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Abstract The synthesis of new copper(Il) bis(thi-
osemicarbazonato) complexes with an appended pyrene
chromophore and their zinc(II) analogues is reported. The
new proligands and their copper(II) and zinc(II) complexes
were characterised by a combination of NMR, EPR, high
performance liquid chromatography, mass spectrometry,
electronic spectroscopy and electrochemical measure-
ments. The new copper(Il) complexes are fluorescent as a
consequence of an appended pyrene substituent that is
separated from the sulphur coordinating to the metal ion by
five bonds. The emission from the pyrene substituent is
concentration- and solvent-dependent with characteristic
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formation of excimer aggregates. A radioactive ®‘Cu
complex has been prepared. Cell permeability, intracellular
distribution and importantly the ability to cross the nuclear
membrane to target DNA were investigated using confocal
fluorescence microscopy in a human cancer cell line under
normal oxygen conditions and hypoxic conditions. In both
cases, there was no evidence of uptake of the copper(Il)
bis(thiosemicarbazonato) complexes in the area of the cell
nucleus.
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Abbreviations
H,atse/a Diacetyl bis(N*-ethyl-N*-
amino-thiosemicarbazone)

H,atsm Diacetyl bis(N* -methylthiosemacarbazone)

Hoatsm/a  Diacetyl bis(N*-methyl-N*-
amino-thiosemicarbazone)

Cu'(atsm) Diacetyl bis(N4—methylthiosemicarbazonato)
copper(II)

CuH(gtsm) Glyoxalbis(N4-methy1thiosemicarbazonato)
copper(Il)

DMF Dimethylformamide

de-DMSO  Deuterated dimethyl sulphoxide

DMSO Dimethyl sulphoxide

EPR Electron paramagnetic resonance

ES-MS Electrospray mass spectrometry

ICP-MS Inductively coupled plasma mass
spectrometry

LR LysoTracker Red

PB Phosphate buffer

SCE Saturated calomel electrode
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Introduction

There are several isotopes of copper that are of interest in the
development of radiopharmaceuticals. Positron- and beta-
emitting isotopes of copper with favourable decay charac-
teristics are available, providing possibilities in both imaging
and therapy [1, 2]. For example copper-64 decays via elec-
tron capture, positron, beta and Auger emissions; therefore, it
can be used for both positron emission tomography and
radiotherapeutic applications. Low dioxygen concentration
(hypoxia) has emerged as an important factor in tumour
biology. Hypoxic tissue is associated with advanced solid
tumours as the dioxygen consumption rate of the cancerous
cells exceeds supply [3]. Correlations exist between hypoxia,
tumour aggressiveness, angiogenesis and response to treat-
ment. Consequently, the development of hypoxia-selective
imaging agents would help to guide therapeutic intervention
and also the use of therapeutic copper isotopes offers the
potential for hypoxia-targeted radiotherapy.

Development of targeted copper radiopharmaceuticals
requires suitable stable chelators. Radioactive copper
complexes with bis(thiosemicarbazone) ligands have been
investigated as perfusion tracers and as hypoxia-imaging
agents. The complexes are stable, neutral, lipophilic and
cell-permeable. The biodistribution of copper bis
(thiosemicarbazonato) complexes is remarkably sensitive
to the nature of the backbone substituents on the diimine
backbone (Fig. 1) [4-6]. The copper complex formed from
the ligand with two methyl substituents on the backbone—
diacetyl bis(N*-methylthiosemicarbazonato)copper(Il),
Cu''(atsm) (Fig. 1)—is selectively retained in hypoxic
cells. The hypoxia selectivity of Cu'(atsm) has been
attributed to a reductive trapping mechanism involving the
reduction of the metal from Cu to Cu' [4, 7-13]. On the
other hand, glyoxal bis(N*-methylthiosemicarbazonato)
copper(1), Cu”(gtsm) (Fig. 1) releases copper intracellu-
larly inside all cells and is not selective for hypoxic cells
[6, 14-16]. CuH(atsm) hypoxia selectivity has been
correlated with the Cu'/Cu' reduction potential as
CuH(atsm) is more difficult to reduce than CuH(gtsm) by
some 160 mV [12, 15, 17].

Little is known about the mechanisms of uptake of
bis(thiosemicarbazonato)copper(Il) complexes or their

Fig. 1 Diacetyl bis(N*-methylthiosemicarbazonato)copper(Il), Cu"
(atsm), R' and R? are CH3; glyoxal bis(N*-methylthiosemicarbazonato)
copper(1l), CuH(gtsm), R'is H, R? is CH;
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intracellular distribution, but recent studies have highlighted
cell-line-dependent differences in uptake and retention [18].
Subcellular fractionation experiments were used to demon-
strate the relative accumulation of radioactivity in cell
nuclei, mitochondria and S2 fractions following treatment
with radioactive bis(thiosemicarbazonato)copper(Il) com-
plexes [8, 19]. Zinc(I) bis(thiosemicarbazonato) complexes
are weakly fluorescent owing to intraligand excitation and
this fluorescence has been used to track the uptake of a range
of complexes in a variety of cell lines using fluorescence
microscopy [20]. The high resolution of fluorescence
microscopy techniques offers potential advantages over
detection methods based on radioactivity such as autoradi-
ography. The analogous Cu" complexes are not fluorescent.
We have prepared fluorescent-tagged ligands, H,L' and
H,L?, by conjugating a pyrene fluorophore to the bifunc-
tional ligands, H,atsm/a and H,atse/a. For fluorescence
imaging inside cells it is desirable to use fluorophores that
have relatively low energy excitation profiles to minimise
‘autofluorescence’ and cell damage. Pyrene has an excitation
profile that is amenable to cellular imaging. Fluorescent
labels can significantly alter the cell uptake and intracellular
distribution when compared with ‘parent’ compounds, in this
case Cun(atsm), but it was anticipated that the well-known
DNA-intercalating properties of pyrene could be used to
target the complex to cellular DNA to give a hypoxia-
selective compound capable of binding to DNA [21, 22]. The
prime target for therapeutic radiopharmaceuticals is the cell
nucleus. The cytotoxicity of therapeutic radiopharmaceuti-
cals results from modification of cellular DNA and sub-
sequent apoptosis as a consequence of cellular changes
initiated by ionising radiation [23]. The new copper(Il)
complexes are fluorescent as a consequence of an appended
pyrene substituent that is separated from the sulphur coor-
dinating to the metal ion by five bonds. Cell permeability,
intracellular distribution and importantly the ability to cross
the nuclear membrane to target DNA were investigated using
confocal fluorescence microscopy in a human cancer cell
line.

Results and discussion
Synthesis and characterisation

We recently reported the preparation of a new family of
versatile bifunctional bis(thiosemicarbazone) proligands
with a pendant amine (Hjatsm/a and Hjatse/a) suitable for
conjugation to biomolecules [24-26]. New bis(thiosemi-
carbazone) proligands with an appended pyrene fluorophore,
H,L' and H,L2, were readily prepared by the reaction of
Hjatsm/a or Hatse/a with 1-pyrenecarboxaldehyde in eth-
anol (Scheme 1). Proligands of this type can exist in both E
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Scheme 1 The preparation of H,L!, H,L? and their Cu™ and Zn"
complexes

and Z isomeric forms via rotation about the C—C backbone
and thiocarbohydrazone pyrene substituent. This can result
in complicated temperature-dependent NMR. For example,
the '"H NMR of H,L" in deuterated dimethyl-d, sulphoxide
(ds-DMSO) reveals two broadened singlets at ¢ 2.26 and
2.31 ppm due to the methyl groups on the backbone of L'H,
(N=C-CH3) with some evidence of fine structure. At 40 and
80 °C the signals are better resolved to give sharp singlets. At
40 °C the terminal methyl group of H,L' (NH-CH3) gives
rise to a doublet at § 3.03 ppm (3JHH = 5 Hz) as a conse-
quence of coupling to the adjacent NH, which shifts down-
field to & =~ 3.2 ppm at higher temperatures (80 °C) and is
obscured by the peak due to H,O in the NMR solvent. On
cooling, the spectrum is identical to that initially obtained at
room temperature. The aromatic protons of the pyrene sub-
stituent and "*C resonances were assigned with the aid of
correlation spectroscopy, heteronuclear multiple quantum
correlation, heteronuclear multiple bond correlation and

distortionless enhanced polarization transfer techniques. The
signals for the two carbon atoms of the methyl substituents
are at 6 11.2 and 11.5 ppm in the '*C NMR spectrum, the
resonance attributed to the terminal methyl substituent (NH-
CHj3) is at 6 31.1 ppm, the two imine carbon atoms of the
backbone of the ligand (C=N) give signals at 6 147.6 and
147.7 ppm and the two C=S carbon atoms result in a single
slightly broad resonance at 178.6 ppm. The electrospray
mass spectrum of each new ligand gave peaks that corre-
spond to the protonated ligands, at m/z = 474 for
[H,L' + HT]* and m/z = 486 for [H,L?> + H*]". The
purity of each ligand was confirmed by the presence of a
single peak in the reverse-phase high performance liquid
chromatograpy (HPLC) chromatogram (Rt = 18.9 min,
HPLC method A).

Yellow-orange zinc complexes and red-brown copper
complexes were readily prepared by the addition of either
copper or zinc acetate to ethanolic mixtures of the proli-
gand and heating at reflux. The complexes can also be
prepared at room temperature in either dimethylformamide
(DMF) or dimethyl sulphoxide (DMSO.) Alternatively the
copper complex, Cu"L’, can be prepared by transmetalla-
tion of the zinc complex, Zn"L', using copper acetate in
DMF [12, 27]. All metal complexes were characterised by
electrospray mass spectrometry, microanalysis and reverse-
phase HPLC, and in each case it was revealed that a single
species was present. The copper complexes, CuL! and
Cu"L?, give signals in the electrospray mass spectrum
at m/z = 535.068 (simulated, m/z = 535.067) and
m/z = 549.082 (simulated, m/z = 549.082), respectively,
corresponding to the protonated cations with the expected
isotope pattern. A wide range of bis(thiosemicarbazonato)
copper(Il) complexes have been characterised by X-ray
crystallography. The copper is often in a distorted square
planar environment with a N,S, donor set with a 5-5-5
chelate ring system (Fig. 1) and it is expected that the
metal ion in Cu"L" and Cu"L? is similarly coordinated [11,
24, 28-32]. The X-band electron paramagnetic resonance
(EPR) spectrum of Cu"L! in CH,Cl, at room temperature
is essentially identical to that of Cu''(astm) in the same
solvent (both compounds are only sparingly soluble in
CH,Cl,, but their solubility is sufficient to obtain EPR
spectra). The spectrum exhibits characteristic copper
hyperfine structure and superhyperfine coupling from two
equivalent nitrogen donor atoms (89 G, Ay = 16 G) and
Ziso = 2.03 [6, 25, 33]. NMR spectra of the diamagnetic
complexes Zn"L! and Zn"L? were consistent with the
proposed structures and the shifts in signals between the
ligand and the zinc complexes are small. It is difficult to
detect the resonance due to the C—S carbon atoms in the
13C NMR spectra. For example, in ZnL' a single weak and
broad resonance is detectable at 6 176.9 ppm [even with a
high number of acquisitions on a concentrated sample with
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a relatively long delay (d;)]. Previous structural studies of
bis(thiosemicarbazonato)zinc(Il) complexes revealed that
the metal ion is typically five coordinate and approximately
square pyramidal, with the base of the pyramid composed
of an N,S, donor set provided by the bis(thio-
semicarbazonato) ligand and the apical position occupied
by a solvent molecule, an anion or the sulphur from an
adjacent molecule [11, 20, 24, 34, 35]. Given the prece-
dents, it is likely that ZnL! and ZnL? are also five coor-
dinate about the zinc with the apical position occupied by a
solvent molecule.

Electronic spectroscopy

The UV-vis spectrum of CuL' in DMSO revealed an
absorption associated with the appended pyrene chromo-
phore at Jn. = 413 nm (¢ = 30,933 M~'em™") which
tailed into an absorption attributed to the CuN,S, chromo-
phore at Amax = 496 nm (¢ = 17,700 M~ 'cm™"). The
fluorescence spectrum for CuL' showed that the appended
pyrene retains its fluorescence properties even when Cu' is
coordinated to the ligand. Excitation of dilute solutions of
CuL! 3 UM) at Ana.x = 350 nm resulted in emission at
Amax = 386 nm and . = 406 nm characteristic of pyr-
ene, with the latter broad peak tailing to past 500 nm (Fig. 2).
This was confirmed by titration of a solution of CUH(CHg_
CO,),-H,0 into a solution of Hle. No changes to the fluo-
rescence spectrum were observed, but complex formation
was confirmed by monitoring changes in the visible spec-
trum and the growth of the absorbance attributed to the
CuN,S, chromophore at A, = 496 nm. The conjugated
pyrene substituent is sufficiently remote from the paramag-
netic metal ion such that no quenching occurs [36].

The emission profile of Cu"L! is solvent-dependent. A
3 uM solution in aqueous buffer [phosphate buffer (PB), pH
7.4 with 20% DMSO (v/v) to assist with solubility] has a
distinctly different appearance from that of the spectrum
recorded at the same concentration in neat DMSO. In
aqueous systems, excimer emission dominates, with a broad
emission centred at Ay, = 464 nm (1., = 364 nm) as a
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Fig. 2 Fluorescence spectrum of 3 x 107° M Cu"L! in neat DMSO,
Jex = 350 nm
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Fig. 3 Fluorescence spectrum of 3 x 107® M Cu"L! in aqueous
buffer (20% v/v DMSO/PB)

consequence of the hydrophobic chromophores aggregating
to minimise their exposure to water (Fig. 3) [37]. Excimers
are a result of intermolecular aggregates forming as a result
of m-stacking interactions of aromatic rings.

The emission spectrum of Zn"L! (10 uM, Ae = 350 nm)
exhibited the expected peaks associated with the pyrene
substituent at 487 and 580 nm, but also a weaker-intensity
emission centred at 580 nm. This weaker lower-energy peak
is attributed to emission from the Zn''N,S, chromophore of
the bis(thiosemicarbazonato) ligand as a result of Forster
resonance energy transfer between the pyrene substituent
and the Zn'IN,S, chromophore. The fluorescence excitation
spectrum for emission at 580 nm in a 12 pM solution
showed excitation maxima at both 394 and 490 nm.

Electrochemistry of Cu''L!

Cyclic voltammetry measurements of CuL! (Fig. 4) in
DMSO with a glassy carbon working electrode revealed
that the complex underwent a reversible one-electron
reduction attributed to a Cu" to Cu' process at E* =
—0.50 V versus the saturated calomel electrode (SCE). The
anodic/cathodic peak separation for the Cu"™' couple is
105 mV (under the same conditions AE = 159 mV for
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Fig. 4 Cyclic voltammogram of CuL' in DMSO, 0.1 M
(Et4yN)(PF¢). Potentials are quoted versus an internal ferrocene/
ferrocenium couple taken as having E = 0.54 V (vs.the saturated
calomel electrode)
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ferrocene/ferrocenium). In comparison hypoxia-selective
CuH(atsm) undergoes a reversible one-electron reduction at
E° = —0.59 V under the same conditions, whereas non-
selective Cu'(gtsm) undergoes a chemically reversible
reduction at E° = 0.43 V (vs. SCE).

Stability studies and radiolabelling with ®*Cu

For radiopharmaceutical applications it is essential that **Cu
remains bound to the targeting ligand in vivo for sufficient
time to allow appropriate localisation in target tissue.
Cu"(atsm) is of sufficient stability for application in both
diagnosis and therapy. It was of interest to ascertain the
stability of the new derivatives with respect to loss of the
metal ion from the chelate and the stability of the hydrazi-
noimine linker between the DNA-targeting pyrene fluoro-
phore and the bis(thiosemicarbazonato) ligand. Glutathione
is a low molecular weight cysteinyl tripeptide present in
relatively high concentrations (0.5-10 mM) in the cytosol of
cells that is capable of acting as a reductant and of binding to
metal ions. Cu''L! (10 pM) was incubated in an aqueous
buffer [PB, pH 7.4, 20% (v/v) DMSO] in the presence of
glutathione (100 uM). The stability of Cu"L" was monitored
by HPLC analysis. Over a period of 4 h there was little
change in the appearance of the chromatogram, indicating
that under these conditions Cu"L! is stable to hydrolysis of
the pyrene substituent and loss of the metal ion (more than
90% remained unchanged). The complex was also stable in a
‘cysteine and histidine challenge’ experiment in which
CuL! (10 pM) was incubated at 37 °C in the presence of
histidine and cysteine (100 pM).

The **Cu complex can be prepared via transmetalla-
tion of ZnL' to give ®*CuL' in high radiochemical
purity. **CuCl, was reacted with an excess of ZnL' in
DMSO (1 mg/mL) and sodium acetate buffer solution.
Analysis by radio-HPLC indicates **CuL' (Rp = 19.10
min) with a radiochemical purity of more than 95%
(1.8 MBq/pug of Zn"L') (Fig. 5). Radiolabelling via
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Fig. 5 Radio high performance liquid chromatography of 5*Cu™L!
prepared by transmetallation from Zn"LY; Cy5 reverse-phase column

transmetallation gave products of higher radiochemical
purity than synthesis direct from the ‘free’ ligand, which
is consistent with previous observations on related sys-
tems [25, 38].

Cell uptake and washout of Cu"'L'

Cell uptake and washout was investigated by treating a
cervical cancer cell line (HeLa) with Cu'L! (total complex
concentration 50 ptM) and measuring the intracellular cop-
per concentration by inductively coupled plasma mass
spectrometry (ICP-MS) [16, 39, 40]. Intracellular copper
concentrations for the treated cells were compared with those
of an untreated control. Replacing the cell medium for
treated cultures reverses the copper concentration gradient
and effectively ‘washes out’ the complex from the cell. For
this washout to occur, it is assumed that the complex retains
its structural integrity inside the cell, that is, the Cu" is not
reduced to more labile Cu' followed by dissociation from the
bis(thisoemicarbazonato) ligand and sequestration by intra-
cellular Cu' binding proteins. Hypoxia-selective Cu"(atsm)
has ‘washout’ behaviour dramatically different from that of
non-selective Cu"(gtsm). Both compounds are cell-perme-
able, increasing the intracellular copper concentration. In the
case of Cu''(atsm) there is a 91 &+ 19-fold increase in intra-
cellular copper concentrations when compared with an
untreated control, whereas treatment with CuH(gtsm) results
in a 202 & 18-fold increase. In the case of CuH(atsm),
replacement of the medium after the initial treatment of the
cells reduced the intracellular copper concentration to 40%
of the value after treatment (37 & 12-fold increase com-
pared with an untreated control). In comparison with
Cu"(gtsm), incubating the cells in fresh medium had little
effect; the copper is trapped inside the cell, presumably
owing to reductive assisted transchelation (Fig. 6). In the
case of Cu"L', efficient cell permeability was indicated by
the 85 & 11-fold increase in the intracellular copper con-
centration when compared with an untreated control.
Encouragingly, replacing the cell medium with fresh med-
ium resulted in a significant reduction in the intracellular
copper levels (reduced to a 8 £ 2-fold increase), and the
effective ‘washout’ of the complex from the cells was
analogous to that for hypoxia-selective Cu''(atsm). These
preliminary cell uptake and washout studies suggest that the
new complex, CuL’, with a conjugated fluorophore, has
cellular uptake and washout behaviour similar to that of
hypoxia-selective Cu'(atsm).

Fluorescence studies of the intracellular distribution
of CuL! in cancer cells

Fluorescence microscopy has been used to track the cell
uptake and intracellular  distribution of  zinc(Il)

@ Springer
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Fig. 6 Intracellular copper concentrations in HeLa cell pellets
following treatment with copper complexes (50 uM) measured by
inductively coupled plasma mass spectrometry. Copper concentra-
tions are plotted as the fold increase compared with cells not treated
with copper complexes (untreated control, 0.064 pM copper)

bis(thiosemicarbazonato) complexes that are weakly fluo-
rescent owing to intraligand excitation [20]. The analogous
copper(Il) compounds are not fluorescent. The new systems
with a conjugated pyrene fluorophore are fluorescent even in
the presence of paramagnetic d° Cu". Cell uptake and the
intracellular distribution of Cu"L' in HeLa cells were
determined by confocal fluorescence microscopy, first for a
copper(Il) bis(thiosemicarbazonato) complex. Differential
interference contrast and confocal fluorescence microscopy
images of HeLa cells treated with Cu'L! (50 uM) and
fluorescence  microscopy  images  (lex = 405 nm,
Aex = 410—470 nm) are shown in Fig. 7. These measure-
ments confirmed the cell-uptake data obtained by ICP-MS
and showed that CuL! is cell-permeable. There was no
apparent cell toxicity at these concentrations as determined
by a lactate dehydrogenase assay. The compound localises
predominantly in the cytosol, with punctate inclusions,
possibly vesicles, also observed within the cytosol. Impor-
tantly, considering the potential of pyrene derivatives to bind
DNA, we saw no staining of the nucleus with Cu"L". The
lack of fluorescence in the nucleus does not completely
preclude the possibility of uptake of the complex in the
nucleus. In some cases the fluorophore interacts with DNA in
such a way that the emission is quenched or significantly
shifted. DNA has been shown to dampen the fluorescence of
platinum complexes with an anthraquinone functional group
and platinum complexes with a coumarin 120 fluorophore
[41, 42]. In the present case, titration of calf thymus DNA
into a buffered solution of Cu"L! resulted in an initial small
reduction in fluorescence intensity and a slight shift to a
longer wavelength (4, = 464-468 nm), but further addi-
tions did not result in a linear reduction in fluorescence

@ Springer

Fig. 7 HeLa cells exposed to 50 uM CuL! reveal the presence of
cytoplasmic fluorescence, including both diffuse fluorescence and
fluorescence from large vesicle-like structures. A proportion of the
structures colocalise with LysoTracker Red, indicative of lysosomal
and/or autophagic vacuole origin. DIC differential interference
contrast image, LR LysoTracker Red, ToPro3 To-Pro-3 iodide, bar
10 um
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intensity and did not result in complete quenching (Fig. S1).
The punctate vesicle-like structures where the compound
localises are often relatively large and distinct, appearing to
be morphologically consistent with autophagic vacuoles
[43]. Autophagy is a cellular degradation system that is
induced to remove and recycle cytoplasmic constituents,
including organelles and foreign material. A double mem-
brane is formed around the cytoplasmic constituents,
forming autophagosomes, which subsequently fuse with
lysosomes for degradation [44].

To investigate whether the punctate vesicle-like struc-
tures were undergoing lysosomal-associated degradation,
we used LysoTracker Red (LR) and AO (data not shown),
which label acidic compartments, including lysosomes and
autophagic vacuoles. The vesicle-like structures revealed
only partial colocalisation with LR (Fig. 7). The incom-
plete colocalisation may be explained by the possibility
that some of the structures are early autophagosomes, and
have yet to fuse with lysosomes and therefore cannot be
detected by LR. Alternatively, the LR-negative structures
may represent an alternative trafficking pathway for Cu''L’
and further studies will be needed to delineate these com-
plex subcellular processes.

Hypoxia is known to alter intracellular retention of
Cu"(atsm), which has been described as a hypoxia-selec-
tive compound. We examined the intracellular distribution
of Cu"L! in hypoxic cells by the BD GasPak™ chamber
system to induce hypoxia [45, 46]. HeLa cells were
exposed to hypoxia for 6 h, treated with Cu'L!, then
incubated for a further 30 min under hypoxia. The low-
oxygen condition did not result in nuclear localisation of
Cu'L! (Fig. 8). Formation of vesicles was still observed
under hypoxia and there was little colocalisation with the
LR marker. Interestingly, the overlay also revealed that
some of the larger structures may be on the cell surface,
indicating a potential involvement in a secretory pathway
for processing of the vesicles. Whether this is enhanced by
the hypoxic conditions is not known. This may also con-
tribute to altered morphology of the cells. These findings
indicate that although hypoxia does not induce nuclear
uptake of Cu"L!, it may still have substantial effects on the
metabolism of the compound and this will need to be
investigated further.

Conclusion

The synthesis of new bis(thiosemicarbazonato)copper(Il)
complexes with an appended pyrene chromophore and
their zinc analogues was reported. The new proligands and
their copper(Il) and zinc(II) complexes were characterised
by a combination of NMR, EPR, HPLC, mass spectro-
metry, electronic spectroscopy and electrochemical

ToPro3

10pm

Fig. 8 HeLa cells exposed to 50 uM Cu"L! under hypoxia reveal the
presence of cytoplasmic fluorescence, including both diffuse fluores-
cence and fluorescence from large vesicle-like structures as seen
under normoxia in Fig. 7. Little colocalisation with LysoTracker Red
was observed. No specific nuclear localisation was observed. LysoRed
LysoTracker Red, bar 10 pm
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measurements. The Cu™/Cu' couple is similar to that of the
hypoxia-selective radiopharmaceuticals Cu'(atsm). The
new copper(Il) complexes are fluorescent as a consequence
of the appended pyrene substituent that is separated from
the sulphur coordinating to the metal ion by five bonds.
The emission from the pyrene substituent is concentration-
and solvent-dependent, with characteristic formation of
excimer aggregates. It is possible to prepare a radiolabelled
Cu complex in high radiochemical purity via transmet-
allation from the zinc analogue. Cell permeability, intra-
cellular distribution and importantly the ability to cross the
nuclear membrane to target DNA were investigated using
confocal fluorescence microscopy in a human cancer cell
line coupled with analysis of copper levels with ICP-MS.
Confocal microscopy confirmed the compound was taken
up within HeLa cells and was distributed amongst the
cytoplasm. Punctate vesicle-like structures were often rela-
tively large and distinct, appearing to be morphologically
consistent with autophagic vacuoles, although this is yet to
be confirmed and alternative pathways of compound pro-
cessing may be involved, such as a specific secretory
pathway. A particular goal was to design a hypoxia-
selective radiopharmaceutical that was targeted to nuclear
DNA by a pyrene functional group, but there was no evi-
dence of uptake in the area of the nucleus in the cell line
investigated under normoxic or hypoxic conditions.

Materials and methods
General procedures

'H and >C NMR spectra were recorded with an INOVA-
500 spectromter ("H at 500 MHz and ">C at 125 MHz) and
a Varian Unity 400 spectrometer ('H at 400 MHz and '*C
at 100 MHz). Unless otherwise stated, all NMR spectra
were recorded at room temperature. The reported chemical
shifts (in parts per million) are referenced relative to
residual solvent protons. Mass spectra were recorded using
the electrospray technique (positive and negative ion) with
a Micromass QUATTRO 1I triple-quadrapole electrospray
mass spectrometer. EPR spectra were recorded with a
Bruker FT ECS-106 spectrometer using 1,1-diphenyl-1,2-
picrylhydrazyl as a reference.

Cyclic voltammograms were recorded with an AUTO-
LAB PGSTATI100 using the GPES V4.9 software program
and employing a glassy carbon working electrode, a plat-
inum counter electrode and a Ag/Ag™ reference electrode.
The measurements were carried out in DMSO. The solu-
tions contained approximately 4 mM analyte in 0.1 M
tetracthylammonium hexafluorophosphate. The DMSO
was dried over 3-A molecular sieves under an atmosphere
of N, before use. Each solution was purged with N, prior to
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analysis and was measured at ambient temperatures under a
N, atmosphere. Each sample was referenced to an internal
reference of ferrocene, where the ferrocene/ferrocenium
couple was taken as having E° = 0.54 V in DMSO versus
the SCE.

Fluorescence excitation and emission spectra were
measured in DMSO (0.01 mM) with a Varian Cary Eclipse
fluorescence spectrophotometer with the Scan software
program. UV-vis spectra were recorded in DMSO
(0.01 mM) with a Shimadzu UV-1650PC UV-vis spectro-
photometer using the UVPC ¢3.9 software program. HPLC
was performed with an HP 1100 ChemStation system using
a Supelco Discovery C;g column (150 mm x 4.6 mm,
5 um). The HPLC solvents were 0.1% trifluoroacetic acid
in water (solvent A) and 0.1% trifluoroacetic acid in ace-
tonitrile (solvent B). The gradient was 0—100% solvent B in
0-25 min, the flow rate was 1.00 mL/min, and detection
was at 280 nm. Thin-layer chromatography was performed
using commercial thin-layer chromatography plates (Silica
gel G 60, Merck). The eluant mixture was chloroform/
methanol (95:5, v/v).

Microanalyses for carbon, hydrogen and nitrogen were
carried out by Chemical & MicroAnalytical Services
(Belmont, VIC, Australia). All other reagents and solvents
were obtained from standard commercial sources and were
used as received. Cu''(atsm) [6, 31, 47], CuH(gtsm) [31, 48]
Hyatsm/a and H,atse/a were prepared by literature proce-
dures [24-26].

Synthesis
Synthesis of HL"

To a suspension of Hratsm/a (0.717 g, 2.74 mmol) in
EtOH (20 mL) was added I-pyrenecarboxaldehyde
(0.632 g, 2.74 mmol) and the mixture was heated at reflux
under an atmosphere of N, for 4 h. A yellow solid was
collected by filtration and washed with EtOH and Et,O
(0.717 g, 79%). '"H NMR (de-DMSO) (400 MHz): § 2.28,
3H, s, CHj; 2.35, 3H, s, CHj; 3.03, 3H, d, *Jyy = 4.8 Hz,
NH-CHj;; 8.11-8.36, 9H, m, ArH; 8.45, 1H, m, NH; 8.57,
1H, m, HC=N; 10.26, 1H, s, NH; 10.81, 1H, s, NH. '*C
NMR (400 MHz): 6 19.3, CH3C=N; 31.9, NH-CHj; 124.4,
124.8, 1259, 126.7, 1269, 127.3, 128.1, 129.1, 1294,
129.5, 129.7, 131.6, Ar; 133.5, CHC=N; 147.3, C=N;
179.2, C=S. Mass spectrometry: (positive ion) m/z
474 [L'H, + H']". HPLC: Ry = 19.4 min.

Synthesis of H,L?
Following the same procedure employed for H,L', 1-py-

renecarboxaldehyde (0.214 g, 0.931 mmol) and Hjatse/a
(0.256 g, 0.931 mmol) were used to prepare H,L2. The
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brown solid was washed with EtOH and Et,O (0.391 g,
87%). '"H NMR (ds-DMSO) (400 MHz): 6 1.12, 3H, t,
3Juu = 7.2 Hz, CHj; 2.26, 3H, s, CH;C=N; 2.33, 3H, s,
CH;C=N; 3.58, 2H, m, NH-CH,; 8.09-8.34, 9H, m, ArH;
8.47, 1H, m, NH; 8.54, 1H, d, *Jy = 8.4 Hz, ArH; 10.20,
1H, s, NH; 10.79, 1H, s, NH. Mass spectrometry: (negative
ion) m/z 486 [L*H,~H™]~. HPLC: Ry = 21.9 min.

Synthesis of Zn'"'L’

To a suspension of H2L1 (0.317 g, 0.669 mmol) in EtOH
(20 mL) was added zinc acetate dihydrate (0.147 g,
0.669 mmol) and the mixture was heated at reflux under an
atmosphere of N, for 4 h. An orange-red solid was collected
by filtration and washed with EtOH and Et,O (0.291 g, 81%)
(found: C, 53.7; H, 3.91; N, 18.3; calcd for ZnC,4H,3N-S,:
C, 53.9; H, 3.96; N, 18.3). "H NMR (ds-DMSO) (400 MHz):
0 2.24, 3H, s, CHs; 2.34, 3H, s, CHs; 2.83, 3H, s, NH-CHj;
8.08, 1H, t, *Juy = 8.0 Hz, ArH; 8.18, 1H, d, *Juyy =
8.8 Hz, ArH; 8.19, 1H, d, *Jyy = 8.8 Hz, ArH; 8.30, 4H, m,
ArH; 841, 1H, d, *Jyy = 84 Hz, ArH; 9.02, 1H, d,
3Jun = 9.6 Hz, ArH; 9.08, 1H, s, HC=N; 11.53, 1H, s, NH.
3C NMR (400 MHz): 6 13.82, 14.15, CH;C=N; 18.52, NH—
CH;; 1234, 125.2, 1254, 125.8, 126.5, 127.4, 127.8, 128.4,
ArH; 1239, 124.3, 127.7, 128.0, 130.3, 130.9, 131.0, Ar;
140.8, HC=N; 148.9, CH3C=N. Mass spectrometry: (positive
ion) m/z 536 {[ZnL'] + H"}". HPLC: Rt =20.9 min.

Synthesis of Zn"'L?

Following the same procedure employed for Zn"L!, zinc
acetate dihydrate (0.149 g, 0.679 mmol) and H,L>
(0.331 g, 0.679 mmol) were used to prepare Zn"L?. The
dark-red solid was washed with EtOH and Et,O (0.338 g,
90%) (found: C, 54.6; H, 4.17; N, 17.8; calcd for
ZnC,sHx3N;Sy: C, 54.5; H, 4.21; N, 17.8). '"H NMR (ds-
DMSO) (400 MHz): 6 1.10, 3H, t, *Jyy = 7.2 Hz, CHj;
2.21, 3H, s, CH;C=N; 2.31, 3H, s, CH;C=N; 3.40, 2H, m,
NH-CH,; 8.06, 1H, t, *Jyy = 8.0 Hz, ArH; 8.14, 1H, d,
3Juu = 9.2 Hz, ArH; 8.18, 1H, d, *Jiy = 8.8 Hz, ArH;
8.29, 4H, m, ArH; 8.38, 1H, d, *Juy = 8.4 Hz, ArH; 9.01,
H, d, *Jy = 9.6 Hz, ArH; 9.06, 1H, s, HC=N; 11.53, 1H,
s, NH. Mass spectrometry: (positive ion) m/z 550 {[ZnL?]
+ H*}*. HPLC: Ry = 21.9 min.

Synthesis of Cu'L’

To a suspension of H2L1 (0.354 g, 0.746 mmol) in EtOH
(20 mL) was added copper acetate monohydrate (0.149 g,
0.746 mmol) and the mixture was heated at reflux under an
atmosphere of N, for 4 h. A dark-brown solid was collected
by filtration and washed with EtOH and Et,O (0.306 g,
77%). An alternative method was by the transmetallation of

Zn"L'. To a suspension of Zn"L' (0.130 g, 0.274 mmol) in
DMF (5§ mL) was added copper acetate monohydrate
(0.109 g, 0.549 mmol) and the mixture was stirred at room
temperature under an atmosphere of N, for 30 min. A dark-
brown solid was precipitated with water and collected by
filtration. The solid was washed with EtOH and Et,O
(0.118 g, 80%). Mass spectrometry: (positive ion) mi/z
535 {[Cu'LY] + H"}*. HPLC: Ry = 20.9 min.

Synthesis of Cu''L?

Following the same procedure employed for Cu'L?, cop-
per acetate monohydrate (0.0849 g, 0.425 mmol) and H,L?
(0.207 g, 0.425 mmol) were used to prepare Cu"L? The
dark-brown solid was washed with EtOH and Et,O
(0.131 g, 56%) (found: C, 54.9; H, 4.19; N, 18.0; calcd for
CuC,sH»3N5S,: C, 54.7; H, 4.22; N, 17.9). HPLC:
Rt = 19.4 min.

Stability of CuL! in 20% DMSO solution
and in the presence of glutathione, L-cysteine
and L-histidine

Solutions consisting of (1) 10 uM Cu'L! in 20% viv
DMSO/PB solution, (2) 10 uM Cu"™L! and 100 uM glu-
tathione in 20% v/v DMSO/PB solution and (3) 10 uM
Cu"L! and 100 pM L-cysteine and L-histidine in 20% v/v
DMSO/PB solution were prepared and kept in a 37 °C
water bath. Aliquots (150 pL) of the solutions were
removed at 0, 1, 2, 3 and 4 h for HPLC measurements.

Radiolabelling with *Cu

%4CuCl, (1.80 GBg/mL, pH 1) was purchased from ANSTO
Radiopharmaceuticals and Industrials (Lucas Heights,
NSW, Australia). The radionuclidic purity at calibration
{(64Cu)/(67Cu) } was more than 99.9% and the radiochemical
purity as Cu" was more than 99.9%. The chemical purities of
copper, zinc and iron were 2.1, 8.1 and less than 1.0 pg/mL,
respectively. A solution consisting of aqueous sodium ace-
tate (0.1 M, 90 pL), distilled water (390 pL) and Zn"L’
in DMSO (I mg/mL, 10 pL) was prepared. ®*CuL!
(1.8 MBg/pg of Zn"L') was prepared by reacting aqueous
4CuCl, (pH 1, 10 uL, 18 MBq) with the previously men-
tioned solution at room temperature. The synthesis was
essentially complete after 5 min and 100 pL of the reaction
solution was taken for analysis by reverse-phase radio-
HPLC. HPLC analysis was performed using a Shimadzu
LC20AT HPLC instrument with a 150 mm x 4.6 mm
Waters Cosmosil/Cosmogel C;g column eluted at 1 mL/min
for 25 min with a solvent gradient of water/trifluoroacetic
acid (0.1%) and acetonitrile/trifluoroacetic acid (0.1%):
initially 0%/100%, then 100%/0% at 22 min. Both UV
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detection (A = 254 nm) and scintillation detection (Nal)
were used in series. The radiochemical yield was more
than 95% based on HPLC analysis (‘free’ ®*Cu has
Rt = 1.9 min).

Cell culture

HelLa cells were grown continuously and passaged at reg-
ular intervals. Cells were used once approximately 80%
confluency had been reached.

Cell uptake and washout studies

The compounds were prepared at 10 mM in DMSO (culture-
grade DMSO available in the cell culture laboratory).
Twenty-five micromolar mixtures of the compound and the
medium were generated by adding 2.5 pL of the compound
solution to 1 mL of medium (serum-free OptiMem). The
medium was removed from the cells and was replaced by the
medium/compound mix. Each compound was tested in
triplicate. The incubation temperature was 37 °C. The cells
with the compound were incubated, treated and harvested in
four different ways; the cells were harvested after 30-min
incubation; the medium/compound mix was removed and
replaced with fresh medium after 30 min and cells were
harvested after 120 min; the medium/compound mix was
removed and replaced with fresh medium after 30 and
60 min and cells were harvested after 120 min; the cells
were harvested after 120 min. DMSO (25 pL) was used as a
vehicle control whereby cells were treated and incubated for
30 and 120 min. Scraping the cells into the medium and
transferring the medium/cell into an Eppendorf tube har-
vested the cells. The tubes were centrifuged for 2-3 min at
14,000 rpm and the medium was removed and discarded. PB
solution (0.5 mL) (KC10.2 g/L, KH,PO,0.2 g/L, Na,HPO,
1.15 g/L, NaCl 8 g/L) was added to wash the cells and they
were resuspended. The tubes were recentrifuged for 2-
3 min at 14,000 rpm and the PB supernatant was discarded.
The cell pellets were stored at —20 °C. CuH(atsm),
Cu"(gtsm) and DMSO cell uptake were used as controls.
Multielement analysis was performed using a Varian Ultr-
aMass ICP-MS instrument. The instrument was calibrated
using a blank and 10, 50 and 100 ppb of a certified multi-
element ICP-MS standard solution (ICP-MS-CAI2-1, Ac-
custandard) for manganese, iron, copper and zinc in 1%
nitric acid. Metal levels were determined in cell pellets by
ICP-MS as described previously and converted to the fold
increase in the metal compared with untreated controls [40].

Hypoxic cell studies

Prior to treatment with CuHLl, HeLa cells in a 24-well-plate
format were placed in the BD GasPak ™ EZ gas generating
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chamber with two activated gas-generating sachets for 6 h
(BD Biosciences, North Ryde, Australia). These sachets are
designed to remove oxygen and generate carbon dioxide, and
contain a mixture of inorganic carbonate, activated carbon,
ascorbic acid and water. The BD GasPak'™ EZ gas gener-
ating chamber with two activated gas-generating sachets is
capable of generating atmospheres of less than 0.4% O, [45,
46]. Low oxygen was confirmed in each assay as per the
manufacturer’s instructions. Following this, the plate was
briefly removed from the chamber, treated with CuHLl, then
immediately placed back into the chamber with two fresh
gas-generating sachets for the duration of the treatment.

Fluorescence studies

Human carcinoma HeLa cells were grown on poly(L-
lysine)-coated cover slips in a 24-well plate and incu-
bated at 37 °C (95% air and 5% CO,). When the cells
had reached approximately 80% confluency, they were
treated with 50 pM CuL', 0.5 uM nuclear dye To-Pro-3
iodide (Molecular Probes/Invitrogen, Melbourne, Austra-
lia; Aex = 633 nm, A, = 642-670 nm) and either 75 nM
LR (Molecular Probes/Invitrogen, Melbourne, Australia;
Aex = 543 nm, Ao, = 572-610 nm) or 6.76 M acridine
orange (Sigma, Sydney, Australia; /., = 488 nm,
Zem = 600-645 nm). Cell treatments were all for 30 min,
except for LR, which was incubated with cells for up to
2 h. The cells were then rinsed twice with 1x PB
solution and fixed with 4% (w/v) paraformaldehyde for
20 min at room temperature. Following fixation, the cells
were rinsed twice with 1x PB solution and mounted
onto glass slides using DAKO® fluorescence mounting
medium. Images of the cells were collected using an
Olympus FV1000 IV81 confocal microscope.
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