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ABSTRACT

Reactive oxygen species (ROS) formation appears as one of the most promising pathways to induce cell death. The interesting Cu(II)/Cu(I) redox pair has been
reported to biologically generate ROS and induce cell damage. Simple metal complexes, such as cisplatin, sometimes offer even better properties than others highly
accurately synthesized, which imply considerable time and economical efforts. This work relies on the synthesis and characterisation of four existing Cu(II) com-
plexes bearing N-donor ligands, previously used for a totally different intend, but tested now for anticancer purposes. Furthermore, a relationship between their
coordinating features, i.e. their redox behaviour, with their biological activity have been inferred to further understand the medicinal role of the Cu(II)/Cu(I) redox
pair. Cytotoxicity studies and interactions towards DNA have been assessed, studying both covalent and non-covalent modes of binding via mass spectrometry (MS),
UV-Vis and fluorescence, evaluating the cleaving properties of the assayed compounds, as well as their capacity to generate ROS inside the cells. The role of the
ligand for one of the complexes has been evaluated by a computational approach. The idea of using “old” complexes for “novel” anticancer purposes can offer
promising results in the future, being a simple but interesting approach to study, as we demonstrate here for most of the complexes analysed, showing a non-expected

“new” and beneficial role.

1. Introduction

The discovery of cisplatin placed Medicinal Inorganic Chemistry in
front of the fight against cancer and stimulated the research on other
similar platinum compounds such as oxaliplatin, carboplatin and ne-
daplatin [1-3]. Nonetheless, and despite the fact that some of them are
still widely applied, the use of Pt-compounds have been limited owing
to several undesired side-effects, intrinsic resistance, and the loss of
effectiveness due to their strong interaction with different biomole-
cules, such as glutathione (GSH) or metallothioneins (MTs) [4-7]. In
this scenario, non-Pt drugs emerged about 30 years ago to improve the
properties of Pt-complexes, and to avoid the drawbacks associated with
Pt-drugs. Ru, Ir, Au, Ti, or Pd are some of the metals whose complexes
have been tested as anticancer compounds, exhibiting promising results
in most cases [8-12]. Metals and their inorganic complexes show an
enormous versatility in front of strictly organic compounds. The pos-
sibility of having several oxidation states, different coordination num-
bers and diverse geometries gives rise to a broader spectrum of prop-
erties to be tuned [13]. Among them, Cu complexes have become
promising alternatives for cancer treatment during the last decade
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[14-18].

Copper is an essential biometal, being widely present in many bio-
molecules and playing a remarkable role in a diversity of biochemical
processes, partially due to its interesting Cu(Il)/Cu(l) redox pair
[19-21]. In fact, one of the main potentialities of Cu as antiproliferative
agent lays on its capability to form reactive oxygen species (ROS) inside
the cells [22]. The generation of these reactive species is not only re-
ported to damage DNA, but also to offer a putative discrimination be-
tween healthy and non-healthy cells [23,24]. Considering that cancer
cells exhibit abnormal levels of ROS and that they show higher vul-
nerability to ROS level changes than healthy cells do, it is assumed that
alteration of those levels may be a unique opportunity to selectively
target cancer cells [23,24]. Therefore, understanding and providing
new insights into the mechanisms of ROS generation by Cu(Il) com-
plexes appear to be indispensable.

Cu(II) complexes have been used since long for different applica-
tions, specially related to catalysis [25-30]. Moreover, the design and
synthesis of chelating ligands for Cu(Il) in the treatment of the Alz-
heimer's disease is also a current topic of interest [31-33]. However,
and based on both the fact that one of the most -effective
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Fig. 1. Chemical structures for the complexes 1-4. The ligands are: 2-(2-ami-
nophenyl)-1H-benzimidazole (bm); N,N’-bis(salicylidene)ethylenediamine
(salenH,); 2-(aminomethyl)pyridine (amp); and 4-nitrobenzene-1,2-diamine
(nbda).

chemotherapeutic agents is cisplatin —a highly simple complex- and on
the potentiality of ROS production by copper, many “old” Cu(Il) com-
plexes may offer unknown and interesting antiproliferative activities.
Cu(Il) complexes bearing N-donor ligands have acquired strong im-
portance due to the stability of Cu—N bonds and the promising cyto-
toxic effect reported by N-heteroaromatic planar groups, due to their
efficient DNA binding/intercalating action and to increase the affinity
of Cu to DNA [16,34].

2. Results and discussion

In this work, four different Cu(II) complexes (1-4, Fig. 1) have been
selected to study their reactivity as putative anticancer compounds.
Those have been selected following several criteria: i) small/simple
molecules; ii) bearing N-donor ligands and planar aromatic moieties;
iii) used for other purposes than anticancer agents (catalysis, Alzhei-
mer's disease, etc.) [32,35-37]. The interest is twofold. On one side, the
presence of N-heteroaromatic planar scaffolds promote efficient DNA
binding/intercalating action and cleaving properties [16,34]. On the
other hand, the use of these redox-active ligands (o-phenylenediamine
derivatives and other ni-conjugated aromatic coordinating scaffolds) has
attracted considerable attention. Their versatility to expand the elec-
tron transfer reactivity of the coordinated metals beyond the mere in-
herent metal activity is interesting in terms of potential redox-mediated
anticancer pathways, i.e. ROS generation [38].

The synthesis of the Cu(II) complexes 1-4 was carried out following
previous works [32,35,37,39]. They were characterized by ESI-MS,
elemental analysis and EPR (Figs. S1 and S2) in order to confirm the
integrity of the species formed. All our experimental data are in
agreement with the reported structures (Fig. 1). Complexes 1, 2 and 3
maintain their coordination structure in dimethyl sulfoxide (dmso) so-
lution and mainly exist in single square-planar conformations. In the
case of complex 4, ESI-MS and EPR data (Fig. S2) suggest the presence
of two different compounds in dmso: a major species with N,O, co-
ordination environment and a minor one with O, environment, both
adopting a partial distorted configuration from planarity [40,41]. The
peak associated to the [Cu(nbda),]%™ expected species (m/
z = 368.0273) was only detected in pure methanol (MeOH). This sug-
gests a solvent-dependent process involving partial ligand release from
complex 4 and leading to the [Cu(nbda)]?* species (m/z = 214.9795).
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Table 1

ICso (UM) values at 24 h of complexes 1-4 and their corresponding ligands in
HeLa, MCF7 and CCD112CoN cultures, using CuCl,2H,O as reference com-
pound. The results shown are representative of at least three independent ex-
periments (N = 3).

Compound Hela MCF7 CCD112CoN
1 87 £ 6 93 = 8 n.d.

2 n.d. n.d. n.d.

3 48 = 8 69 * 6 68 * 4
4 23 £5 5+3 58 £ 7
Ligand 1 (bm) n.d. n.d. n.d.
Ligand 2 (salen) n.d. n.d. n.d.
Ligand 3 (amp) n.d. n.d. n.d.
Ligand 4 (nbda) n.d. n.d. n.d.
CuCly2H,0 n.d. n.d. n.d.

n.d. (non determined). ICsy not able to be determined. These cases are those
whose dose-response curve does not reach the 0% of viability at 200 uM (Fig.
S3).

Further efforts have been devoted to rationalise the species here formed
with a theoretical approach (see following sections).

The reactivity of the complexes 1-4 has been investigated in order
to correlate their chemical characteristics with their antiproliferative
activity.

2.1. Cytotoxicity assays

In vitro anti-proliferative activity of the complexes 1-4 and that of
their corresponding free ligands was determined on HeLa and MCF7
cell lines. The ICso values and the cell-inhibition profiles are sum-
marised in Table 1 and Fig. S3. Remarkably, all ligands, as well as CuCl,
and complex 2 exhibit poor or negligible antiproliferative activity in the
two cancer cell lines, whereas complexes 1, 3, and 4 show significant
and dose-dependent cytotoxicity when compared to CuCl, and cisplatin
(ICs0,24n Of 40 uM in HeLa and of 38 uM in MCF7) [42] in both cancer
cell lines. According to the ICsq values, their cytotoxicity in HeLa and
MCF7 can be ordered as 4 > 3 > 1> 2. Complexes 3 and 4 have the
lowest ICsq values, thus being the most active ones. Indeed, after 24 h of
treatment, both complexes trigger cell death at similar and even lower
concentrations as that found for the reference compound cisplatin
(40 uM) in HeLa cell lines. The dose-response curve of the cell-viability
diagrams shows that complexes 1 and 3 have a higher toxicity in HeLa
than in MCF7 cell lines. Interestingly, complex 4 deserves special at-
tention since it represents a significant improvement in terms of cyto-
toxicity with respect to cisplatin both in HeLa and MCF7 lines. Parti-
cularly, its ICso in MCF7 (Table 1) is about 10 times lower than that
found for cisplatin (38 pM) [42], pointing to a promising compound to
treat breast cancer (Fig. S3).

Cytotoxicity of complexes 1-4 in normal colon fibroblasts
(CDD112CoN cell line) have been also tested as a proof-of-concept re-
ference of non-cancer cells. As observed in the dose-response cell via-
bility diagrams (Fig. S3), all the complexes exhibit lower (complexes 1,
2 and 4) or similar (complex 3) toxicity in fibroblasts with respect to
both cancer HeLa and MCF7 cell lines. Significant and interesting dif-
ferences can be observed in complex 4, the most active one, whose ICsq
value in HeLa and MCF7 is two and nine-fold lower, respectively, than
the corresponding value in fibroblasts. This may provide less side-ef-
fects, which could represent an advantage for future in vivo tests.

The antiproliferative activity of complexes 1, 3, and 4 can only be
attributed to a conjoint contribution between the ligand and the Cu(Il)
ion, i.e. to the entire complex, and not solely to the simple addition of
the Cu(Il) ion plus the ligands cytotoxicities. This feature may imply an
advantage in terms of drug metabolism, since none of the frameworks
that constitute any of the complexes 1-4 (ligand and Cu(II) ion) do
separately exhibit cytotoxicity. We hypothesise that, together with the
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Fig. 2. Agarose gel electrophoresis of a BlueScript supercoiled plasmid DNA
(ScdsDNA) treated with complexes 1-4 (lanes 4-11). Incubation time was 24 h
at 37°C, at a concentration of 50uM of the complexes in NaCl/Tris-HCl
(pH 7.20) buffer media. Some samples were incubated for an additional hour in
the presence of a reducing agent (ascorbic acid, 100 uM): lanes 4, 6, 8, and 10.
DNA controls are as follows: lane 1, pure BlueScript plasmid DNA; lane 2, pure
plasmid with 10% dmso and lane 3, pure plasmid with 10% dmso and ascorbic
acid (100 uM).

lower toxicity profile generally found in fibroblasts (as a proof-of-con-
cept of non-cancer cell lines), this might lead to fewer side-effects, and
hence to an ideal “softer” chemotherapy.

2.2. DNA cleaving experiments

Metallic complexes have been observed to interact with many dif-
ferent targets, and Cu(II) complexes are not an exception. While Pt
complexes can covalently bind to N-donor centers in the DNA, as cis-
platin does [1], copper and its complexes have shown several modes of
action. Besides DNA intercalation or groove binding [16], ROS gen-
eration or superoxide dismutase (SOD) mimetic activity, among others,
are examples of the reactivity observed for some of the current reported
Cu(Il) complexes [43,44].

DNA is still widely considered as the main target in chemotherapy.
Therefore, DNA cleaving properties of complexes 1-4 were investigated
by following the conversion of supercoiled circular plasmid DNA to
opened DNA forms. The individual complexes (1-4) were incubated
with a BlueScript supercoiled plasmid DNA (ScdsDNA) for 24h and
submitted to electrophoresis (Fig. 2). Complexes 1, 3, and 4 possess
cleaving effect towards the DNA plasmid, opening the ScdsDNA (form I)
and leading to its open circular DNA form (ocDNA, form II). In addition,
a new band appears between forms I and II, which is ascribed to the
form III (linear form) that is produced after breakage of both DNA
strands.

The presence of reductants such as ascorbic acid simulates the re-
ducing environment inside the majority of the cellular compartments.
The generation of Cu(l) stimulates the potential formation of ROS,
which show DNA cleaving abilities [15]. Interestingly, the complexes
with the lowest ICs, values (1, 3 and 4, Table 1) are able to totally
transform ScdsDNA into ocDNA and its linear form (form III) when
incubated with ascorbic acid (Fig. 2, lanes 4, 6, 8, and 10). Total van-
ishing of the band associated to form I indicates a strong cleaving
capability under this reducing environment. This clearly points to a
redox-dependent mechanism, triggered by the presence of ascorbic
acid, which promotes Cu(I) generation and the potential formation of
oxygen species, causing DNA damage. The cleaving capacity of complex
2 clearly differs from the rest of the assayed compounds. It resulted to
be the lowest one (Fig. 2, lanes 6 and 7), not being able to totally
transform ScdsDNA into ocDNA or the linear form at a concentration of
50 uM, even in the presence of ascorbic acid. This suggests that the high
ICso values obtained for complex 2 might be partially attributed to a
poor DNA cleaving ability.
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2.3. DNA binding studies

The interactions between DNA and metal complexes can be gen-
erally classified as covalent or non-covalent. The formation of DNA-
complex adducts, like those reported for cisplatin and other Pt com-
pounds [1,5], can be studied by means of several techniques, among
them NMR, inductively coupled plasma optical emission spectrometry
(ICP-OES), fluorescence, UV-Vis absorption and Mass Spectrometry
(MS). The latest has emerged as a powerful tool to study the covalent
binding between DNA and other compounds and several examples can
be found in the literature [5,45,46].

In our particular case, and following the same procedure as that
reported by Samper et al. [5], double-stranded oligonucleotides (DS, as
a model of DNA, formed by complementary single strands OP1 and
OP2) were incubated with complexes 1-4 at different ratios. The mass
spectra recorded after those incubations (Fig. S4) do not show any peak
related to the covalent binding of any of the copper compounds with
the DS or the single strands (OP1, OP2). The incubation of DS with
complexes 1 and 2 clearly decreases the intensity of the DS peak while
those of OP1 and OP2 increase, suggesting a partial unfolding of the DS
due to the presence of these complexes. On the other hand, compounds
3 and 4 promote the formation of peaks attributed to the degradation of
OP1, OP2 and DS (mainly related to oxidation of the nucleic acid
chains) without significant unfolding of the double stranded form.

These results indicate that the four studied complexes do not bind to
DNA by covalent interactions. Three main classes of non-covalent DNA
interactions have been proposed for metal complexes: intercalation,
groove binding, and electrostatic interactions due to the negatively
charged phosphate backbone [47,48]. In light of this, UV-Vis absorp-
tion spectroscopy was used to assess the metal complex-DNA interac-
tions and their likely nature. The study is based on the changes on the
absorbance (typically metal-to-ligand charge transfer (MLCT) absorp-
tions and m-mt* ligand transitions) upon increasing additions of calf-
thymus DNA (ct-DNA) to a solution of the corresponding metal com-
plexes. Absorption spectra in the range of 225-550 nm were recorded at
a constant complex concentration (25 M) with increasing amounts of
ct-DNA. Results for complexes 1, 2, and 4 (Fig. 3) clearly show a hy-
pochromic effect upon DNA addition but no significant bathochromism
is observed in any spectra. This suggests an interaction with DNA via
groove binding or electrostatic interactions rather than via intercalation
[47,49-51].

Compounds showing high DNA intercalating properties do normally
produce red-shift due to their -t interactions with the aromatic bases
of DNA [47,48], an effect that has not been observed in this case. The
two other ways of interaction would be actually favoured by the op-
posite electrical charges of the metal compound (cations) in front of the
negatively-charged DNA phosphate backbone. In the case of complex 3,
the UV-Vis spectra (Fig. 3) point to a lower interaction with ct-DNA
than that observed for the other assayed compounds, confirming that it
does not interact via intercalation either. The spectrum initially ex-
periences ~ 5% of hyperchromic effect (up to 10 pM DNA), suggesting
that it might firstly bind DNA through electrostatic interactions (ex-
ternal binding), whereas further additions of DNA (from 10 to 35uM
DNA) cause the decrease of the intensity in the absorbance, thus
pointing to groove-binding mode [47]. The extent of the interactions of
the studied complexes with DNA can be estimated based on the mag-
nitude of the hypochromicity (Table 2). By comparing all the spectra,
complex 2 shows, especially on its MLCT bands, the highest hypo-
chromicity (15%), hence exhibiting the strongest non-covalent inter-
action, most probably owing to its almost totally planar structure in
solution, as concluded from its EPR spectrum (Fig. S1). Complexes 1
and 4 also show similar hypochromism effects, at their absorbance
maxima at 245, 266 and 293 nm. These values suggest a significant
DNA interaction, most likely reinforced by the global positive charged
of both compounds. On the other hand, complex 3 has the lowest hy-
pochromicity, indicating poor DNA binding abilities.
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Fig. 3. Absorption spectra of complexes 1-4 (25uM) in a NaCl (50 mM)/Tris-HCl (5 mM) buffer (pH 7.20) upon addition of calf-thymus DNA (0-35pM). Each
spectrum was recorded after 15 min of stabilization time. The arrows indicate change upon increasing concentrations of ct-DNA. Dashed line refers to the initial
absorbance for each complex (0 uM ct-DNA). Data have been corrected with a DNA blanks for each concentration and for the dilution effects.

Table 2

Intrinsic binding constants (K;,) and hypochromism for the interaction of ct-
DNA and complexes 1-4. K;, is obtained from the ratio of the intercept to the
slope, according to the Benesi-Hildebrand equation (Eq. (1)) [47], after the
fitting of the UV-Vis data from Fig. 3 (Fig. S5).

Complex K" (M™h log Ky, % hypochromism (A in nm)
1 (6.9 = 0.9)10* 4.8 12 (245), 14 (293)
2 (5.5 = 1.5)10° 5.7 15 (238), 12 (269)
3 Non-linear fitting - From 10 to 35uM: 6 (253)
4 (1.3 = 0.3)10° 5.1 12 (266), 4 (402)

2 The calculated K;, values from Eq. (1) arise from an approximated DNA-
drug model and hence, they should be compared in orders of magnitude, rather
than with the exact numbers.

Quantitative data can be obtained from the recorded absorption
spectra using the Benesi-Hildebrand equation (Eq. (1)) that allows to
calculate the intrinsic binding constant: K;, (Table 2). A, is the absor-
bance of the complex in the absence of DNA, A is the absorbance at any
given DNA concentration, and ¢ and ey are the extinction coefficients
of the complex and the complex-DNA, respectively [47,52].

Ao
A—-A,

rel 1

rel + .
en-¢ — € Kp [DNA]

(€Y

&H-G — &G

The plot of the relative variation of the absorbance (Ay/(A — Ayp))
vs. the inverse of the DNA concentration (1/[DNA]) allows the de-
termination of K, (Table 2 and Fig. S5). For complex 3, no linear cor-
relation could be observed and thus Kj;, could not be determined. The
values obtained for complexes 1, 2, and 4 are in the order of 10*-105,
lower than the values around 10°-107 known for classical and strong
metallointercalators (4’,6-diamidino-2-phenylindole (DAPI),
HOECHST, etc.) [47,53,54]. These values confirm moderate DNA
binding affinity. Interestingly, and although complex 2 has not shown
significant cytotoxic effect (Table 2), it possesses the highest binding
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constant, probably due to its planar geometry and m-conjugated system,
which could favour groove binding interactions.

2.4. Fluorescence experiments: Ethidium bromide displacement studies

When ethidium bromide (EB, a well-known fluorescent DNA-inter-
calating agent) binds DNA, the fluorescence of the EB-DNA adduct in-
creases almost 20-fold with respect to free EB. Therefore, intercalation
competitive assays can be carried out by monitoring the changes of the
typical EB-DNA fluorescence band at 610 nm upon increasing additions
of the compound. Any intercalating molecule that competes and dis-
places EB from the DNA sites (in a concentration-related process) will
generate a decrease in the intensity at 610 nm. Nevertheless, chemical
compounds altering the DNA structure and changing its conformation,
for instance by elongating or shortening it, may also cause EB dis-
comfort and liberation [55]. EB displacement assays of complexes 1-4
have been performed to confirm the hypothesis that they should not
possess intercalating properties, as shown by the DNA-complex UV-Vis
studies (Fig. 3). Complexes 1-3 do not induce significant variations on
the intensity of the EB-DNA fluorescence band (Fig. S6), suggesting
negligible DNA conformational changes and confirming their poor in-
tercalative abilities. However, complex 4 clearly decreases the EB-DNA
band intensity (Fig. 4A). In this case, its non-planar structure in solution
may induce destabilization of the DNA structure or enough conforma-
tional change to force EB displacement from its DNA binding site, ra-
ther than intercalation. In agreement with this, no red-shift was ob-
served in the UV-Vis experiments either (Fig. 3). Considering the high
antiproliferative activity observed (Table 1) as well as its high cleaving
effect (Fig. 2), the DNA conformational alterations induced by complex
4, might contribute to promote cell-death too.

Determination of the Stern-Volmer constant (Kgy) for complex 4 has
been performed by using Eq. (2). I and I, are the emission intensities at
610 nm in the presence and absence of complex, respectively. A Kgy of
8.410>M ™! for complex 4 can be calculated by the linear fitting of the
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(A) 180 - (8) 17 - Fig. 4. (A) Fluorescence spectra (Aexc = 514 nm and
Aem = 610nm) of EB (12.5uM) bound to ct-DNA
160 ~ 15 - (2.5uM) [51] upon addition of increasing concentra-
140 tions of complex 4 (0-70 uM). The data have been
120 - 13 A corrected with a dmso blank and for the dilution fac-
2 100 - tors. The arrow shows increasing additions of the
-E = 1.1 4 complex. (B) Plot of the Iy/I ratio vs. the concentration
g 80 ~ 2 of complex 4. Kgy corresponds to the slope of the
e 60 - 0.9 lo/I = 0.0084[Complex] + 1.0015 linear fitting of the data according to Stern-Volmer

40 4 J/ o7 | equation (Eq. (2)).
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data (Fig. 4B). Even though this value confirms some ability to displace
EB from its DNA sites, it is lower than the reported values for other
described Cu(ll) compounds, which are, for instance, about
10*-10°M ™! [56,57].

L

=1 + Kgy [Complex] @

2.5. Cyclic voltammetry studies: understanding the Cu(II)/Cu(I) redox pair

Since one of the cell-death pathways reported for Cu(II) complexes
implies oxidative damage [58], and the results of the DNA cleavage
experiments suggest an ascorbic acid-dependent (i.e. redox dependent)
DNA cleavage activity (Fig. 2), studying the redox properties for the
complexes 1-4 is relevant. These data can give insight into important
structural-activity relationships. Cyclic voltammetry (CV) experiments
were performed with both, the free ligands and their Cu(II) complexes
in N,N-dimethylformamide (dmf) and dmso (Fig. S7). The associated Cu
(I1)/Cu(I) redox potentials are shown in Fig. 5 and Table S1. All the
ligands (bm, salenH,, amp, and nbda) are electroactive in the assayed
range (—2 or —1.5 to 1 V vs. Fc™ /Fc). The new signals observed on the
cyclovoltammograms after coordination of Cu(Il) are ascribed to the Cu
(ID2Cu(l) processes. The Cu(Il)/Cu(l) assigned potentials were con-
firmed by bulk electrolysis and EPR experiments for complexes 1, 3 and
4 (Fig. S8). The application of a constant reducing potential (—0.6,
—0.9 and —0.6V vs. Fc*/Fc) to the initial dmso solutions of the
complexes 1, 3 and 4, respectively, gives rise to an important decrease
on the corresponding Cu(Il) EPR signal (Fig. S8), supporting the re-
duction to Cu(I). Then, constant oxidising potentials (+0.1, —0.35 and
+0.1V vs. Fc* /Fc in dmso, respectively) were applied to the reduced

samples. Their recorded EPR spectra (Fig. S8) show the recovering of
the X-band EPR spectra, hence indicating oxidation again to Cu(Il). For
complex 2, CV experiments (Fig. S7, Table S1) were carried out to
corroborate the value already reported in the literature [59].

Successive scans were performed in all cases. The lack of signal
change upon the different collected scans indicates that no dispropor-
tion occurred after cycling between Cu(Il) and Cu(l). The I,/I, ratio
close to 1 and the calculated AE, values (Table S1) suggest a quasi-
reversible one-electron process. The differences between cathodic and
anodic peaks are much higher than the expected 0.060 V (AE, ranging
from 0.137 to 0.200V) for fully reversible redox processes, but the
recorded voltammogram in the same conditions for the ferrocene (Fc*/
Fc) reference compound also displays AE, around 0.100 V. The linear
dependence of the peak currents I,. and I, vs. the square root of the
scan rate (v'/?) is indicative of a diffusion controlled process (Fig. S9)
[60].

Considering the obtained ICso values as well as the data for DNA
cleavage experiments (Table 1 and Fig. 2, respectively), one could infer
a relationship between the redox behaviour of the complexes and their
antiproliferative effect. Complexes 1, 3, and 4 are the most actives ones
(lowest ICso values) and also show high cleavage effect on ScdsDNA,
especially in the presence of a reducing agent as ascorbic acid. See-
mingly, these complexes possess Cu(Il)/Cu(l) redox processes within
the biological range of —1.1V to 0.2V vs. Fc* /Fc (Fig. 5). On the other
hand, complex 2, which shows a really low inhibition activity, i.e. a
high ICs, value, has the Cu(Il)/Cu(l) redox potential out of this range
(Ey, = —1.7V [59], and Ep. = 1.85V, Table S1). This highly negative
potential is difficult to be commonly reached in eukaryotic cytosols by
the glutathione (GSH) system (E°gsm,Gssc) is about —0.90/—0.95V vs.
Fc*/Fe) [61-63] or the common NAD*/NADH redox pair (E°ap+,
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Fig. 5. Potential window for the redox chemistry of life, where complexes 1-4 are placed. Redox chemistry in living cells is approximately limited by the standard

potentials for water oxidation and reduction at pH7 [65].

55



Q. Peiia, et al.

NabH) = —0.95V vs. Fc* /Fc) [64]. In fact, the GSH/GSSG pair is con-
sidered one of the most important biological redox buffers in the eu-
karyotic systems. Therefore, reducing Cu(Il) to Cu(I) in biological
media is significantly less favourable for complex 2 than for 1, 3, and 4
(Fig. 5). This could hinder the induction of oxidative damage and, thus,
imply a lower inhibition activity (Table 1). It is important to highlight
that the cytotoxic activity associated to an oxidative mechanism for
complexes 1-4 must be essentially attributed to the presence of the
whole complex since the ligands themselves have not shown any sig-
nificant cell inhibition (Table 1). These data confirm that the co-
ordination of Cu(Il) is, then, indispensable to trigger this redox-
pathway. The results point to a direct relationship between the redox
activity of the complexes and their effect on cell lines.

2.6. In vitro ROS generation studies: confirming the relationship of the Cu
(I /Cu(1) redox potentials with the biological activity

Results obtained in the cyclic voltammetry studies (Fig. 5) clearly
suggested an oxidative dependent mechanism to trigger cell death. In
order to detect the formation of intracellular ROS in HeLa cells in the
presence of the complexes, the 2’,7’-Dichlorofluorescin diacetate
(DCFDA) assay was performed [66,67]. DCFDA is a non-fluorescent and
permeable dye that, after cleavage and oxidation by intracellular es-
terases and ROS, generates dichlorofluorescein (DCF), a fluorescent and
non-permeable compound. For 4 h treatment, strong DCF fluorescence
of up to 2-fold was observed for complexes 1, 3 and 4 (Fig. 6) (being up
to about 3-fold after 24 h), highlighting the high ROS production cap-
abilities of these three complexes. On the contrary, complex 2 was not
able to increase the ROS levels (Fig. 6) respect to the control group. This
is in high agreement with the Cu(II)/Cu(I) redox potentials observed
previously for the studied complexes. The ones having the Cu(II)/Cu(l)
redox potential inside the biological redox windows, i.e. those with the
thermodynamic potential of Cu(II)/Cu(I) redox cycling in cells (Fig. 5),
are those generating a high ROS production level (Fig. 6) and the ones
showing significant cytotoxicity (Table 1). Complex 2, which has its Cu
(I1)/Cu(I) redox potential outside the biological redox window (Fig. 5),
is not able to produce ROS inside HeLa cancer cells (Fig. 6) and, con-
sequently not showing any significant cytotoxicity (Table 1).

These results confirm the strong relationship between the Cu(Il)/Cu
(I) redox potentials for the complexes 1-4, their ROS production inside
the cells, and their biological activity. In our systems, this reinforces the
redox mechanism for Cu(Il) complexes as one of the most important
ones to trigger cell-death. It also emphasises the strong link between the
chemical features of Cu(II) complexes and their biological activity. This
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Fig. 6. ROS formation measured with the DCFDA assay in HeLa cells for
complexes 1-4 at the corresponding ICso values for each complex (Table 1)
after treatment during 4 and 24 h. H,O, (100 uM) was used as positive control.
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may be used as an interesting and promising starting strategy to pre-
liminary assess future Cu(II) complexes as anticancer drugs based on
their redox features.

At this stage, some questions still remained unclear from the data
here recorded. It is well known that some ligands can play redox re-
actions, as in complex 4. Their versatility to expand the electron
transfer reactivity of the coordinated metals beyond the mere inherent
metal activity is interesting in terms of potential redox-mediated an-
ticancer pathways, i.e. ROS generation [38]. Consequently, in order to
examine the role of the ligand and the effect of the solvent, computa-
tional calculations have been carried out with complex 4.

2.7. Computational approach: evaluating the role of the ligand

Mono- and bis-chelated Cu™" species of complex 4, formed by 4-
nitrobenzene-1,2-diamine (nbda, Fig. 1), were examined and the
structures simulated were (L = nbda): [Cu'L,1%", [Cu'L(dmso).]*",
[Cu"L(MeOH),]%", [Cu"L(H,0),]?>* and the respective reduced forms
[Cu'lL,]", [Cu'L(dmso),]*, [CuL(MeOH),]™ and [Cu'L(H,0).]".
Concerning the bis-chelated species, the two possible isomers (named
cis and trans) were also evaluated.

The Gibbs energy calculations for the dissociation reactions
CuL, + 2Solvent = CuL(Solvent), + L were performed and sum-
marised in Table 3. The predicted complexes result in a square-planar
geometry.

The results clearly show a different behaviour depending on the
solvent. In dmso the dissociation reaction appears highly favoured
while in H;O and MeOH the calculations demonstrate a reaction close
to equilibrium.

The computed standard reduction potential Ecyunc,° for the reaction
of the Cu complex containing the dmso molecules as ligands, [cu™(L)
(dmso0),1%" + e~ 2 [Cu'(L)(dmso),] T, results in —0.06 V vs. Fc* /Fc,
close to the experimental value of —0.16 V. During the reduction re-
action the Cu(II) complex undergoes a geometry distortion and a partial
dissociation, as shown in Fig. 7A and B, moving from a tetra-co-
ordinated square-planar (typically favoured for the Cu(II) moieties) to a
tri-coordinated trigonal geometry (typical for Cu(l) centers).

In order to investigate the nature of the redox process, the oxidation
state of the metal and the possible non-innocent behaviour of the nbda
ligand, further DFT calculations were carried out considering the re-
duction of the ligand: [Cu"(L)(dmso),]** + e~ = [Cu"(L- )
(dmso),] *. The Gibbs free energy comparison between the two species
(36.8 kcal mol ™ 1) clearly shows that the ligand participation to the
redox processes is negligible and the oxidation state of Cu in the two
minima can be described as +1I and + I. Looking at the spin density of
the Cu™ triplet complex the acquired electron is localised on the nitro
group: 0.20, 0.21, and 0.21 respectively on the O, O and N atoms
(Tables S2 and S3). The structure of the radical [Cu"(L: ~)(dmso),]*
complex, as shown in Fig. 7C, remains square planar in a very similar
geometry to the oxidised form (Fig. 7A).

The standard reduction potential versus Fc* /Fc of the couple nbda/
nbda- ~ was also simulated, and the computed value (0.15 V) was in the
range of the experimental value of 0.30 V. In this case, in analogy with
the [Cu™(L- ~)(dmso)2] " complex, the acquired electron is essentially
localised on the nitro group: 0.22 and 0.30 respectively on both oxygen
atoms and the nitrogen (Tables S2 and S3).

The effect of the nitro group was evaluated simulating the redox
process for the reaction [Cu"(L")(dmso0),]*>* + e~ = [Cu'(L)(dmso),] "
where L’ = benzene-1,2-diamine (bda). The computed standard re-
duction potential Ec,uc,® results —0.45V vs. Fc* /Fc (Table S4). For
this model the triplet state results unstable, and consequently the DFT
optimization was not possible. The standard reduction potential of the
couple bda/bda- ~ was also simulated and results in —4.44V vs. Fc™/
Fc (Table S4). In this case, the acquired electron is completely deloca-
lised on the benzene ring.

These data confirm that, even if the nbda ligand has no role in the
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Table 3
AE and AG values for the dissociation of Cu-nbda bis-chelated ([Cu'L,]?*) complexes in different solvents.™"
[Cu"L)* Solv AEgq1y AGgoly
o nz ,nz NO, cis dmso -19.4 -8.1
\©i e 2 Solv trans dmso -19.7 -6.9
NN ", cis H,0 -121 -3.4
o o NL,oSolv tr H,0 -11.8 -32
cis \©i \/Cu’: ans 2f . .
y NN cis MeOH -11.5 0.7
ON AN ,,Na@ 4 He trans MeOH -118 0.3
cul
\©iuz ” NO,

2

trans

2 Values reported in kcal mol .
b The correction of RTInV (1.89 kcal mol ™ 1) was applied.

acquired electron by the full complex, the presence of the nitro group in
the ligand favours the reduction of Cu(Il) to Cu(I) (from —0.45V with
the bda ligand to —0.06 V vs. Fc* /Fc with the nitro group, nbda li-
gand).

3. Conclusions

In summary, the work reported delved into the study of the antic-
ancer properties of a series of existing Cu(II) compounds. It has been
demonstrated that “old” Cu(II) complexes, previously designed for a
different purpose, can offer “new” medicinal applications. This could be
useful to provide potential solutions and open a new and simpler ap-
proach in anticancer therapies. This study has allowed to unveil inter-
esting chemotherapeutic properties of complexes 1, 3, and 4, specially
the latter two, which possess prominent cytotoxicity in HeLa and MCF7
cells at similar and lower ICsg 24 values than cisplatin, respectively.
Moreover, their lower toxicity profile in non-cancer fibroblasts cell line
enhance the potentiality of these compounds to offer less side-effects
and to be furtherly tested in vivo. It is noteworthy to highlight the
promising activity shown by complex 4. Furthermore, examination and
elucidation of their mechanism of action and their affinity towards DNA
have been carried out by using several techniques. Complexes 1, 3, and
4 interact with DNA, showing affinity as groove binders, and they also
exhibit DNA cleavage activity, basically through an oxidative me-
chanism. Interestingly, cyclic voltammetry measurements evidence that
their activity can be strongly related to their redox behaviour, allowing
to understand their oxidative mechanism of action and to establish a

(A)

J

putative correlation between their biological activity and their co-
ordination features. Remarkably, complexes 1, 3 and 4 have the asso-
ciated Cu(Il)/Cu(I) redox potentials in a biologically available redox
range and they have shown prominent cytotoxicity properties. Their
chemical features correlate with their in vitro ROS production in HeLa
cells. Complex 2 has its Cu(Il) 2 Cu(I) redox process outside the bio-
logical window range, hence impairing any redox-mediated cell-death
mechanism.

Our results reinforce the importance of the oxidative mechanism of
action among the different cell-death pathways for copper complexes.
This relationship can serve as a good starting point to preliminary assess
potential Cu(Il) anticancer drugs based on their chemical properties and
to improve some existing metal-based drugs. Theoretical calculations
supported the importance of the metal-centered Cu(II)/Cu(I) redox re-
action as well as the variation of the redox properties with the inter-
action with the solvent.

4. Experimental section
4.1. Materials and methods

Chemicals were purchased from commercial suppliers and used as
received. Copper(I) chloride, copper(Il) acetate, 2-(2-aminophenyl)-
1H-benzimidazole (bm), 2-(aminomethyl)pyridine (amp), 4-ni-
trobenzene-1,2-diamine (nbda), 2’,7’-dichlorofluorescin diacetate
(DCFDA), and calf-thymus DNA sodium salt (ct-DNA) were obtained
from Sigma-Aldrich. Solvents (acetonitrile (ACN), methanol (MeOH),

(B)

Fig. 7. Optimized geometry of the complexed species: (A) [Cu'(L)(dmso),]?*, (B) [Cu'(L)(dmso),]*. and (C) [Cu"(L- ~)(dmso),]*.
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ethanol (EtOH), chloroform (CHCls), dimethyl sulfoxide (dmso), N,N-
dimethylformamide (dmf), and dichloromethane (DCM)) were used at
synthesis grade purity and directly from commercial sources (Scharlab).
DNA oligonucleotides sequences (OP1 and OP2 sequences: 5-CACTTC
CGCT-3’ and 5-AGCGGAAGTG-3’, respectively) were purchased from
EUROFINS MWG Synthesis GmbH supplier.

4.2. Copper complexes synthesis

4.2.1. [Cu(bm),]Cl, (complex 1)

This complex was synthesized adapting reported procedures [32].
To a solution of CuCly2H,0 (0.24 mmol, 1.0 eq) in ACN (5mL), a so-
lution of 2-(2-aminophenyl)-1H-benzimidazole (bm) (0.44 mmol,
1.9eq) in ACN (30 mL) was added. The mixture was stirred for 2h at
room temperature and stored at —30°C for 1h. The resultant pre-
cipitate was filtered off, washed with ACN and dried under vacuum to
obtain the brown solid 1 (74% yield). HR-MS (ESI +, MeOH-CHCl5): m/
z = 480.1116 (calc. for [1-H-2Cl]* = 480.1118). Analysis calc. for [Cu
(bm)g]C122H20 (C26H26C12CUN602): C, 5302, H, 445, N, 14.27.
Found: C, 52.83; H, 4.09; N, 14.15.

4.2.2. [Cu(salen)] (complex 2)

This complex and its salenH, ligand were synthesized following
adapted procedures from [Co(salen)] [39]. Under nitrogen atmosphere,
a solution of Cu(OAc)>H,0 (0.76 mmol, 1.0 eq) in MilliQ H>O (2 mL)
was added dropwise into a solution of salenH, (0.75 mmol, 1.0 eq) in
absolute EtOH (15 mL) at 70 °C. The solution was stirred at 75 °C and
under argon atmosphere for 2h. The precipitate was filtered off and
washed with H,O and with EtOH to get a dark green solid (73% yield).
HR-MS (ESI*, MeOH-CHCl;): m/z = 352.0242 (calc. for
[2 + Na]* = 352.0243). Elemental analysis calc. for [Cu(salen)]
(C16H14CuN50,): C, 58.26; H, 4.28; N, 8.49. Found: C, 57.84; H, 4.33;
N, 8.48.

4.2.3. [Cu(amp)2]Cl; (complex 3)

This complex was synthesized as described elsewhere [35]. To a
solution of CuCl,2H,0 (0.32mmol, 1.0eq) in ACN (15mL), 2-(ami-
nomethyl)pyridine (amp) (0.58 mmol, 1.8 eq) was added. The resulting
solution was stirred overnight at room temperature. The blue pre-
cipitate was filtered off, washed with ACN and DCM, and dried under
vacuum to get the blue solid 3 (80% yield). HR-MS (ESI*, MeOH): m/
z = 314.0349 (calc. for [3-Cl]* = 314.0354). Analysis calc. for [Cu
(amp),]Cl,H50 (C;2H;5Cl,CuN,40): C, 39.09; H, 4.92; N, 15.19. Found:
C, 38.93; H, 5.05; N, 14.84.

4.2.4. [Cu(nbda),]Cl, (complex 4)

Synthesis based on reported literature [37]. To a solution of
CuClyH,0 (0.29 mmol, 1.0eq) in ACN (10 mL), 4-nitrobenzene-1,2-
diamine (nbda) (0.59 mmol, 2.0eq) in ACN:DCM (5mL, 1:0.3) was
added. The resulting solution was stirred at O °C for 2 h. The precipitate
was filtered off, washed with ACN and DCM, and dried under vacuum
to yield the green solid 4 (55% yield). HR-MS (ESI*, MeOH): m/
z = 368.0273 (calc. for [4-H-2CI]* = 368.0289). Analysis calc. for [Cu
(nbda),]Cl, (C;2H14C2CuNgO4): C, 32.70; H, 3.20; N, 19.07. Found: C,
32.98; H, 3.22; N, 18.97.

4.3. HR ESI-MS measurements

Routine HR ESI-MS measurements were recorded after diluting the
corresponding solid complexes in dmso:MeOH 1:10 in a MicroTOF-Q
(Brucker Daltonics GmbH, Bremen, Germany) instrument equipped
with an electrospray ionization source (ESI) in positive mode.
Conditions were those used in routine experiments. The nebulizer
pressure was 1.5 Bar, the desolvation temperature was 180 °C, dry gas
at 6 Lmin !, the capillary counter-electrode voltage was 5kV and the
quadrupole ion energy, 5.0 eV.
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4.4. DNA-drug covalent binding assays

Covalent interactions were studied using ESI-MS spectrometry in
negative mode and following a reported procedure in our group [5].
OP1 and OP2 were heated together up to 70 °C and cooled down slowly
to room temperature to yield the double-stranded oligonucleotide (DS).
Complexes 1-4 were incubated for 24 h at 37 °C with the DS (20 uM) in
1:5 or 1:20 ratios (DS:complex) in 25 mM NH4HCO; buffer (pH 7.20)
containing a maximum of 5% dmso to dissolve them.

4.5. EPR experiments

Electron paramagnetic resonance measurements were carried out on
a BRUKER ELEXSYS 500 X-band CW-EPR spectrometer, with an
ELEXSYS Bruker instrument equipped with a BVT 3000 digital tem-
perature controller. The spectra were recorded at 120 K in frozen dmso
solutions otherwise noticed. Simulations with automatic parameter
fitting were performed for axial symmetry using a published software
[68]. The contribution of naturally abundant ®3Cu and ®*Cu was con-
sidered, but the values given refer to *Cu. All principal axes were
supposed parallel. Typical parameters were: microwave power
10-20 mW, modulation frequency 100 kHz, modulation gain 3 G.

4.6. Cyclic voltammetry

Cyclic voltammograms were taken on a BioLogic SP-150 potentio-
stat and EC-Lab 5,40 software. Dmso and dmf were used as solvent with
0.1 M of [NBu4][PF¢] (TBAP) as supporting electrolyte. In these con-
ditions, the E, /, value for complex 2 could only be obtained in dmf due
to its wider working redox window than dmso. E; » value in dmso was
extracted from the literature [59]. Measurements were carried out with
a three electrode configuration cell: glassy carbon electrode as working
electrode, Ag wire in a 0.1 M TBAP solution in dmso or dmf as reference
and Pt as the counter electrode. Ferrocene (Fc* /Fc) system was used as
internal standard. The scan rate (v) varied between 500 and 25 mV-s 1.
All the experiments were recorded under argon atmosphere.

4.7. Elemental analysis

C, H, O analyses were performed on a Flash EA 2000 CHNS Thermo
Fisher Scientific equipment, with a TCD and a MAS 200 R autosampler
for solid samples.

4.8. UV-Vis studies

Non-covalent DNA-complex interactions were studied by UV-Vis
measurements. All the spectra were recorded at room temperature on
an Agilent HP 8453 UV-Vis spectrophotometer in 1-cm quartz cuvettes.
Solutions of complexes 1-4 were prepared in 50 mM NaCl/5 mM Tris-
HCI buffer (pH 7.20), containing a maximum of 2% dmso to solubilize
them. Ct-DNA stock solutions were prepared from its corresponding
sodium salt (Sigma Aldrich) and the concentration determined from its
absorbance at 260 nm (¢ = 6600 cm ). Blank and dilution effects were
corrected using the GRAMS32 software.

4.9. Fluorescence measurements

DNA intercalation properties of complexes 1-4 were studied on a
Perkin Elmer LS 55 50 Hz Fluorescence Spectrometer, connected to a PC
system and a water bath temperature controller. The experiments were
performed at a constant temperature of 20 °C on disposable poly(me-
thyl-methacrylate) (PMMA) cuvettes (d = 1 cm). EB-DNA (ct-DNA)
samples were prepared in 50 mM NaCl/5 mM Tris-HCI buffer medium
(pH7.20). Cu complexes were added to the EB-DNA sample in dmso
solution (reaching a maximum of 2% of dmso in the final mixture).
Each spectrum was collected after 15 min of stabilization.
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4.10. DNA cleaving experiments

Gel electrophoresis experiments were performed on agarose gel (1%
in TAE buffer, Tris-Acetate EDTA), using a BIORAD horizontal tank
connected to variable potential power supply. Samples were stained
with EB and revealed with a Super GelDoc PlusImager. Complexes 1-4
were incubated with the Plasmid DNA (200 ng of BlueScript plasmid
per well) in 20 mM NaCl/40 mM Tris-HCl buffer (pH 7.20) medium for
24 h at 37 °C (< 10% dmso in the final mixture to solubilize the com-
plexes). Samples containing the reducing agent ascorbic acid were in-
cubated for 1.5 extra hours in the presence of ascorbic acid (100 uM).

4.11. Cell-viability assays

The ICsq values were evaluated using PrestoBlue Cell Reagent (Life
Technologies) assay. Stock solutions for the complexes 1-4 were freshly
prepared in dmso and diluted with DMEM medium for working con-
centrations (final amount < 0.1% dmso in biological experiments).
Human cancer cells (HeLa, MCF7 and CCD112CoN) were obtained from
American Type Culture Collection (ATCC, Manassas, VA, USA). The
cells were routinely cultured with DMEM (Dubbeco's modified Eagle's
medium, Invitrogen) containing 10% heat-inactivated fetal bovine
serum (FBS) at 37 °C in a humidified CO, atmosphere. HeLa cells were
plated at a density of 3-10° cells/well in 100 L of culture medium and
allowed to grow overnight. After 24 h incubation with different con-
centrations (0, 10, 25, 50, 100, or 200 uM) of each complex, 10 pL of
PrestoBlue® were added following the standard protocol. The fluores-
cence of each well was measured at 572 nm with a Microplate Reader
Victor3 (Perkin Elmer). The relative cell viability (%) for each sample
related to the control well was calculated. Each complex was tested per
triplicate and averaged from three independent set of experiments.
Blank and complex controls were also considered.

4.12. ROS production assays

HelLa cells were plated, grown and allowed to adhere overnight in a
96-wells plate (20-10° cells/well). The 2’,7’-dichlorofluorescin diacetate
reagent (DCFCDA, 25uM in dmso) was then added and the cells in-
cubated at 37 °C in the dark for 30 min. The DCFDA solution was re-
moved and cells were treated with complexes at the corresponding ICso
values (at 72 h) measured for each complex and incubated for 24 h. The
experiments were run in triplicate. H202 was used as a positive control
at 100 pM. The fluorescence of each well was measured at 535 nm with
a Microplate Reader Victor3 (Perkin Elmer) after excitation at 485 nm.

4.13. Computational details

The geometry of Cu® complexes [Cu"L,]**, [Cu"L(DMSO0),]**, and
[Cu'l,]*, [Cu'L(DMSO),]", complexes were optimized with
Gaussian09 [69] at DFT level of theory with the hybrid B3LYP func-
tional combined with the Grimme's D3 correction [70] for dispersion
and the split-valence plus polarization function 6-31 g(d,p) basis-set for
the main group elements while, SDD plus f-functions [71] and pseu-
dopotential were applied for copper. The effect of solvation was taken
into account using the SMD continuum model of Marenich et al. [72]
For all the structures, minima were verified through frequency calcu-
lations.

The stability calculations were estimated computing the Gibbs free
energy change in implicit solvent continuum model. The Gibbs Free
Energy of the reduction reactions in solution (AGq> %*¥°*) was com-
puted as AGqy™ OxiRed — AG_°(Red) — AG,;°(0x) assuming AGsy°(e™)
equal to zero [73]. The previous optimized geometry of the Cu(Il)
complexes [Cu™(L)]?** and [Cu™(L)(DMSO),]>* were re-optimized
considering the charge and multiplicity relative to the [Cu'L,]™, [Cu'L
(DMSO),] * forms. The standard redox potential versus the SHE was
calculated as:
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E(gx|Red = _[ F

AGaO(’onlked _ AGSQHE]

where F is the Faraday constant (96.485 kJ'V™“mol ™). The widely
accepted value of  the half-cell proton reduction,
AGsyr® = —427.43kJmol ! was used [73]. Since the experimental
voltammograms have been recorded vs the Fc™ /Fc reference electrode
at 25°C, the theoretical reduction potentials were converted to the
same reference by subtraction of 0.68 V [74] (Tables S2 and S4).

The Gibbs Free Energy of the reduction reactions for the organic
ligands were computed increasing the basis-set to 6-311 + + G (d,p). For
the Cu complexes, the Gibbs energies were computed by addition of the
thermal and entropic corrections (GM*™), obtained in the optimization
stage, to the potential energy of single point calculations with the ex-
tended basis-set 6-311 + +G(2d,p) for the main group elements [71]
and the quadruple-{ def2-QZVP basis set for Cu [75,76].

Abbreviations list

Amp 2-(aminomethyl)pyridine

Bm 2-(2-aminophenyl)-1H-BenziMidazole
Nbda 4-Nitrobenzene-1,2-diamine

SalenH2 N,N’-bis(salicylidene)ethylenediamine
ROS Reactive Oxygen Species

DS Double Stranded

SOD Superoxide dismutase

ct-DNA  Calf-thymus DNA

dmso Dimethyl sulfoxide

dmf N,N-Dimethylformamyde

EB Ethidium Bromide

Fc*/Fc Ferrocenium/Ferrocene

GSH Gluthathione
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