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ELECTROCHEMICAL CHARACTERIZATION AND
DNA INTERACTION STUDIES OF A NOVEL COPPER
SCHIFF BASE COMPLEX: INSIGHTS FROM CYCLIC

VOLTAMMETRY AND MOLECULAR DOCKING

Chahinaz ZOUBEIDI?(, Ali OURARIP®,
Elhafnaoui LANEZ®", and Touhami LANEZ®"

ABSTRACT. In this study, we investigate the electrochemical properties of
a novel copper complex (Culz) derived from the Schiff base ligand N-3-
bromopropylsalicylaldimine (LH). We also examine its interaction with
chicken blood double-stranded DNA (cb-ds DNA) in phosphate buffer solution
(PB) at physiological pH 7.2 using cyclic voltammetry (CV) techniques. The
interaction mechanism of nitrite with CuLz, involving the Cull/Cul redox
system, is explored. The CuL2 complex was electropolymerized on glassy
carbon (GC) and fluorine tin oxide (FTO). The morphology of PolyCul:
formed on FTO was analyzed using scanning electron microscopy (SEM)
and its elemental composition determined by EDX analysis. The modified
electrode polyCuL2/GC exhibited efficient catalytic activity for the electroreduction
of oxygen (O2) in homogeneous electrocatalytic media. The binding constant
(Kb) of the DNA-Cul2 adduct, determined from CV measurements, was
found to be 1.33x10°%, closely matching the value obtained from molecular
docking studies (1.75x10°%). Docking studies indicate that the CuL2 complex
binds to DNA in the minor groove binding mode. The anodic peak potential
shift in the negative direction suggests an electrostatic interaction between
Cul2 and DNA.

Keywords: Copper(ll) complex; Electro-polymerization; catalytic reduction;
DNA binding affinity; AutoDock.
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INTRODUCTION

Numerous Schiff base ligands have been investigated as starting
materials for coordinating transition metals. The increased interest in their
metal complexes is due to their usefulness in various fields. A new class of
ligands containing two coordination sets (N and O atoms) with a carbon-
bromide function (C-Br) has garnered attention due to their prominent
chemical reactivity [1-3].

Moreover, there has been growing interest in the synthesis,
characterization, and crystal structures of Cu(ll) Schiff base complexes [2—-6].
These complexes exhibit interesting properties and structural diversity,
making them useful for many applications[7,8], including the preparation of
supramolecular assemblies[9,10] and the development of highly sensitive
carbon paste electrodes modified with copper complexes for electrocatalytic
reduction of nitrite (NO;) [11] and bromate (BrO;)in aqueous media [12].

Transition metal coordination compounds have been extensively used
as DNA structural probes [13], DNA cleaving agents [14], DNA molecular
light switches [15], and for various other applications [16,17]. They form very
stable complexes with peculiar properties and reactivity, particularly in
binding small molecules [18,19]. These chelating ligands with O and N donor
atoms and their complexes also show broad biological activity [20,21].
Furthermore, some dibromide-bridged binuclear Cu(ll) complexes, based on
Schiff base ligands, have been investigated for their potential as anticancer
agents [22,23].

Continuing from our previous work, where the Cu(ll) complex and its
ligand were characterized by microanalysis, UV-Vis, FT-IR, '"H NMR, and '3C
NMR spectroscopy, with structures confirmed by single crystal X-ray
crystallography[24], we now report on the investigation of the electrocatalytic
properties of a new copper Schiff base complex (CulL.). This complex
appears in polymer matrices as pendant functional groups covalently grafted
by bromide atoms. We also examine the interaction of CulL, with chicken
blood double-stranded DNA using cyclic voltammetry (CV) techniques and
molecular docking simulation.

RESULTS AND DISCUSSION

The ligand LH was synthesized by reacting 3-bromopropylamine
hydrobromide with 2-hydroxybenzaldehyde in a 1:1 molar ratio, using a base
to enhance the nucleophilicity of the amino group (-NH3)[24]. The CulL, complex
was then prepared by refluxing the ligand with Cu(ll) acetate tetrahydrate in

22



ELECTROCHEMICAL CHARACTERIZATION AND DNA INTERACTION STUDIES OF ANOVEL
COPPER SCHIFF BASE COMPLEX

absolute ethanol, resulting in a dark green precipitate from the exchange
reaction between LH and the copper salt. The reaction pathways for the
formation of LH and the CulL, complex are shown in Schemes 1 and 2.

HO HO
NH -(CH -Br + I) N32C03 .
2 3 ; i) EtOH, reflux  n/7
| -Br
(CH2)3
LH

Scheme 1. Synthetic route of Schiff base ligand LH.

=Br
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. . 2H N o)
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7 i) EtOH, reflux ;
| -Br
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CUL2

Scheme 2. Synthetic route of Schiff base-copper complex Culo.

Electrochemical study of CuL; complex

The CuL, complex was investigated using cyclic voltammetry in an
acetonitrile solution with a scan rate of 100 mV.s™", within the potential range
of -1.80 to 1.80 V against a Saturated Calomel Electrode (SCE).

Upon sweeping the voltage to oxidizing potentials, CulL; (Figure 1)
shows two anodic waves at +1.08 (I) and +1.24 V (ll). The first peak ()
corresponds to the quasi-reversible oxidation of the Cu(ll) to Cu(lll) [6, 25].
LH2, being the most electron donating as the dianionic form/ (L°)., stabilizes
the copper ion in the higher oxidation state Cu(lll) and disfavors reduction of
the copper(ll) cation. The active species of Cu (lll) is likely to oxidize the
ligand LH> via an intermediate electron transfer process, by electrochemical
reaction with ligand Schiff base. The second peak (ll) is observed at nearly
the same potential value as the corresponding ligand and can be attributed
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to irreversible oxidation of phenolic groups of the ligand [1,6,26]. LH2, being
the most electron donating as the dianionic (L), stabilizes the copper ion in
the higher oxidation state and disfavors reduction of the copper(ll) cation.
Also, the oxidation potential of the cooper complex seems to be more positive
than the value observed for the ligand, which may be related to the relative
stability of the coordination bonding between the oxygen and the azote atom
with copper (Il) ion. Two overlapping reduction peaks at -0.78 (lll) and -
1.07(1V) VISCE, which are assigned to the Cu(ll)/Cu(l) redox couple and the
reduction the imine groups of the Schiff base, respectively [25]. The latter
reduction wave is significantly shifted to less cathodic potentials compared
to the ligand alone, indicating a decrease in the electron density of the imine
group after the coordination process with the copper complex [28].
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Figure 1. Cyclic voltammogram of 1 mM of CuL2 at GC electrode
in acetonitrile solution 0.1 M TBAP. Scan rate 100 mV.s™.

Figure 2 displays a pair of oxidation-reduction peaks corresponding
to the Cu(lll)/Cu(ll) redox couple at1.08 V and 0.64 V. The AEp data being
larger than the theoretical value for an electrochemically reversible one-
electron process. Thus, for this complex the large AEp value expressing an
electrochemical oxidation of Cu(ll) would be due to a quasi-reversible
behavior of the couple Cu(lll)L + e- = Cu(ll)L yielding an average formal
potential of E12 = 0.86 V. The difference between the anodic and cathodic
potentials is AEp1 = 0.44 V and the current ratio (Ipcs/lpas) exceeds unity at
4.83 confirm the irreversibility electrochemistry of this redox couple.
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The Cu(ll)/Cu(ll) redox couple appears to be scan-rate-dependent,
particularly for the anodic wave. At lower scan rates (10-100 mV.s™), this anodic
wave splits into two. As the scan rate increases, the first wave shifts to more
anodic potentials, while the second wave shifts to more cathodic potentials,
resulting in an increase in current intensities. These two redox couples are likely
irreversible, consistent with previous reports in the literature [29,30].
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Figure 2. Cyclic voltammogram of 1 mM CuLz in 0.1 M TBAP/CHsCN
showing scan rate dependence of Cu(ll) / Cu(lll) redox couple.

The electroreduction polymerization process of the copper complex
CuL> on optically transparent electrodes was observed by a continuous
increase in peak currents during the initial cathodic sweep scans (Figure 3A).
In subsequent scans, the current decreases, and after several cycles, the
initial reduction peaks disappear, replaced by two new peaks around -0.6
V/SCE, indicating the formation of a deposited film on the electrode surface.
These redox processes correspond to the Cu(ll)/Cu(l) redox couple and
increase with the number of cycles [31,32]. As the number of cycles
increases, not only does the peak current intensity rise, but the potential also
shifts to more negative values [33,34]. It has been proposed that the oxidative
polymerization of Salen-type metal units is primarily a ligand-based process,
where radical-radical coupling between the phenol rings is responsible for
polymer formation. This new material can be considered a modified electrode
[PolyCuL>/GC]. Comparing the electrochemical processes, such as anodic
oxidation or cathodic reduction, the monomer involved in these reactions
leads to the formation of intermediate radical-cations and radical-anions,
respectively (see Eqg. 1 and Eq. 2).
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Cul, —e~ — [CuL,]"

(1)
(2)

Similarly, the electrochemical process described in Eq. 2 initially
produces radical-anions. These radical species participate in radical-radical
coupling, resulting in the formation of polymer films and thereby producing
modified electrodes [33,34]. The PolyCul; film is deposited and grows on an
optically transparent FTO-coated glass electrode, as evidenced by the continuous
increase in the peak currents of the copper complex (Figure 3B).

Cul, +e~ — [CuL,]
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Figure 3. (a) Cyclic voltammogram showing electropolymerization of 0.1 M of CulLz,
0.1 M TBAP/CH3CN by: cycling between -0.4 and -1.8 V/SCE in acetonitrile solution
using GC-electrode at 75 Mv. s™ in (100 cycles). (b) and FTIO electrode
at 100 mV s-1 (100 cycles).

Energy dispersive X-ray (EDS) analysis of the PolyCulL./FTO was
conducted to investigate the adsorption of Cu on the surface of the modified
electrode within the polymer catalyst structure (Figure 4). The EDS images
display peaks corresponding to copper, oxygen, and nitrogen, confirming the
presence of these elements. Furthermore, the analysis indicated that the
coating of copper on the surface of the modified electrode PolyCul. was
successful.

The scanning electron microscopy (SEM) images presented in Fig. 5
were used to explore the morphology of the film electropolymerized onto an
FTO substrate. The surface of the PolyCuL, film, obtained by cycling 100 times
between -0.4 and -1.8 V, displays high porosity, which becomes apparent at
high magnifications.
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Figure 4. EDAX spectrum of polyCuL2/FTO.

Figure 5. Scanning electron micrographs of the FTO modified electrode surface
with polyCuL2/FTO, (a) X 2.000, 2.0 Kv 10 ym, (b) X 4.000, 2.0 Kv 1 ym
(c) X 2.000, 2.00 Kv 10 pm, (d) X 5.000, 2.0 Kv 1 pm.
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Catalytic effect of polyCulL,

The electrochemical determination of the efficient catalytic activity for
the reduction of oxygen by a CG electrode modified with a polyCulL; film was
conducted in a mixture containing 9.2 mg.L™" of oxygen (O,) and 0.5 mol.L™
KClI solution (Fig. 6). Under a controlled nitrogen atmosphere, the signal was
almost zero (Curve A). However, in an air medium, the signal became
significant (Curve B). This indicates that the electrocatalytic efficiency was
drastically affected by the modification of the electrode surface, resulting in
polyCulL.,/GC films [35-37]. The results showed a significant enhancement
of the redox system, observed at -0.8 V vs. SCE, which has been attributed
to oxygen reduction by the Cu(ll)/Cu(l) couple[38].

100
50

0_- a

-50

-100

j! pA.cm?

-150
-200

-250

-300 +—1——+—m—+—r—+—v—-—-"+—1""—7+1—"—1—4
20 18 -16 -14 -12 -10 08 -06 -04 -02

E/V
Figure 6. Cyclic voltammograms recorded in 0.1 M TBAP/CH3CN solution at
100 mV/s with polyCulL2/GC Modified electrode: (a) under saturated nitrogen
atmosphere, (b) under saturated air atmosphere.

It is postulated that the catalytic efficiency for a given catalyst can be
assessed from the ratios of the cathodic peak (ipc) currents under oxygen
and nitrogen atmospheres, denoted as ipc(O,)/ipc(N-). As shown in Table 2,
higher values for the ipc(O.)/ipc(N;) ratios were observed at various scan rates.
This indicates a reproducible and efficient electrocatalytic effect, especially at
lower scan rates, suggesting that more time allows for the chemical reaction
necessary for oxygen reduction [39].
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Table 1. Catalytic efficiency data for electrode modified polyCul2/GC.

Rates (mV/s) 100 75 50 25
ipc(O2)/ ipc(N2) 19.28 18.57 20.12 13.67

DNA Binding Study of CuL; via Cyclic Voltammetry

The cyclic voltammetry technique was applied to study the interaction
between the CuL, complex and DNA. When an increasing concentration of
DNA was added to a solution of the CuL, complex, the anodic peak current
height of the complex decreased, and the anodic peak potential exhibited a
negative shift. This result suggests that the CulL, complex interacts with DNA
via an electrostatic mode [40]. Cyclic voltammograms of the CulL, complex in
the absence and presence of DNA are shown in Fig. 7a. To avoid acidic or basic
denaturation of DNA, the pH of the solution was fixed at the physiological pH
of 7.2 using a 0.1 M phosphate buffer solution (KH,PO,/K,HPO,).

From this observation, it can be noted that in the absence of DNA,
the voltammograms of the CuL, complex show an anodic peak potential at
1.335 V. In the presence of DNA, this peak appears at 1.288 V, with a negative
shift of 47 mV, indicating an interaction between the CulL, complex and DNA.
The voltammograms further show a drop in the anodic peak current densities,
which can be attributed to the slow diffusion of the DNA—CuL, adduct [41].
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Figure 7. (a) Cyclic voltammograms of 0.1 mM CulLz in 0.1 M buffer phosphate
solution recorded at 0.1 V-s™' potential sweep rate on GC disk electrode in the
absence of DNA(0), and in presence of 0.12 (1), 0.24 (2), 0.48 (3), 0.96 (4),
1.44 (5), 1.92 (6) and 2.40 uM DNA (7), (b) the plot of log 1 /1 — (i/i,) versus
log 1 /[DNA] used to calculate the binding constant of ligand CulL2 with DNA.
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Binding constant and binding free energy

The decrease in anodic peak current density of the DNA-CuL,
adduct relative to the free CulL, complex is used to calculate the binding
constant and binding free energy, using equation 3 [42].

| 1
o9 [DNA]

= log K, +logﬁ 3)

where jo and j are the anodic peak current densities of the free CulL, complex
and the DNA—CulL, adduct, respectively, Kb is the binding constant, and
[DNA] is the concentration of the free ligand.

By plotting logl/[DNA] versus logl/1-(j/ j,), the binding constant

value Ky, = 1.33 x 10° M-" is obtained from the intercept of the plot, and the
binding free energy AG =-29.72 kJ.mol' at ~25 °C is calculated using
equation 4.

AG=-RTInK, (4)

where R is the universal gas constant and T is the temperature in Kelvin.

DNA Binding Study of CuL ; via molecular docking studies

Molecular docking studies of the CulL, complex with DNA were
performed to predict the binding site and favored orientation of the ligand
within the DNA. The three-dimensional crystal structures of DNA (PDB ID:
1WOT) and the CulL, complex (CCDC ID: 1044698) were obtained from the
Protein Data Bank (http://www.pdb.org) [43] and The Cambridge Crystallographic
Data Centre (https://www.ccdc.cam.ac.uk), respectively.

Before performing the docking calculations, crystallographic water
molecules and protein molecules were removed from the DNA crystal
structure, hydrogen atoms were added, and partial charges were assigned
to the DNA structure file. The PDB file format of the CuL, complex structure
was obtained from the CIF file and imported into the AutoDock molecular
docking software.

Fig. 8 shows the 3D conformation structure of the CuL, complex. All
docking studies were conducted on a Pentium 3.30 GHz microcomputer with
4.00 GB of RAM and running the Windows 7 operating system.

At the end of the docking runs, various binding energies of the ligand
were obtained with their respective conformations. The most stable
conformation corresponding to the strongest binding energy was selected as
the best pose for docking analysis. The binding energy of the docked
structure of the CuL, complex with DNA was found to be -29.93 kJ.mol" at
the 19t run. The magnitude of the calculated binding free energy indicates a
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high binding affinity between DNA and the CuL, complex, our results are in
good agreement with the previously published work by Ebtisam Alolayqgi and
coworkers [44]. A binding constant of 1.75x10° M~ at ~25 °C was derived
from the binding energy value. The DNA binding propensity of the complex
could be attributed to the presence of the imino-phenyl system.

oot

Figure 8. ORTEP of the compound Copper(ll) complex of Schiff base
N-3-bromopropylsalicylaldimine.

The results indicate that the CuL, complex interacts with DNA via
its oxygen atom through a hydrogen bond to the hydrogen atom of
deoxyadenosine DA11 (Figure 9).

Figure 9. Docking poses of CuL2 complex with DNA (PDB ID: 1WOT)
illustrating the interactions between DNA and the examined complex.
It shows the Cul: is attached in the minor groove via H-bonding.
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CONCLUSIONS

This work describes the electrochemical behavior of the copper(ll)
complex of the Schiff base, N-3-bromopropylsalicylaldimine, and its
electroreduction activity. This complex behaves as a monomer and is easily
electropolymerized by an electroreduction process, likely involving radical-
radical coupling at the para-positions of the phenoxy groups of the Schiff
base moieties or the reduction of C-Br bonds. The efficient electrocatalytic
activity of this new material (polyCul,) has been demonstrated through its
electroreduction in the presence of dioxygen.

Furthermore, the interaction of the copper complex with calf thymus
double-stranded (cb-ds) DNA was investigated. DNA interaction studies were
conducted using cyclic voltammetry and electronic spectroscopic techniques,
and the obtained experimental results were confirmed by molecular docking
calculations using the AutoDock 4.2 program. Molecular docking calculations
further visualized the interactions and clearly confirmed the groove mode of
binding of the Cu(ll) complex to cb-ds DNA.

Both experimental results and molecular docking calculations indicated
that the CuL, complex possesses significant binding affinity with DNA via
electrostatic interactions as the dominant mode. Additionally, the magnitude
of the binding energy confirms the electrostatic interaction of the studied
complex with DNA.

EXPERIMENTAL SECTION

Synthesis

The Cul, complex was synthesized following our previously reported
procedure [24].

DNA Extraction

DNA was extracted from chicken blood using the Falcon method [45].
The UV absorbance ratio at 260 and 280 nm was 1.97, indicating high purity
and minimal protein contamination [45]. The DNA concentration per nucleotide
was measured using electronic spectroscopy, applying the known molar
extinction coefficient value of 6600 M-1 cm-1 at 260 nm [46].

Cyclic Voltammetry and Software

Cyclic voltammograms were recorded at room temperature (~25 °C)
using a mono-compartment cell with a 5 mL capacity. The instrumentation
included a Voltal.ab 50 Potentiostat/Galvanostat controlled by a microcomputer.
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A conventional three-electrode system was used for all experiments in CH3CN
solutions containing 0.1 M TBAP and 0.001 M of the CuL, complex to identify
the electrochemical profile of the copper complex ligand. For the DNA
interaction study, experiments were conducted in phosphate buffer solution
at physiological pH 7.2.

The interactions between the CuL, complex and DNA were analyzed
using the AutoDock 4.2 program [47]. For docking calculations, the AutoDock
4.2 program was used, employing the Lamarckian Genetic Algorithm (LGA)
with a genetic algorithm (GA) search. Docking simulations were performed
using default parameters, with the number of runs set to 50, 150 individuals,
and 2,500,000 energy evaluations. The grid size was set at 70 x 60 x 126 A,
with points separated by 1.000 A. The grid centers were set at X = 30.562,
Y = 37.946, and Z = 18.681. The search was carried out on a grid of 41 and
51 points per dimension with a step size of 0.375 A, centered on the DNA
binding site. The best conformation was selected based on the lowest docking
energy.
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