00 0.01 ( 0.00 0.01 ( 0.00 0.02 ( 0.02
 
 0.44 ( 0.07 0.87 ( 0.10 1.82 ( 0.46 16.33 ( 3.45 0.13 ( 0.02 0.26 ( 0.12 0.36 ( 0.05 2.25 ( 1.75 0.05 ( 0.01 0.18 ( 0.01 0.18 ( 0.02 0.02 ( 0.00 0.13 ( 0.03
 
 0.05 ( 0.00 0.12 ( 0.03 0.32 ( 0.01 41.49 ( 4.39 0.03 ( 0.01 0.12 ( 0.04 0.05 ( 0.01 5.56 ( 1.50 0.03 ( 0.02 0.03 ( 0.00 0.03 ( 0.00 0.01 ( 0.01 0.10 ( 0.09
 
 0.61 ( 0.08 0.83 ( 0.05 2.13 ( 0.38 10.22 ( 2.55 0.14 ( 0.01 0.21 ( 0.04 0.43 ( 0.04 0.78 ( 0.37 0.05 ( 0.01 0.22 ( 0.03 0.25 ( 0.03 0.02 ( 0.01 0.12 ( 0.01
 
 0.05 ( 0.01 0.09 ( 0.02 0.38 ( 0.05 25.29 ( 2.28 0.05 ( 0.03 0.17 ( 0.13 0.05 ( 0.00 0.91 ( 0.62 0.01 ( 0.00 0.02 ( 0.00 0.03 ( 0.00 0.00 ( 0.00 0.02 ( 0.00
 
 % ID/organ.
 
 the high excess of 1.0 mg of SnCl2, no complete reduction was reached within several hours, when the pH of the solution was higher than 3. These results, which were observed for both preparations, could be improved using the kit formulation mentioned above. Under the special conditions and an additional portion of 15 mg of oxalic acid a complete reduction of perrhenate within 3 h was still possible at pH 3.5. For further characterization of the 188Re-S4 complex I its cis and trans isomers were separated by HPLC. Using optimized HPLC conditions, the trans isomer was earlier eluted than the cis isomer. The observed difference in retention time was confirmed by octanol/water distribution studies at pH 7.4 performed with both isomers. As shown in Table 1, the cis isomer is more lipophilic. As expected, complex II exhibits a strong hydrophilic behavior caused by the crown ether groups of ligand 2. A successful separation of the isomers was only possible using a very smooth gradient for HPLC analysis. In accordance, nearly similar octanol/water distribution data were determined for the three isomers of complex II. In Vitro Stability of 188Re-S4 Complexes. The stability of the 188Re complexes toward reoxidation to perrhenate was investigated with the isolated isomers in phosphate buffer
 
 solution of pH 7.4, in rat plasma, and in human plasma at 37 °C for 48 h. Only minor reoxidation (
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