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ABSTRACT

This work i n t r o d u c e s a new c l a s s of r a d i o p h a r m a c e u t i c a l s based on ru then ium-97 .
The exce l l en t physical p rope r t i e s of Ru-97, the high chemical r e a c t i v i t y of Ru,
the p o t e n t i a l antitumor a c t i v i t y of several Ru coordinat ion compounds, and BLIP
product ion of Ru-97, provide a unique combination for the app l i ca t ion of t h i s
isotope in nuclear oncology. A sys temat ic study was undertaken on the synthe-
s i s , c h a r a c t e r i z a t i o n , and eva lua t ion of a number of ruthenium-labeled com-
pounds. In a va r i e ty of animal tumor models, severa l compounds show cons ider -
able promise as tumor- local iz ing agents when compared to gallium-67 c i t r a t e . The
compounds studied (with Ru in d i f f e r e n t ox ida t ion s t a t e s ) include ion ic Ru, a
number of hydrophi l ic and l i p o p h i l i c c h e l a t e s , and var ious aramine d e r i v a t i v e s .

*The work at BNL was done under Contract No. EY-76-C-02-0016 with the UNITED
STATES DEPARTMENT OF ENERGY.

By acceptance of t h i s a r t i c l e , the publ isher and/or r e c i p i e n t acknowledge the
U.S. Government's r i g h t to r e t a i n a nonexclusive, r o y a l t y - f r e e l i cense in and to
any copyright covering t h i s paper.
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INTRODUCTION

Diagnosis of cancer at ear ly s tages us ing noninvasive nuclear medicine pro-
cedures i s h ighly d e s i r a b l e but so far has shown l i m i t e d p o t e n t i a l because of
the lack of s u i t a b l e radiopharmaceuticals based on radionucl ides with optimal
phys ica l and chemical p r o p e r t i e s . Even though gallium-67 c i t r a t e i s present ly
the agent of cho ice , i t does not concentrate s e l e c t i v e l y i n tumors, the back-
ground l e v e l s remain h igh, and i t s imaging c h a r a c t e r i s t i c s are far from i d e a l .
As c l i n i c a l t r i a l s have progressed, i t has become evident that gall ium-67 c i t -
rate concentrates in a v a r i e t y of normal s tructures and in s evera l d iverse
benign and malignant pathologic l e s i o n s . This lack of s p e c i f i c i t y has made the
interpretation of gallium-67 scans d i f f icu l t .

In general, slow V.inetics of uptake of the radiopharmaceuti cals by cancer-
ous tissue necessitates the use of intermediate ha l f - l i f e nuclides, and for good
quality scans, a radiolabel with optimum physical and biological properties i s
required. Ruthenium-97 is a potential radionuclide for applications in nuclear
oncology because of i t s excellent physical properties — an essentially
monoenergetic gamma emission of 216 keV, and a hal f - l i fe of 2.9 days — and the
high chemical reactivity of the element ruthenium (1). Because of the rela-
tively high fission yield of ruthenium nuclides, various studies of biological
interest have been reported in the l iterature. Usefulness of various ruthenium
nuclides in nuclear medicine has been pointed out by some authors (2_); possible
application of ruthenium-97 was f irst suggested by Subramanian et al in 1970
(3)« Therapeutic potential of ruthenium compounds has also been described
(4,5) .

A method was recently developed for an efficient production of c l in ical ly
useful quantities of ruthenium-97 using the Brookhaven Linac Isotope Producer
(BLIP) (6_). In an ongoing program at Brookhaven, systematic studies were under-
taken to exploit the chemistry of ruthenium for the Assign of new
radiopharmaceuticals for a number of applications in nuclear medicine. A varie-
ty of representative agents (some developed and others under active development)
i s described in Table 1.

A. major thrust has recently been on the development of tumor-localizing
agents. Several classes of compounds (with ruthenium in various oxidation
states) including ion.'c ruthenium, hydrophilic and lipophilic chelates and a va-
riety of ruthenium-ammine derivatives were prepared using ruthenium tracer, and
evaluated in normal and tumor-bearing animals. Several of these compounds have
shown antitumor activity in recent NCI animals screens (5). Results with the
more promising ruthenium-labeled tumor-localizing agents are reported.

MATERIALS AND METHODS

Most i n i t i a l i n v e s t i g a t i o n s were done using ruthenium-103 due to i t s
convenient 39 .6 day h a l f - l i f e . Ruthenium-103 chlor ide was obtained as a
c a r r i e r - f r e e s o l u t i o n in 3.5N hydrochloric acid from the Oak Ridge National Labo-
ratory . Ruthenium-97 was prepared as needed at the BLIP from proton s p a l l a t i o n
of high purity (> 99.9%) rhodium f o i l s ( 6 ) . The target was bombarded with 200-
MeV protons from the Linac. After the bombardment, the target was transferred
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to a processing hot cell and dissolved by a.c. electrolysis in 61) hydrochloric
acid (0.3A/cm2, <s*15 hr). After evaporating the solution to near dryness,
radiochemical separation of ruthenium-97 was achieved by distillation of R11O4
from a sulfuric acid medium in the presence of an oxidizing agent
(permanganate). The distillate was collected in ice-cold ethanol/hydrochloric
acid (1:1). Recovery of ruthenium from the target was almost quantitative.

The complex-forming reactions were optimized with regard to different vari-
ables — total ligand, time of reaction, temperature, pH, etc. In general, due
to slow initial kinetics, a heating period of 10 to 30 min at 90° was included
in most preparations as a last step. In-vitro analysis of all agents was per-
formed using paper and thin-layer chromatography, gel filtration, cellulose ace-
tate electrophoresis, and spectrophotometry and/or elemental analysis, when ap-
propriate. A typical method of preparation was as follows. To a suitable quanti-
ty of the tracer (103Ru or 97R U J both available in 3.5N HC1) neutralized to pH
2, an appropriate amount of the ligand was added, and following an incubation
period of 5-20 min, the pH was raised to between 5 and 7.5. The resulting
solution was heated on a boiling water bath for 10-30 min. In some
preparations, 0.05-50 mg ruthenium was added to study th carrier effect on bio-
logical distribution. The complexes with 1,10-phenanthroline derivatives were
prepared by reducing the ruthenium solution with hydroxylammonium chloride in
the presence of the ligand, and subsequent heating for 30 min after pH
adjustment. Oxine (8-hydroxyquinoline) 7-carboxylic acid acetate was
crystallized from a solution of oxine 7-carboxylic acid in acetic acid.
Radiosynthesis of potassium pentachloroaquoruthenate(III), potassium tris-
oxalatoruthenium(III), chloropentaammineruthenium(III) chloride, cis-
dichlorotetraamminerutheniumCIII)chloride, cis-dichloro bis(ethylenediamine)-
rutheniura(lll) chloride, and several other ammine complexes was carried out
using suitably modified literature procedures (.7)'

Organ distribution data on the various compounds were obtained in normal
mice, rats and hamsters. Biodistribution studies in tumor-bearing animals were
carried out in the following tumor models: (i) EMT-6 sarcoma in Balb/c mice
(8_), (ii) squamous-cell carcinoma in Fisher CDF/female rats (£), and (iii)
Greene melanoma in Golden Syrian hamsters (10).

RESULTS

For most ruthenium complexes prepared without added carrier, cellulose ace-
tate electrophoresis in a borate/NaOH/KCl buffer of pH 8 was found to be the
analytical method of choice. Paper and thin-layer chromatography also provided
good resolution. Gel filtration generally did not give satisfactory
separations. The aramine compounds were characterized spectrophotometrically and
by elemental analysis.

Blood clearance data on various ruthenium compounds were obtained in nor-
mal dogs. Ruthenium chloride (pH 2, a mixture of 3 and 4 oxidation states)
clears (Figure 1) from the blood slowly and at 30 minutes after i.v. injection,
ca. 40% of the activity remains in circulation. At later time periods, most of
the activity remains diffused over various parts of the body and the muscle
uptake is quite high (>T20% in mice). Upon injection of hydrophilic chelates



such as ruthenium c i trate , ruthenium tartrate or ruthenium-DTPA, kidneys are
visualized immediately. Blood clearance i s very rapid, and within 5-10 minutes,
most of the compound leaves the blood via the kidneys and the bladder.
Ruthenium phosphate complexes clear rapidly from the >od and local ize in bone.
Complexes with oxine, phenanthroline, and iminodiacetiv acid derivatives such as
HIDA and PIP IDA, are extracted by the hepatobiliary system with very l i t t l e
excretion in the urine.

Table 2 describes representative data on the tissue uptake of several
ruthenium compounds in EMT-6 sarcoma-bearing mice. The results are expressed as
per cent injected dose uptake per g by the t issue; gallium-67 c i trate i s
included for comparison. Data on ruthenium complexes with c i t ra te , tartrate,
diethylenetriaminepentaacetic acid (DTPA), ethylenediaminetetramethylene
phosphonate (EDTMP), and various phenanthroline derivatives were also obtained
but are not described in this table since tumor uptake was insignificant with
these compounds. Evaluation of the promising compounds in the other two animal
tumor models is presently being carried out. Compounds 2-6 in this table have
shown chemotherapeutic potential in recent NCI animal screens (5) .

Tumor-to-tissue ratios at various time intervals after injection are shown
in Table 3 . Values for gallium citrate are also included for comparison. The
whole body retention is shown in the last column for a l l the compounds. Several
compounds, as noted, were synthesized using stable ruthenium carrier and the
ruthenium dose corresponded to between 2 and 6 mg/Kg body weight. Table 4 de-
scribes the tumor concentration index (TCI) of various compounds. This index
which provides a useful correlation between the tumor uptake and the mean body
concentration is defined as the ratio of per cent injected dose per g of the
tumor to per cent injected dose per g remaining in the whole body at any given
time period.

DISCUSSION

Ruthenium (Z=44) i s a member of the second triad of the group VIII
transition metals. It i s a highly reactive element and i t s chemistry i s quite
complicated. It displays as many as ten oxidation states in i t s compounds, the
common ones being Ru(l l ) , Ru(lII), Ru(IV) and Ru(VIII). The high reactiveness
of ruthenium and the desirable physical characteristics of ruthenium-97, a pure
gamma emitter, provide a valuable combination for application to nuclear
medicine. The chemistry of ruthenium can be manipulated much as desired to ob-
tain useful compounds for specif ic applications. The 2.9 day ha l f - l i f e of
ruthenium-97 makes many studies and procedures possible, not otherwise practical
with technetium-99m. Efficient and economical production (>100 mCi per day) of
ruthenium-97 in the BLIP f a c i l i t y at Brookhaven has been found to be feasible-
using the rhodium-103(p,2p5n)ruthenium-97 reaction, and this should make
widespread use of this nuclide possible subsequent to the development of suita-
ble radiopharmaceuticals.

In the area of tumor-localizing agents, ruthenium-97 appears to show
substantial promise. A number of ruthenium coordination compounds have shown
antitumor act ivity in recent animal screens; several of these appear useful as
tumor localizing agents when labeled with ruthenium-97. I t i s l ikely that dif-



ferent ruthenium agents follow different localization mechanisms and in order to
develop successful tumor avid compounds, a whole series of ligr. 4is would have to
be studied. Mechanistic studies on model compounds have recent./ been initiated
which would undoubtedly aid in the design of more specific agents.

The preliminary results in the EMT-6 sarcoma in mice demonstrate the poten-
tial of a number of ruthenium compounds as tumor-scanning agents. The tumor
uptake of ruthenium compounds described in Table 2, expressed as per cent dose
per gram, ranges between 1.5 and 6.8, and compares favorably with the gallium
uptake (3.5-7.1). The general body background of cis-dichlorotetraammine-
ruthenium(III) chloride and Ru-oxine 7-carboxylic acid acetate is much lower
than that of gallium citrate; the other compounds are comparable to gallium in
this respect. The tumor-to-blood (T/B) and tumor-to-muscle (T/M) ratios with
several compounds are high enough for delineating tumors by imaging. The uptake
of gallium citrate by the tumor reaches a plateau at about 24 hr; thereafter,
significant loss of the activity is seen without comparable excretion from the
body. This results in a decrease in the value of the tumor concentration index
(Table 4). This index reaches a maximum value at different time periods with
different compounds. The TCI of seven most active compounds at 24-96 hr ranges
between 1.33 and 2.68 and is comparable to or better than that of gallium cit-
rate 1.45-1.81). Using various important criteria, ruthenium-oxine 7-carboxylic
acid acetate (TCI max 72 hr 2.68; T/B 2.4; T/M 7.2) and cis-

dichlorotetraarnminerutheniumdll) chloride (TCI max 96 hr 2.0; T/B 4.4; T/M 4.2)
look particularly promising when compared to gallium citrate (TCI max 24 hr
1.81; T/B 4.2; T/M 13.4). The other compounds have favorable tumor uptake; how-
ever, the blood and body background remains quite high. By exploiting the
chemistry of ruthenium, it may be possible to reduce nontarget uptake of these
and other compounds and thus improve the tumor-to-background ratios. Chemical
modification of the compounds is also expected to increase their tumor
specificity thus making them as good or better than gallium citrate. Another ap-
proach that presently is being evaluated is the use of mixed-ligand chelating
agents (11) or other competitive preparations (1̂ 2) to selectively reduce the
blood ancPnormal tissue background without affecting the tumor uptake. A varie-
ty of other ruthenium compounds, in addition to those described here, are pres-
ently under investigation.

In summary, results so far on the tumor uptake of various ruthenium com-
pounds have been very encouraging and the potential for developing highly
specific tumor-localizing agents based on ruthenium-97 appears very great. Use
of this nuclide could represent a distinct advantage over most presently used
radioscintigraphic agents for tumor localization.

REFERENCES

1. Srivastava SC, Som P, Meinken G, Sewatkar A., et al: Ruthenium-97
~ labeled compounds — A new class of radiopharmaceuticals. Read before

the World Federation of Nuclear Medicine and Biology, 2nd International
Congress, Washington, D.C., Sept. 18-21, 1978

2. Anghileri U : J Nucl Biol Med 18, 155 (1974); ibid., Strahlentherapie
149, 173 (1975)7 Wenzel M, Subramanian N, and Nipper E: Naturwiss 63,



341 (1976); Wenzel M, Nipper E, and Klose W: J Nucl Med 18, 367, 1977;
Wenzel M, Klose W: Klin Wochenschrift 55, 559, 1977; Tanabe M, Yamamoto
G: Acta Medica Okayama 29, 431, 1975; Tanabe M: Radioisotopes 25,
44, 1976

3_. Subramanian G, McAfee JG, and Poggenburg JK: Ru-97: Preliminary evalua-
tion of a new radionuclide for use in nuclear medicine. J Nucl Med 11,
365, 1970 (abst)

4. Kellman AD, Clarke MJ, Edmonds SD, et al: Proc. 3rd Int l . Symp. Pt
~ Coord. Complexes in Cancer Chemotherapy, Dallas, Texas, Oct. 18-20, 1976;

Dwyer FP, Mayhew E, Roe EMF, et a l . : Brit J Cancer 19, 195, 1965; White
DO, Harris AW, Dwyer FP, et a l . : Austr J Exp Biol 41, 517, 1963; White
DO, Harris AW, and Shulman A: Austr J Exp Biol 41, 527, 1963; Cleare MJ:
Coord Chem Rev 12, 349, 1974; Durig JP, Danneman J, Behnke ND, et a l . :
Chem Biol Interactions 13, 287, 1976

5̂ . Clarke MJ: Oncological implications of thv> chemistry of ruthenium. Chem
Biol Interactions (in press)

6_. Ku TH, Richards P, Srivastava SC, et al: Production of ruthenium-97 for
medical applications. Read before the World Federation of Nuclear
Medicine and Biology, 2nd International Congress, Washington, D. C , Sept.
18-21, 1978

T_. Mercer EE, Buckley RR: Inorg Chem 4, 1692, 1965; Raichart DW, Taube H:
Inorg Chem 11, 999, 1972; Broomhead JA, Kane-MacGuire LAP: J Chem Soc
(A), 546, 1967; Krentzien H: Ph.D. Dissertation, Stanford Univ.,
Stanford, CA, 1976; Lever FM, Powell AR: J Chem Soc (A) 1477, 1969; Ford
PC, Rudd DFP, Gaunder R, et a l . : J Arner Chem Soc 90, 1187, 1968

8. Larson SM: Mechanisms of localization of gallium-67 in tumors. Seminars
Nucl Med 8, 193, 1978

£. Srivastava SC, Larson SM, Richards P, et a l : Radiolabeled ruthenium com-
pounds as tumor localizing agents. Read before the 4th Annual Scientific
Meeting, Society of Nuclear Medicine, Greater NY Chapter, Philadelphia,
PA, Nov. 10-12, 1978

10. Packer S, Lambrecht RM, Christman DR, et al: Amer J Ophthalmology 64,
80, 1977

11. Schubert J, Derr SK: Mixed ligand chelate therapy for plutonium and cad-
mium poisoning. Nature 275, 311, 1978

12. Larson SM, Rasey JS, Grunbaum Z, et al: Pharmacologic enhancement of
gallium-67 tumor-to-blood ratios for EMT-6 sarcoma (Balb/c mice). Radiolo-
gy 130, 241, 1979



TABLE 1

RADIOLABELED RUTHENIUM COMPOUNDS AND THEIR POTENTIAL
APPLICATIONS IN NUCLEAR MEDICINE

Compounds Application

Lxmple salts (ionic)
Ruthenium chloride
Potassium tris-oxalatoruthenium(III)
Potassium pentachloroaquoruthenate(lll)

Hydrophilic chelates
Tartrate
Citrate
DTPA
Glucoheptonate

Lipophilic chelates
8-hydroxyquinoline(oxine)
Oxine 7-carboxylic acid
Oxine 7-carboxylic acid acetate
1,10-phenanthroline derivatives
6-diketones
Lidocaine iminodiacetic acid(HIDA)

and analogs
Dimethylsulfoxide

Phosphate compounds
Pyrophosphate
EHDP
EDTMP
MDP

Ammine compounds
ChioropentaammTneruthenium(III)chloride
cis-Dichlorotetraammineruthenium(III)

chloride
cis-Dichlorobis(ethylenediamine)-

ruthenium(lXI) chloride
Trichlorotrianmineruthenium(lll)

Aimnineruthenium(lll) complexes
Purines, pyrimidines, nucleosides,

nucleotides

Colloidal Preparations
Ruthenium-sulfur colloid

Tumor localization;
myocardial agents

Kidney agents;
tumor localization;
cisternography

Hepatobiliary
agents; labeling cells
and platelets, etc.; study
of cellular transport
mechanisms; brain perfusion;
tumor localization

Bone agents (for normal
uptake and for physiological
studies); agents for
myocardial-infarct

localization

Tumor localization

Tumor localization

Lymphoscintigraphy



TABLE 2. TISSUE UPTAKE OF VARIOUS PROMISING RUTHENIUM COMPOINDS AND OF
GALLIUM-67 CITRATE IN EMT-6 SARCOMA-BEARING MICE (% DOSE PER G ) a (n=6)

Compound Time Tumor Blood Muscle Liver Kidney Whole
Body
Retention

(hr) (% Dose)

1. Ruthenium chloride

2.

3.

4. [Ru(NH3)5Cl]Cl2
Q

5. cis-[Ru(NH3)4Cl2]Cl€

6. cis-[Ru(en)2Cl2]Cl
r

7. Ru-Oxine 7-CA acetate8

8. Gallium-67 citrate

24
48

24

24

24
96

24
72
96

24

24
72
96

24
48
96

5.
6.

6.

5.

3.
2.

5.
5.
4.

5.

2.
1.
1.

7.
5.
3.

,42
,10

76

97

29
30

38
93
92

97

38
68
48

09
05
54

4.27
3.20

5.46

3.81

1.97
0.67

5.18
2.10
1.15

5.62

2.34
0.72
0.47

1.81
0.51
0.36

1.57
1.15

2.06

2.03

0.79
0.80

1.54
1.32
1.20

1.69

0.39
0.24
0.21

0.53
0.47
0.37

6.11
9.17

10.89

5.22

2.37
1.63

5.12
4.14
3.23

5.76

3.03
1.49
1.54

9.30
9.49
8.19

12.24
10.48

11.76

6.32

5.89
3.81

9.23
7.21
5.35

11.15

2.88
1.46
1.38

9.21
8.03
7.14

55.25
51.67

61.86

57.77

25.70
17.40

49.61
43.80
37.06

52.80

19.01
9.61
8.42

59.58
50.68
38.29

Compounds 2-6 were synthesized using stable ruthenium carrier; ruthenium
dose 2-6 ing/Kg body weight

Potassium pentachloroaquoruthenate(III)

CPotassium tris-(oxalato)ruthenium(III)

Chloropentaammineruthenium(III) chloride

g'cis-Dichlorotetraammineruthenium(III) chloride

cis-Dichloro b\s_(ethylenediammine)ruthenium(III) chloride

^8-Hydroxyquinoline 7-carboxylic acid acetate



TABLE 3. TUMOR-TO-BLOOD AMD TUMOR-TO-TISSUE
LABELED COMPOUNDS IN

Compound
Gallium-67 citrate

Ruthenium chloride

[Ru(NH,),Cl]Cl,

cis-[Ru(NH3)4Cl2]Cl

K2[RuCl5(0H2)j

K3[Ru(Ox)3]

cis[Ru(en);Cl2]Cl

Ru-oxine 7-CA Acetate

For abbreviation and

RATIOS OF VARIOUS
EMT-6 SARCOMA BEARING MICE (n»6) .

Time Post
Injection,

Hr
24
48
96
24
48
24
48
96
24
48
96
24

24

24

24
48
96

Blood
4.2
10.7
10.3
1.0
1.9
1.7
1.9
3.5
1.1
1.7
4.4
1.3

1.6

1.1

1.0
1.7
3.2

other explanations, see

Ratio, Tumor

RUTHENIUM-103-

to
Muscle Liver

13.4
11.0
10.6
2.9
5.3
4.2
4.5
4.1
3.5
4.0
4.2
3.3

3.0

3.6

6.3
7.2
7.7

Table 2

0.8
0.6
0.4
0.6
0.7
1.4
1.2
1.4
1.1
1.3
1.5
0.6

1.1

1.1

0.8
1.0
1.0

Kidney
0.8
0.6
0.5
0.4
0.6
0.6
0.5
0.6
0.6
0.7
0.9
0.6

0.9

0.5

0.8
1.0
1.2

TABLE 4. TUMOR CONCENTRATION INDEX OF VARIOUS RUTHENIUM-103-LABELED

TCI
COMPOUNDS IN EMT-6 SARCOMA (Balb/c mice)

Compound

Ru-Oxine 7-CA acetate
Gallium-67 citrate
cis-[Ru(en)2Cl2]Cl
[Ru(NH3)5Cl]Cl2

K2[RuCl5(OH2)J

K3[Ru<0x)3]

cis-[Ru(NH3)4Cl23Cl

Ruthenium chloride

24 hr

1.90
1.81
1.70
1.70

1.65

1.64

1,56

1.33

48 hr

2.39
1.48

1.46

-

-

1.74

1.86

72 hr

2.68
1.57

1.37

-

-

2.03

-

96 hr

2.50
1.45

1.49

-

-

2,QQ

-

aTumor concentration index (TCI) is defined as the ratio of per cent inject-
ed dose per g of the tumor to per cent injected dose per g remaining in the
whole body at any given time period. For inter-species comparisons, and
for normalizing for different animal body weight.';, TCI could be expressed
as per Kg body wt.

For abbreviations and other explanations, see Table 2



FIGURE LEGEND

FIG.1. Blood clearance of several ruthenium complexes i n dogs.
Technetium-99m-DTPA and technetium-99m-MDF are included for comparison. (1)
Ruthenium chloride , pH 2; (2) Ru-EHDP; (3) R u ( I I ) t r i s - ( 3 , 4 , 7 , 8 - t e t r a m e t h y l
1,10-phenanthroline)dichloride; (4 ) Technetium-99m-DTPA; (5) Ru-c i trate ; (6)
Ru-EDTMP; (7) Ru-MDP; (8) Technetium-99m-MDP; (9) Ru-DTPA.
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