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Abstract

Aiming to explore alternative mechanisms of cellular uptake and cytotoxicity, we have
studied a new family of copper(ll) complexes (CuL'-CuL®) with bis(thiosemicarbazone) (BTSC)
ligands containing pendant protonable cyclic amines (morpholine and piperidine). Herein, we
report on the synthesis and characterization of these new complexes, as well as on their
biological performance (cytotoxic activity, cellular uptake, protein and DNA binding), in
comparison with the parental Cu"ATSM (ATSM = diacetyl-bis(N4-methylthiosemicarbazonate)
complex without pendant cyclic amines. The new compounds have been characterized by a
range of analytical techniques including ESI-MS, IR spectroscopy, cyclic voltammetry, reverse-
phase HPLC and X-ray spectroscopy. In vitro cytotoxicity studies revealed that the copper
complexes are cytotoxic, unlike the corresponding ligands, with a similar potency to that of
CuATSM. Unlike CuATSM, the new complexes were able to circumvent cisplatin cross-
resistance. The presence of the protonable cyclic amines did not lead to an enhancement of
the interaction of the complexes with human serum albumin or calf thymus DNA. However,
Cul'-CulL* showed a remarkably augmented cellular uptake compared with CuATSM, as
proved by uptake, internalization and externalization studies that were performed using the
radioactive congeners **CuL’-**CuL’. The enhanced cellular uptake of CuL'-CuL® indicates that
this new family of Cu"BTSC complexes deserves to be further evaluated in the design of

metallodrugs for cancer theranostics.



INTRODUCTION

Thiosemicarbazones and their metal complexes present a wide range of applications
that stretch from analytical chemistry, through pharmacology to nuclear medicine. [1-5] In the
last few years there has been growing attention towards this class of compounds due to their
relevant biological properties, specifically as antifungal, antiviral, antibacterial and anticancer
agents. [4, 6-15]

In particular, it has been proved that neutral, planar and lipophilic Cu(ll)
bis(thiosemicarbazonato) complexes (Cu"BTSC) show potential as therapeutic compounds for
cancer and neurodegenerative diseases.[16] The antitumoral effect of Cu"BTSC complexes is
not fully understood, being attributed to several factors. These complexes are cell permeable
that can act, in some cases, as redox active “copper transporters” to deposit copper within
cells by binding to intracellular thiols, such as metallothioneins.[16, 17] On the other hand,
Cu"BTSC analogues with increased lipophilicity can interact strongly with lipid bilayers, being
trapped in the plasma membrane unreactive to cytosolic reductants. [18, 19] Furthermore,
when Cu"BTSC complexes persist in their intact and unreduced forms, as a result of the proper
redox properties, they can accumulate as hydrophobic aggregates in the reducing cytosolic
environment.[20, 21] These intact forms of Cu"BTSC may exert a cellular effect, namely by
inhibiting DNA synthesis, presumably by intercalation into the DNA and/or binding to DNA
topoisomerases or disruption of ATP production.[16, 21-23]

Copper complexes of bis(thiosemicarbazones) can be readily obtained using
radioactive copper under aqueous conditions, required for the synthesis and/or formulation of
radiopharmaceuticals. For this reason, radioactive Cu"BTSC complexes have been the subject
of intense research, namely using ®cu (t2 = 12.7 h), one of the most versatile radiometals in
nuclear medicine. **Cu undergoes R* (20%) and R (37%) decay, emitting in addition Auger
electrons with a high linear energy-transfer of 6.84 keV and a short penetration range of @ 5
pum. Due to these unique decay characteristics, ®*Cu is suitable both for positron emission
tomography (PET) imaging and targeted radionuclide therapy, raising the possibility of a
theranostic approach.[16, 24-26]

So far, **Cu"BTSCs have provided clinically useful results in the specific targeting of hypoxic
tissue. One of the most promising radiotracers is **CuATSM (ATSM = diacetyl-bis(N4-
methylthiosemicarbazonate) that has been thoroughly investigated as a PET tracer for tumor
hypoxia imaging.[27-36] Numerous publications describing in vitro chemical, biochemical and

spectroscopic studies and in vivo results using PET imaging, allowed to conclude that the



mechanism by which CuATSM-like complexes are hypoxia-selective involves intricate
intracellular reduction-oxidation events, leading to an abundance of Cu(l) species.

Two mechanisms have been proposed, both related with the reduction of Cu" to Cu' in
hypoxic conditions. The first proposed by Fujibayashi et al. [28] suggest that upon intracellular
reduction in hypoxic cells, Cu'ATSM becomes trapped irreversibly. Nevertheless, this
mechanism was not fully consistent with washout studies[29], which led to the proposal of a
second mechanism by the Blower group B"B>28 They postulated that CUATSM reduction is
reversible and occurs in both hypoxic and normoxic cells, generating an unstable, anionic
copper(l) complex, [Cu'ATSM]™. This species dissociates slowly in cells with low oxygen
concentration leading to irreversible trapping of the Cu' ion. In normoxic conditions,
[Cu'ATSM]™ may be re-oxidized by molecular oxygen to the neutral [Cu"ATSM]° complex, which
could then diffuse back out of the cell. In this mechanism, the origins of hypoxia-selective
uptake and trapping may reside with the relative structure-dependent stability of the reduced
Cu' anion towards protonation and subsequent ligand dissociation and not only with the rate
of reduction and oxidation®***

Here we present a detailed study of a new family of BTSC’s and corresponding Cu(ll)
complexes, containing pendant cyclic tertiary amines of the piperidinyl or morpholinyl type,
attached to the chelating framework using different alkyl linkers (Scheme 1). It has been
described in the literature that weakly basic drugs positively charged are prone to localize in
the acidic lysosome compartments and that these lysosomotropic properties can dictate a
preferential cytotoxicity towards tumoral cells relative to normal cells, as many cancer cell
types have a lysosomal acidification defect.[40, 41] Additionally, the morpholine moiety has
been used as a lysosome targeting group in fluorescent probes for imaging and tracking of

lysosomes[42-44].

Scheme 1

We expected that the presence of the cyclic amines could provide the complexes with
lysomotropic properties, leading to an eventual enhancement of the uptake and retention in
tumoral cells with a positive effect on the biological properties of Cu"BSTC complexes as
potential drugs for cancer theranostics. To tackle this goal, we have focused on this new family
of Cu"BTSC complexes that were synthesized using non-radioactive copper ("‘Cu) and *Cu,
and were submitted to a thorough in vitro investigation that included: i) cyclic voltammetry

experiments to assess influence of the pendant amines groups on the redox properties of the



complexes; ii) DNA and human serum albumin (HSA) binding studies; iii) screening of the
cytotoxicity for non-radioactive Cu"BSTC complexes in a panel of human cancer cell lines ; iv)
cell uptake experiments for the corresponding radioactive ®*Cu"BTSC complexes, using gamma-

counting methods.

RESULTS AND DISCUSSION
Chemical and Radiochemical Synthesis

The work was initiated with the synthesis of the new chelators (L'-L*) (Scheme 2),
which were obtained by an acid-catalyzed condensation reaction between 2,3-butanedione
and the respective 4-substituted thiosemicarbazides (1-4), using methodologies similar to
those described in the literature for related compounds.[35] It is important to notice that
thiosemicarbazides 1-4 are relatively unstable and, for this reason, these compounds were
used immediately after purification. The corresponding Cu"BTSC complexes (CuL® to CuL*) were
obtained in moderate to high yield (51-85%) by reacting copper acetate with one equivalent of
the corresponding ligand in methanol, as depicted in Scheme 2. The Cu(ll) complexes

precipitate as reddish-brown microcrystalline solids.

Scheme 2

The characterization of Cul® to Cul® was performed by ESI-MS, elemental analysis
(CHN) and IR spectroscopy (details in the experimental part). Single crystals could be obtained
for several of these compounds (CuL®, Cul® and CuL®), which allowed the determination of
their solid state structures by X-ray crystallography analysis. Crystals of Cul®, Cul® and Cul®
were obtained by slow diffusion of diethyl ether into a concentrated methanolic solution of
the complexes. Single crystal X-ray diffraction analysis revealed that all the analyzed complexes
exist in the solid state as discrete neutral molecules (Figure 1). A summary of the
crystallographic data is presented in Table S1. The most relevant bond distances and angles for

all the complexes are listed in Table 1.

Figure 1



The bis(thiosemicarbazone) ligands are coordinated in a tetradentate fashion in all the
complexes, through two of the imine nitrogen atoms and the two thiolate sulfur atoms, which
results in the formation of three five-membered chelate rings (Figure 1). As previously
reported for related complexes, [45, 46] the coordination geometry around Cu(ll) in Cul®, Cul®
and Cul®is square planar, with a negligible distortion as indicated by the cis (80.25-85.74 A)
and trans (164.73-166.19 A) angles around the metal. The standard deviation of the Cu atom
from the least-square plane defined by the four donor atoms (S1 S2 N1 N4) is -0.0241, -0.0393
and 0.0217 A for cul', cul® and Cul® respectively. Moreover, the central core of the
molecules, constituted by the Cu atom and the two sulfur, six nitrogen and four carbon atoms
of the ligand (Cul S1 S2 N1 N2 N3 N4 N5 N6 C1 C2 C3 C4) is also essentially planar (rms
deviations of fitted atoms are 0.0222, 0.0595 and 0.0193 A for compounds cul’, cul® and CulL*

respectively).

Table 1

The Cu-S and Cu-N bond distances in the different complexes are comparable to the
values reported for other Cu"BTSC complexes. [26, 46-50] The intraligand bond distances are
also normal; in particular the C2-C3 bond lengths from the ethylenic bridge (1.464 to 1.509 A)
are also consistent with the values reported for other bis(thiosemicarbazonato) Cu(ll)
complexes with double backbone alkylation. The C-S bond lengths (1.735 — 1.7627 A) are

within the characteristic range for thiolate bonds.[46-48]

As mentioned in the introduction section, the ®*Cu counterparts of CuL’-cuL* were also
synthesized for a more straightforward determination of the cellular uptake of the new
Cu"BTSC compounds in human tumoral cells. As shown in Scheme 3, the radiochemical
syntheses of #*cuL’-**cuL® was done by reacting **CuCl, with the corresponding ligands at room
temperature, as previously described for ®Cu-ATSM.[35] All the new **Cu-BTSC complexes

were obtained in almost quantitative yield (>99%).

Scheme 3



The chemical identity of the new radioactive Cu"BTSC complexes was ascertained by
comparing their analytical RP-HPLC gamma-traces with the RP-HPLC UV-Vis traces of the

analogues prepared with natural copper (CuL® - CuL*), as exemplified for **CuL®in Figure 2.

Figure 2

The radioactive **Cu complexes were also used to assess the (lipo)hydrophilic character
of the compounds. For that purpose, the partition coefficient of the complexes between n-
octanol and 0.1 M PBS (pH 7.4) was determined by measurement of the **Cu radioactivity in
the organic and aqueous phases. The respective logD;, values are presented in the
experimental section (see Table 5). All the new Cu"BTSC complexes, with the exception of CuL?,
are less lipophilic than the parental CuATSM (log D,, = 0.66), at pH 7.4. Moreover, the
piperidine-containing complexes (Cul® (log D, = -0,23) and Cul® (log D;, = -1.21) are
significantly more hydrophilic than the morpholine-containing counterparts (Cul? (log D,, =
0.02) and CulL? (log D;, = 1.43)). This difference certainly reflects the higher basicity of the
piperidine ring compared to the morpholine one[51], as a consequence of the inductive effect
(1) due to the presence of the O atom in the later. As a result, the Cu(ll) complexes must
present different protonation degrees at pH=7.4, being more predominant the non-protonated

form for the morpholine derivatives, which might justify the increase of lipophilicity.

Electrochemistry

According to the literature, the electrochemical properties of Cu"BTSC complexes are
largely dependent on small modifications of the di-imine backbone and, to a lesser extent, on
the nature of the substituents attached at the terminal nitrogen atoms from the
thiosemicarbazone functions.[52] Most importantly, the redox ability of this class of complexes
is an important parameter that modulates their cellular retention and hypoxia selectivity.

In this sense, toward a better understanding of the biological behavior of the new
complexes, the redox potentials of the couples [Cu"L]’/[Cu'L] were studied by cyclic
voltammetry in dry DMSO at 20 °C, using Ag/AgNO; as the reference electrode and using the
ferrocenium/ferrocene (Fe'/Fe) couple as an internal reference. For comparative purposes, the
redox potential of CUATSM was also measured in the same conditions. The electrochemical

potentials of the complexes are shown in Table 2.



CuL'-CuL* undergo a quasi-reversible process at negative potentials, spanning in the range -
0.52 to -0.68 V vs. NHE (see Table 2 and Figure 3). As invoked previously for the parental
CuATSM([52], this process most likely involves a one-electron transfer that can be ascribed to
the couple [Cu"L]°/[Cu'L]". The Ey/, values measured for CuL'-CuL* point out that the new Cu(ll)
complexes are likely to be hypoxia selective, such as the parental CUATSM.

For this reduction process, each complex exhibited a different separation (AEp=Ec-Ea/2)
between the cathodic (Ec) and anodic (Ea) peaks. At a scan rate of 100 mV/s, the measured
potential differences were 90, 227, 64, 193 and 135 mV for CUATSM, CulL?, Cul?, Cul® and CulL®,
respectively. Despite the rather large peak separations observed for CuL® and Cul?, there is a
decrease in peak intensity and a narrowing between the Ec and Ea values on their reduction
waves, when the respective cyclic voltamograms are obtained with decreasing scan rates, from
500 to 20 mV/s. These results suggest that CuL' and Cul® follow the same quasi-reversible
regime as complexes CUATSM, CulL? and CulL*.

The Ey, values of Cul’>-CulL® span in a narrow range (-0.52 to -0.56 V vs. NHE) (see Table 2
and Figure 3) and are almost coincident with the value of -0.54 V exhibited in our hands by
CuATSM. For these complexes, the replacement of the methyl group at the N-terminus of the
BTSC chelator by alkyl-piperidine or alkyl-morpholine derivatives, does not affect much the
redox potentials. This trend agrees with results previously described by other authors for
similar Cu"BTSC complexes, also showing almost coincident E;/, values independently of the
presence of alkyl substituents of different chain length at the N-terminal of the BTSC
framework [52, 53].

By contrast, CuL® presented a more negative reduction potential (-0.68 V) showing that this
complex is a weaker oxidant. Most probably, the reasons for this difference are associated
with the possible formation of a more favorable intramolecular interaction, in solution,
between Cu(ll) and the nitrogen atom from the piperidinyl ring. This interaction increases the
electronic density on the metal and, consequently, may contribute to decrease the reduction
potential. The different behavior of CuL® certainly reflects the better coordination capability of
the piperidinyl nitrogen atom compared to the morpholine nitrogen atom, due to the electron
withdrawing properties of the O-atom present in the morpholine. [54]. In agreement with this
reasoning, the two piperidinyl-containing complexes (CuLl, Eip=-0,68 V; Cul?, Eip= -0, 56 V)
are harder to reduce than the morpholinyl-containing counterparts (CuLz, Eip=-0,55V; Cul®,
E1=-0, 52 V).

Moreover, the length of the alkyl linker used to attach the N-heterocyclic rings to the
BTSC's framework also affects the Ey;, values. For each type of ring, the complexes displaying

an ethyl linker show more negative Ey,, values than the congeners having n-propyl linkers (CuL*
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vs Cul® and Cul® vs CuL®), which is most likely due to the influence of the size of the resulting
chelating rings on the formation of intramolecular interactions involving the N-heterocyclic
nitrogen atoms. In brief, the combination of the piperidine ring with the ethyl linker seems to
favor the establishment of such intramolecular interaction, accounting for the redox behavior

observed for Cul.

Table 2

Figure 3

Interaction studies with biomolecules (HSA/DNA)

We have thought that the presence of peripheral protonable cyclic amines in
complexes Cul'-CuL* could promote hydrogen bonding or electrostatic surface interactions
with the negative phosphate groups on DNA or with the carboxylate and carbonyl functions of
proteins, leading to an enhancement of the binding affinity towards these biological polymers.
To address this issue, we have evaluated the interaction of Cul? and Cul? containing
morpholine and piperidine rings respectively, with HSA and calf-thymus DNA (CT-DNA) by
fluorescence studies. For comparative purposes, the complex Cu ATSM was also tested using

the same assays and under the same conditions.

The interaction of the Cu"BTSC complexes with HSA was studied by direct fluorescence
titration studies taking advantage from the fluorescence emission of HSA (maximum A= 351
nm) when excited at 295 nm, due to the presence of a tryptophan residue at position 214. [55]
It is well described that the binding of molecules to HSA induces changes in the HSA emission
intensity, as a consequence of alterations in the residues environment. The titrations of HSA
with the Cu(ll) complexes were carried out by adding increasing amounts of a 0.6 mM solution
of each test compound to a TRIS buffered solution (pH 7.4) containing 1.5 uM HAS, after
confirming that none of the complexes showed fluorescence emission when excited at 295
nm. We observed that the addition of the Cu" complexes to the HSA solution resulted in
moderate to strong emission quenching (as can be verified in the obtained titration curves

(Figure S1) and variation of the %l; (at the maximum A..,) (Figure S2)).

The fluorescence quenching data of the BSA titrations were analyzed with the Stern—

Volmer equation:

lo/I=1+Ksy[Q]=1+k,T0[Q] (1)



where |y and | are the fluorescence emission intensities in the absence and presence of
quencher, respectively, and K,,, [Q], kq and 1, stand for the Stern—Volmer quenching constant,
the quencher concentration (i.e. the Cu(ll) complex conc.), the bimolecular quenching constant
and the average lifetime of the biomolecule without quencher, respectively. Linear Stern-
Volmer plots were obtained for all studied systems (see Figure S3), which allowed the

determination of the respective Stern-Volmer constants (Table 3).

Table 3

To evaluate if the quenching of HSA fluorescence is due to binding of the compounds
to HSA (static) or to collisional quenching (dynamic), the quenching constant, K, can be
calculated, considering 7, = 10°® s for HSA. [56]. The K, values are between 10" - 10" M™'s™,
several orders of magnitude higher than the maximum diffusion-limited rate in water, [57]

indicating that probably exists a static quenching due to the binding of the compounds to HSA.

The HSA titration data were also used to calculate the binding constant (K,) and the
number of binding sites (n) per HSA molecule, considering that the Cu(ll) complexes under
study bind independently to a set of equivalent sites. Under this hypothesis, the equilibrium
between free and bound molecules is given by equation (2). Figure S4 shows the plots
obtained by adjustment of our data to equation (2), and the values calculated for K, and n are

listed in Table 3.

log [(lo-1)/1] = logK, + nlog[Q] (2)

The binding interaction of the copper complexes with calf-thymus DNA (CT-DNA) was
also evaluated. For that propose, fluorescence competition titrations were done with a
fluorescent dye, thiazole orange (TO), a known DNA intercalator. [58] The studies were
initiated with the optimization of the TO:DNA ratio to maximize the fluorescence emission. It
was found that the saturation of the emission spectra occurred at ca. 0.7:1 molar ratio; thus,
this was the ratio used in all assays. The fluorescence emission spectra were measured in all
systems for a TO:DNA = 0.7:1 ratio and with increasing amounts of each complex (Figure S5). In
all cases, there is a quenching on fluorescence, indicating that the complexes are able to
compete with TO for the same binding sites, or interact with DNA at different sites. The use of

the Stern-Volmer formalism (see equation (1)) allowed the determination of the Ksy, constants



based on the DNA titrations. The plots of these data are not linear in the entire measured
concentration range, and the curves reach a plateau for ratios [Cu]:[TO] = 2 (Figure S6).
Therefore, only the initial linear regions were used to determine the Ksy constants for CUATSM,

Cul? and CuL®. The calculated constants are presented in Table 3.

In summary, the K, values for the different complexes are all of the same order of
magnitude, either for the HSA or CT-DNA binding, and span between 1.1x10™ and 6.1x10™ M™
(Table 3) pointing out for compounds with moderate affinity towards these biomolecules. For
the HSA interaction, the binding constant of CUATSM (K, = 9.3x10 M™) is larger than those
observed for Cul? and Cul® (K, = 2.1 x10® and 7.9 x10™ M™, respectively) showing that the
presence of the protonable cyclic amine groups did not increase the binding activity by
promoting electrostatic interactions. Apparently, the introduction of bulkier groups in the
ligands structure decreases the ability of the complexes to bind the protein, probably due to
steric hindrance. This is in agreement with results previously reported for other
bis(thiosemicarbazonato) Cu(ll) complexes, for which the introduction of bulky aliphatic
substituents at the N-terminus of the chelator framework reduces their HSA binding affinity.

[59, 60]

Biological Evaluation

To have an insight on the antitumoral properties of the new Cu"BTSC complexes, their
cytotoxic activity in human cancer cells lines was assessed and compared with that of CUATSM
and respective chelators. A diverse panel of human cancer cell lines was used: ovarian
carcinoma - sensitive (A2780) and resistant (A2780cisR) to cisplatin; cervical adenocarcinoma
(HelLa) and breast adenocarcinoma (MCF-7). Moreover, the cytotoxic activity was also studied
in human non-tumoral cells (HEK 293). Searching to rationalize the trends on the cytotoxic
activity of the compounds, these cell studies comprised also the evaluation of their
quantitative cell uptake based on gamma-counting measurements with the ®Cu-BTSC

complexes.

Cytotoxicity in human cancer cell lines

In the cytotoxicity studies, cells were incubated with increasing concentrations of the
different ligands and complexes for 48 h at 37 °C, and the cellular viability was evaluated by

the MTT assay. The inhibition of growth (%) was calculated and the ICs, values (i.e.,
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concentration which reduces the growth by 50%) were determined. The results are presented

in Table 4.

Table 4

The new Cu"BTSC complexes (CuL-CulL?) exhibit sub-micromolar ICs, values against all
cancer cell lines, ranging between 0.21 and 0.82 uM. These values indicate a rather
pronounced cytotoxicity for all the tested compounds, and can be considered comparable to
those reported by other authors for the activity of CUATSM in other human tumoral cell
lines.[52] There is a clear effect of metal-complexation on the cytotoxic profile of the

compounds, as the Cu(ll) complexes are much more cytotoxic than the corresponding ligands.

Most importantly, CuL!-CuL* display a similar activity in cisplatin-sensitive A2780 and
cisplatin-resistant A2780cisR cell lines, indicating that the new Cu(ll) complexes were in
general able to circumvent cisplatin cross-resistance, in contrast with CUATSM that is roughly
two times more active in the sensitive cell line. All the compounds present similar
antiproliferative properties against the human non-tumoral HEK 293 cell line and the tested

tumoral cell lines, pointing out for relatively low therapeutic indices.

Cellular uptake and retention

In order to evaluate the influence of the cyclic amine groups on the cell
permeability/entrance of the Cu"-BTSC complexes, cellular uptake studies were performed
using the radioactive complexes ®‘CuATSM and ®cul-**cul®, profiting from the
straightforward quantification of the radioactivity associated with the cells through gamma-
counting measurements. These studies were performed with A2780 and MCF-7 cells, which
were incubated with the ®*Cu complexes at 37 °C at different time points over a 4 h period.
After incubation and cell lysis, the activity associated to the lysate was measured and the
cellular uptake of the different complexes calculated as the percentage of uptake per total

applied activity, as a function of incubation time (Figure 4).

Figure 4
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In both cell lines, the complexes showed a similar behaviour with the cellular uptake
increasing as a function of incubation time at 37 °C. **CuATSM presented a significantly lower
value of uptake after 4 h incubation (10.4 + 0.2 % and 10.5 + 1.3 % in A2780 and MCF-7 cells,
respectively), when compared with CuL'-CuL® that showed a faster entrance into the cells.
Among them, %Cul’, containing the piperidine group attached to the chelator by the shorter
ethylenic linker, showed the best ability to enter into the tumoral cells studied, reaching values
of cellular uptake of 24.7 £ 0.1 % and 32.9 + 1.3 % in A2780 and MCF-7 cells, respectively, at 4

h of incubation.

**cuL’-**cuL’ showed an augmented cell uptake when compared with the smallest and
lipophilic **CuATSM. Remarkably, all the new complexes are more hydrophilic than **CuATSM,
with the exception of **CuL*. Previous attempts have been described to obtain water-soluble
and more hydrophilic CuATSM  derivatives, aiming at the design of
metallodrugs/radiopharmaceuticals with more favorable physico-chemical properties.[61, 62]
However, to the best of our knowledge, all of them have presented a lower cellular uptake
than CuATSM. Taken together, these results suggest that the presence of the cyclic amines

with protonable nitrogen atoms induce an enhancement of cellular uptake.

We have reasoned that the enhanced cell uptake observed for **cul'-**cul® could
result from the association of the complexes to the cell membrane without occurrence of
extensive internalization of the complexes. To clarify this aspect, we have performed cell
internalization studies for the complex that presented the highest cell uptake, **Cul’, using the
MCF-7 cell line. In this type of experiment, we are able to distinguish between membrane-
associated and internalized (i.e. intracellular) activities. As can be seen in Figure 5, there is a
considerable amount of radioactivity associated with the membrane for the shortest
incubation times but, even for these early points, most of the cell-associated radioactive
complex is already internalized by the cell. Thereafter, there is a fast release of ®*CuL® from the
membrane with increasing internalization, until reaching a plateau. The internalization rate
seems faster for **CuLthan **CuATSM (Figure 5). For the later, the amount associated with the
membrane is constant along the time and there is a slower increase of the internalized
complex. These results confirmed that the presence of the protonable cyclic amine groups

promotes an increase of the rate of the internalization process.

Figure 5
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Furthermore, we have performed efflux experiments in A2780 and A375 cells for
%cuL! and *cul? in comparison with the parental complex ®**CuATSM, in order to understand
how the presence of the pendant cyclic amines affects the intracellular retention of the
Cu'"BTSC complexes. Cells were incubated with ®*Cu-complexes for 3 h at 37 °C to allow the
cellular uptake to occur, and then washed and re-incubated with culture medium to determine
the efflux of ®*CuL’. The cellular retention of the complexes, expressed in percentage of total

initial uptake, is presented in Figure 6.

Figure 6

A moderate washout was observed for all complexes in both cell lines, with cells
incubated with ®Cul' and **Cul® showing about 40% of internalized activity, after 5 h.
Nevertheless, the efflux rate seems faster in the A2780 cell line for early time points.
Noticeably the cellular retention pattern of **CuL® and **Cul? was almost coincident with that
exhibited by **CuATSM. This result indicates that, if the pendant cyclic amine appeared to have
a role in the kinetics (or mechanism) of entrance into the cells, it does not seem to modulate

the cellular efflux mechanism.

Il

It has been reported a correlation between the **Cu release and Cu"' redox potentials

in agreement with a redox potential-dependent intracellular reductive trapping.[52] The cu"
redox potential of the Cu complexes reported in this work did not differ significantly from the
parental CUATSM (see Electrochemistry results). Apparently, this similitude could justify that
no difference was detected in their cell efflux. However, it is hardly conceivable that a much

polar and hydrophilic complex like **CuL® would show, in its intact form, back-diffusion rate

almost coincident with that of **CuATSM.

Other authors have proposed that the efflux of **CUATSM from the cells can be a more
complicated process that might not involve necessarily the back-diffusion of the intact
complex from the cell, based on the clear influence of different cell lines in the efflux rate.[32]
They have considered that the reduction of **CuATSM, even under normoxic conditions, leads
to the formation of ®Cu' and release of the chelator. The Cu' ion once absorbed into the
intracellular Cu pool, undergoes the intrinsic cellular metabolism of copper. In particular, there
are two primary copper exporters, the P-type ATPases ATP7A (Menkes protein)[63] and ATP7B

(Wilson protein)[64], which are specific for Cu(l) and might mediate the efflux of **Cu' from the

13



cells by active transport. Our results seem to indicate that this type of active transport is most
likely involved in the efflux of Cu"BTSC complexes from the cells, as ®Cul’, ®*cul® and
**CuATSM presented identical efflux rates despite having different physico-chemical properties
(e.g. size, acid-base properties or lipophilicity). Thus, a mechanism other than the model of
redox potential-dependent intracellular reductive trapping is probably involved in the higher

accumulation of the ®*Cu"BTSC complexes containing pendant cyclic amines.

In brief, we can speculate that the inclusion of protonable tertiary amine could provide
the new compounds with a higher affinity towards the cell membrane, promoting the
endocytosis process with enhanced cell uptake and possibly leading to the lysosomal
trafficking of the compounds.[65] In this scenario, these new **Cu"BTSC complexes would
benefit from an increased cellular accumulation, albeit with efflux rates similar to **CuATSM.
Alternatively, the non-protonated form of the complexes could be the responsible for
enhancement of cell uptake. These free forms are in equilibrium with the protonated ones,
and present an intrinsically higher lipophilicity than CuATSM that could facilitate the diffusion
through the cell membrane. At physiological pH, **Cul® (log D;, = 1.43) presents a higher
lipophilicity than ®**CuL® (log D4 = -0.23), which is consistent with the predominance of the free
form in solution in the case of CuL®. However, **CuL' showed a much higher cell uptake than
®*cuL?, particularly in the MCF-7 cell line, which does not corroborate an important role of the

lipophilicity of the non-protonated form of the complexes on their entrance into the cells.

CONCLUSIONS

In this contribution a series of Cu(ll) complexes (Cul-Cul®) with novel
bis(thiosemicarbazone) ligands, bearing pendant piperidine and morpholine groups, was
synthesized and their anticancer activity evaluated in a panel of human tumor cell lines,

together with the measurement of the corresponding cell uptake and rate of efflux.

The presence of the protonable cyclic amines did not led to an enhancement of the
interaction of the complexes with HSA or CT-DNA, being more prevalent the bulkiness of the
substituents rather than the presence of localized positive charges at the N-heterocyclic rings.
However, CuL’-CuL’® showed a remarkably augmented cellular uptake compared with CuATSM,

probably due to a faster internalization of the complexes.

The augmented cell uptake of CuL'-CuL* was not reflected in an increased cytotoxic
activity when compared with CuATSM, but unlike CuATSM, Cul’-Cul® surpassed cisplatin

cross-resistance. We also anticipate that the favorable cell uptake values of the radioactive
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#*cul’-**cul® will certainly potentiate strong radiotoxic effects, which is currently under
investigation within our interest on the design of novel tools for radionuclide therapy of

cancer.

Despite the continued development of Cu"BTSC complexes as potential metallodrugs
for cancer theranostics, many aspects of the mechanisms involved in cell uptake, intracellular
trafficking, distribution and efflux of this family of compounds still need to be elucidated.
Further work is warranted to understand how the pendant cyclic amines influence each of
those mechanisms in the case of Cul’-Cul®. Particularly interesting will be to perform more
detailed studies to understand if the increased cellular uptake observed is related to a

lysosomal accumulation of these complexes.
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EXPERIMENTAL SECTION
Materials and Methods

All chemicals were p.a. grade and were used without purifications unless stated otherwise. The
complexe CuATSM was synthesized as described in the literature. [35, 66] The chemical
reactions were followed by TLC. *H and *C NMR spectra were recorded on a Varian Unity 300
MHz or 400 MHz spectrometer at the frequencies of 300 or 400 MHz (*H) and 75 or 100 MHz
(3C), respectively. *H and *C chemical shifts (3) are reported in ppm relative to residual
solvent signals (CDCl3: 7.26 ppm for ‘*H NMR, 77.0 ppm for B3C NMR; DMSO-d: 2.50 ppm for 1H
NMR, 39.52 for *C NMR; CD;0D: 3.31 ppm for "H NMR, 49.00 ppm for *C NMR). Electrospray
ionisation mass spectrometry (ESI-MS) was performed on a QITMS instrument in positive and

negative ionization mode. Elemental analyses were recorded on an EA 110CE automated

instrument. IR spectra were recorded in KBr pellets on a Bruker Tensor 27 spectrometer.

Thin-layer chromatography (TLC) was performed on plates of pre-coated silica plates 60 F,s,
(Merck). Visualization of the plates was carried out using UV light (254 nm) and/or iodine

chamber. Gravity column chromatography was carried out on silica gel (Merck, 70-230 mesh).

Reversed-phase high performance liquid chromatography (RP-HPLC) analyses of natural and
radioactive copper complexes were performed with a Perkin Elmer LC pump 200 coupled to a
LC 290 tunable UV—vis detector and to a Berthold LB-507A radiometric detector. A Macherey-
Nagel C18 reversed-phase column (Nucleosil 5 mm, 250 x 4mm) was used. HPLC solvents
consisted of 0.1 % CF;COOH in H,0 (solvent A) and 0.1 % CF;COOH solution in methanol
(solvent B), gradient: t = 0-25 min, 10-90 % eluent B; 25-27 min, 90-100% eluent B; 27-30 min,
100% eluent B; 30-32 min, 100-10 % eluent B; 32—40 min, 10% eluent B.

General Synthesis of 4-N-substituted 3-thiosemicarbazides (1 - 4) [67, 68]

To an aqueous solution of NaOH (1.0 M, 3.3 mL), containing 1 mmol of the desired amine (2-
(piperidin-1-yl)ethylamine, 3-(piperidin-1-yl)propylamine, 2-morpholinoethylamine or 3-
morpholinopropylamine) was added carbon disulfide (1.4 mmol) at RT and the reaction
mixture was stirred for several hours (19-43 hrs). Then, sodium chloroacetate (1 mmol) was
added and the reaction mixture was kept under stirring for further 24-45 hrs at RT. The orange
color of the reaction mixture turned yellow. Finally, an excess of hydrazine (9.5 mmol) was
added and the reaction mixture was refluxed for 5 hours, until completely colorless. After
cooling down, the reaction mixture was extracted with ethyl acetate (4 x 25 mL). The organic

phase was dried over Na,SO,, and filtered to afford the desired products: 4-(2-(piperidin-1-
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yl)ethyl)-3-thiosemicarbazide (1), 4-(2-(morpholin-1-yl)ethyl)-3-thiosemicarbazide (2), 4-(3-
(piperidin-1-yl)propyl)-3-thiosemicarbazide (3), and 4-(3-(morpholin-1-yl)propyl)-3-

thiosemicarbazide (4).

Under our experimental conditions, we have verified that the thiosemicarbazide derivatives 1-
4 are relatively unstable; therefore, these compounds were used immediately in the synthesis
of L'-L* after the appropriate work-up to obtain 1-4. For this reason, we did not proceed with

the detailed chemical characterization of 1-4.

General procedure for the synthesis of diacetyl-2-bis(4-N-substituted-3-thiosemicarbazone)

(L'-1%

The desired 4-N-substituted-3-thiosemicarbazide (2.5 mmol) was dissolved in 4.3 mL of
distilled water containing 5 % acetic acid at 60 °C. Then, 2,3-butanedione (0.5 ml, 1 mmol) was
added dropwise and the reaction was stirred overnight at RT. Triethylamine was then added
until basic pH (ca. 8-9). The aqueous phase was diluted with water (50 ml) and was extracted
with dicloromethane (2 x 50 mL). The organic phase was dried over Na,SO,, filtered and the
concentrate was submitted to column chromatography on silica gel (CH,Cl,/MeOH/Et;N
1:0.05:0.01) to give a yellowish solid, which was further washed with dicloromethane and n-

hexane.

Diacetyl-2-bis[4-N-(2"-(piperidin-1-yl)ethyl)-3-thiosemicarbazone (L') — Yield = 57 %; R
(DCM:MeOH:TFA 1:0.1:0.01) = 0.20; ‘H NMR (DMSO-ds, 400 MHz) &: 1.40 (m, 4H), 1.50 (m,
8H), 2.12 (m, 2H), 2.21 (s, 6H), 2.38 (m, 8H), 3.59 (m, 6H), 8.37 (t, 2H, J = 6.0 Hz), 10.43 (s, 2H);
3C NMR (DMSO-ds, 100 MHz) &: 12.67 (CHs), 25.02, 26.57, 41.51, 54.72, 57.19, 148.34 (C=N),
178.34 (NHC=S); ES* MS CyoH3sNgS, (454.27) m/z 455.5 [M+H]"; Anal. calcd. for CyoH3gNsS,. C
52.83, H 8.42, N 24.65; found C 52.89, H 8.70, N 24.59; IR (KBr, v/cm™): 3298 (m, N-H), 3167
(m, N-H), 2934 (m sharp), 1536 (vs, C=N), 1490 (vs, C=N), 1247 (s, thioamide), 1214 (s), 1152

(m, N-N), 1114 (mw), 711 (w). (vs, very strong; s, strong; m, medium; w, weak; sh, sharp).

Diacetyl-2-bis[4-N-(2"-(morpholinoethyl)-3-thiosemicarbazone (L?) - Yield = 32 %; R;
(DCM:MeOH:TFA 1:0.1:0.01) = 0.21; *H NMR (DMSO-ds, 300 MHz) &: 2.25 (s, 6H, CHs), 2.46 (m,
8H), 3.61 (m, 8H), 3.69 (m, 4H), 8.42 (t, 2H, J = 3.0 Hz, NH), 10.49 (s, 2H, NH), 4H under the
residual peak of DMSO; **C NMR (DMSO-ds, 75 MHz) 6: 12.47 (CH5), 41.18, 53.71, 56.94, 67.05,
148.51 (C=N), 178.45 (NHC=S); ES* MS Ci1gH34Ng0,S; (458.22) m/z 459.4 [M+H]"; Anal. calcd. for
C1sH3aN50,5,.0,5H,0. C 46.23, H 7.54, N 23.96; found C 46.30, H 7.62, N 23.92; IR (KBr, v/cm™):
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3335 (s, N-H), 3278 (w, N-H), 2862 (w), 2807 (m), 1532 (vs, C=N), 1489 (vs, C=N), 1234 (s,
thioamide), 1203 (s), 1138 (N-N), 765 (m), 616 (m).

Diacetyl-2-bis[4-N-(3"-(piperidin-1-yl)propyl)-3-thiosemicarbazone (L’) — Yield = 55 %; R
(DCM:MeOH:TFA 1:0.1:0.01) = 0.24; *H NMR (DMSO-ds, 300 MHz) § 1.40 (m, 4H), 1.51 (m, 8H),
1.76 (m, 4H), 2.24 (s, 6H), 2.30 (m, 12H), 3.62 (m, 4H), 8.41 (t, 2H, J = 3.0 Hz), 10.23 (s, 2H); °C
NMR (DMSO-d,, 75 MHz) 6: 12.69 (CH3), 25.11, 26.47, 26.86, 43.44, 55.03, 57.22, 148.84 (C=N),
178.54 (NHC=S); ES" MS Cy,HaoNsS, (482.2) m/z 483.7 [M+H]"; Anal. calcd. for Cy;HaaNgS,.H,0: C
52.76, H 8.86, N 22.38; found C 52.76, H 8.90, N 22.46; IR (KBr, V/cm'l): 3340 (m, N-H), 3163
(m, N-H), 2941 (s), 1539 (vs, C=N), 1496 (vs, C=N), 1212 (s, thioamide), 1146 (s, N-N), 1085 (m),
606 (w), 555 (w).

Diacetyl-2-bis[4-N-(3"-(morpholinopropyl)-3-thiosemicarbazone (L*) - Yield = 52 %; R;
(DCM:MeOH:TFA 1:0.1:0.01) = 0.10; 'H NMR (DMSO-ds, 400 MHz) 6: 1.78 (t, 4H), 2.24 (s, 6H),
2.38 (m, 12H), 3.46 (m, 12H), 8.42 (t, 2H, J = 3.0 Hz, NH), 10.22 (s, 2H, NH); *3C NMR (DMSO-dj,
100 MHz) &: 11.82 (CHs), 25.68, 42.24, 53.39, 56.09, 66.23, 148.01 (C=N), 177.75 (NHC=S); ES"
MS CyoH3sNg0,S, (486.26) m/z 487.4 [M+H]"; Anal. calcd. for CyH3sNgO,S,.CH;0H. C 48.62, H
8.16, N 21.61; found C 48.51, H 8.27, N 21.67; IR (KBr, v/cm™): 3338 (w, N-H), 3219 (M, N-H),
2954 (w), 2854 (w), 1535 (vs, C=N), 1488 (vs, C=N), 1203 (vs, thioamide), 1117 (vs, N-N), 557

(m, broad).

General procedure for the synthesis of aliphatic bis(thiosemicarbazonato) copper (ll)

complexes

To a suspension of the bis(thiosemicarbazone) ligand (L* = L% 0.2 - 0.4 mmol) in methanol
(5 mL) was added one equivalent of copper acetate monohydrate (0.2 - 0.4 mmol) and the
mixture was stirred under RT overnight. To obtain CuL® and CuL® the solvent of the reaction
mixture was concentrated to dryness under vacuum and the residue was dissolved in
dimethylformamide (Cul') or dichloromethane (Cul®). The complexes precipitated as orange-
brown solids upon addition of dyethylic ether. In case of Cul® and Cul? the methanolic
solution was concentrated and after addition of dyethylic ether, the complexes precipitated

and were collected by filtration as dark-brown solids.

Copper Diacetyl-2-bis[4-N-(2"-(piperidin-1-yl)ethyl)-3-thiosemicarbazonato (CulL'): Yield: 51%.
ES+ MS for C20H36CUN852 (51518), m/Z: 516.3 [M+H]+; Anal. calcd. for C20H36CUN852.1H20: C
44.96, H 7.17, N 20.98; found C 44.93, H 7.30, N 20.91; IR (KBr, v/cm™): 3405 (s sharp, N-H),
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3340 (m sharp) 2929 (vs sharp), 1477 (vs, C=N), 1224 (s, thioamide), 1124 (w, N-N), 1047 (w),
841 (w, C-S), 756 (w).

Copper Diacetyl-2-bis[4-N-(3"-(morpholinopropyl)-3-thiosemicarbazonato (Cul?): Yield: 55%.
ES* MS for C15H3,CuNg0,S; (519.1), m/z: 520.3 [M+H]"; Anal. calcd. for C1gH3,CuNgO,S,: C 41.56,
H 6.20, N 21.55; found: C 41.53, H 6.22, N 21.60; IR (KBr, v/cm™): 3324 (vs broad, N-H), 2953
(s), 2812 (s), 1510 (vs, C=N), 1231 (vs, thioamide), 1114 (vs, N-N), 865 (m, C-S), 611 (w).

Copper Diacetyl-2-bis[4-N-(3"-(piperidin-1-yl)propyl)-3-thiosemicarbazonato (Cul®): Yield: 78
%. ES* MS for Cy,HaoCuNgS, (543.2), m/z: 544.4 [M+H]"; Anal. calcd. for Cy,HioCuNgS,.H,0: C
46.99, H 7.53, N 19.93, found: C 47.02, H 7.43, N 19.96; IR (KBr, v/cm'l): 3220 (s broad, N-H),
2934 (s sharp), 1500 (vs, C=N), 1430 (s), 1221 (s, thioamide), 1123 (m, N-N), 757 (m, C-S), 627
(w).

Copper Diacetyl-2-bis[4-N-(2"-(morpholin-1-yl)ethyl)-3-thiosemicarbazonato (Cul’): Yield: 85
%. ES* MS for CyoH3sCuNgO,S, (547.2), m/z: 548.4 [M+H]*; Anal. calcd. for CyoH36CuNg0,S,: C
43.81, H 6.62, N 20.44, found: C 43.87, H 6.73, N 20.49; IR (KBr, v/cm'l): 3349 (vs, N-H), 2943
(s), 2811 (s), 1524 (vs, C=N), 1485 (s), 1226 (s, thioamide), 1118 (s, N-N), 872 (m, C-S), 630 (w),
540 (w).

Crystal structure determination

Crystals of Cul' (orange) and Cul® and CuL*® (brown), suitable for X-ray diffraction
studies were obtained by slow diffusion of diethyl ether into a concentrate methanolic solution
of the complexes, after standing for several days, at RT. The crystals were mounted on a loop
with protective oil. X-ray data were collected at 150 K on a Bruker APEX Il CCD diffractometer
using graphite monochromated Mo Ka radiation (0.71073 °A) and operating at 50 kV and 30
mA. The X-ray data collection was monitored by the APEX2 program. All data were corrected
for Lorentzian, polarization, and absorption effects using SAINT[69] and SADABS[70] programs.
Structure solution and refinement were performed using direct methods with program
SIR97[71] and SHELXL97[72] both included in the package of programs WINGX-Version
2013.3.[73] A full-matrix least-squares refinement was used for the non-hydrogen atoms with
anisotropic thermal parameters, except for disordered atoms that were refined isotropically.
All hydrogen atoms were inserted in idealized positions and allowed to refine riding in the
parent atom. Molecular graphics were prepared using ORTEP3.[74] A summary of the crystal

data, structure solution and refinement parameters are given in Table S1 ESI. CCDC: Cul' —
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147870, Cul®— 1478471 and Cul® — 1478472 contain the supplementary crystallographic data
for this paper. These data can be obtained from The Cambridge Crystallographic Data Centre

via www.ccdc.cam.ac. uk/data_request/cif.

General procedure for the synthesis and characterization of the radioactive **Cu complexes

Copper-64 was produced by the *Ni(p,n)®Cu nuclear reaction in a IBA Cyclone 18/9
cyclotron and supplied as **CuCl,(aq) in 0.1 M HCl. Radiocopper complexes were synthesized
according to previously described methods [35]. Briefly, 150 pL of **CuCl, in 0.1 M HCl was
buffered with 200 pl of 3M sodium acetate, followed by addition of 10 pL of a solution of
ligand in DMSO (at 1 mg.mL") and the reaction mixture was vortexed for 1 min. The resultant
solution was left to react at RT for few seconds, and the labeling efficiency was determined by
radio-HPLC using the conditions described above. t; =23.1 min (CuATSM), 24.3 min
(**CuATSM), 20.7 min (Cul'), 21.2 min (**cuL'), 17.6 min (CuL?), 18.0 min (**cul?), 22.5 min
(CuL®), 23.0 min (**cuL®), 21.2 min (CuL?), 21.8 min (**cuL?).

Lipophilicity measurements

The lipophilicity of the radiocomplexes was evaluated by the “shake-flask” method.
[75] Briefly, the radioactive complexes were added to a mixture of octanol (1 mL) and 0.1 M
PBS pH 7.4 (1 mL), previously saturated in each other. This mixture was vortexed and
centrifuged (3000 rpm, 10 min, RT) to allow phase separation. Four aliquots of both octanol
and PBS were counted in a gamma counter. The octanol-water partition coefficients were
calculated by dividing the counts in the octanol phase by those in the buffer. The results

expressed as log D, 4 are presented in Table 5.

Table 5

Cyclic voltammetry

Cyclic voltammetry data were obtained using a BAS C3 Cell Stand. The voltammograms
were recorded at room temperature, with a scan rate of 100 mV/s, using Pt wire working and
counter electrodes and a Ag/AgNO; (10® M, acetonitrile solution) reference electrode. The

measurements were performed on fresh DMSO solutions with a concentration of 10° M of the
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analyte and 10" M of tetrabutylammonium hexafluorophoshate (n-Bu,PF¢) as the supporting
electrolyte. Ferrocene was added directly to the solution after analysis of the analyte of
interest to allow the potentials normalization, in situ, relatively to the ferrocenium/ferrocene
(Fc*/Fc) couple redox potential. The E11/2 ([Cul**>[cuLl™®) and Ezl/z ([CuLl*°—>[Cul™) are
reported as the mid-point between the anodic (Epa) and cathodic (Epc) peaks, E;;, = (Epa +
Epc)/2.

DNA and Albumin binding studies

Fluorescence spectra were measured on Horiba Jobin Yvon fluorescence spectrometer
model FL 1065 at rRT. UV-Visible absorption (UV-Vis) spectra were recorded on a Perkin-Elmer
Lambda 35 spectrophotometer at RT. Millipore water was used for the preparation of
solutions and TRIS buffer (0.1M, pH 7.4) was used in all experiments. The concentrations of
HSA and CT-DNA were determined by UV-Vis absorbance using the molar absorption
coefficients at 280 nm (36850 M"'cm™) and 260 nm (6600 M~*cm™), respectively. HSA, CT-DNA
and thiazole orange were purchased from Sigma and used as received. The stock solutions
were prepared by dissolution in TRIS buffer or water (thiazole orange). The stock solutions of
the complexes were prepared by dissolving/diluting them in DMSO; they were used within a
few hours. The amount of organic solvent in the samples was kept below 2% (v/v).

The fluorescence experiments were done using a quartz cuvette of 1 cm path length.
Bandwidths were between 5-7 nm in both excitation and emission. Fluorescence titrations
with HSA were done in which increasing amounts of the compound’s stock solution (ca. 0.6
mM) were added to the HSA solution (ca. 1.5 uM). The excitation wavelength was 295 nm and
emission spectra were collected between 310 and 500 nm.

With CT-DNA, fluorescence titrations were done by adding increasing amounts of the
complexes (ca. 0.3 mM) to a solution containing thiazole orange and CT-DNA (0.7:1) ([DNA] ca.
2uM). In the competition fluorescence titrations the DNA-TO samples were excited at 509 nm
and the emitted fluorescence was recorded between 520-700 nm.

UV-Vis absorption spectra were collected to correct the data for reabsorption and
inner filter effects. [56, 76] The concentrations were selected in order to have absorbance
values below 0.2 at the excitation and emission wavelengths. Blank fluorescence spectra
(containing everything except the fluorophore, HSA) were measured and subtracted from each

sample’s emission spectra.

Cell culture
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Human ovarian epithelial cancer A2780 (cisplatin sensitive) and A2780R (acquired
cisplatin resistance) cell lines were maintained in RPMI 1640 Medium. Human cervical
carcinoma cells (Hela), breast carcinoma cells (MCF-7), melanoma cells (A375) and Human
embryonic kidney cells (HEK) were grown in DMEM. Both culture mediums were
supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1%
penicillin/streptomycin antibiotic solution. All culture mediums and supplements were from
Gibco, Invitrogen, UK. Cells were cultured in a humidified atmosphere of 95% air and 5% CO, at

37 °C (Heraeus, Germany).

Cytotoxicity

The potential as antitumoral agents of the BTSC-based ligands and the corresponding
Cu(ll) complexes was explored by the evaluation of their effects on cellular proliferation using
the [1-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium] (MTT) assay. Cells were seeded in
96-well culture plates at a density of 1.5 x 10" to 2.5 x 10* cells/well (depending of the cell
line) and left to adhere overnight at 37 °C. Cells were then incubated with the Cu-complexes
and respective ligands at different concentrations (0-20 uM) during 48h at 37 °C and 5 % CO..
All tested compounds were first solubilized in DMSO (20 mM stock solution) and then diluted
in culture medium for the assay, with the percentage of solvent in the culture never exceeding
0.1 %. After incubation, the compounds were removed and cells washed with PBS (200uL). The
cellular viability was assessed by incubating cells with MTT (200 pL of 0.5 mg/mL solution in
Modified Eagle’s Medium without phenol red) during 3h at 37 °C. The MTT solution was
removed and the insoluble and blue formazan crystals formed were dissolved and
homogenized with DMSO (200 uL/well). The absorbance of this colored (purple) solution was
quantified by measuring the absorbance at 570 nm, using a plate spectrophotometer (Power
Wave Xs; Bio-Tek). A blank solution was prepared with DMSO alone (200 uL/well). Each test
was performed with at least six replicates. These results were expressed as percentage of the
surviving cells in relation with the control incubated without compound. The maximum
concentration of DMSO used in compounds solutions (0.1 %) was not cytotoxic. ICso values
were determined using the Graph Pad Prism software and expressed in micromolar

concentrations.

Cellular Uptake
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Cellular uptake assays with **Cu-complexes were performed in A2780 ovarian cancer
and MCF-7 breast cancer cells seeded at a density of 0.2 million/well in a 24-well tissue culture
plates. Cells were allowed to attach overnight. On the day of the experiment, cells were
exposed to **Cu-complexes (about 200000 cpm in 0.5 mL of assay medium: Modified Eagle’s
Medium with 25 mM HEPES and 0.2 % BSA) for a period of 5 min to 4 h. Incubation was
terminated by removing **Cu-complex and by washing cells twice with ice-cold PBS with 0.2 %
BSA. Then, cells were lysed by 10 min incubation with 1 M NaOH at 37 °C and the activity of
lysates measured. The percentage of cell-associated radioactivity was calculated and
represented as a function of incubation time. Uptake studies were carried out using at least

four wells for each time point.

Internalization studies

Internalization assays of the **CuATSM and *CulL' were performed in MCF-7 human
breast cancer cells seeded at a density of 0.2 million per well in 24 well-plates and allowed to
attach overnight. The cells were incubated at 37 °C for a period of 5 min to 4 h with about
200000 cpm of the radiocompound in 0.5 mL of assay medium (MEM with 25 mM HEPES and
0.2% BSA). Incubation was terminated by washing the cells with ice-cold assay medium. Cell-
surface-bound radiocompound was removed by two steps of acid wash (50 mM glycine
HCI/100 mM NaCl, pH 2.8) at room temperature for 4 min. The pH was neutralized with cold
PBS with 0.2 % BSA, and subsequently the cells were lysed by 10 min incubation with 1 M

NaOH at 37 °C to determine internalized radiocompound.

Efflux studies

The cellular retention of the internalized radio-complexes was determined in A2780
and A375 cells, previously seeded in 24-well tissue culture plates, as described before for the
cellular uptake assays. Cell were incubated with the **Cu-complexes for 3 h at 37 °C, washed
twice with cold PBS with BSA 0.2%, and then the radioactivity released into the culture media
(0.5 mL) at 37 °C was monitored during a 5h incubation period. At different time points, the
culture medium was collected and the cells were lysed with 1 M NaOH (0.5 mL). The activity in
both medium (released activity) and lysates (retained activity) was counted and the
percentage of cellular retention calculated and expressed as function of incubation time. The

assay was carried out using at least four wells for each time point.
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Graphical Abstract and Synopsis

New CuATSM derivatives (CuL'-Cul?) (ATSM = diacetyl-bis(N4-methylthiosemicarbazonate)
bearing protonable pendant cyclic amines, have pronounced cytotoxic activity and enhanced
cellular uptake in human tumor cells, emerging as a new family of Ccu"
bis(thiosemicarbazonate) complexes that deserve further pre-clinical studies as metallodrugs

for cancer theranostics.
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Highlights

e New Cu(ll) bis(thiosemicarbazonate) complexes with pendant protonable cyclic amines

e Biological Evaluation studies: cytotoxic activity, cell uptake, and protein/DNA binding

e The new Cu(ll)complexes are able to circumvent cisplatin cross-resistance

e Remarkably augmented cellular uptake as proved by studies performed with *Cu

complexes
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Scheme 2. Synthesis of the new BTSC chelators and respective cu' complexes (CuL*-cuL?). i) 5% acetic

acid, 60 °C; ii) Cu(OAc), 2H,0, MeOH, RT.
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Figure 1. ORTEP views (side and top views) of cul?, cul® and cul® with thermal displacement ellipsoids

at the 50 % probability level.
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Table 1. Selected bond lengths (A) and bond angles (°) for CuL’, CuL® and cul*

3

4

Complex Cul Cul Cul
Distances (A)
Cu-N1 1.955(2) 1.951(2) 1.9507(15)
Cu-N4 1.956(3) 1.973(3) 1.9615(15)1
Cu-S1 2.245(9) 2.2309(8) 2.2234(5)
Xu-S2 2.234(9) 2.2502(9) 2.2383(5)
N1-N2 1.358(3) 1.362(3) 1.368(2)
N4-N5 1.372(3) 1.366(4) 1.369(2)
N2-C1 1.318(4) 1.325(4) 1.328(2)
N5-C4 1.320(4) 1.327(4) 1.322(2)
C1-N3 1.343(4) 1.334(4) 1.331(3)
C4-N6 1.344(4) 1.340(4) 1.335(2)
C1-S1 1.748(3) 1.761(3) 1.7597(19)
C4-S2 1.752(3) 1.756(3) 1.7627(19)
C2-C3 1.473(4) 1.464(4) 1.483(3)
C2-C5 1.488(4) 1.494(4) 1.491(2)
C3-C6 1.477(4) 1.493(5) 1.489(2)
Angles (°)
N1-Cu-S1 85.39(8) 85.02(8) 85.53(4)
N1-Cu-N4 80.37(10) 80.25(11) 80.54(6)
N4-Cu-S2 85.25(7) 85.24(8) 85.74(5)
S1-Cu-S2 108.95(3) 109.47(3) 108.173(19)
N1-Cu-S2 165.57(8) 165.48(8) 166.19(5)
N4-Cu-S1 165.72(7) 164.73(8) 166.05(5)
C1-S1-Cu 93.57(11) 94.06(11) 94.51(6)
C4-S2-Cu 94.11(10) 94.24(11) 93.78(6)
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Figure 2. HPLC chromatograms of cul’ (UV detection, bottom HPLC trace) and **cuL® (y detection, top

HPLC trace).
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Table 2. E,/, for the [Cu”L]O/[Cu'L]' redox process for the Cu"BTSC complexes

Ex2 ([Cu"L1%/ [Cu'l]) (V)

blys, 9s.NHE  “Relative
Ag/AgNO; to Fc'/Fc
Complex couple
CuATSM -1.04 -0.54 -1.14
Cul! -1.18 -0.68 -1.26
cul® -1.05 -0.55 -1.13
cul® -1.05 -0.56 -1.14
cul’ -1.02 -0.52 -1.10

) Half-wave potentials are given by E;/, = (Ep, + Epc)/2.
® The studies were performed under the same experimental conditions using working and counter Pt
electrodes, Ag/AgNO; (10’3 M) as the reference electrode and DMSO as solvent. The scan rate used was 100
mvs ™
9 Ey/o(vs. NHE)=Ey5(vs. Ag/AgNO;)+498 mV. [53]

The redox potentials were normalized relatively to the Fc/Fc’ couple, which was used as internal
reference.[54]

aset il

:p CUATSM

| a. u.)

Cul®

0 -500 -1000 -1500
E (mV vs. Ag/AgNO,)

Figure 3. Cyclic voltammograms of CUATSM and CuL-Cul®. Scan rate 100 mV s . Potentials are quoted

relative to Ag/AgNOs.
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Table 3. Stern—Volmer constants (Ksv) and R? (from SV plot) for the interaction of the Cu(ll) complexes

with HSA® and CT-DNA®; binding constants (K,), number of binding sites on HSA (n) and R® (from K,

fitting) for their interaction with HSA.

Compound 10™Ksy(M™T) R? 10°K,(M™) n R?

CuATSM 6.1%/1.5°  0.969°/0.978° 9.3 0.87 0.988
Cul® 1.1°/1.6°  0.971°/0.910° 2.1 0.86 0.966
cul® 3.7%/1.1°  0.964°/0.981° 7.9 0.75 0.937

Table 4. I1Cso (uM) values of the Cu'BTSC complexes and respective ligands, as determined by the MTT

assay after 48 h of incubation of the compounds at 37 °C with tumoral (A2780, A2780cisR, HelLa, MCF-7)

and non-tumoral cells (HEK293).

ICs (uM)
Compound  Non-Tumoral cells Tumoral cells
HEK293 A2780 A2780cisR Hela MCF-7
ATSM 105.9+25.6  155.4+36.9 >200 - -
L 108.4 + 44.7 >200 >200 - -
L2 161.0 + 61.0 >200 >200 - -
Iy >200 >200 >200 - -
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L >200 >200 >200 - -
CuATSM 1.26 £+ 0.38 0.37 £0.07 0.87+£0.11 0.76 £0.27 0.74 £ 0.25
Cul’ 0.84+0.78 0.58 +0.19 0.30+0.09 0.40+£0.10 0.27 £0.07
Cul? 0.86 +0.18 0.42 £0.08 0.54 £ 0.05 0.82+£0.32 0.72 £0.19
cul® 0.51+0.17 0.28 £+ 0.06 0.39 +0.06 0.34+0.10 0.73+£0.24
Cul® 0.24 £ 0.04 0.21 £0.04 0.26 £0.04 0.29+0.10 0.39+0.15
A) A2780 cells B) MCF-7 cells
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Figure 4. Cellular uptake of 64Cu-complexes in A) A2780 and B) MCF-7 cells. 64Cu-CompIexes containing a

cyclic amine group: A piperidine group (**cuL’ and *cul’®); o morpholine group (**cul® and **cul?).
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Figure 5. Internalization and surface binding of 64Cu—complexes (**cul* and **CuATSM) in MCF-7 breast

cancer cells.
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Figure 6. Cellular efflux of **Cu-complexes in A2780 ovarian carcinoma (A) and A375 melanoma (B) cells.

64Cu-complexes containing a cyclic amine group: A piperidine group (**cul?); o morpholine group

(**cul?).
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Table 5 - Octanol-water partition coefficients (log D) of ®*Cu"BTSC complexes.

Compound log D;4(+SD)
*CuATSM 0.66 (0.13)
*cult -0.23 (0.15)
#cul? 0.02 (0.11)
*cul’® -1.21 (0.08)
#cul’ 1.43 (0.26)
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