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Claudio Stagno c, Lorenzo Sorace e, José V. Cuevas-Vicario f,*, Nicola Micale c,*

a Department of Chemistry, University of Isfahan, Isfahan 81746-73441, Iran
b Department of Chemical Sciences, University of Catania, Catania 95125, Italy
c Department of Chemical, Biological, Pharmaceutical and Environmental Sciences, University of Messina, Messina 98166, Italy
d Institute of Science, Technology and Sustainability for Ceramics, National Research Council of Italy, Faenza 48018, Italy
e Department of Chemistry “U. Schiff”, University of Florence, Sesto Fiorentino 50019, Italy
f Department of Chemistry, Facultad de Ciencias, Universidad de Burgos, Burgos 09001, Spain

A R T I C L E  I N F O

Keywords:
Copper complexes
Cancer
ROS
DNA-intercalation
G-quadruplex stabilization

A B S T R A C T

A comprehensive panel of mixed ligand Cu(II)-complexes with general formula Cu(X-dppz)(X2-sal)(NO3) was 
synthesized and properly characterized through elemental analysis, FT-IR, mass spectrometry, UV–Vis and EPR 
spectroscopy. Theoretical calculations using DFT and TD-DFT methods were carried out to support the inter
pretation of the absorption spectra, revealing that most of the observed absorptions exhibit either Ligand 
Centered (LC) or Ligand-to-Ligand Charge Transfer (LLCT) character. The study was aimed to investigate them as 
anticancer agents against three cancer cell lines selected based on the incidence (MDA-MB 231) and aggres
siveness (U87 and MG 63) of the related tumor type, and to investigate the effect of substitutions on both ligands 
(i.e., the polypyridyl diimine ligand, dppz, and the auxiliary ligand, sal) on antiproliferative activities of the 
complexes. The results showed that complexes bearing the –NO₂ group on the dppz ligand exhibited significantly 
higher cytotoxicity, particularly against MDA-MB 231 cells, compared to their Cl-substituted counterparts, with 
the exception of the complex with the 3-bromo-5-chloro-salicylaldehyde as auxiliary ligand. The latter also 
turned out to be essential for the cytotoxicity (comparative analysis with sal-free Cu(II)-complexes) as well as the 
complete structure of the complexes (comparative analysis with pure polypyridyl ligands). Mechanistic studies 
(in vitro and in silico) revealed that these complexes induce cytotoxicity through Reactive Oxygen Species (ROS) 
generation and intercalation into the DNA double helix, as well as through G-quadruplex stabilization. Among 
the synthesized compounds, complexes Cl2CuBrCl (4) and NO2CuBrCl (14) demonstrated the most promising 
biological activity, making them compelling candidates for further investigation as anticancer agents.

1. Introduction

According to the World Health Organization (WHO), cancer, which 
is the result of uncontrolled cell division that can eventually spread to 
other organs or tissues, is the second leading cause of death worldwide 
[1,2]. Unfortunately, if the incidence rate remains stable and in line with 
the current upward trend, the number of new cancer cases is set to in
crease, reaching 28.4 million per year by 2040 [3]. Therefore, further 
effort in the synthesis of new effective and less toxic anticancer drugs 
appears necessary.

Since Rosenberg's discovery of cisplatin cytotoxicity in 1965, 
chemotherapy with coordination compounds has received increasing 
attention. However, despite cisplatin's well-known efficacy in killing 
cancer cells and the discovery other, better-tolerated platinum-based 
drugs (e.g., carboplatin and oxaliplatin) [4–6], some of their drawbacks 
– such as significant side effects and inherited or acquired resistance – 
have limited their clinical use and encouraged scientists to investigate 
non‑platinum-based metal complexes as an alternative to overcome 
these major issues [7,8], as well as the development of metal complexes 
which can interact noncovalently with DNA [9,10].
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From this perspective, metal complexes with polypyridyl ligands 
have been considered an attractive option due to the unique physi
ochemical, photochemical and biological properties of these ligands, 
which can be modulated and enhanced by varying the metal core [11]. 
The resulting metal complexes, in fact, are known for their inertness, 
being coordinatively saturated and exhibiting peculiar redox properties 
[12]. Recent studies have shown that they can act as effective DNA 
intercalators and/or groove binders, forming noncovalent adducts and 
providing compounds with moderate–to–strong cytotoxic activity 
against cancer cells [13]. Examples include platinum(II)-based Pt-dppz- 
Py2 (also known as LDP-17, which we tested on the same three tumor 
cell lines used in this study and whose analogues have previously been 
prepared and tested for telomerase inhibition and G-quadruplex binding 
activity) [10,14], and ruthenium(II)-based Ru-dppz3 (topoisomerase 
inhibition and DNA binding activity) [15], Fig. 1.

Applications of polypyridyl complexes in other fields include their 
use as catalysts [16], molecular devices [17], dye sensitizers for solar 
cells [18], fluorescent probes [19,20], and agents for photodynamic 
chemotherapy [21]. Copper(II)-based complexes are capable of gener
ating reactive oxygen species (ROS) and inducing oxidative DNA 
cleavage at multiple sites [22], resulting in antineoplastic potential, as in 
the case of Casiopeinas® (specifically CasIII-ia; Fig. 2A) [23]. The 
extraordinary therapeutic potential of copper(II)-based compounds can 
also be envisaged by considering Cu(II)-ATSM, a thiosemicarbazone 
complex that is permeable to the blood-brain barrier, currently under 
development for the treatment of neurodegenerative diseases such as 
Parkinson's disease and amyotrophic lateral sclerosis (phase III clinical 
trials) and also proposed as a promising PET agent for hypoxia imaging 
[24,25]. Other relevant examples of Cu(II)-polypyridyl complexes with 
activity on tumor cells and nuclease activity related to ROS production 
were provided by Salimi et al. (i.e., [Cu(tpy)(dppz))]2þ and [Cu 
(tptz)2]2þ (Fig. 2A); MCF-7 cells) [26], Molphy et al. (i.e., Cu-dpq- 
Phen, Cu-dppz-Phen and Cu-dppn-Phen (Fig. 2A); Cu(II)-complexes 
with DNA binding constant of the order ~107 M(bp)− 1) [27], and Ere
mina et al. (Hep2, HepG2 and MCF-7 cells) that developed three mixed- 
ligand copper-based complexes with general formulas [Cu(dmbipy) 
(L)2], [Cu2(dmphen)2(L)4] and [Cu(phendione)(L)2] [28].

Copper(II) has received considerable attention in medicinal inor
ganic chemistry also for other reasons: first, Cu(II) salts are inexpensive 
compared to salts of noble metals such as Pt, Au and Ru used to obtain 
complexes of therapeutic interest. Secondly, being an essential endog
enous metal, Cu2+ is less toxic to normal cells than to tumor cells, in 
which it can induce cell death by affecting different pathways (oxidative 
stress, cell cycle, angiogenesis) [29]. On the other hand, tumor cells 

require more Cu2+ than normal cells for their metabolism, which makes 
them more vulnerable to imbalanced Cu2+ levels [30,31]. Indeed, 
providing extra amounts of Cu2+ brings about a unique non-apoptotic 
cell death pathway defined as cuproptosis which consists of the direct 
binding of Cu2+ to lipoylated components of the tricarboxylic acid cycle 
[32–34].

Despite the promising results obtained with Cu(II)-complexes in 
medicine and the importance of this trace element in regulating 
numerous biological functions, Cu(II)-complexes with polypyridyl li
gands have received generally limited attention to date. Therefore, our 
research group has recently focused on developing these types of com
pounds as potential anticancer agents. In this regard we have previously 
synthesized a series of mixed-ligand Cu(II)-complexes based on a dii
mine ligand and an auxiliary halogenated ligand, namely Cu(diimine) 
(X-sal)(NO3), where diimine is bipy or phen, sal is salicylaldehyde, and X 
is Cl, Br, I, or H (Fig. 2B) [35]. The evaluation of the antiproliferative 
activity of these complexes revealed that it depends largely on the na
ture of the diimine ligand and the substitution pattern present on sali
cylaldehydes. Interestingly, the complex lacking halogens on the 
salicylaldehyde auxiliary ligand showed the least cytotoxicity, high
lighting the importance of these substituents in the biological activity 
profile [35,36]. Also recently, Selaković et al. [37] reported two novel 
Cu(II)-complexes, namely [Cu(bipy)(L')(BF4)] and [Cu(phen)(L') 
(H2O)](BF4)⋅H2O, bearing α-diimine ligands, which exhibit strong 
anticancer activity (Fig. 2B). In particular, the phenanthroline-based 
complex showed potent cytotoxic effects against several cancer cell 
lines at micromolar concentrations, mainly through induction of 
apoptosis and cell cycle disruption. Additionally, strong DNA binding 
and antiangiogenic properties were observed, while no genotoxic effects 
were detected, highlighting their potential as promising anticancer 
agents.

The result of these works motivated us to pursue further in
vestigations. Consequently, in 2021, we synthesized a series of Cu(II)- 
complexes and chiral Pd(II)-complexes containing halogen-substituted 
tridentate Schiff base ligands along with 2-picolylamine. We 
concluded that, in both cases, the presence of halogen atoms on the 
ligand positively influenced the antiproliferative activity profile on 
cancer cells [36,38]. In 2022, we conducted a similar study by preparing 
additional Cu(II)-complexes and analogous Pt(II)-complexes for 
comparative analysis [39]. This study essentially highlighted the val
idity of Cu(II)-complexes as an alternative to Pt(II)-ones. We further 
highlighted the influence of chirality and presence of halogen atoms on 
the Schiff base ligands by developing also enantiopure Pd(II)-complexes 
[40,41]. Moreover, we confirmed that halogenation of ligands plays a 

Fig. 1. Representative examples of Pt(II)- and Ru(II)-polypyridyl complexes endowed with anticancer activity developed so far.
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Fig. 2. A) Some representative examples of Cu(II)-polypyridyl complexes endowed with anticancer activity developed so far. B) Examples of Cu(II)diimine- 
complexes with X-sal-derivative ligands endowed with anticancer activity.
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crucial role not only in their cytotoxicity but also in their mechanism of 
action [42]. More recently, we moved to a series of Ru(II)-polypyridyl 
complexes, namely [Ru(phen)2(X-sal)]BF4, in order to investigate the 
impact of the chemical/electronic characteristics and position of the 
substituents in the structure of the salicylaldehyde ligand on the cyto
toxic behavior of these complexes. The results showed that 4-position 
electron-donating group (4-EDG) and 3,5-dihalogen substitution 

provide the highest cytotoxicity [43].
In this study, we aimed to investigate a comprehensive panel of Cu 

(II)-complexes and examine the effect of substitutions on both the sali
cylaldehyde ligand (sal) and diimine ligand (specifically the polypyridyl 
derivative dppz (dipyrido[3,2-a:2′,3′-c]phenazine)), on the anti
proliferative activity against three tumor cell lines (i.e., MDA-MB 231, 
U87, and MG 63).

Scheme 1. Synthetic route and chemical structure of the new complexes with the general formula [Cu(X-dppz)(X2-sal)(NO3)].
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There is some ambiguity regarding the influence of the electronic 
structure of metal complexes on their biological activities. For instance, 
studies by Notaro et al. [44] and Lu et al. [45] suggest that complexes 
containing EDGs exhibit higher cytotoxicity than those with electron- 
withdrawing groups (EWGs). In contrast, other researchers have re
ported that the presence of EWGs is crucial for biological activity 
[46,47]. Therefore, we decided to conduct a detailed study on the effect 
of different substituents on the anticancer activity of metal complexes.

2. Results and discussion

2.1. Synthesis and characterization

The synthesis of the twenty Cu(II)-complexes named [Cu(X-dppz) 
(X2-sal)(NO3)] was carried out with good yields by reacting copper(II) 
nitrate with the corresponding ligands in methanol (Scheme 1). Despite 
extensive efforts to obtain suitable single crystals for X-ray diffraction 
analysis of the copper complexes, including the use of various crystal
lization techniques such as slow evaporation, vapor diffusion, and 
solvent-solvent layering with different solvent systems, all attempts 
were unsuccessful. Therefore, structural characterization was performed 
using alternative analytical techniques, including elemental analysis, 
mass spectrometry and FT-IR, UV–Vis and EPR spectroscopies. Accord
ing to the results obtained from the IR-spectra of the complexes, the 
oxygen atoms of the salicylaldehyde ligand and nitrogen atoms of the 
diimine ligand are coordinated to the metal ions. The presence of a very 
strong band at 1600–1630 cm− 1 is indicative of the presence of ν(C=N) 
and ν(C=C) belonging to the heterocyclic rings. Moreover, several me
dium intensity bands were observed in the range of 2910–3100 cm− 1, 
confirming the existence of the C–H of aliphatic and aromatic protons 
(Figs. S1-S20).

The ESI-MS spectra of the obtained compounds are displayed in 
Figs. S21–S40. For the most representative complexes, the experimental 
mass spectra were validated by comparison with simulated isotopic 
abundance profiles calculated at both high and instrumental-like mass 
resolutions.

Notably, in the ESI-MS spectra, the systems investigated were 
observed as cationic species (molecular species minus the NO3

− anion) 
because of the loss of the NO3

− anion during the desorption/ionization 
process.

The experimental data support the proposed complexes structures. 
Given the nitrate anion's poor coordination ability and on the basis of the 
X-ray crystal structure of similar Cu(II)-complexes which exhibit a 
square-pyramidal geometry with the apical position occupied by the 
nitrate oxygen atom with the Cu–O bond longer than the equatorial 
ones [35], in solution the Cu(II) nitrate bond is broken, resulting in the 
formation of the complex [Cu(X-dppz)(X2-sal)]+ as confirmed by DFT 
calculations and EPR (see hereinafter). It should be noted that such a 
case has been observed previously in similar complexes with tetra
fluoroborate ion (BF4

− ) [37]. Moreover, conductivity measurements 
carried out on complexes NO2CuBrCl (14) and Cl2CuBrCl (4), in a 10 
μM aqueous solution, show the behavior of a 1:1 electrolyte (at 25 ◦C, 
ΛM = 149.2 and 156.3 S cm2 mol− 1, respectively) consistent with the 
assumption that the complexes, once in solution, undergo the loss of the 
coordinated NO3

− group.
The UV–Vis characterizations of the samples Cl2CuSal (1), Cl2CuBr 

(2) and Cl2CuBr2 (3) are reported in Fig. 3. In the magnification of the 
spectra are evident the lower energy absorptions (inset of Fig. 3). The 
UV–Vis spectra of all complexes are reported in Fig. S41.

To obtain some hint as to the coordination geometry of Cu(II) in the 
investigated compounds we recorded Electron Paramagnetic Resonance 
(EPR) spectra on selected samples, both in solid state and frozen solu
tion. The powder spectra (Fig. 4a) of Cl2CuBrCl (4) and NO2CuBrCl 
(14) are typical for a tetragonally axial Cu(II), characterized by a dx2-y2 
magnetic orbital; in particular, the value of g// = 2.23 and g⊥ = 2.08 are 
consistent with a square pyramidal coordination geometry. On the 

contrary, Cl2Cu (21) and NO2Cu (22) clearly show an “inverted pattern” 
with g⊥ = 2.14 > g// = 2.02, which indicates a strong contribution of dz2 
to the ground state. This suggests that in these two samples Cu(II) are 
penta-coordinated with a geometry close to trigonal bipyramidal. In 
addition to this, one can notice in Cl2CuBrCl (4) and NO2CuBrCl (14) 
the presence of an half field transition (Fig. S42), occurring at an 
effective g = 4.17 which is consistent with twice the g value of the main 
transition. This is a clear indication of the presence of magnetic in
teractions among Cu(II) centers in the solid state in these two samples. 
To check whether such interactions are intermolecular or intra
molecular, and the stability of the coordination geometry in solution, we 
further measured the frozen solution spectra in DMSO of the four 
samples.

The resulting spectra (Fig. 4b) evidence a few relevant points: i) the 
spectral pattern of Cl2Cu (21) and NO2Cu (22) in frozen solution is 
typical for a dx2-y2 magnetic orbital, with g// = 2.32 g⊥ = 2.08, indi
cating a major structural rearrangement toward a tetragonal geometry 
upon dissolution; we tentatively attribute this phenomenon to dissoci
ation of a weakly bound methanol molecule (reaction solvent) and 
consequent rearrangement; ii) for samples Cl2CuBrCl (4) and 
NO2CuBrCl (14), the parallel series of signals due to hyperfine coupling 
with Cu nuclei is apparently doubled, suggesting the presence of two 
different isomers in solution; iii) also for these two samples a different 
coordination environment compared to the solid state is hypothesized, 
considering the different g values observed compared to solid state 
samples (g// = 2.32 g⊥ = 2.08 for the frozen solution); iv) the very 
similar g values observed for the four samples indicate that in solution 
their coordination geometry is essentially the same; v) interestingly, 
despite being weak, the half-field transition which is an indication of the 
presence of magnetic interactions is still present in the frozen solution 
spectra of Cl2CuBrCl (4) and NO2CuBrCl (14) (Fig. S42). This suggests 
that these two complexes might actually tend to establish intermolecular 
interacting structures even in solution.

2.2. Biological evaluation

All metal complexes were tested in vitro to evaluate their anti
proliferative activity. For this purpose, three cancer cell lines, namely 
MG 63 (osteosarcoma), breast adenocarcinoma (MDA-MB 231) and 
glioblastoma (U87) were selected based on the incidence (MDA-MB 231) 
and aggressiveness (U87 and MG 63) of the related tumor type. Breast 
cancer remains the leading cause of death among women, with 2.4 
million new cases reported globally in 2024 [48]. It frequently 

Fig. 3. UV–Vis spectra of the samples Cl2CuSal (1), Cl2CuBr (2) and Cl2CuBr2 
(3) in DMSO. In the inset, the spectra magnification in the range 400–800 nm.
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metastasizes to the liver, lungs, brain, and bones, with bone metastases 
occurring in 70% of cases [49]. Osteosarcoma, the most prevalent bone 
cancer in young patients, responds poorly to chemotherapy, signifi
cantly reducing life expectancy [50]. Glioblastoma, an aggressive cen
tral nervous system cancer originating from glial cells, also has a poor 
prognosis. The 5-year survival rate stands at 5%, with no notable ad
vancements in recent decades [51].

A first biological screening was carried out to evaluate the cytotox
icity of all the complexes at 10 μM, testing cell viability after an over
night incubation using the MTT assay, in which MTT reagent [3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] was applied to 
measure metabolic activity as an indicator of viable cells [52,53]. The 
two polypyridyl ligands, i.e., NO2L (23) and Cl2L (24), plus the two 
polypyridyl Cu(II)-complexes devoid of the salicylaldehyde ligand, i.e., 
NO2Cu (21) and Cl2Cu (22), were considered for comparative SAR 
analysis. MDA-MB 231 cells displayed a marked reduction in cell 
viability for all complexes bearing the –NO2 group at the polypyridyl 
ligand, i.e., NO2CuSal (11)–NO2CuN(C2H5) (20) (Fig. 5 D). Complexes 
bearing two –Cl groups at the polypyridyl ligand instead, i.e., Cl2CuSal 
(1)–Cl2CuN(C2H5) (10), did not show a remarkable inhibition of cell 
viability except for complex Cl2CuBrCl (4) (Fig. 5 A). Pure ligands 

(NO2L (23) and Cl2L (24)) were poorly active, as well as the sal-free 
complex NO2Cu (21), whereas sal-free complex Cl2Cu (22) showed 
~70% reduction of cell viability (Figs. 5 A and D). The screening on U87 
cells highlighted much less structure-related selectivity, as almost all 
complexes showed ~40–60% reduction of cell viability. The only com
plexes with superior antiproliferative activity were Cl2CuBrCl (4), 
NO2CuBrCl (14), NO2CuI2 (15) and NO2CuNO2 (19). Again, the li
gands were found to be less active than the complexes, although with a 
difference not as marked as in the case of MDA-MB 231 (Figs. 5 B and E). 
MG 63 cells proved to be much more sensitive than U87 cells, still 
following the same trend of reduction of cell viability (Figs. 5 C and F). 
Regardless of cellular variability in the cytotoxic response, this 10 μM 
screening revealed that Cu(II)-complexes with the –NO₂ group at the 
polypyridyl ligand are, in general, more cytotoxic than those with two 
chlorine atoms at the same ligand (with the exception of compound 
Cl2CuBrCl (4)) and that the presence of halogens (specifically, double 
substitution at positions 3 and 5) or an –NO₂ group (at position 5) on the 
sal ligand is decisive for the activity.

In view of these preliminary results, the complexes Cl2CuBrCl (4), 
NO2CuBrCl (14), NO2CuI2 (15) and NO2CuNO2 (19) were selected for 
further biological assessments, including continuous assays for IC50 
values determination on the same cancer cell lines, cell morphology 
evaluation and ROS detection. The two Cu(II)-complexes lacking the 
auxiliary sal ligand NO2Cu (21) and Cl2Cu (22) were also selected for 
these detailed assessments for comparative SAR analysis.

The IC50 determinations were carried out using serial dilutions of the 
samples (0.065, 0.125, 0.5, 1, 5, 10, and 20 μM) after 24 h of incubation. 
As illustrated in Fig. 6, the IC50 values and corresponding dose-response 
curves demonstrated that the tested compounds (Cl2CuBrCl (4), 
NO2CuBrCl (14), NO2CuI2 (15), NO2CuNO2 (19)) were more effective 
than their respective sal-free Cu(II) metal counterparts (NO2Cu (21), 
Cl2Cu (22)) in all the cell lines. Notably, the complexes exhibited greater 
cytotoxicity against the breast cancer cell line MDA-MB 231, with 
complex NO2CuBrCl (14) showing the lowest IC50 concentration (i.e., 
3.55 μM) among the compounds bearing the –NO2 group on the poly
pyridyl ligand. This range of IC50 values obtained against MDA-MB 231 
cells (3.55–10.22 μM) roughly aligns with other Cu(II)-complexes tested 
in the same conditions such as two acylhydrazone derivatives with 
heterocyclic bases as coligands, namely [Cu(HL)(bipy)](NO3) (IC50 =

11.4 μM) and [Cu(L)(o-phen)] (IC50 = 5.3 μM), recently developed by 
Parajón-Costa and co-workers [54], which also obtained nonlinear 
findings using poly-functional ligands derived from o-vanillin and 
thiophene (i.e., IC50 = 1.6 μM for the acylhydrazone derivative [Cu(HL) 
(H2O)](NO3)⋅H2O and IC50 = 23.0 μM for the Schiff base derivative Cu 
(oVATPNH2)2, although the latter evaluated at 48 h) [55,56]. The best 
compound against MG 63 cells turned out to be Cl2CuBrCl (4), whose 
IC50 value (4.70 μM) perfectly aligns with those of the above-mentioned 
acylhydrazone derivatives ([Cu(HL)(bipy)](NO3) → IC50 = 5.6 μM; [Cu 
(L)(o-phen)] → IC50 = 3.5 μM) [54], and is slightly higher compared to a 
new acylhydrazone derivative with promising dual anticancer and 
antimetastatic action developed by the same research group ([Cu 
(N–N–Fur(NO3)(H2O)) [57]. No significant findings regarding cytotox
icity of Cu(II)-complexes against the U87 cell line have yet been reported 
in the literature that are comparable to those we obtained in this study.

Based on these findings, a deeper characterization of the interaction 
between the MDA-MB 231 cell line and complexes Cl2CuBrCl (4) (the 
most effective among the complexes containing two –Cl groups on the 
polypyridyl ligand), NO2CuBrCl (14) (the most effective among the 
complexes featuring the –NO2 group on the polypyridyl ligand), as well 
as that of their sal-free Cu(II) counterparts (Cl2Cu (22) and NO2Cu (21), 
respectively, was investigated. Specifically, cells were treated with the 
IC50 concentration of each compound for 6 and 24 h, followed by 
morphological analysis to assess cellular state. Since cytoskeletal 
integrity and nuclear shape are critical indicators of cell health, actin/ 
DAPI staining was conducted. The observed cell density aligned with 
cell viability data, and in most cases, cytoskeletal integrity was highly 

Fig. 4. Low temperature (60 K) X-band (ν = 9.390 GHz) EPR spectra of (a) 
microcrystalline powder samples and (b) DMSO frozen solution spectra.
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compromised, further corroborating the previously obtained viability 
results (Fig. 7).

To further investigate the mechanisms underlying cell cytotoxicity, 
ROS production was evaluated (Figs. 8 and S43). Elevated ROS levels 
can lead to oxidative stress, damaging vital cellular components such as 
lipids, proteins, and DNA, ultimately causing oxidative cell death [58]. 
After treating cells with the IC50 concentration of each compound for 2 
and 24 h, the assay revealed that complex Cl2CuBrCl (4) induced 
significantly higher ROS production compared to its sal-free counterpart 
(Cl2Cu (22)), likely contributing to its greater activity. Conversely, 
compound NO2CuBrCl (14) showed lower ROS production than its sal- 
free counterpart (NO2Cu (21)). It should be noted that the CellROX 
Green assay provides an indication of increased intracellular ROS levels, 
but does not allow the identification of the specific ROS species involved 
or the precise mechanism underlying their generation. This apparent 
discrepancy indicates that the extent of ROS generation does not directly 
correlate with the cytotoxic potency of these complexes and suggests 
that ROS generation alone is unlikely to account for their biological 
activity. This discrepancy between the cytotoxicity of compound 
NO2CuBrCl (14) and the higher ROS production of compound NO2Cu 
(21) may therefore reflect differences in their overall mechanisms of 
action, including the relative contribution of ROS-dependent and ROS- 
independent pathways. In particular, the cytotoxic activity of 

NO2CuBrCl (14) may involve mechanisms that are not directly reflected 
by the intracellular ROS levels measured by the CellROX assay, such as 
DNA interactions and G-quadruplex stabilization. Although Cu(II)/Cu 
(I)-mediated redox processes represent a plausible source of oxidative 
stress for copper complexes, the present experiments do not allow us to 
establish this mechanism or to distinguish it from other possible ROS- 
generating pathways, including photophysical processes [59].

Overall, these findings indicate that complexes Cl2CuBrCl (4) and 
NO2CuBrCl (14) are promising candidates for further investigation and 
hold potential as novel anticancer agents.

The biological evaluation in the present study focused on tumor cell 
models, allowing us to identify the most promising structural features 
within this new family of Cu(II) complexes and to define the corre
sponding structure–activity relationships through comparative 
screening across representative tumor cell lines. Future investigations 
may extend this analysis to appropriate non-tumor cell models to further 
characterize the selectivity profile of the lead compounds and assess 
their potential for preclinical development.

2.3. Theoretical calculations

As already mentioned, based on our previous study [35], the coor
dination geometry around copper(II) in all synthesized complexes with 

Fig. 5. Antiproliferative effect of the synthesized compounds against MDA-MB 231, U87 and MG 63 cancer cell lines after 24 h treatment at 10 μM. (A-C) Complexes 
bearing two –Cl groups at the polypyridyl ligand. (D–F) Complexes bearing the –NO2 group at the polypyridyl ligand. Data are shown as mean ± SD. Statistical 
analyses with respect to sal-free Cu(II) metal counterparts (NO2Cu (21), Cl2Cu (22); shown as ●) are reported in the graph, p value is α ≤ 0.05, β ≤ 0.01, γ ≤ 0.001 
and δ ≤ 0.0001. Cells Only = negative control.
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general formula Cu(X-dppz)(X2-sal) is square-pyramidal in solid state, 
with the CuN2O2 square plane occupied by nitrogen atoms of diimine 
ligands and oxygen atoms of coligand. The apical position was also 
occupied by the oxygen atom of a nitrate anion. However, the Cu(II)- 
complexes are square-planar in solution, due to breaking of the weak 
Cu-nitrate bond. Other Cu(II)-complexes with similar structures to our 
compounds have been reported [37]. The optimization of the structure 
of these complexes has been carried out considering a coordination 
number of 4, because the calculations are focused on explaining the 
UV–Vis spectra in solution, where a square-planar coordination is ex
pected [37]. The calculated structural parameters around the copper 
center are in good agreement with the values of the solid-state structure 

(see Table S1). The structure of complexes Cl2CuSal (1), Cl2CuBr (2), 
Cl2CuBr2 (3), NO2CuSal (11), NO2CuBr (12) and NO2CuBr2 (13) was 
optimized by DFT calculations using the B3LYP hybrid functional and 
def2-TZVP basis describing the atoms. Table S1 gathers some structural 
parameters compared with the related experimental values from close 
compounds. In order to help the understanding of the electronic struc
ture and the excited states, TD-DFT calculations were also performed 
(see also the “Additional data on theoretical calculations” section in 
ESI).

2.3.1. Docking and molecular dynamic simulations
The G-quadruplex (G4) is a unique DNA secondary structure formed 

Fig. 6. IC50 (μM) values of the compounds Cl2CuBrCl (4), NO2CuBrCl (14), NO2CuI2 (15), NO2CuNO2 (19), NO2Cu (21) and Cl2Cu (22) against MDA-MB 231 (A), 
U87 (B) and MG 63 (C) cells. (D) Data are reported as mean ± standard error.

Fig. 7. Morphological evaluation after 6 h and 24 h incubation complexes Cl2CuBrCl (4), NO2CuBrCl (14), NO2Cu (21) and Cl2Cu (22) at IC50 concentration on 
MDA-MB 231 cells. F-actin filaments in red; cell nuclei in blue. Scale bars: 200 μm. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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by guanine-rich sequences and has recently garnered significant atten
tion in oncology research [60]. Guanine bases can fold into stacked 
tetrads (G-quartets), adopting various topologies that influence biolog
ical processes, particularly during the cellular replication phase. The 
formation and stabilization of these structures can lead to gene 
silencing, making them promising therapeutic targets. Current research 
is focused on identifying selective G4-binding compounds that specif
ically recognize individual quadruplex topologies, with the goal of 
developing targeted anticancer therapies for specific tumor types 
[61–63].

In our study, we evaluated the cytotoxic activity of copper complexes 

on three cell lines known for their ability to form G-quadruplexes: MDA- 
MB 231 (breast adenocarcinoma), U87 (glioblastoma), and MG 63 (os
teosarcoma). To investigate whether the activity of our complexes could 
be potentially ascribed to their G4-stabilizing properties, we selected 
four complexes, i.e. Cl2CuBrCl (4), NO2CuBrCl (14), NO2Cu (21), and 
Cl2Cu (22), as representatives of –Cl (4, 22) and -NO2 (14, 21) de
rivatives, and with (4, 14) and without (21,22) auxiliary salicylalde
hyde ligand, for molecular docking and subsequent molecular dynamics 
(MD) simulations. Simulations were performed using four target G4 
models: KRAS (breast cancer – PDB ID: 5I2V) [64]; hTERT (glioblastoma 
- PDB IDs: 2ZKE, 2ZKD) [65]; and wtTel23 (osteosarcoma - PDB ID: 

Fig. 8. Reactive oxygen species (ROS) induced after 2 h and 24 h of exposure of MDA-MB 231 cells to IC50 concentrations of complexes Cl2CuBrCl (4), NO2CuBrCl 
(14), NO2Cu (21) and Cl2Cu (22). TBHP (200 μM) was used as a positive control (Ct +). Data are shown as mean ± SD. Statistical analyses comparing the groups to 
cells only are reported in the graph; p value is * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001 and **** ≤ 0.0001. C/O (Cells Only) = negative control.

Fig. 9. Docking-predicted bound conformations of complexes Cl2CuBrCl (4) (yellow sticks), NO2CuBrCl (14) (orange sticks), NO2Cu (21) (blue sticks) and Cl2Cu 
(22) (magenta sticks) on target G4 models 5I2V (panel A), 2ZKE (panel B), 2ZKD (panel C), and 2LD8 (panel D). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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2LD8) [66].
Ten NMR-resolved conformations from each of the aforementioned 

G4 PDB models were used as targets for ensemble docking simulations 
(see experimental section), that were used to predict the G4-bound 
conformation of Cl2CuBrCl (4), NO2CuBrCl (14), NO2Cu (21), and 
Cl2Cu (22). The complexes, in their top scoring docking poses, were 
found to interact with G4 by π-stacking onto bases layers, by groove 
binding, or by interaction within loop structures lined by the phospho
diester backbone.

On 5I2V, complexes Cl2CuBrCl (4) and NO2CuBrCl (14) are pre
dicted to stack on a layer composed of bases G2, G6, G11 and G18, with 
A1 and A17 stacking with the compounds from above. Complexes 
NO2Cu (21) and Cl2Cu (22) instead bind into a phosphodiester back
bone loop created by the extrusion of the A14, T15 and T16 bases (Fig. 9, 
panel A). It is worth noting that the Lowest Binding Energies (LBE) for 
compounds Cl2CuBrCl (4) (LBE = − 12.91) and NO2CuBrCl (14) (LBE 
= − 13.46) (Table 1) are the most favorable among the simulated com
pounds, in agreement with the biological data (Fig. 5). On 2ZKE, the best 
scoring clusters of complexes NO2CuBrCl (14) and NO2Cu (21), mainly 
interact within a phosphodiester backbone-lined loop created by the 
extrusion of the unpaired basis A6, while complex Cl2CuBrCl (4) binds 
into a loop created by the extrusion of A16. Complex Cl2Cu (22) is 
predicted to interact by π-stacking onto the bases layer formed by G5, 
G9, G15 and G19, with C20 stacking on top of the complex (Fig. 9, panel 
B). On 2ZKD, complexes NO2CuBrCl (14), NO2Cu (21) and Cl2Cu (22) 
are predicted to stack onto the layer composed of bases G4, G8, G15 and 
G19, with G7 stacking on top of the compounds. Complex NO2CuBrCl 
(14) is found rotated on its plane of 90◦ with respect to complexes 
NO2Cu (21) and Cl2Cu (22). Complex Cl2CuBrCl (4) is instead pre
dicted to bind into a phosphodiester backbone loop created by extrusion 
of A16 (Fig. 9, panel C). Finally, on 2LD8 all the best scoring bound 
conformation bind to the groove lined by residues G3, G4, G5, G21, G22 
and G23 (Fig. 9, panel D).

To date, no experimentally determined structures of the G-quad
ruplex topologies investigated in this study in complex with stabilizers 
have been reported, although similar topologies complexed with stabi
lizers have been described [67,68]. In these structures, the ligands 
feature large aromatic moieties that promote π–π stacking interactions 
with the terminal G-tetrads, a binding mode also predicted for our 
organometallic complexes. Additionally, these experimental structures 
highlight secondary interactions occurring within the loop regions and 
along the grooves of the quadruplex scaffold. Such interaction patterns 
closely resemble the alternative binding poses observed in our docking 
simulations (Fig. 10).

Overall, comparison with these experimentally characterized 
G4–ligand complexes reinforces the structural plausibility of the binding 
modes proposed herein and supports the hypothesis that the aromatic 
character of the investigated organometallic compounds plays a central 
role in mediating G-quadruplex stabilization through stacking-driven 
molecular recognition mechanisms.

To investigate the potential of the complexes in stabilizing the G4 
topology, we carried out MD simulations (see experimental section) 
using the docking-predicted bound conformations described above. The 
DNA RMSD values of each MD trajectory are plotted in Fig. 11 as a 
function of the simulation time. To get insight into the potential G4 
stabilizing properties of the complexes, the RMSD values of the four 

unbound G4 models are plotted as reference. Overall, G4-stabilizing 
potential of the complexes is evident in 5I2V and 2LD8 models, while 
no clear clue of stabilizing properties is evident for 2ZKE and 2ZKD 
models, in line with the biological data that show, for U87 cells, the 
lowest complexes induced cytotoxicity (see Fig. 6). The MD trajectories 
of the complex-bound G4 models 5I2V and 2LD8 clearly agree on the G4 
stabilizing properties of the chloro-derivatives, both in the presence 
(complex Cl2CuBrCl (4)) or in the absence (complex Cl2Cu (22)) of the 
salicylaldehyde ligand. On the other hand, MD simulations of the nitro- 
derivatives bound conformations do not show agreement on the effect 
on G4 stabilizing properties of the salicylaldehyde ligand. Indeed, the 
presence of this latter auxiliary ligand (complex NO2CuBrCl (14)) ap
pears detrimental in the case of 5I2V, beneficial in the case of 2LD8.

Fig. 12 depicts the last MD trajectory frames of unbound and 
Cl2CuBrCl (4)-bound 2LD8 G4 models, where it is evident that, in the 
absence of a stabilizing complex, the G4 loses its folding trying to match 
the bases and recover the duplex conformation (Fig. 12, panel A). On the 
other hand, in the presence of Cl2CuBrCl (4), the G4 conformation is 
preserved. Overall, simulation studies suggest that G4 stabilization may 
be involved in the cytotoxicity observed in the MDA-MB231 and MG 63 
cell models (Fig. 5). However, in contrast to the observations made for 
the two aforementioned cellular models, the in silico studies do not 
support G4 stabilization as mechanism of action in the case of the 
cytotoxicity observed on the U87 cell model. In the latter case, the 
cytotoxicity activity of Cu(II)-complexes may be mainly due to different 
and concomitant mechanisms, such as ROS production and consequent 
DNA cleavage, as supported by the ROS production evaluation.

2.4. Complexes–DNA interaction

Based on the promising cytotoxic activity of the new copper-based 
compounds and the results of the docking studies with G-quadruplexes 
compatible with a noncovalent binding process, we decided to investi
gate the interaction of these complexes with calf thymus DNA (ct-DNA). 
This direction was further motivated by the well-documented inter
calative properties of the dppz ligand which is known to intercalate 
effectively into DNA base pairs in complexes with octahedral geometry, 
such as those of Ru(II) and Os(II) [69–71], and even more in square- 
planar complexes, like those of Pt(II) [72–74], in which reduced steric 
bulk with the DNA backbone facilitates the interaction.

Among the Cu(II)-complexes with superior antiproliferative activity 
against the selected cell lines, although biological studies identified 
Cl2CuBrCl (4) and NO2CuBrCl (14) as the most promising anticancer 
agents, we chose to investigate the interaction of NO2CuNO2 (19) with 
ct-DNA. The synthesized Cu(II) complexes, in fact, are highly soluble in 
DMSO, but have low solubility in aqueous solutions and complex 
NO2CuNO2 (19) exhibited the highest molar absorbance in DMSO 
compared to the others, specifically in the region of the spectrum above 
300 nm where DNA does not absorb. Therefore, NO2CuNO2 (19) was 
first dissolved in DMSO and then diluted with 1 mM phosphate buffer 
(pH 7) containing enough NaCl to give the desired ionic strength, 
resulting in a final DMSO concentration of 5% v/v to help maintain the 
complex in solution. Nevertheless, we preferred not to exceed a total 
complex concentration of 11 μM.

The interaction of complex NO2CuNO2 (19) with ct-DNA was stud
ied using various experimental techniques. Circular dichroism and ab
sorption studies confirmed a reversible interaction between the copper 
complex and DNA. As shown in Fig. 13, spectropolarimetric titration of a 
DNA solution (30 μM) with increasing concentrations of NO2CuNO2 
(19) revealed the emergence of two CD bands due to the rigid orienta
tion of the complex upon binding to the DNA helix: a positive band 
around 265 nm and a smaller negative one around 305 nm, both 
increasing with the amount of added complex. Since this spectral region 
is characterized by the DNA signals, the spectra shown in Fig. 13 were 
obtained by subtracting the DNA signals at the concentration used. 
Remarkably, as expected for a reversible interaction of species with the 

Table 1 
Lowest binding energies (kcal/mol) of docking poses for complexes Cl2CuBrCl 
(4), NO2CuBrCl (14), NO2Cu (21) and Cl2Cu (22).

Compound/Target 5I2V 2KZE 2ZKD 2LD8

Cl2CuBrCl (4) − 12.91 − 10.36 − 9.52 − 10.87
NO2CuBrCl (14) − 13.46 − 11.76 − 10.96 − 10.76
NO2Cu (21) − 12.39 − 10.74 − 10.10 − 11.76
Cl2Cu (22) − 10.29 − 11.45 − 8.57 − 9.49
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Fig. 10. Crystallographic structures of two G-quadruplex (G4) DNA topologies in complex with aromatic stabilizers: the intramolecular G4 structure (PDB ID: 3CDM, 
panel A) and the intermolecular G4 structure (PDB ID: 7CPS, panel C), compared with our representative docking model (panel B). Two analogous binding modes can 
be observed across the experimental and computational models, highlighted by colour-coded regions: i) stacking on the G-tetrad surface (yellow area); ii) ligand 
insertion within the loop region (red area). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. RMSD values, as a function of MD simulation time, of the selected G-quadruplex structures in apo form (black line), or bound to complexes Cl2CuBrCl (4) 
(yellow line), NO2CuBrCl (14) (orange line), NO2Cu (21) (blue line), and Cl2Cu (22) (magenta line). Panel A: 5I2V; panel B: 2ZKE; panel C: 2ZKD; panel D: 2LD8. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Final frames of the MD trajectory of apo (A) and Cl2CuBrCl (4)-bound (B) 2LD8 G-quadruplex.
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DNA, the CD signals shown in Fig. 13 are reversible upon the addition of 
NaCl.

UV–Vis spectroscopy also confirms the presence of a noncovalent 
interaction between compound NO2CuNO2 (19) and DNA. Indeed, the 
addition of the biopolymer to the solution of complex NO2CuNO2 (19) 
causes hypochromism of the absorption maximum of the complex at 
370 nm, due to the stacking of the aromatic rings of the phenazine 
moiety with the DNA nucleobases (Fig. 14), accompanied by a slight 
bathochromic shift. This interaction is also reversible upon addition of 
NaCl.

Intercalation of a species into DNA leads to stabilization of the 
double helix, which can be revealed by measuring the melting point of a 
DNA solution and observing how it changes in the presence of the 
interacting species. If the species destabilizes the DNA double helix, a 
decrease in the thermal denaturation temperature (ΔTm) will be 
observed; conversely, if the compound stabilizes the helix as is expected 
for an intercalating agent, an increase in ΔTm will be measured. In the 
case of the complex NO2CuNO2 (19) an increase of 8.4(±0.5) ◦C was 
found, comparable to that of the well-known intercalator [Pt(bipy) 
(py)2]2+ [75], ΔTm = 11.2(±0.5) ◦C under the same experimental 
conditions (1 mM buffer phosphate at pH 7, containing 2 mM NaCl and 
5% v/v DMSO). To further confirm the intercalative ability of 
NO2CuNO2 (19), the effect of [Pt(en)(py)2]2+, a complex structurally 
incapable of intercalating into DNA due to the absence of a sufficiently 
large aromatic system, was also evaluated. The small increase of ΔTm 

determined in this case, 2.2(±0.3) ◦C, due only to the stabilization of the 
double helix resulting from the positive charge of the complex, confirms 
the intercalative capability of NO2CuNO2 (19).

Moreover, the spectrophotometric titration data were used to esti
mate the binding constant value of the NO2CuNO2 (19)–DNA interac
tion (KB > 1 × 106 M− 1 in 1 mM phosphate buffer, at pH 7, containing 
21 mM NaCl and 5% v/v DMSO) using the McGhee-von Hippel Eq. [76]. 
It should be noted that this is only a rough estimated value, given the 
very small spectral variations recorded at 370 nm and the poor solubility 
of the complex in aqueous solution, which prevents larger and more 
accurate variations from being recorded.

3. Conclusion

In this study, a series of twenty polypyridyl Cu(II)-complexes 
substituted at their ligand with –Cl2 or a –NO2 group and containing 
a coligand (sal-derivative), in turn variously substituted with different 
halogens or EDG/EWG have been synthesized and exhaustively char
acterized by elemental analysis and analytical methods (MS, FT-IR, 
UV–Vis and EPR). DFT calculations confirmed the square-planar ge
ometry of these complexes in solution. The electronic structure analysis 
revealed minimal participation of the atomic orbitals of the metal in the 
frontier molecular orbitals. TD-DFT calculations were used to assign the 
absorption bands observed in the UV–Vis spectra, which were predom
inantly attributed to Ligand-Centered (LC) and/or Ligand-to-Ligand 
Charge Transfer (LLCT) transitions. The limited contribution of the 
metal orbitals to the frontier molecular orbitals supports the LC and 
LLCT character of these transitions. All Cu(II)-complexes underwent a 
preliminary screening at 10 μM against three tumor cell lines, chosen 
based on the incidence and aggressiveness (MDA-MB 231, U87 and MG 
63), to assess their anticancer potential. From this preliminary assay 
emerged that the Cu(II)-complexes are by far more cytotoxic than both 
the pure polypyridyl ligands and the Cu(II)-complexes devoid of the sal 
auxiliary ligand (though with some exceptions, such as the sal-free 
complex Cl2Cu (22) which showed ~70% reduction of cell viability). 
The antiproliferative assay also showed that Cu(II)-complexes with the 
–NO2 group at the polypyridyl ligand are, in general, more cytotoxic 
than those with two chlorine atoms at the same ligand. Regarding the sal 
ligand, the presence of halogens (specifically, the double substitution at 
position 3,5) or a –NO2 group is also determinant for the activity. 
Accordingly, some compounds, namely Cl2CuBrCl (4), NO2CuBrCl 
(14), NO2CuI2 (15), NO2CuNO2 (19), were selected for further in
vestigations such as IC50 determination against the three tumor cell 
lines, ROS production, morphological analysis, in vitro DNA-binding and 
computational studies (docking and MD simulations). The ROS pro
duction assay indicated that the presence of the auxiliary ligand is 
essential in the dichloro-polypyridyl Cu(II)-complexes [Cl2CuBrCl (4) 
> > Cl2Cu (22)], whereas it is not in the nitro-polypyridyl Cu(II)- 
complexes [NO2CuBrCl (14) < NO2Cu]. These results indicate that the 
auxiliary ligand can modulate the intracellular oxidative stress induced 
by the Cu(II) complexes. However, the CellROX Green assay provides an 
indication of increased intracellular ROS levels but does not allow the 
identification of the specific ROS species involved or the precise mech
anism underlying their generation. A Cu(II)/Cu(I)-mediated redox 
mechanism may represent a plausible contribution to the observed 
oxidative stress, as reported for related copper-based anticancer com
plexes, although copper redox cycling, intracellular copper accumula
tion, and copper influx/efflux were not directly investigated in the 
present study. Importantly, the different ROS responses observed for the 
investigated complexes also suggest that ROS generation alone cannot 
account for their cytotoxic activity. On the other hand, the in vitro DNA- 
binding assay (performed on NO2CuNO2 (19) given its highest molar 
absorbance compared to the other Cu(II)-complexes) showed an inter
calative mechanism of action for this class of derivatives, suggesting 
multiple possibilities for the mechanism of interaction with the pre
dicted biological targets. Cell morphology analysis (performed on MDA- 

Fig. 13. Spectropolarimetric titration of DNA (30 μM) with increasing amounts 
of complex NO2CuNO2 (19) at T = 25 ◦C and pH = 7 (1 mM phosphate buffer, 
10 mM NaCl and 5% v/v DMSO). Spectra reported were obtained by subtracting 
the DNA signals at the concentration used.

Fig. 14. Spectrophotometric titration of complex NO2CuNO2 (19) (11 μM) 
with increasing amount of DNA at T = 25 ◦C and pH = 7 (1 mM phosphate 
buffer, 21 mM NaCl and 5% v/v DMSO).
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MB 231 cells) indicated that these compounds also compromise the 
integrity of the cell's cytoskeleton. The possibility that these compounds 
have multiple activities has been corroborated by docking and MD 
simulation studies that clearly suggest that the cytotoxicity observed in 
MDA-MB 231 and MG 63 cell models could be, at least in part, due to G4 
stabilizing properties of the complexes, in particular for Cl2CuBrCl (4) 
and Cl2Cu (22). Taken together, these results indicate that these Cu(II)- 
complexes are worthy candidates for further in-depth studies as anti
cancer agents.

4. Experimental section

4.1. Chemicals and instrumentation

Copper(II) nitrate hydrate (99,999%), ethanol (≥99.5%, ACS re
agent), methanol (≥99.9%, ACS reagent), 3,5-dibromosalicylaldehyde, 
3,5-diiodosalicylaldehyde, 3-bromo-5-chlorosalicylaldehyde, 5-bromo
salicylaldehyde, 5-methoxysalicylaldehyde, 4-methylsalicylaldehyde, 5- 
methylsalicylaldehyde, 5-nitrosalicylaldehyde, 5-(diethylamino)-sali
cylaldehyde, and salicylaldehyde were purchased from Sigma-Aldrich 
Co. (Milan, Italy) and used without further purification. Calf thymus 
DNA was purchased from Sigma Chemical Co. (St. Louis, MO, USA) and 
purified as previously described [77]. Its concentration, expressed in 
base pairs, was determined spectrophotometrically using the molar ab
sorptivity 1.31 × 104 M− 1 cm− 1 (260 nm) [78]. The FT-IR spectra were 
recorded on a Perkin-Elmer (Bridgeport Ave Shelton, CT) Spectrum-One 
spectrometer (4000–400 cm− 1) in KBr pellets. Elemental analysis was 
performed on Leco, CHNS-932 and PerkinElmer 7300 DV elemental 
analyzers. Absorption spectra were recorded using a Cintra 3030 GBC 
spectrophotometer. Conductivity measurements were carried out using 
a XS Cond 50 Violab benchtop conductivity meter. Positive ESI mass 
spectra were acquired on an API 2000 mass spectrometer 
(ABSciex—Milano, Italy) equipped with an API ion source. The DMSO 
solutions of the investigated samples were introduced into the source at 
a flow rate of 5 μL/min. The mass spectra were elaborated with the 
“Analyst” software (from AB Sciex). X-band (ν ca. 9.4 GHz) EPR spectra 
were acquired using an Elexsys E500 (Bruker) spectrometer equipped 
with a SHQ cavity. Low temperatures were achieved by using an ESR900 
(Oxford Instruments) continuous flow cryostat.

4.2. Synthesis of the ligands

The synthesis of the ligand precursor 1,10-phenanthroline-5,6-dione, 
and the ligands 7,8-dichlorodipyrido[3,2-a:2′,3′-c]-phenazine (dcdppz) 

and 7-nitro dipyrido[3,2-a:2′-3′-c] phenazine (7-nitro-dppz) ligands 
were synthesized as previously reported [79–81].

4.3. Synthesis of complexes

The complexes of general formula [Cu(X-dppz)(X2-sal)(NO3)] were 
synthesized by the reaction of the copper(II) nitrate salt and the ligand 
dcdppz or 7-nitro-dppz ligand in methanol in a 1:1 M ratio at room 
temperature. After adding the reagents (1 mmol) in an ice bath, the 
reaction was stirred 2 h. A solution of salicylaldehyde or substituted 
salicylaldehyde (1 mmol) in methanol and in presence of trimethyl
amine (1.2 mmol) was added dropwise to the above reported mixture, 
and the reaction was stirred for an additional 4 h at room temperature 
(see Scheme 1). The final complexes were obtained as precipitates 
directly from the reaction, filtered through a sintered glass funnel, 
washed with cold methanol and vacuum-dried. All complexes are stable 
in the solid state (for several months) and exhibited good stability in 
dimethyl sulfoxide (DMSO) (see Fig. S41). The stability of this type of 
complexes in phosphate buffer (pH 7) was verified using complex 
NO2CuNO2 (19), the same used for the DNA-binding assay (Fig. 15).

Cu(dcdppz)(salicylaldehyde)NO3 (Cl2CuSal; 1): The complex 1 (532 
mg, 89% yield) was obtained as a dark green solid. Anal. Calc. for 
C25H13CuCl2N5O5 (Mr = 597.85): C, 50.23; H, 2.19; N, 11.71. Found: C, 
50.20; H, 2.19; N, 11.70. IR (KBr, cm− 1): 1624.73 (s, C––O). Molecular 
mass: 597.85 Da; ESI-MS: m/z 535.8 Da (detected as [Cu(dcdppz)(sal
icylaldehyde)]+ ion, due to the loss of NO3

− ion).
Cu(dcdppz)(5-bromosalicylaldehyde)NO3 (Cl2CuBr; 2): The com

plex 2 (541 mg, 80% yield) was obtained as a sage green solid. Anal. 
Calc. for C25H12CuBrCl2N5O5 (Mr = 676.75): C, 44.37; H, 1.79; N, 10.35. 
Found: C, 44.39; H, 1.80; N, 10.34. IR (KBr, cm− 1): 1620.88 (s, C––O). 
Molecular mass: 676.75 Da; ESI-MS: m/z 614.7 Da (detected as [Cu 
(dcdppz)(5-bromosalicylaldehyde)]+, due to the loss of NO3

− ion).
Cu(dcdppz)(3,5-dibromosalicylaldehyde)NO3 (Cl2CuBr2; 3): The 

complex 3 (642 mg, 85% yield) was obtained as a sage green solid. Anal. 
Calc. for C25H11CuBr2Cl2N5O5 (Mr = 755.64): C, 39.74; H, 1.47; N, 9.27. 
Found: C, 39.75; H, 1.48; N, 9.28. IR (KBr, cm− 1): 1612.2 (s, C––O).

Molecular mass: 755.64 Da; ESI-MS: m/z 693.4 Da (detected as [Cu 
(dcdppz)(3,5-dibromosalicylaldehyde)]+, due to the loss of NO3

− ion).
Cu(dcdppz)(3-bromo-5-chlorosalicylaldehyde)NO3 (Cl2CuBrCl; 4): 

The complex 4 (633 mg, 89% yield) was obtained as a dark green solid. 
Anal. Calc. for C25H11CuBrCl3N5O5 (Mr = 711.19): C, 42.22; H, 1.56; N, 
9.85. Found: C, 42.23; H, 1.55; N, 9.86. IR (KBr, cm− 1): 1614.13 (s, 
C––O). Molecular mass: 711.19 Da; ESI-MS: m/z 647.5 Da (detected as 
[Cu(dcdppz)(3-bromo-5-chlorosalicylaldehyde)]+, due to the loss of 

Fig. 15. UV–Vis spectra of complex NO2CuNO2 (19) in phosphate buffer 1 mM (pH 7), NaCl 21 mM and 5% v/v DMSO at 25 ◦C recorded at 0 h, 24 h, and 48 h.
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NO3
− ion).
Cu(dcdppz)(3,5-diiodosalicylaldehyde)NO3 (Cl2CuI2; 5): The com

plex 5 (714 mg, 84% yield) was obtained as a dark green solid. Anal. 
Calc. for C25H11Cl2I2CuN5O5 (Mr = 849.65): C, 35.34; H, 1.31; N, 8.24. 
Found: C, 35.32; H, 1.33; N, 8.24. IR (KBr, cm− 1): 1619.91 (s, C––O). 
Molecular mass: 849.65 Da; ESI-MS: m/z 786.9 Da (detected as [Cu 
(dcdppz)(3,5-diiodosalicylaldehyde)]+, due to the loss of NO3

− ion).
Cu(dcdppz)(2-hydroxy-4-methoxybenzaldehyde)NO3 (Cl2CuOCH3; 

6): The complex 6 (521 mg, 83% yield) was obtained as a dark green 
solid. Anal. Calc. for C26H15Cl2CuN5O6 (Mr = 627.88): C, 49.74; H, 2.41; 
N, 11.15. Found: C, 49.75; H, 2.40; N, 11.14. IR (KBr, cm− 1): 1600.63 (s, 
C––O). Molecular mass: 627.88 Da; ESI-MS: 565.6 m/z Da (detected as 
[Cu(dcdppz)(2-hydroxy-4-methoxybenzaldehyde)]+, due to the loss of 
NO3

− ion).
Cu(dcdppz)(2-hydroxy-4-methylbenzaldehyde)NO3 (Cl2Cu4CH3; 

7): The complex 7 (526 mg, 86% yield) was obtained as a dark green 
solid. Anal. Calc. for C26H15CuCl2N5O5 (Mr = 611.88): C, 51.04; H, 2.47; 
N, 11.45. Found: C, 51.05; H, 2.48; N, 11.44. IR (KBr, cm− 1): 1604.48. 
(s, C––O). Molecular mass: 611.88 Da; ESI-MS: 549.6 m/z Da (detected 
as [Cu(dcdppz)(2-hydroxy-4-methylbenzaldehyde)]+, due to the loss of 
NO3

− ion).
Cu(dcdppz)(2-hydroxy-5-methylbenzaldehyde)NO3 (Cl2Cu5CH3; 

8): The complex 8 (490 mg, 80% yield) was obtained as a green solid. 
Anal. Calc. for C26H15CuCl2N5O5 (Mr = 611.88): C, 51.04; H, 2.47; N, 
11.45. Found: C, 51.02; H, 2.47; N, 11.46. IR (KBr, cm− 1): 1601.59, 
1626.66 (d, C––O). Molecular mass: 611.88 Da; ESI-MS: 549.7 m/z Da 
(detected as [Cu(dcdppz)(2-hydroxy-5-methylbenzaldehyde)]+, due to 
the loss of NO3

− ion).
Cu(dcdppz)(2-hydroxy-5-nitrobenzaldehyde)NO3 (Cl2CuNO2; 9): 

The complex 9 (527 mg, 82% yield) was obtained as a dark green solid. 
Anal. Calc. for C25H12CuCl2N6O7 (Mr = 642.85): C, 46.71; H, 1.88; N, 
13.07. Found: C, 46.70; H, 1.89; N, 13.06. IR (KBr, cm− 1): 1626.66 (s, 
C––O). Molecular mass: 642.85 Da; ESI-MS: 581.0 m/z Da (detected as 
[Cu(dcdppz)(2-hydroxy-5-nitrobenzaldehyde)]+, due to the loss of NO3

−

ion).
Cu(dcdppz)(4-(diethylamino)salicylaldehyde)NO3 (Cl2CuN(C2H5)2; 

10): The complex 10 (569 mg, 85% yield) was obtained as a dark brown 
solid. Anal. Calc. for C29H22CuCl2N6O5 (Mr = 668.98): C, 52.07; H, 3.31; 
N, 12.56. Found: C, 52.08; H, 3.33; N, 12.54. IR (KBr, cm− 1): 1575.56 (s, 
C––O). Molecular mass: 668.98 Da; ESI-MS: 606.5 m/z Da (detected as 
[Cu(dcdppz)(4-(diethylamino)salicylaldehyde)]+, due to the loss of 
NO3

− ion).
Cu(7-nitro-dppz)(salicylaldehyde)NO3 (NO2CuSal; 11): The com

plex 11 (482 mg, 84% yield) was obtained as a yellow solid. Anal. Calc. 
for C25H14CuN6O7 (Mr = 573.97): C, 52.32; H, 2.46; N, 14.64. Found: C, 
52.34; H, 2.45; N, 14.65. IR (KBr, cm− 1): 1614.13 (s, C––O). Molecular 
mass: 573.97 Da; ESI-MS: 510.5 m/z Da (detected as [Cu(7-nitro-dppz) 
(salicylaldehyde)]+, due to the loss of NO3

− ion).
Cu(7-nitro-dppz)(5-bromosalicylaldehyde)NO3 (NO2CuBr; 12): The 

complex 12 (529 mg, 81% yield) was obtained as a sage green solid. 
Anal. Calc. for C25H13CuBrN6O7 (Mr = 652.86): C, 45.99; H, 2.01; N, 
12.87. Found: C, 45.97; H, 2.00; N, 12.88. IR (KBr, cm− 1): 1615.09 (s, 
C––O). Molecular mass: 652.86 Da; ESI-MS: 590.3 m/z Da (detected as 
[Cu(7-nitro-dppz)(5-bromosalicylaldehyde)]+, due to the loss of NO3

−

ion).
Cu(7-nitro-dppz)(3,5-dibromosalicylaldehyde)NO3 (NO2CuBr2; 13): 

The complex 13 (593 mg, 81% yield) was obtained as a brown solid. 
Anal. Calc. for C25H12CuBr2N6O7 (Mr = 731.76): C, 41.03; H, 1.65; N, 
11.48. Found: C, 41.01; H, 1.66; N, 11.49. IR (KBr, cm− 1): 1617.98 (s, 
C––O). Molecular mass: 731.76 Da; ESI-MS: 668.9 m/z Da (detected as 

[Cu(7-nitro-dppz)(3,5-dibromosalicylaldehyde)]+, due to the loss of 
NO3

− ion).
Cu(7-nitro-dppz)(3-bromo-5-chlorosalicylaldehyde)NO3 

(NO2CuBrCl; 14): The complex 14 (570 mg, 83% yield) was obtained as 
a bright green solid. Anal. Calc. for C25H12CuBrClN6O7 (Mr = 687.31): 
C, 43.69; H, 1.76; N, 12.23. Found: C, 43.70; H, 1.75; N, 12.22. IR (KBr, 
cm− 1): 1619.91 (s, C––O). Molecular mass: 687.31 Da; ESI-MS: 624.0 m/ 
z Da (detected as [Cu(7-nitro-dppz)(3-bromo-5- 
chlorosalicylaldehyde)]+, due to the loss of NO3

− ion).
Cu(7-nitro-dppz)(3,5-diiodosalicylaldehyde)NO3 (NO2CuI2; 15): 

The complex 15 (694 mg, 84% yield) was obtained as a sage green solid. 
Anal. Calc. for C25H12I2CuN6O7 (Mr = 825.76): C, 36.36; H, 1.46; N, 
10.18. Found: C, 36.35; H, 1.47; N, 10.17. IR (KBr, cm− 1): 1612.2 (s, 
C––O). Molecular mass: 825.76 Da; ESI-MS: 762.7 m/z Da (detected as 
[Cu(7-nitro-dppz)(3,5-diiodosalicylaldehyde)]+, due to the loss of NO3

−

ion).
Cu(7-nitro-dppz)(2-hydroxy-4-methoxybenzaldehyde)NO3 

(NO2CuOCH3; 16): The complex 16 (501 mg, 83% yield) was obtained 
as a bright green solid. Anal. Calc. for C26H16CuN6O8 (Mr = 603.99): C, 
51.70; H, 2.67; N, 13.91. Found: C, 51.69; H, 2.68; N, 13.92. IR (KBr, 
cm− 1): 1605.46 (s, C––O). Molecular mass: 602.99 Da; ESI-MS: 541.0 m/ 
z Da (detected as [Cu(7-nitro-dppz)(2-hydroxy-4- 
methoxybenzaldehyde)]+, due to the loss of NO3

− ion).
Cu(7-nitro-dppz)(2-hydroxy-4-methylbenzaldehyde)NO3 

(NO2Cu4CH3; 17): The complex 17 (506 mg, 86% yield) was obtained 
as a sage green solid. Anal. Calc. for C26H16CuN6O7 (Mr = 587.99): C, 
53.11; H, 2.74; N, 14.29. Found: C, 53.12; H, 2.73; N, 14.30. IR (KBr, 
cm− 1): 1598.7 (s, C––O). Molecular mass: 587.99 Da; ESI-MS: 525.0 m/z 
Da (detected as [Cu(7-nitro-dppz)(2-hydroxy-4-methyl
benzaldehyde)]+, due to the loss of NO3

− ion).
Cu(7-nitro-dppz)(2-hydroxy-5-methylbenzaldehyde)NO3 

(NO2Cu5CH3; 18): The complex 18 (482 mg, 82% yield) was obtained 
as a brown solid. Anal. Calc. for C26H16CuN6O7 (Mr = 587.99): C, 53.11; 
H, 2.74; N, 14.29. Found: C, 53.12; H, 2.76; N, 14.29. IR (KBr, cm− 1): 
1600.63 (s, C––O). Molecular mass: 587.99 Da; ESI-MS: 525.1 m/z Da 
(detected as [Cu(7-nitro-dppz)(2-hydroxy-5-methylbenzaldehyde)]+, 
due to the loss of NO3

− ion).
Cu(7-nitro-dppz)(2-hydroxy-5-nitrobenzaldehyde)NO3 

(NO2CuNO2; 19): The complex 19 (520 mg, 84% yield) was obtained as 
a sage green solid. Anal. Calc. for C25H13CuN7O9 (Mr = 618.97): C, 
48.51; H, 2.12; N, 15.84. Found: C, 48.52; H, 2.13; N, 15.85. IR (KBr, 
cm− 1): 1608.34 (s, C––O). Molecular mass: 618.97 Da; ESI-MS: 556.7 m/ 
z Da. (detected as [Cu(7-nitro-dppz)(2-hydroxy-5-nitro
benzaldehyde)]+, due to the loss of NO3

− ion).
Cu(7-nitro-dppz)(4-(diethylamino)salicylaldehyde)NO3 (NO2CuN 

(C2H5)2; 20): The complex 20 (542 mg, 84% yield) was obtained as a 
dark brown solid. Anal. Calc. for C29H23CuN7O7 (Mr = 645.09): C, 
54.00; H, 3.59; N, 15.20. Found: C, 54.01; H, 3.60; N, 15.18. IR (KBr, 
cm− 1): 1580.38 (s, C––O). Molecular mass: 645.09 Da; ESI-MS: 581.9 m/ 
z Da (detected as [Cu(7-nitro-dppz)(4-(Diethylamino)sal
icylaldehyde)]+, due to the loss of NO3

− ion from molecular specie).
In the ESI-MS spectra (Figs. S21–40), the systems investigated were 

observed as cations (i.e., the molecular species minus the NO3
− anion) 

because the NO3
− anion was removed during the acceleration process. In 

other words, the obtained experimental m/z values are in full accor
dance with the molecular mass of the related compounds, but as cationic 
species because the molecular system loses a nitrate anion during the 
ESI-MS acceleration process by the extraction of the cationic species.

Although a mass spectrometer with a mass resolution of approxi
mately 1000 FWHM was used, it was sufficient to evaluate the isotopic 
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pattern abundances and compare them with the theoretical ones. To 
improve clarity, a comparison with the simulated isotopic patterns of 
compounds containing chlorine, bromine, and iodine species is reported 
in ESI.

Regarding the FT-IR analyses, the spectra of all samples (1− 20) are 
reported in ESI (Figs. S1–20).

4.4. In vitro biological evaluation

4.4.1. Cell culture
Three different cancer cell lines were used: MDA-MB 231 (breast 

cancer, ATCC HTB26), U87 (glioblastoma, ATCC HTB14) and MG 63 
(osteosarcoma, ATCC CRL1427). All of them were purchased from 
American Type Culture Collection (ATCC). MDA-MB 231 cell line was 
cultured in RPMI 1640 Medium (Gibco), U87 in alpha-MEM w/o 
ascorbic acid Medium (Gibco) and MG 63 McCoy's 5 A Medium (Gibco), 
all supplemented with 10% fetal bovine serum (FSB) (Gibco) and 1% 
penicillin/streptomycin mixture (pen/strep) (100 U/ml – 100 μg/mL, 
Gibco). Cells were grown in an incubator at 37 ◦C under controlled 
humidity and 5% CO2 atmosphere conditions, detached by trypsiniza
tion and centrifuged. The viability was assessed by Trypan Blue Dye 
Exclusion test, and all the cell handling procedures were carried out 
under a laminar flow hood in sterile conditions.

4.4.2. Cell viability assessment
MDA-MB 231 and U87 were seeded at a density of 12 × 103 cells/ 

well in a 96-well plate, whereas MG 63 was 8 × 103 cells/well. After 24 
h, the compounds were added at a concentration equal to 10 μM for the 
first screening, whereas a concentration range (0.065, 0.125, 0.50, 1, 5, 
10, 20 μM) was used to determine the IC50; cells only were used as 
control. An overnight incubation was done and then the MTT assay was 
used to quantitatively evaluate the cell viability following the manu
facturer's instructions. Briefly, MTT reagent [3-(4,5-dimethylthiazol-2- 
yl)-2,5-diphenyltetrazolium bromide] (5 mg/mL, Sigma) was dissolved 
in Phosphate Saline Buffer 1× (PBS 1×) (Gibco), added to the cell media 
10% v/v and incubated for 2 h at 37 ◦C, 5% CO2 and controlled humidity 
conditions. Lastly, the media was removed and the formazan crystals 
produced by the metabolically active cells dissolved in dimethyl sulf
oxide (DMSO) (Sigma). The formazan absorbance was read at 570 nm by 
using a Multiskan FC Microplate Photometer (Thermo Scientific). The 
values were directly proportional to the number of metabolically active 
cells (n = 3).

4.4.3. Cell morphology evaluation
MDA-MB 231 cells were seeded at a density of 12 × 103 cells/well in 

a 96-well plate. After 24 h, the selected compounds (Cl2CuBrCl (4), 
NO2CuBrCl (14), NO2Cu (21) and Cl2Cu (22)) were added to IC50 
concentration and incubated for 6 and 24 h. Then, the cells were fixed in 
4% buffered Paraformaldehyde (PFA) (Sigma) following the manufac
turer's instructions. To permeabilize the cells, a 5-min incubation with 
0.1% (v/v) Triton X-100 (Sigma) in PBS 1× was performed. F-actin fil
aments were stained using Actin Red 555 Ready Probes Reagent (Invi
trogen) following the manufacturer's instructions. Then the cell nuclei 
were counterstained with 4′,6-diamidino-2-ylindole, dihydrochloride 
(DAPI) (600 nM, Invitrogen) for 7 min. All the images were acquired by 
using an Inverted Ti-E Fluorescent Microscope (Nikon).

4.4.4. ROS detection
MDA-MB 231 were seeded at a density of 12 × 103 cells/well in a 96 

well plate. After 24 h, the selected compounds (Cl2CuBrCl (4), 
NO2CuBrCl (14), NO2Cu (21) and Cl2Cu (22)) were added to IC50 
concentration and incubated for 2 and 24 h. Tert-Butyl hydroperoxide 
(TBHP, 200 μM) was added and incubated for 2 h as positive control (Ct 
+). After the incubation, the CellROX Green (Invitrogen) ROS detection 
kit was performed following the manufacturer's instructions. Briefly, the 
kit reagent was added to each well at the final concentration equal to 5 

μM and incubated for 30 min at 37 ◦C. Then, the cells were washed 3 
times with PBS 1× and fixed with 4% PFA as described above. A 
quantitative analysis was performed by detecting the green fluorescence 
using the Fluoroskan Microplate Fluorometer (Thermo Scientific), 
setting the excitation wavelength equal to 485 nm and the kit reagent 
product emission wavelength being 520 nm. Then, the cell nuclei were 
stained as described above, and qualitative images were acquired by 
using an Inverted Ti-E Fluorescent Microscope (Nikon), (n = 3).

4.4.5. Statistical analysis
MTT assay results were plotted as the mean percentage with respect 

to cells only ± standard deviation (SD) and analysed by One-way 
analysis of variance (One-way ANOVA) and Dunnett's multiple com
parisons test (* p value ≤0.05, ** p value ≤0.01, *** p value ≤0.001, 
**** p value ≤0.0001). IC50 values were calculated as Log(inhibitor) 
versus mean percentage of dead cells with respect to cells only and the 
obtained values are reported ± SD. Quantitative ROS detection data 
were plotted as the mean with respect to cells only ± SD and analysed by 
Two-way analysis of variance (Two-way ANOVA) and Tukey's multiple 
comparisons test (* p value ≤0.05, ** p value ≤0.01, *** p value ≤0.001, 
**** p value ≤0.0001).

All the calculations and statistical analyses were performed using 
GraphPad Prism Software (8.0.1 version).

4.5. Theoretical calculations

All calculations have been developed using the Gaussian16 software 
package [82]. The DFT and TD-DFT calculations were performed using 
Becke's three-parameter B3LYP exchange-correlation functional 
[83,84]. The basis set used to define the atoms were def2tzvp for the all 
the atoms [85,86]. The empirical dispersion correction was taken into 
account using Grimme's dispersion with Becke-Johnson damping, D3BJ 
[87,88]. The solvent (DMSO) effects were considered within the self- 
consistent reaction field (SCRF) theory using the solvation model SMD 
of Truhlar et al. [89]. Time-dependent DFT (TD-DFT) calculations of the 
lowest-lying 50 excited states were performed in the presence of the 
solvent for all the complexes at the minimum-energy geometry opti
mized for the ground state [90–92].

4.5.1. Docking studies
The NMR conformations of G-quadruplex (PDB IDs: 5I2V, 2ZKE, 

2ZKD, 2LD8) were employed as target structures for docking simula
tions. Structures were retrieved from the protein data bank [93], and 
prepared using AutoDockTools v1.5.66 [94]. Docking grids were 
generated for each model and conformation using AutoGrid v4.2.6 [94], 
with dimensions set to x = 84, y = 104, z = 84 grid points and a spacing 
of 0.375 Å, covering the entire G-quadruplex structure. The optimized 
geometries of the metal complexes, obtained through DFT calculations, 
were subsequently subjected to docking simulations using AutoDock 
v4.2.6 [94]. Specific parameters for copper were added (atom_par Cu 
2.75 0.080 12.000-0.00110 0.0 0.0 0-1 -1 4 # Non H-bonding) were 
added for Copper. For each ligand, 200 runs of the Lamarckian Genetic 
Algorithm were performed, with a population size of 150, while all other 
settings were kept at their default values. From the resulting docking 
poses, the conformation with the lowest binding energy for each com
pound was selected as the bound structure and used as the starting point 
for Molecular Dynamics (MD) simulations. MD simulations were con
ducted using Desmond [95], employing partial charges obtained from 
DFT calculations. Solvation was modeled implicitly using the TIP3P 
water model [96], and 22 Na+ ions were added to neutralize the system. 
The OPLS2005 force field was used throughout. Subsequently, 120 ns 
MD simulations were run in the NPT ensemble at 310 K, using a Nose- 
Hoover chain thermostat and a Martyna-Tobias-Klein barostat at 
1.01325 bar. Finally, PyMOL v1.8.4.0 (open-source version) was uti
lized for the visual inspection and molecular representation of the 
ligand-bound conformations.
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4.5.2. In vitro DNA-complexes interaction
Spectrophotometric titration was performed by adding successive 

aliquots of DNA, also containing the complex, to the complex solution 
(11 μM) in a 10 mm stoppered quartz cell and recording the spectrum 
after each addition. The data were analysed by a nonlinear least-squares 
fitting program, applied to McGhee and von Hippel Eq. [76]. The 
binding constant, KB, was estimated by the program, using the extinction 
coefficient of the compound, the free complex concentration and the 
ratio of bound complex/mol of DNA. Extinction coefficient for bound 
compound was determined by Beer's law plots in the presence of a large 
excess of DNA. The thermal denaturation temperature of com
pound–DNA mixtures (1:10) was determined in 1 mM phosphate buffer 
(pH = 7) solutions containing the complex (7.8 μM) and 2 mM NaCl in 
5% v/v DMSO. Melting curves were recorded at 260 nm. The tempera
ture has been increased at a rate of 0.5 ◦C/min by using a GBC Peltier 
system. Spectropolarimetric titration was performed by adding 
increasing amounts of complex NO2CuNO2 (19), also containing DNA at 
the same concentration used for the titration not to dilute, to the DNA 
solution (30 μM) and recording the spectrum after each addition. 
Spectra reported were obtained subtracting the DNA signal at the used 
concentration.
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