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Abstract The well-known perfusion tracer CUPTSM, la- hypoxia non-invasively in tumours would help predict
belled with62Cu or ¢4Cu, is believed to be trapped in the outcome of radiotherapy, while selective delivery of
cells non-selectively by a bioreductive mechanism. It iscytotoxic radioactivity to hypoxic tumours would offer
proposed that by modifying the ligand to increase itsan alternative treatment: the cytotoxicity of high-LET ra-
electron donor strength (for example by adding alkyldionuclides is less dependent on oxygenation than that
functionality or replacing sulphur ligands with oxygen of X-rays if the high-LET emissions occur within the
ligands), the copper complexes will become less easilgell nucleus [2].
reduced and tracers with selectivity for hypoxic tissues Most efforts to develop hypoxia-targeting radiophar-
could thus be developed. The aim of this work was tanaceuticals have used 2-nitroimidazole derivatives, la-
prepare®4Cu-labelled complexes of two series of li- belled with fluorine-18 or iodine-123. These undergo in-
gands, based on the bis(thiosemicarbazone) (13 ligandshacellular reduction to radicals, which in the absence of
and bis(salicylaldimine) (3 ligands) skeletons, and tooxygen become irreversibly attached to cellular macro-
evaluate the hypoxia dependence of their uptake in cellgnolecules before they can be re-oxidised [1]. Nitroimid-
The complexes were incubated with Chinese hamsteazoles have also been coupled to chelates of technetium-
ovary cells under normoxic and hypoxic conditions, and®9m [1]. Recently the simple technetium complex,
the cells isolated by centrifugation to determine radioac?*"TcBnAO [3], was discovered to be selectively taken
tivity uptake at various time points up to 90 min. Severalup in hypoxic cells, although the mechanism of this se-
members of both series demonstrated significantectivity is unknown.
(P<0.05) or highly significantR<0.01) hypoxia selec- Copper radionuclides offer an attractive basis for the
tivity, indicating that both series of complexes offer a ba-development of hypoxia-targeting radiopharmaceuticals.
sis for development of hypoxia-targeting radiopharma-Several radionuclides are available for both PEYT(,
ceuticals for positron emission tomograpB§C, 61Cu,  61Cu, 2Cu and®4Cu) and targeted radiotherap$/Qu
62Cu, 84Cu) and targeted radiotherafyQu, 67Cu). and 67Cu) [4]. Copper has an amenable coordination
, ) .. chemistry, and electrochemistry that could lend itself to
Key words:Hypoxia — Copper-64 — Positron emission reqox-mediated trapping in ceils. There is evidence [4]
tomography that the known perfusion imaging ageffCuPTSM
Eur J Nucl Med (1998) 25:788-792 [PTSM;pyruvaIdehyde _ bis(NnethyI?thiosem_icarba—
zone)] is extracted into tissues by a bioreductive mecha-
nism. It is believed to diffuse readily into cells, where it
) is reduced to a labile copper(l) complex from which the
Introduction ligand dissociates, liberating the copper which is thus
Happed. It is suggested [4,5] that by modifying the li-
and to lower the redox potential of the complex (i.e. to
ake it harder to reduce) it might be possible to prepare
complexes that are trapped only in hypoxic tissues.
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Radiopharmaceuticals capable of selective uptake i
hypoxic tissue could have applications in stroke, hear?
disease and especially cancer [1]. The ability to measu
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radiotracer uptake in cells, and the behaviour in thisnd logP measurement (by octanol extraction). Complexes were
system of two series d¥Cu complexes designed ac- not used for cell uptake experiments unless radiochemical purity

cording to these principles. exceeded 95%.
Chinese hamster ovary cells (CHO320), chosen because they

are adapted to suspension culture, were grown semicontinuously
in a defined RPMI 1640 medium. Cell concentration and viability
were determined using a haemocytometer and trypan blue stain-
) o . ) ) _ing. Cell suspensions (2x1@ 4x1C cells/ml, 50 ml) in a 500-ml
Synthesis and characterisation of ligands and their non-radloact|v§|ass conical flask were equilibrated at 37°C with 95% dinitro-
copper(ll) complexes will be described elsewhere. Some of thgen/504 carbon dioxide (hypoxic) or 95% air/5% carbon dioxide
complexes have been described previously [4, 6]. A direct anamormoxic) (except in the case of PTSM, where 100% dinitrogen
logue of PTS was synthesised in which both sulphur atoms wergnq 1009 air were used) with a gentle stream of the water-saturat-
replaced with oxygen, but attempts to complex copper with this li-aq gas directed over the surface of the suspension while agitating
gand failed and it was abandoned in favour of salicylaldimine li-5 an orbital shaker at 80 rpm, for 1 h (Fig. 1). Oxygen concentra-
gands EDS, EDSM and PDS first used #gu by Green et al. [6] o in the hypoxic suspension was monitored continuously with a
For®4Cu labelling, the ligands were dissolved in dimethylsulphox- pettler Toledo model 4300 oxygen prob&Cu complexes
ide (1 mg mt) and 10ul of this mixed with®CuCl in hydro- (<60 I, 0.4-0.2 MBq) were added to each culture while gassing
chloric acid (carrier free [7]) buffered to pH 4.5 with aqueol8 3 51 agitation continued. Samples (200in triplicate) were trans-
sodium acetate to a total volume not exceeding WI2@&t room  ferred to microcentrifuge tubes at intervals up to 90 or 120 min
temperature. Salicylaldimine ligands (EDS, EDSM, PDS) were la-3ng immediately centrifuged at 2000 rpm for 20 s (no significant
belled in the same way but optimal yields were obtained ajyss of viability resulted from the centrifugation). A 18Dsam-
pH 8-11. Quality control was performed using thin-layer chroma-p|e of each supernatant was removed for counting, and each tube
tography (silica-gel stationary phase, ethyl acetate mobile phasgqntaining cells and 201 medium was also counted. Percent cell
uptake was calculated as [residue counts—(supernatant
counts/9)]/(residue counts + supernatant counts)x100%. For se-
I—————»meter lected complexes exhibiting hypoxia-dependent uptake, additional
controls were performed to determine the fraction of the residue

Materials and methods

0, probe radioactivity that was due to binding to the centrifuge tube, under
regulator both hypoxia and normoxia, using cell-free medium.
For statistical classification of uptake behaviour, normal distri-
gas outlet/ bution of % uptake under hypoxia and normoxia was assumed,
sampling port and z-scores were determined both over all time points from

30 min onwards, and separately at each time point from 30 min
onwards, and used in a two-tailed test to determine the signifi-
gas ) cance of the % uptake difference between normoxic and hypoxic
cylinder cell suspension/ = A conditions. Three levels of significance were defined: not signifi-

cant P>0.05), significant (0.01R<0.05) and highly significant
(P00

Fig. 1. Schematic representation of apparatus used to measure
tracer uptake in hypoxic and normoxic c=lls

Table 1. Summary of ligands, and logP

values, Rf values and hypoxia selectivity ofLigand ~ Group ~ Log P of  Rf of Selectivity

their 64Cu complexe: complex  complex
GTS 1 0.84 0.2 Normoxia (significant)
GTSM 1 1.98 0.4 Normoxia (significant)
PTS 1 0.53 0.2 Not significant
PTSE 1 1.96 0.5 Normoxia (significant)
PTSP 1 1.96 0.8 Not significant
PTSM2 1 2.39 0.5 Not significant
ATS 1 0.35 0.3 Not significant
CTSM 1 1.85 0.6 Not significant
PTSM 2 1.82 0.5 Hypoxia (significant/highly significant)
ATSM 2 1.61 0.6 Hypoxia (highly significanB<0.0001)
CTS 2 1.01 0.6 Hypoxia (highy significar®=0.00095)
DTS 2 1.34 0.5 Hypoxia (highly significar®?<0.0001)
DTSM 2 1.57 0.7 Hypoxia (highly significan=0.0026)
EDS 3 1.98 0.2 Hypoxia (significant)
EDSM 3 1.59 0.4 Not significant
PDS 3 1.65 0.2 Hypoxia (highly significari?<0.0001)
CuCl, Control  -1.50 0.0 Not significant
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Results

Table 1 shows lipophilicity (log P) and Rf values of the
complexes. Figure 2 shows the effect of the gassing con-
ditions on oxygen concentration in the cell suspension.
After 20 min purging, @concentration was below 0.2%
(cf. the concentration under air is defined as 20%). Ra-
diobiological hypoxia is defined as 0.66% (5 mmHQ)
[8]. At the beginning of gassing 95% (SD 4.7) of cells
were viable, and at the end of the experiment 90% (SD
4.5) were viable under normoxia and 88% (SD 4.3) un-

02 concentration (% of normoxic)

! - der hypoxia.
0 5 10 15 20 The radioactivity uptake of the cells under normoxic
Time (minutes) and hypoxic conditions is shown in Figs. 3-5, together

Fig. 2. Clearance of oxygen from cell suspension under the condiwith the structures of the complexes. Three groups are

tions used for deoxygenating prior to addition of tracer (100%=0 defined: group 1 (Fig. 3) comprising thiosemicarbazone

concentration under normal air atmosphzre) complexes showing either no significant selectivity or
significant selectivity for normoxic cells; group 2
(Fig. 4) comprising thiosemicarbazone complexes show-
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Fig. 4. Cell uptake behaviour of thio-
semicarbazone complexes in group 2,
showing significant or highly signifi-
cant selectivity for hypoxic cells

(—, hypoxic cells; - - -, normoxic
cells, — - —, hypoxic cell-free medi-
um; — - -, normoxic cell-free medi-
um). Error barsrepresent 1 standard
deviatior
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Fig. 5. Cell uptake behaviour of sal-
icylaldimine complexes and copper
chloride (control) (—, hypoxic cells;
- - -, hormoxic cells, — - —, hypoxic
cell-free medium; — - -, normoxic
cell-free medium)Error barsrepres-
ent 1 standard deviati'n

time/min time/min

ing significant or highly significant selectivity for hyp- for normoxic cells, and in none of these was the selectiv-
oxic cells (either over all time points from 30 min on- ity highly significant. In group 2 three complexes
wards or at every individual time point from 30 min on- showed highly significant hypoxia selectivity across all
wards); and group 3 (Fig. 5) comprising the salicylaldi-time points from 30 min: ATSM R<0.0001), CTS
mine ligand complexes and the copper chloride control(P<0.00095) and DTSR<0.0001). In addition, PTSM
The selectivity is summarised in Table %CuCl,  showed highly significant hypoxia selectivity when indi-
showed low uptake and no significant oxygen depenvidual time points from 30 min were compared. In group
dence. Three complexes showed significant selectivityd, PDS was highly hypoxia selectivE<0.0001), EDS
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was barely significantly hypoxia selective while EDSM There is therefore potential for “tuning” to achieve hyp-
showed no significant selectivity. Cell-free controls, oxia selectivity combined with the necessary up-
where performed, showed that the majority of the nortake/clearance kinetics, stability and whole body distri-
moxic “uptake” was due to oxygen-independent bindingoution required of an ideal hypoxia-targeting radiophar-
to the tubes. maceutical.
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