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4. POTENTIAL MEDICAL APPLICATI(NS OF RUTHENIUM ISOTOPES
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INTRODUCT ION

The preparation oI radicactive isotopes (radionuclides) for use in medical
diagnosis {nuclear medicine) has been reviewed in the purely chemical literature
before [1] and the role of metal ions, in particular, in bioclogical systems has
been the subject of a number of articles [2-6]. However, as this topic has not
been previously covered by this journal, a mumber of words of introduction
would be appropriate.

One of the basic procedures in muclear medicine involves the administration
to a patient of a radionuclide in some suitable chemical form that can be
subsequently detected externally while the compound undérgoes in vive metabolisw.
The rrbthod.s used to trace these conpounds rely on the fact that the radionuclide
chosen for the study will emit y-radiation. The subsequent abscorpticn of this
radiation in a suitable detector is ofien referred to as scintigraphy.

In the early application of the technique, y—emitting redionuclides of some of
the physiological elements were injected in simple chemical forms, such as
radioiodine (13'1} for thyroid function measurements (7], and radiolabelled
carbon dioxlde (01502) for lung function measurements {8). As nuclear medicine
develaped, metal-ign radionuclides were quickly introduced; not for any
physiological reason, but for their excellent physical prq:-»erties which optimised
the scintigraphy technique [9]. These metal radionuclides (87Ga 99 =, e Y,
which are now being used for routine application, are administered in the mmin
as simple ionic compounds, but as the understanding of the in vive fate of these
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materials increases, the need is becoming apvarent for the development of
sophisticated campounds labelled with these metals, which have a specific
metabolic rdle.

it was partly oh the basis of its excellent physical properties that
rutheniun-97, in particular, was recognised as a potential radionuclide for
nuclear medicine by Subramanian, McAffee and Poggenburg in 1970 [10].

Ruthenium-97 has a half-iife (ti) of 2.84 days [11], and decays solely by
electron capture to 9 {ti 2.6 % 106 y¥) with the emission of two pramnent
y—rays at 216 keV (86%) and 325 keV {10%) {121. Its decay characteristics
are compared with 2 selection of cther possibly useful ruthenium isotopes in
Table 1.

TAHLE 1
Sumary of decay data for ruthenium radionuclides

Mags Half-life Principle Garmay-Ray Suitability for
Number (t i) Mode of Transition in vive Scapning
Decay Energies/keV
Ru-34 51.8m 12 ol , 367,892 Peor
Ru-95 1.65h  EC+ g’ 336,1097,627  Poar {but may have use in
{15%) PECAT scanning ©}
Ru-97 2.84 4d BC 215,325 Excellent
Ru~103 39.4 d 8 497 Poor
Ru-105 4,44 h B 724 + many Poor
others
Ru-106 368 d g no y rays Not considered

% BC Electron Capture b g+ Positron emiesion giving 511 keV gamms radiation
(Anpihilation radleticn) PECAT Pomitron emission computerised axial tomography
{8ee “Seminare in Nuclear Medicine™, 5 (1880); I¢ (1981)}

Though 9?Ru is the radionuclide of cholce for nuclear medicine applications,
many of the preliminary studies invelving ruthenium canpounds have been carried
out using the longer-lived 103k, ar meﬂn, which are available camercially [13].
These are prepared from the neutron irradiation of stable ruthenium and suffer
from inevitable poor specific activity. This means that the radicactive atams
of %Ru/1%gy produced are "diluted” with the hon-radicactive atoms of the stable
ruthenium target material. The neutron deficient isotopes on the other hamd
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(94Ru, gsﬁu and MRU) can only be prodnced fram charged particle irradiatioms,
which use a different element for the target material and are thus available as
"carrier-free, The nuclear reacticns which have been used to produce these
nuclides are summarised in Table 2.

TABLE 2
Production of the neutron deficient isotopes of ruthenium

Target Nuclear Product Reference
Reaction

Mo (natural) ke, =n B4py 14

Mo (natural) Y=, zn 94g, 14,15

Mo (natural) e, 23Rn 14,16

Mo (natural) 4He, =n 85Ry 14,15,16

i p, on 97p0 17

9% P, 2p.5n 97y 18,19

Mo (natural) %He, on 97Rn 14,16,20

Mo (natural) 4He, zn 8TRy 11,14,15,16,21,22

Rossible contaminants in 2'Ru

1004, He, n 1030y 11,14,15

100!&0 4}{9’ P ia - 103Ru 15

® o (naturel) connists of T Ho(14.8%), JiMo(9.1%), TCHo(16.7%), ° Mo(9.5%),

B8y (24.4%) ana 1°0yy(9.6%)

The e {alpha particle) irradiation of patural molybdemum appears to have
received the most attention, but wmfortunately contamtnation by the longer lived
103p, occurs [11,14,22]. This would be campletely eliminated using the SHe
reactions [14,16,20] and spallatiom route [18,19], or by the praposed use of
enriched targets depleted in °%Mo [22). Elimination of the 1%%Ru content would
be desirable for most puclear medicine applications in order to reduce the total
radiation dose to the patient: radiation dose fram 103h, is a factor of 2.5
greater than that fram 97Ru for each unit of radicactivity [23].

The methods used for the separation of radioruthenium fram charged particle
irradiated targets have included co-precipitation [17,21], solvent extraction
[11,16,19}, wet distillstion of R.I.O4 [18,19,21] and differential sublimation
[11). However, Pao et af. [22], while working in the author's laboratory,
considered that none of these methods were rapid or simple encugh to be used
for the routine preparation of 97Ru and developed an ion-exchange separation
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using tin{IV} oxide. Investigations with larger scale production targets have
necessitated modification of this technique, resulting in usable quantities of
97Ru which are now =zvailable for labelling purposes.

4.2 RUTHENIUM COMPOIINDS WITH POTENTIAL APPLICATIONS IN NUCLEAR METACINE

For the mexdmin clarity and convenience, the remaining text is sub-divided
into headings covering groups of compounds that have a more biochemical
classification than the purely chemical approach usually found in these reviews.
Many of the cited publications are fran proceedings of international symposia
which are published in a collection of short abstracts and often contain z
minimm of experimental details, This is indicated in the text where appropriate.

It is also worth mentitning at this point that there are many problems
associated with the general availability of 97Ru because of the necessity of
charged particle irradiations and its relative short half-life of 2.B4 days
[24,25]. Thus the mjority of the nuclear medical applications cited have
utitised %Ry in the initial studies.

The impetus for mich of the early work with radiclabelled ruthenium compounds
was as a result of the potential hazards fran the human ingestion of maﬁu and
1065, products in nuclear waste [26-311. This information, though not directly
epplicable to nuclear medicine procedures, has provided the basis of the bio-
distribution data of the campounds which follow,

4, 2,1 Rutheniwm(III) chZorl:de+

The usefulness of radiolabell'ed ruthenium{IIT) chloride as a potential
subcutanecus tumour localising agent was investigated by Tanabe and Yamamcto
in 1975 {321, by Mizukawm ¢t @i, in 1978 [33), and same clinical trials with
patients were reported by Tanabe in 1976 [34]1. It has previously been shown
[35] that transformed cancer cells were stained more intensely with "ruthenium
red" {see Section 4.2.2) than normal cells, indicsting 2 possible preferential
uptake of ruthenium. As the mechaniem of binding affinity had not been clarified,
there was a passibility that iocnic ruthenium itself was being metabolised. The
investigations showed that certain tumours could be delineated in rats by
scintigraphy and that 9TRu in particular would be the isotope of choice for this
purpose in patients. The c¢linical trial with thirty-seven patients using 103311
resulted in a similar conclusian. However, these results did not offer any

_'.

The impure nature of commercial ruthenium{iI1} chloride has besn discussed
elsevhere [78; p.87].
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significant benefit over the widely used gallium citrate (labelled with ° Ca;
t% 3.26 d) which was first used for the localisation of human soft tissue
tumurs sane years earlier [36,371.

The sub-cellular distribution and mechanism of binding of ruthenium{1II}
chloride in tumours was the subject of a study by Mizukawa [38], who showed
that the tumour affinity for "ruthenium’ was related to the specific binding
of glycopeptides on the cell surface of the tumur.

+
4,2.2 "Ruthenium red" and other ruthenium amtine complexes

The cytological dye "ruthenium red”, has been shown to selectively bind to
mucopolysaccharides [39,40], which are found in sbundance around certain
tumours [41,42F. It was these characteristic interactions that led Anghileri
to suggest that radiolabelled "rutheniun red” might be used to produce a tumpur-
specific scanning agent [43, 44]. The distribution studies in tumour bearing
enimals [44] confimmed the above hypothesis, showing an accumlation in tissues
known to contain an appreciable amount of muicopolysaccharides and nucoproteins
{2.g. bone, stamach and ovary). These findings were later endorsed in a
published abstract by Petitjean et al.[20], but the animal tumour model chosen
for this study showed nc specific affinity for the labelled compound.

Erythrocytes {red blood cells}), which have a cell membrane rich in
mucopolysaccharides, have also been “tagged” using 10°Bu lebelled “ruthenium-
red" [45), but with a poor labelling efficiency. Interest in this campound
diminished as more efficient radiolabelling agents for cellular blood elements
became available for routine clinical use [46, 47).

It should be noted that the chemical characterisation of the radiolabelled
"rutheniun-red” used for these studies does not appear to have been carried
out, thus reflecting the preliminary nature of the results. However, same
ruthenium{ 111} anmine complexes which have attracted recent attention have,
an the other hand, been subjected to more rigorous chemical identification
procedures.

Thus chlarcpentaamminerutheniwn(IIT) dichloride, [Ru(Nle)sCl]Clz,
incorporating maﬂu, has been synthesised, and its purity checked [48-50].
The ability of the campound to act as a tumour localising agent was tested in an
animal model, but it showed no distinct advantage over ruthenium{IIi) chloride
[48]. Camplexmiion of the ruthenium ammine campound with a mumber of amino

¥ The structure of a salt derived from “ruthenium red”, [Rusoz(NH3)14} [8203]3.41:[20
has recently been determinmed [7B; p.88]1.
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aclds, L, fto give [Ru{bIHBJsL}C]. } was attempted in the hope of

developing a ruthenium pancreatic imaging agent. This was reported in an abstract
by Meyer and Davis [49}. The 4-pyridylalasnine complex, lsbelled with ‘%3%gu,
showed particularly good characteristics for such an agent, having a maxinmm
pancreas-to-liver ratio of 17.0. This is considerably higher than reported
values of about 2.5 measured for the comonly used campound for these studles,
"SSe labelled selencmethicumine [51].

The preparation of aguapentasnmineruthenium{II) dichloride, m“(m3>5(ﬂzo)]mz’
has also been briefly mentioned in the abstract by Subramanyam et al. [50), and
its reaction with an antibody {IgG) has resulted in the formation of a stable
carmplex. The authors propose to extend their studies of the labelling procedure
to other proteins.

4.2.3 Other ruthenium complexes
Diethylenetriaminepenta acetic acid (dtpall) labelled with iy, (t; 2.83 d)
has been shown to be of value for stwdying cerebrospinal fluid {(CSF) in the -
technique known as cistenography [52]. However, Oster and co-workers [241]
111p, as a label for the
chelate in terms of a reduced radiation dose to the patient and better imaging
quality with a ganma camera. Their experiments using maﬁu and iWRu DIPA in
mice and dogs showed that the kinetics and excretion of the ruthenium chelate
were unaltered from the 1 1In labelled compound. The authars alsc concluded
that on a purely naminal radioectivity scale ° Ru delivers approximately half
the absorbed dose to tissues compared with 131

remarked that °'Ru may ofier some advantages over

In. However, this may not be the
case at the cellular level where the radiation doses appear to be more comparable
[53].

Another chelate studied by this group was 2, 3-dimercaptopropane sulphonic
acid (dmsa}. Their experiments with “Ru dmsa in dogs has been described in
ebstract form [54,55] and it appears that the camplex may be useful for delayed
renal imaging. In a paper by Anghileri et al. [58], a similar conclusion was
10321 labelled dmsa involving rats and rabbits.
A probable mechanism to explain the renal accumulation is stggested b'y the
antiors, vfhich involves the bondlng of the Tutheniun-dmsa oarplex to
metallothianein, This protein has been shown previcusly to avidly bmd Group
1IB metals [57]. T .

A propasal has also been made to use m'Ru as a replacement for the short-
lived gchm(t 3 & h) in the canplex N, a-{4-isgpropvl-acetanilide Yimincacetic
acid (pipida) to extend the period of its use for studying the biliary tract
[25]. Studies involving doge and rats showed a similar tissue distribution and

reached after experiments with
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rate of excretion for both the "®T¢” and ruthenium labelled complex.

Various S-hydroxyquinoline {oxine) derivatives labelled with radio-
ruthenium have been prepared, and the ruthenium-oxine-7-carboxylic acid complex,
in particular, has shown same promise as a tumour localisation agent in the
experimental animal model described by Srivastava et ai. [48]. However, a
more useful applicaticn for the ruthenium axine type complexes may tuwrm out to
be in the field of human blood cell labelling. At present * in-exdnate
(and *in-acetylacetonate) are being widely used clinically for labelling
cells {58,591, which are suhsequentiy used for the disgnesis ol abncrmal
lesions {abScesses, inflammatory processes, thrambosis, ete. ). In order to
achieve a high lambelling efficiency of the cells, they must be washed free of
plasma before labelling as, in.the presence of plasma proteins, indium avidly
binds to transferrin [60]. It was pointed cut in an abstract by Zeghbi
et al, [61] that ionic ruthenium is not expected to bind to blood proteins so
rapidly, This would enable cell iabelling using ruthenium complexes to
praceed in the presence of plasma and thus avoid the cell damage associated
with plasma removal, Of the various complexes studied in this way, ruthenium
oxinate appeared to give the best labelling efficiency for platelets (ca. 55%)
[47,611. ©On the other hand, the ruthenium tropolonate camplex, which was also
evaluated by this group, gave en unexpectedly poor incorporaticn, especially
when consideration is given to the recently reported clinical suecess of the
indium tropolcnate complex [62]1. It is clear fram these studies {and those
in cur laboratories) that many variables affect these labelling procedures, and
the search for the optimm conditions is continuing.

Ancther reason put forward by Zoghbi et =i. [61] for the potential use of
- ruthenium campleXes in cell lagbelling was the expected reduction in the radiation
dose at the cellular level (compared to ' 1In) which should increase viebility
in vive. It appears, however, that these radiation dose calculations are in
doubt [53], but it is unlikely that this will deter the further siudy of
ruthenium camplexes which are turniné out to be a useful corplement to the
successful indiun compounds .

It is interesting to report that, though ionic rutheniu'n has been preparsd
for cell labelling in plesma because it is not expected to bind very raepidly
to transferrin, thé ruthenium transferrin caomplex has in fact been prepared
and tested as a possible tumcur locelising agent in an animal model [48]. The
preparaticn involved reacting ruthenium activity with "iran free' human
transferrin at ph7 for 2 h at 40 °C. Purification of the monoruthenium
transferrin was accomplished uSing a G-150 Sephadex colum. Injection of this
campcand into tumour bearing mice resulted in a superior tumour uptake compared
to all other ruthenium canpounds previously discussed (viz ruthenium cedine—
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7-carboxylic acid, ruthenium oxinate, chloropentaammineruthenium{Iii}
dichloride and ruthenium{III) chlaride). This result would appear to support
the hypothesis of the presence of transferrin receptor sites on the surface
of tunour cells, though as Hoifer has pointed out in the case of gallium
transferrin (371, the mechanism of uptake by the tumour is likely to be more
complicated than this explanation Suggests.

This apart, ruthenium transferrin (labelled with 9'J'Ru) would compare
extramely well with other agents (e.g. gallium-67 citrate) in use at present
for tumur localisation, because of its selectivity, reduced whole body
radiation dose to the patient, and its excellent physical properties for
Scanning purpcses.

4.2.4 Organorutheniwn compleres

A mumber of investigations into the preparation and uses of labelled
ruthenocene derivatives have been made by Wenzel and his co-warkers [63-731,
beginning with the synthesis of radioactive metallocenes using ferrocene as
a precursor [63}. Subsequent separation of the compounds, labelied with nge,
maﬂu and 181(:8, was mede using thin layer chramtography.

The metabolic fate of the ruthenccene parent compound was studied by
Taylor and Wenzel [64], using an animal model. They showed that ruthenocene
had a much higher in vive stabiliiy than ferrocene, being eventually eliminated
fram the body through the bile and urine following hydroxylaticn and formation
of a gluccronide conjugate in the liver., It was hoped that by derivativising
the cyclapentadienyl rings of ruthenocene, radicactive ruthenium may be
encouraged to loczlise in gpecific tissues, so producing imaging agents for
diagnostic purpcoses.

Thus the '°3Ru ruthenocene carbaxylic acid derivative was prepared and its
metabolism investigated in mice [65). The results indicated that as the
campound was rapidly excreted »iac the kidneys, it may show pramise as a renal
imaging agent. The cestrogen esters of ruthenccene carboxylic acid have also
been studied as possible localising agents for adrenals, ovary and uterus, but
unfartunately they exhibit their highest concentraticon in the Kidneys and
liver [66]. Other derivatives have shown a more appreciable uptake in the
adrenals, for example the acetylruthenocene derivatives [67,68], but their
localisation in other close organs may preculde their use as an agent for
adrenal imaging., The cinnamoyl and 3-phenylpropen-l-one derivatives of
ruthenocene labelled with “°“Ru have been studied and found to be avidly teken
up by thums tissue after intraperitoneal admihistration to mice and rats [69].
The X¥-methyl-V-S—chloroethylhydrazone derivatives of ferrocene and ruthenocene
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aldehydes have also been synthesised (701, The metabolism and crgan
distribution of the ruthenium derivative showed a hiph affinity for lung
tissve, and appeared to exhibit cytostatic effects similar te that of
benzaldehyde hydrazzone. DPossible clinical applications for those compounds
may result from these studies,

Some ruthenocene derivatives have been examined for tumour localising
properties, Of these the vinyl benzoyl- and di{methylcarboxylate) derivatives
have exhibited favourable tumour-argan ratios relative to the widely used
87 Ga—citrate (71].

More recently, amino-sugar derivatives of ruthenocene (glucosamine,
galactosamine and mannosamine) have been synthesised [72], and their metabolic
fate studied in mice [73]. These experiments have shown that the kidney and
liver concentrations of the campounds are high, and that the injected amino-
sugar derivativwe is excreted in the urine unmetabolised, once again demonstrating
the in vive stability of the ruthenocene compounds,

4.2.8 Antineoplastic agents

The "anti-cancer” drug bleomycin (BIM) has been labelled with ~23Ru, in a
synthesis taking about an hour, with yields of the product containing up to
msﬁu [74). The
canpound prepared in this way using 9?Ru would be the first radicactive label
for bleamycin to meet the various criteria required to make it the ideal tracer

50% incorporaticn of the radicactivity with "carrier free"

for in vive applications., That is, the labelling process and separation are
simple to manage cn a routine basis giving a quantity of pure product suitable
for in vive uptake studies. In addition, the compound is stable enough to
store before use and, more importantly, exhibits the same in vive distribution
and metabolic properties as those of the unlabelled bleamycin. This being the
case, the 27Ru labelled product, when available, should find many applications
in studying the distribution and action of bleomycin on hunman tumours.

Another possibility that has been suggested by the authors is that if the
ruthenium bleomycin were labelled with the high energy beta emitting isotope of

ruthenium, 106

Ru (ti 368 d), it could be used as an in vive radiotherapeutic
agent, delivering a radiation dose specifically to the tumour. The use of
msﬁu “applicators' in this respect has already been reported for the treatment
of eye tumours (malignant melancwas of the choroid) by Lommatzsch [75,76) .
Finally, it should be noted that many ruthenium compowunds are being
investigated for their antitumour properties in the hope of finding a
therapeutic agent to compare with the cig-platinum(Il) drugs (e.g. cig-
[PtClz(NHS)Z]) [771. If, and when, such agents are found suitsble for treating
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tumours in vive, radiolabelling with 9']rl-tu would result in a2n interesting class
of compounds for scintigraphic studies.

4.3 CONCLUSIONS

Labelled campounds containing ruthenium appear to have a nunber of
potential applications in nuclesr medicine. Amongst the most important is the
possible replacement of ruthenium for technetium in a wide range of diagnostic
agents that at present contain the short-lived ™, The Tresuiting extension
of the pericd over which many of these agents could be studied would greatly
asgist the clinical assessment of thess camounds. The replacament by
ruthenium in canplexes which have been labelled with indium radionuclides also
appears to have certain advantages, but camparison of the radiation dose needs
careful study.

With the possibility of antinecplastic agents containing ruthenium
being used clinically, a radicective tag suiteble for <n vive scanning would
be a distinct advantage. Although much, if not all, of these initial
investigations involved the use of the isotope msﬁu, the shorter lived
®7Ru would be en almost ideal label fram a scintigraphy point of view. At
the moment supply of this radionuclide is limited to specialised institutioms,
due to the necessary inconvenience of charged particle irradiation using
acceleratars. However production viz the spallation route does hold out the
poasibility of commercial availability, in the USA at least.
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