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Abstract: [Cu2L1-5] are five novel binuclear Cu(II) complexes. 2ClO4 with different new unsymmetrical 

binucleating macrocyclic ligands were synthesized by cyclocondensation between N, N’-bis(3- formyl-

5-methylsalicylidene) alkane/benzene/naphthalene-diimines (PC1-5) and 3,4-diamino-pyridine in the 

presence of copper(II) acetate and copper(II) perchlorate (1:1:1:1 molar ratio). Elemental analysis, 

electronic and mass spectrum investigations, and FT-IR have been utilized to characterize these 

compounds. Cyclic voltammetry was used to examine the electrochemical properties of the complexes. 

At the cathodic potential range of 0 to -1.8 V, two quasireversible reduction waves are observed in all 

binuclear complexes. The complexes have two reduction potentials: one ranging from -0.50 to -0.75 V 

and the other from -0.85 to -1.25 V. Viscosity and spectral measurements have been made of the 

complexes' interactions with DNA. The Cu(II) complexes bind to DNA via an intercalative mechanism, 

as determined by absorption spectroscopy. The binding constants (Kb) for complexes 1–5 are 11.3 x 

103, 12.0 x 103, 6.9 x 103, 11.7 x 103, and 7 x 103 M-1, respectively. The Cu(II) complexes may alter the 

fluorescence of ethidium bromide and bind to DNA, as demonstrated by fluorescence spectroscopy. For 

complexes 1–5, the binding constants (Kapp) are 3.1 x 105, 3.12 x 105, 3.14 x 105, 3.25 x 105, and 3.3 x 

105 M-1, respectively. More CD bands at 245 and 275 nm indicate that complex DNA binding is 

occurring effectively. UV-Vis absorption and fluorescence spectroscopy were employed to study the 

interaction of the complexes with BSA, showing a strong ability to quench BSA's fluorescence. The 

quenching mechanism was found to be predominantly static. Additionally, agarose gel electrophoresis 

experiments indicate that the compounds are highly effective in hydrolytic DNA cleavage. The MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) assay was used to evaluate the impact 

of the complexes on cell viability. In human cervical MCF-7 cells, the dicopper(II) complexes 1-3 

display cytotoxicity, with IC50 values of 10.7, 6.35, and 4.08 μM, respectively.  

Keywords: Cu(II) complexes; unsymmetrical binucleating ligands; DNA/BSA interactions; 

cytotoxicity; redox properties; DNA cleavage.  

© 2026 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 

distribution, and reproduction in any medium, provided the original work is properly cited. The authors retain copyright of 

their work, and no permission is required from the authors or the publisher to reuse or distribute this article, as long as proper 

attribution is given to the original source. 

https://doi.org/10.33263/LIANBS151.045
https://orcid.org/0000-0001-5117-0796


https://doi.org/10.33263/LIANBS151.045  

 https://nanobioletters.com/ 2 of 20 

 

1. Introduction 

The study of interactions between transition metal complexes and DNA has become a 

significant area of research in bioinorganic chemistry, particularly following the discovery of 

cisplatin as an effective anticancer agent [1-8]. While cisplatin is highly effective in treating 

various cancers, its use is limited by significant dose-related side effects and the development 

of acquired or inherited resistance, which newer platinum-based drugs only partially address 

[9-12]. These challenges have led chemists to explore alternative strategies involving other 

transition metals with improved pharmacological profiles and mechanisms of action [13]. In 

recent years, the DNA-binding and cleavage properties of various transition metal complexes 

have received considerable attention. While many mononuclear complexes have been 

extensively studied, relatively few reports address binuclear systems [14-24]. Macrocyclic 

polyamine ligands containing two phenolic groups are of particular interest due to their high 

nuclease activity and ability to chelate metal ions in a spatially controlled fashion [25-27]. 

Binuclear copper(II) complexes supported by such macrocycles often exhibit enhanced DNA 

binding and redox behavior due to synergistic interactions between the two metal centers [28-

30]. Recent studies on binuclear Cu(II) complexes have demonstrated potent DNA/BSA 

binding, ROS-mediated oxidative DNA cleavage, enzyme-mimicking behavior, and anticancer 

activity, including in colon and breast cancer models [31-33]. Furthermore, asymmetry in 

macrocyclic ligand frameworks can influence overall geometry, redox potential, and biological 

selectivity of the resulting complexes. This spatial asymmetry may enhance targeting of 

biological macromolecules by optimizing the arrangement of donor atoms and reactive centers. 

Recent reviews emphasize that steric and electronic asymmetry in copper complexes contribute 

to biological efficacy and ROS-generating pathways [34-38]. 

Therefore, the design of novel unsymmetrical binuclear macrocyclic Cu(II) complexes 

is a promising strategy to tune their structural and electronic properties and thereby enhance 

bioactivity. This work reports the synthesis and characterization of such complexes and 

investigates their DNA/BSA binding, redox properties, DNA cleavage activity, and cytotoxic 

effects. 

2. Materials and Methods 

2.1. Materials. 

The synthesis of Robson-type macrocyclic dicopper(II) complexes was carried out, and 

copper(II) perchlorate hexahydrate, 3,4-diaminopyridine, and ethidium bromide (EB) were 

purchased from Aldrich. [39]. Acetonitrile and dimethylformamide (HPLC grade) were used 

as solvents for spectroscopic studies. CT-DNA and pBR322 DNA were purchased from Bio-

Genics, Bangalore (India). Fluka supplied the tetra(n-butyl)ammonium perchlorate (TBAP), 

which was recrystallized from heated methanol. (Warning: TBAP may be explosive.); 

therefore, care must be taken when handling this compound.) 

A CHI 600A power analyzer with a three-electrode configuration, a glassy carbon 

working electrode, a platinum wire counter electrode, and an Ag/AgCl reference electrode was 

used to conduct cyclic voltammetry. The scan rate ranged from 25 to 100 mV s⁻¹. 

Electrochemical measurements were conducted in DMF solutions containing 0.1 M TBAP as 

the supporting electrolyte, with complex concentrations ranging from 3 to 10 µM. The solution 

was cooled for 15 minutes prior to measurement. 
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Elemental analysis was carried out on a Carlo Erba Model 1106 Elemental Analyzer. 

FT-IR spectral data were collected using a Perkin-Elmer 2000 FTIR spectrometer, with 

samples prepared as potassium bromide (KBr) pellets. Absorption bands were recorded in the 

200–750 nm range using a Perkin-Elmer Lambda 35 spectrophotometer. Fluorescence spectra 

were collected using a Perkin Elmer LS-45 detector, and electrospray ionization mass 

spectrometry (ESI-MS) measurements were conducted with a Thermo Finnigan LCQ-6000 

Advantage Max mass spectrometer. Circular dichroism (CD) spectra of DNA were recorded 

on a Jasco J-810 spectrophotometer. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide) was obtained from Invitrogen, USA. Acridine orange was 

obtained from Sigma, USA. 

2.2. Methods. 

2.2.1. Preparation of the precursor compounds. 

2,6-diformyl-4-methylphenol was extracted according to a previously reported 

procedure [40]. The ligands N, N’-bis(3-formyl-5-methylsalicylidene)ethane-1,2-diimine (PC-

1), N, N’-bis(3-formyl-5-methylsalicylidene)propane-1,3-diimine (PC-2), N, N’-bis(3-formyl-

5-methylsalicylidene)butane-1,4-diimine (PC-3), N, N’-bis(3-formyl-5-

methylsalicylidene)benzene-1,2-diimine (PC-4), and N, N’-bis(3-formyl-5-

methylsalicylidene)naphthalene-1,8-diimine (PC-5) were synthesized following the procedure 

described in the literature [41]. 

2.2.2. Synthesis of mono and binuclear complexes. 

Binuclear copper(II) complexes were synthesized from the respective precursor ligands 

(PC-1 to PC-5) via a stepwise protocol. Initially, each ligand was reacted with copper(II) 

acetate in a 1:1 molar ratio in a chloroform–methanol mixture (30:70, v/v) under reflux to yield 

the corresponding mononuclear complex. This was followed by a template condensation 

reaction, in which the formyl groups underwent Schiff-base condensation with 3,4-

diaminopyridine in the presence of stoichiometric amounts of copper(II) perchlorate 

hexahydrate (Scheme 1). 

 
Scheme 1. Schematic representation for the synthesis of binuclear Cu (II) complexes [Cu2L1-5] (C1O4)2. 

2.2.2.1. [Cu2L1](C1O4)2.  

A boiling solution of compound PC-1 (0.25 g, 0.07 mmol) in a chloroform–methanol 

mixture (30:70 v/v, 100 mL) was treated with copper(II) acetate monohydrate (0.14 g, 0.07 
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mmol), which had been previously dissolved in methanol (15 mL). The resulting mixture was 

refluxed for 30 minutes. Thereafter, a suspension of 3,4-diaminopyridine (0.076 g, 0.07 mmol) 

and copper(II) perchlorate hexahydrate (0.26 g, 0.07 mmol) in methanol (10 mL) was added to 

the precipitate formed. The reaction mixture was then refluxed for an additional 2 hours. 

During this period, the mononuclear complex was completely dissolved, affording a clear 

solution. After cooling to room temperature, the solution was filtered, and the filtrate was 

concentrated by evaporation. The resulting dark brown precipitate was collected by filtration, 

washed with cold methanol, and dried under vacuum.  

Yield: (0.42 g, 80%); Colour: Dark brown; Anal.Calc. for: C25H21N5O10Cl2Cu2 (F.W. = 

749.46 g/mol); Elemental analysis, calculated (%): C, 40.11; H, 2.81; Cu, 16.84; N, 9.36. 

Found: C, 40.05; H, 2.71; Cu, 16.75; N, 9.25.  

2.2.2.2. [Cu2L2] (C1O4)2. 

The complex was prepared following the same procedure as described for complex 1, 

except that PC-2 (0.256 g, 0.07 mmol) was used in place of PC-1. Copper(II) acetate 

monohydrate (0.14 g, 0.07 mmol), 3,4-diaminopyridine (0.076 g, 0.07 mmol), and copper(II) 

perchlorate hexahydrate (0.26 g, 0.07 mmol) were employed in a chloroform–methanol 

mixture (30:70 v/v, 200 mL).  

Yield: (0.43 g, 82%); Colour: Dark brown; Anal.Calc. for: C26H23N5O10Cl2Cu2 (F.W. = 

763.49 g/mol); Elemental analysis, calculated (%): C, 40.94; H, 3.02; Cu, 16.53; N, 9.19. 

Found: C, 40.79; H, 2.95; Cu, 16.45; N, 9.15.  

2.2.2.3. [Cu2L3] (C1O4)2. 

The complex was prepared using the same procedure as for complex 1, with compound 

PC-3 (0.266 g, 0.07 mmol) in place of PC-1. The ligand was dissolved in a chloroform–ethanol 

mixture (30:70 v/v, 150 mL).  

Yield: (0.45 g, 85%); Colour: Dark brown; Anal.Calc. for: C27H25N5O10Cl2Cu2 (F.W. = 

777.51 g/mol); Elemental analysis, calculated (%): C, 41.75; H, 3.22; Cu, 16.23; N, 9.02. 

Found: C, 41.65; H, 3.16; Cu, 16.18; N, 8.95.  

2.2.2.4. [Cu2L4] (C1O4)2. 

The complex was prepared using the same procedure as for complex 1, with compound 

PC-4 (0.300 g, 0.07 mmol) in place of PC-1. The ligand was dissolved in a chloroform–ethanol 

mixture (30:70 v/v, 150 mL).  

Yield: (0.47 g, 87%); Colour: Dark brown; Anal.Calc. for: C29H21N5O10Cl2Cu2 (F.W. = 

797.50 g/mol); Elemental analysis, calculated (%): C, 34.45; H, 3.25; Cu, 15.85; N, 7.00. 

Found: C, 34.55; H, 3.30; Cu, 15.95; N, 7.05.  

2.2.2.5. [Cu2L5] (C1O4)2. 

The complex was synthesized following the procedure described for complex 1, using 

compound PC-5 (0.33 g, 0.07 mmol) in place of PC-1. The ligand was dissolved in a 

chloroform–ethanol mixture (30:70 v/v, 150 mL).  

Yield: (0.45 g, 80%); Colour: Dark brown; Anal.Calc. for: C33H23N5O10Cl2Cu2 (F.W. 

= 847.56 g/mol); Elemental analysis, calculated (%): C, 34.45; H, 3.25; Cu, 15.85; N, 7.00. 

Found: C, 34.55; H, 3.30; Cu, 15.95; N, 7.05.  
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2.3. [Cu2L1-5]
2+ – DNA binding interaction studies. 

2.3.1. Absorption spectral studies. 

Absorption spectral titration experiments of CT-DNA with the complexes were 

performed using a Perkin Elmer Lambda 35 spectrophotometer. A stock solution of CT-DNA 

was prepared in a buffer containing 5 mM Tris-HCl and 50 mM NaCl at pH 7.2, and stored at 

4 °C. The concentration of CT-DNA was estimated by recording its UV absorbance at 260 nm, 

employing a molar absorptivity (ε) value of 6600 M⁻¹ cm⁻¹ at this wavelength. The ratio of 

absorbance at 260 nm to 280 nm (A₂₆₀/A₂₈₀) was approximately 1.8, demonstrating that there 

was not enough protein contamination in the DNA solution [42]. 

Absorption titration experiments were conducted with a fixed concentration of 

complexes while systematically increasing the DNA concentration. Typically, 20 μL aliquots 

of the CT-DNA stock solution were incrementally added to a 2.0 mL solution of the complexes 

(30 μM), and the absorption spectra were recorded over the 200–500 nm range. The binding 

constant (Kb) was calculated using equation (1) [43]. 

[𝐷𝑁𝐴]

(𝜀𝑎−𝜀𝑓)
 = 

[𝐷𝑁𝐴]

(𝜀𝑏−𝜀𝑓)
 + 

1

𝐾𝑏 (𝜀𝑏−𝜀𝑓)

                   (1) 

In this context, εa, εf, and εb represent the ratio of Aobsd to [complex], the molar extinction 

coefficient of the unbound (free) complex, and the molar extinction coefficient of the complex in its 

fully bound state, respectively.  

2.3.2. Fluorescence spectral investigations. 

Optical spectroscopy experiments were performed using a PerkinElmer LS-45 

spectrophotometer equipped with a 1 cm path-length cuvette. The interaction study was 

performed by maintaining ethidium bromide (EB) at 2 μM and CT-DNA at 4 μM in a buffer 

solution of 50 mM Tris-HCl / 1 mM NaCl (pH 7.2), while varying the concentrations of the 

complexes from 0 to 60 μM. The binding of the complexes to immobilized EB–CT-DNA was 

quantified at room temperature, with excitation at 510 nm. The apparent binding constant (Kapp) 

was calculated using equation (2) [44]: 

𝐾𝐸𝑡𝐵𝑟 [EB]  =  𝐾𝑎𝑝𝑝[complex]                   (2) 

 

Where KEtBr is 1 × 107 M−1, [EB] = 2 μM, and [complex] is the concentration of the 

complex that causes 50% reduction in the emission intensity of EB. 

2.3.3. Viscosity measurements. 

Viscosity measurements were conducted using a Brookfield DV-II+ Pro analyzer at 

25°C. The concentration of CT-DNA was maintained at 100 μM in a buffer solution (5 mM 

Tris-HCl / 50 mM NaCl, pH 7.2). The results were expressed by plotting (η/η₀)¹ᐟ³ against the 

ratio of [complex] to [DNA], where η represents the specific viscosity of DNA in the presence 

of the complexes at concentrations of 4, 8, 12, 16, and 20 μM, while η₀ corresponds to the 

viscosity of DNA in the absence of any complex [45]. 
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2.3.4. Circular dichroism. 

One practical method to evaluate conformational changes in nucleic acids upon 

interaction with complexes is circular dichroism (CD) spectroscopy [46]. Circular dichroism 

(CD) spectra of CT-DNA were recorded with and without the complexes across the wavelength 

range of 220 to 320 nm, using a scanning speed of 300 nm per minute.Data were collected at 

0.1 nm intervals at room temperature, using a 3 mL quartz cuvette. 

2.4. DNA cleavage studies. 

Assays for the dissociation of pBR322 DNA (0.5 μg/μL) in the presence of Cu(II) 

complexes (5.0–100 μM) were conducted using agarose gel electrophoresis in a Tris-HCl/NaCl 

buffer (5 mM Tris-HCl, 50 mM NaCl, pH 7.2). In a typical experiment, 5 μL of supercoiled 

pBR322 DNA (50 μg/μL) prepared in 100 mM Tris-HCl (pH 7.2) was treated with varying 

concentrations of the complex (0–50 μM), and the volume was adjusted with Tris-HCl buffer 

to a final volume of 17.5 μL. The samples were loaded onto a 1% agarose gel containing 1 

μg/mL ethidium bromide (EB) after incubation at 37°C for varying periods of time. Each 

sample was run in duplicate during the 30-minute electrophoresis process at 50 V in Tris-

acetate-EDTA (TAE) buffer. DNA band intensities were visualized under UV light and 

documented using gel imaging techniques. 

2.5. MTT assay cell culture. 

Penicillin/streptomycin (250 U/mL) and 10% fetal bovine serum were added to Roswell 

Park Memorial Institute (RPMI) medium to culture MCF-7 human breast cancer cells, obtained 

from the National Center for Cell Science (NCCS), Pune. Gentamicin (100 μg/mL) and 

amphotericin B (1 mg/mL) were purchased from Sigma Chemicals. Cell cultures were 

maintained at 37°C in a humidified atmosphere containing 95% air and 5% CO₂. The cells 

were allowed to grow for 24 hours prior to experimental use. 

2.5.1. Cytotoxicity assay. 

The effects of the complexes on MCF-7 cell growth were evaluated using the rapid 

thiazolyl blue tetrazolium bromide (MTT) colorimetric assay [47]. MCF-7 cells were seeded 

at a density of 5 × 10³ cells per well in 96-well plates and incubated for 24 hours with 200 μL 

of RPMI medium supplemented with 10% fetal bovine serum (FBS). The culture medium was 

then removed, and RPMI containing varying concentrations of the test compounds (0.11–100 

μg/mL) was added, followed by incubation for an additional 48 hours. After treatment, the cells 

were incubated with MTT solution (10 μL, 5 mg/mL) at 37°C for 4 hours, after which dimethyl 

sulfoxide (DMSO) was added and incubated at room temperature for 1 hour to dissolve the 

formazan crystals. Absorbance was measured at 595 nm using a multiwell spectrophotometer. 

All data represent the average of six independent experiments. Cell viability (%) was calculated 

as (Mean OD / Control OD) × 100, and cytotoxicity was expressed as the half-maximal 

inhibitory concentration (IC₅₀). 
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3. Results and Discussion 

3.1. Spectral analysis. 

The ESI mass spectra of the positive ions for Cu(II) complexes 1–5 exhibited major 

peaks at m/z = 649, 663, 677, 697, and 747, corresponding to the [Cu₂L₁–₅·ClO₄]⁺ ion. 

Additional peaks at m/z = 275, 282, 289, 299, and 324 confirmed the presence of the doubly 

charged [Cu₂L₁–₅]²⁺ core. The analytical mass spectra and ESI data are consistent with the 

proposed structures of the dicopper(II) complexes. 

The dinuclear complexes displayed infrared (IR) spectra distinct from those of the 

corresponding precursor ligands (PC1–5). The effective formation of the Schiff base was 

indicated by a characteristic peak at approximately 1620 cm⁻¹, corresponding to the imine 

ν(C=N) stretch, alongside the disappearance of the aldehyde ν(HC=O) peak at around 1670 

cm⁻¹. The dinuclear Cu(II) complexes 1–5 showed two peaks near 1100 cm⁻¹ attributed to the 

antisymmetric stretch of perchlorate ions, and a peak near 630 cm⁻¹ corresponding to the 

antisymmetric band of perchlorates. Of the two peaks near 1100 cm⁻¹, one exhibited splitting 

due to coordination with perchlorate ions. A broad band around 3400 cm⁻¹ indicated the 

presence of lattice or coordinated water. 

Two new bands were observed at 582–592 cm⁻¹ and 440–461 cm⁻¹, which are assigned 

to M–O and M–N stretching vibrations, respectively, confirming metal–ligand bonding in the 

complexes. The electronic absorption spectra of the complexes in acetonitrile (CH₃CN) 

revealed three primary transitions. A weak band between 530 and 560 nm was attributed to the 

d–d transition of the Cu(II) ion, suggesting a distorted square pyramidal coordination geometry 

around the metal center in complexes 1–5 [48]. The most intense band, observed in the near-

UV region (350–365 nm), was assigned to an overlap of the π–π* transition of the azomethine 

group with a charge transfer transition from the phenolate bridge to the d-vacant orbital of the 

Cu(II) ion. Additionally, a strong band at 260–270 nm was attributed to internal charge transfer. 

3.2. Cyclic voltammetry. 

Using cyclic voltammetry, the redox behaviour of complexes 1–5 was investigated in 

DMF with tetrabutylammonium perchlorate as the supporting electrolyte. A representative 

cyclic voltammogram for complex 5 is shown in Figure 1, and the corresponding 

electrochemical data are compiled in Table 1. All the complexes displayed two quasi-reversible 

reduction waves in the cathodic region. For each complex, the first redox couple appeared in 

the range of −0.50 to −0.75 V (vs. Ag/AgCl), while the second was observed between −0.85 

and −1.25 V. Controlled potential electrolysis performed at 100 mV more negative than the 

peak potentials confirmed that both redox processes involve single-electron transfers (n ≈ 

0.94), corresponding to the Cu(II)Cu(II)/Cu(II)Cu(I) and Cu(II)Cu(I)/Cu(I)Cu(I) redox 

couples, respectively. 

 
The observed electrochemical behavior is consistent with literature values for related 

binuclear Cu(II) macrocyclic complexes, which typically exhibit first reduction potentials in 

the −0.40 to −0.70 V range and second reductions between −0.90 and −1.20 V, depending on 

ligand environment and solvent polarity. For instance, binuclear Cu(II) Schiff base complexes 

reported by Fei et al. and Sankar et al. exhibit similar redox potentials, supporting the 

assignment of mixed-valent species in our system [28,29]. The macrocyclic framework clearly 
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influences redox potentials, particularly through variations in ring size and donor-atom 

arrangement. As shown in Table 1, a slight shift in reduction potential correlates with 

macrocycle rigidity and electronic environment, suggesting that the ligand’s geometry 

modulates the Cu(II)/Cu(I) redox couple. These findings reinforce the structural control of 

redox properties in dinuclear copper systems. 

Table 1. Electrochemical dataa of binuclear copper(II) complexes in DMF medium. 

Complex E1 pc (V) E1 (V) pa E1 (V) 1/2 ∆E1(mV) E2 (V) pc E2 (V) pa E2 (V) 1/2 ∆E2(mV) 

1 -0.80 -0.62 -0.71 -180 -1.18 -1.00 -1.09 -180 

2 -0.62 -0.42 -0.52 -200 -0.92 -0.82 -0.87 -100 

3 -0.76 -0.60 -0.68 -160 -0.96 -0.84 -0.90 -120 

4 -0.72 -0.52 -0.62 -200 -1.10 -0.96 -1.03 -140 

5 -0.80 -0.64 -0.72 -160 -1.32 -1.14 -1.23 -180 
a Measured by CV at 100 mV/s. E versus Ag/AgCl conditions: GC working and Ag/AgCl reference electrodes; 

supporting electrolyte TBAP; concentration of complex 1x10-3 M, concentration of TBAP 1x10-1 M 

 
Figure 1. Cyclic voltammograms of the [Cu2L5] (ClO4)2 in DMF solution with TBAP as supporting electrolyte. 

3.3. Interaction of copper (II) complexes with DNA. 

3.3.1. Cyclic voltammetric studies. 

Cyclic voltammetry serves as a valuable complementary technique to UV–visible and 

fluorescence spectroscopy for investigating DNA-bound complexes [49,50].  

 
Figure 2. Cyclic voltammogram of the complex 5 in the absence (a) and presence (b) of CT-DNA in 50 mM 

Tris–HCl/50 mM NaCl buffer solution (pH = 7.2), scan rate: 0.1 V/s. 

Figure 2 shows the cyclic voltammograms of the complexes recorded both in the 

absence and presence of CT-DNA. Upon addition of DNA at concentrations equivalent to 

[Cu₂L], shifts in the half-wave potential (E₁/₂) and peak-to-peak separation (∆E) were observed. 

Additionally, an increase in DNA concentration led to a decrease in the cathodic-to-anodic 
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peak current ratio (ipc/ipa). This reduction in peak current is likely due to an equilibrium between 

the free copper complex and DNA-bound species at the electrode surface, possibly driven by 

interactions between the planar aromatic groups of the DNA base pairs and the complex. 

3.3.2. Absorption spectral studies. 

Electron absorption spectroscopy is a highly effective technique for studying DNA 

binding interactions. Complexes can bind to DNA either by intercalation between base pairs or 

by interacting along the DNA backbone. Generally, simple binding results in minimal changes 

in absorption band intensity; consistent with this, no significant intensity changes were 

observed in such cases. However, intermediate binding interactions typically produce 

hypochromism (decreased absorption intensity) and a red shift (bathochromic shift) in the 

absorption bands. 

The electronic spectra of the complexes exhibit two ligand-centered (LC) transitions: a 

π–π* transition in the 350–365 nm region and an n–π* transition in the 260–270 nm region. 

For UV-visible absorption titrations, copper(II) complexes were dissolved in DMF at a 

concentration of 5 × 10⁻⁵ M, while the concentration of CT-DNA was varied with the complex 

concentration held constant. Prior to measurement, the DNA–complex solutions were 

incubated at room temperature for 30 minutes, and spectra were recorded using a 1 cm path 

length cuvette. 

As shown in Figure 3, the absorption peaks at 255 nm and 326 nm of the complex 

solution decreased upon the addition of DNA. The significant hypochromism, reaching up to 

40% at the specified wavelengths, indicates an interaction between CT-DNA and the 

intercalating complexes. The intrinsic binding constant (Kb) was determined by analyzing the 

variation in absorbance at 255 nm with increasing CT-DNA concentration, thereby offering a 

quantitative assessment of the DNA-binding affinity of the complexes.In most cases, the 

electronic spectra of these complexes exhibited no radioactivity upon interaction with 

complementary DNA sequences. By analyzing absorbance changes at 255 nm for complexes 

1–5 with increasing DNA concentration, intrinsic DNA binding constants (Kb) were 

determined to be 1.12 × 10⁵, 1.20 × 10⁵, 6.9 × 10⁴, 7.0 × 10⁴, and 1.17 × 10⁵ M⁻¹, respectively. 

Comparison of the binding constants shows that complexes 4 and 5, which contain aromatic 

groups, exhibit enhanced DNA binding relative to complexes 1–3. This enhancement is likely 

linked to stronger interactions between transcription factors and the aromatic moieties. 

 

Figure 3. UV-visible spectra of the (a) Cu(II) complex in the presence of increasing amounts of CT-DNA in 50 

mM Tris–50 mM NaCl aqueous buffer solution (pH = 7.2); (b) Plot of [DNA]/(Ɛa - Ɛf) versus [DNA] for 

absorption titration of CT-DNA with the complex. 
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3.3.3. Fluorescence spectroscopic studies. 

Ethidium bromide (EB) intercalates between adjacent DNA base pairs, resulting in 

strong fluorescence in the presence of DNA. Previous studies have shown that the introduction 

of a second molecule can decrease this fluorescence intensity. The binding affinity of this 

second molecule to DNA can be evaluated by monitoring the fluorescence of EB bound to 

DNA. In dilution experiments, varying concentrations of the Cu(II) complexes were added to 

a 1.5 mL solution of EB-bound CT-DNA. All measurements were performed at ambient 

temperature using cuvettes with a 1 cm path length. The samples were excited at 510 nm, and 

the emission spectra were recorded over the range of 550–700 nm.  

In our study, the fluorescence intensity showed a gradual decline with the incremental 

addition of Cu(II) complexes to the EB–DNA system. Figure 4 presents the emission spectra 

of EB bound to DNA, both in the absence and presence of these complexes. The significant 

reduction in fluorescence intensity upon complex addition indicates that the Cu(II) complexes 

interact with DNA by displacing EB, a characteristic behavior of intercalative DNA binding. 

The apparent quenching constants (Kapp) obtained for complexes 1–5, determined from 

the slopes of the Stern–Volmer plots (Figure 4), were 3.1 × 10⁵, 3.12 × 10⁵, 3.14 × 10⁵, 3.25 × 

10⁵, and 3.3 × 10⁵ M⁻¹, respectively. These values are comparable to those reported for DNA 

intercalative complexes [52], supporting the conclusion that the Cu(II) complexes bind to DNA 

via an intermediate intercalative mode. 

 
Figure 4. (a) Emission spectra of EB attached to DNA with and without complex 5; (b) Stern-Volmer 

quenching plot of EB bound to DNA by complex. I0 represents the EB-DNA emission intensity when complex 

is not present, and I represents the EB-DNA emission intensity when complex is present. 

             3.3.4. Circular dichroism spectroscopy. 

DNA binding of the Cu(II) complexes was also investigated using circular dichroism 

(CD) spectroscopy.  

 

 
Figure 5. The circular dichromism spectra of CT-DNA in the absence (a) and presence of the complexes (b-

complex 1, c-complex 2, d-complex 5). [CT-DNA] = 25 µM, [complex]/[DNA] = 0.5. All the spectra were 

recorded in Tris–HCl buffer, pH = 7.2. 
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CT-DNA typically adopts the B-DNA conformation, characterized by a negative CD 

band near 245 nm, attributable to the helical structure, and a positive CD band around 275 nm, 

corresponding to base stacking interactions [53]. Upon treatment of CT-DNA with the Cu(II) 

complex at a molar ratio of 0.5 ([complex]/[DNA]), significant alterations in the CD spectrum 

were observed. Specifically, the intensities of both the positive and negative bands changed 

(Figure 5), indicating disruption of the native CT-DNA structure. These results suggest that the 

complex binds to DNA and relaxes the helix [54]. 

3.3.5. Viscosity experiments. 

A viscosity study was performed to elucidate further the interaction mechanism of the 

Cu(II) complexes with DNA. In the absence of structural information from X-ray 

crystallography or NMR, hydrodynamic methods, such as viscosity measurements, are 

particularly effective for investigating DNA-binding modes, as they are highly sensitive to 

changes in DNA length [55,56]. The addition of the complexes resulted in an increase in the 

viscosity of the CT-DNA solution. 

Classical DNA intercalators, such as ethidium bromide (EB), cause a significant 

increase in the relative specific viscosity (η/η₀) of DNA solutions—where η and η₀ represent 

the viscosities of DNA in the presence and absence of the complexes, respectively—due to 

DNA elongation caused by base pair separation during intercalation [57,58]. In contrast, 

molecules that bind externally or within the grooves of DNA typically induce negligible or 

irregular changes in DNA viscosity [59]. The specific viscosity of the DNA solution increased 

significantly upon addition of the complexes, with relative viscosities rising as the 

concentration of the complexes increased. Figure 6 presents plots of the relative viscosity 

(η/η₀)¹/³ versus the [complex]/[DNA] ratio for the complexes. This increase in DNA viscosity 

is attributed to an intermediate binding mode of the complexes, supporting and extending the 

findings reported in previous studies [60,61]. 

 
Figure 6. Effects of increasing amounts of the complex on the relative viscosities of CT-DNA at 23.0 (±0.1) ᵒ 

C; [DNA] = 100 µM, r = [M]/[DNA]. 

The specific viscosity of the DNA sample increases significantly with the addition of 

the complexes, and the relative viscosity of the DNA increases as the concentration of the 

complexes increases. Figure 6 shows plots of relative viscosity (η/η₀)¹/³ against the 

[mixture]/[DNA] ratio for the complexes. This rise in DNA viscosity is attributed to the 
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complex's intermediate binding mode, which supports the findings of the previous article 

[60,61]. 

3.4. Protein binding studies. 

Bovine serum albumin (BSA) is widely employed in research due to its structural 

similarity to human serum albumin (HSA) [62,63]. As the most abundant plasma protein, BSA 

serves as a valuable model for studies on protein folding and synthesis in biotechnology. Given 

its biological relevance, BSA is frequently chosen as a binding protein and has become a key 

model for investigating drug–protein interactions. Understanding the binding interactions of 

compounds with albumins is essential for elucidating their pharmacokinetic and 

pharmacodynamic properties [64,65]. 

3.4.1. UV-visible absorption spectral analysis. 

Evidence for static quenching can also be supported by UV-Vis spectral analysis of the 

fluorophore. In cases of dynamic quenching, the absorption spectrum of the fluorophore 

generally remains unchanged, as only the excited-state fluorescence is affected by the 

quencher. In contrast, static quenching involves interactions in the ground state, leading to the 

formation of a stable complex between the quencher and the fluorophore. This typically results 

in notable changes in the absorption spectrum. 

Figure 7 illustrates the absorption spectra of free BSA and BSA in the presence of 

complex 5. BSA exhibits a characteristic absorption band at 280 nm. Upon addition of the 

Cu(II) complexes, a decrease in absorbance accompanied by a red shift in the spectra was 

observed. These findings suggest that the binding interaction between the Cu(II) complexes 

and BSA follows a static quenching mechanism. 

 
Figure 7. Absorption spectra of BSA in the presence of various concentrations of Cu(II) complex. 

3.4.2. Fluorescence quenching of BSA. 

Fluorescence spectroscopy is a valuable technique for investigating the interactions 

between metal complexes and bovine serum albumin (BSA), offering insights into local 

structural and dynamic changes within the protein. A decrease in fluorescence intensity often 

indicates complex formation between the metal complexes and BSA, which contains intrinsic 

fluorophores—primarily tryptophan residues such as Trp-134 and Trp-212. The emission 

intensity of BSA is influenced by the microenvironment of these residues, particularly their 
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proximity to quenching groups such as carbon protons, imidazole protons, or tyrosine anions, 

which can affect molecular interactions. 

In this study, the binding affinity of Cu(II) complexes 1–5 with BSA was examined 

under physiological conditions. Figure 8 demonstrates the effect of complex 5 on the 

fluorescence emission of BSA. Upon excitation at 280 nm, BSA exhibits a strong emission 

band centered around 360 nm. The addition of Cu(II) complexes led to quenching of BSA 

fluorescence, likely due to conformational changes in the protein's secondary or tertiary 

structure in phosphate buffer, altering the spatial orientation of tryptophan residues. 

The binding constants (KBSA) for complexes 1–5 were determined to be 3.2 × 10⁵ M⁻¹, 

4.6 × 10⁵ M⁻¹, 6.3 × 10⁵ M⁻¹, 6.8 × 10⁵ M⁻¹, and 7.0 × 10⁵ M⁻¹, respectively, indicating a 

strong and progressive affinity of the complexes for BSA. 

 
Figure 8. Fluorence spectra of (a) BSA in presence of various concentration of complex-5 Vs [Ikuta,  #6187], 

[Ikuta,  #6187]= 1× 10−6 M−1, [complex] = (0 - 10 × 10−6 M−1 ); (b) Plot of [,  #5196] versus (I0/I) for emission 

titration of BSA protein with the complex. 

3.5. Chemical nuclease activity. 

To evaluate the DNA cleavage efficiency of complexes 1–5, supercoiled (SC) pBR322 

DNA (100 ng/μL) was incubated with varying concentrations of the complexes in 5% DMF, 

prepared in Tris-HCl/NaCl buffer (50:5 mM, pH 7.2), for 30 minutes in the presence of 

hydrogen peroxide (H₂O₂) as an activator (Figure 9). Upon treatment with the Cu(II) 

complexes and H₂O₂, the supercoiled form of DNA (Form I) was progressively converted into 

nicked circular DNA (NC, Form II) and linear DNA (LC, Form III). 

The extent of conversion from Form I to Forms II and III increased with increasing 

complex concentration, indicating concentration-dependent nuclease activity. Notably, the 

macrocyclic complexes containing additional aromatic moieties (complexes 4 and 5) exhibited 

enhanced DNA cleavage activity compared to the others, suggesting a possible correlation 

between aromaticity and nuclease efficiency. 

 
Figure 9. Cleavage of SC pBR322 DNA (0.1 lg) by Cu(II) complexes (15µg) in 50 mM Tris– HCl/NaCl buffer 

(pH 7.2). Lane 1: DNA control, lane 2: DNA +H2O2, lane 3: DNA + H2O2 + complex 1, lane 4: DNA + H2O2 

+complex 2, lane 5: DNA + H2O2 +complex 3, lane 6: DNA + H2O2 +complex 4, lane 7: DNA + H2O2+complex 

5. 
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3.5.1. Investigation of DNA cleavage in the presence of the activator and radical scavengers. 

Gel electrophoresis experiments were conducted, and the graph (Figure 10) shows the 

separation of pBR322 supercoiled DNA (150 μg/mL) and Cu(II) complex 4 (0.06 mM) in the 

presence of various reagents: (50 mM) Tris-HCl buffer at pH 7.2 and 37°C. The dissociation 

activity of complex 4 was significantly reduced in the presence of DMSO, indicating that •OH 

was incorporated in the dissociation activity. The hydrogen peroxide adsorbent KI also 

significantly inhibited the dissociation activity of the compounds (lane 7), confirming that 

H₂O₂ was involved in the dissociation reaction. The singlet oxygen scavenger NaN₃ (lane 5) 

and the superoxide displacer SOD (lane 6) did not inhibit DNA cleavage, suggesting that ¹O₂ 

and superoxide are not incorporated in the cleavage mechanism. Thus, these complexes appear 

to follow similar pathways in the cleavage process, in which hydroxyl radicals and hydrogen 

peroxide (H2O2) are important.  

Based on the dependence on H₂O₂ and inhibition by DMSO and KI, the cleavage likely 

proceeds via an oxidative pathway involving hydroxyl radicals. The lack of inhibition by NaN₃ 

and SOD rules out significant contributions from singlet oxygen and superoxide species. 

However, a minor hydrolytic mechanism may also be present, as some cleavage is observed 

even in the absence of oxidants. These observations are consistent with previously reported 

Fenton-type oxidative mechanisms by Cu(II) macrocyclic or Schiff-base complexes, where 

radical scavengers such as DMSO suppress DNA cleavage, confirming the role of •OH as the 

active species. Similar oxidative cleavage mechanisms involving Cu(II) complexes and 

hydroxyl radicals have been reported in recent studies by Parsekar et al. and Paliwal et al. [66, 67], 

where ROS-mediated cleavage dominated in the presence of H₂O₂, while minimal hydrolytic 

contribution was observed in its absence  

 
Figure 10. Gel electrophoresis diagrams showing the cleavage of supercoiled pBR322 DNA (150 µg/ml) by 

copper (II) complex 4 (0.06 mM) in the presence of various agents in a 50 mM Tris–HCl buffer at pH 7.2 and 37 

ᵒC. Lane 1, DNA control; Lane 2, DNA + H2O2; Lane 3, DNA + H2O2+ complex 5; Lane 4, DNA + H2O2+ 

complex 5 + DMSO (1 mM); Lane 5, DNA+ H2O2+ complex 5+ NaN3 ; Lane 6, DNA + H2O2+ complex 5+ 

SOD; Lane 7, DNA + H2O2 + complex 5+ KI. 

3.6. Study of cytotoxicity by the MTT assay. 

The MTT Cell Proliferation and Viability Assay is a reliable and sensitive in vitro 

method used to assess cell proliferation or a reduction in cell viability, which may occur due to 

apoptosis or necrosis. In this study, the MTT assay was used to evaluate the antineoplastic 

effects of the Cu(II) complexes 1, 3, and 5 on MCF-7 human breast cancer cells. The cytotoxic 

activity of these complexes was determined by treating the cells with various concentrations of 

the compounds, followed by thiazolyl blue tetrazolium bromide (MTT) colorimetric analysis 

(Figure 11). 

The results demonstrated that complexes 1, 3, and 5 exhibited significant antineoplastic 

activity, with a marked decrease in cellular viability (Figure 12). Notably, the dicopper(II) 

complexes showed potent cytotoxic effects against MCF-7 cells, with IC₅₀ values of 10.7 μM, 
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6.35 μM, and 4.08 μM for complexes 1, 3, and 5, respectively. These findings suggest that the 

cytotoxicity of the complexes increases with structural variation, particularly in complex 5, 

which showed the highest antiproliferative activity. 

 
Figure 11. Morphology of Annexin V-FITC-stained MCF-7 breast cancer cells. Untreated cells (control) and 

treated cells with complex 5 at various concentrations. 

 
Figure 12. In vitro cytotoxicity of Cu(II) complexes at various concentrations in human breast (MCF-7)   cancer 

cell lines – percentage of cell inhibition. 

4. Conclusions 

A novel series of binuclear Cu(II) complexes with unsymmetrical macrocyclic ligands 

was successfully synthesized and thoroughly characterized using various physicochemical and 

spectroscopic techniques, along with elemental analysis. Spectral studies confirmed that all 

complexes exhibit intercalative DNA binding and strong protein interactions, as evidenced by 

BSA fluorescence quenching via a static mechanism. Among them, complex 5 demonstrated 

markedly enhanced DNA-binding affinity and cleavage efficiency, attributed to π–π stacking 

interactions facilitated by the naphthalene-diamine-based macrocyclic ligand (L5), thereby 

enabling stronger intercalation into DNA. 

DNA cleavage studies revealed that the complexes predominantly cleave DNA via an 

oxidative pathway. Notably, cleavage activity remained largely unaffected by reactive oxygen 

species (ROS) scavengers, including DMSO, KI, L-histidine, NaN₃, and SOD, suggesting a 

non-ROS-dependent mechanism. However, in some assays, especially in the presence of H₂O₂, 

oxidative cleavage involving hydroxyl radicals may contribute to the observed activity, 

although a hydrolytic component remains evident in the absence of oxidants. 
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Electrochemical analysis indicated quasi-reversible redox behavior across the series. 

Furthermore, MTT-based cytotoxicity assays revealed significant antiproliferative effects, 

particularly for complexes 1–3 and 5, against MCF-7 breast cancer cells, underscoring their 

potential as metal-based anticancer agents. Future research will focus on detailed mechanistic 

elucidation, in vivo validation, and structure–activity relationship studies to optimize 

therapeutic efficacy. 
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