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A new symmetrical tetradentate Schiff base was prepared by the condensation of S-nitro-o-
vanillin and diaminoethane. Its complexes were synthesized and characterized by elemental
analysis, magnetic moment, molar conductance, UV-Vis, IR, '"H NMR, ESI-mass, and EPR
spectra. The DNA-binding behavior of these complexes was investigated by absorption spectra,
cyclic voltammetry, and viscosity measurements. The DNA-binding constants for Co(II),
Ni(II), Cu(Il), and Zn(I) complexes were 1.58 x 10%, 1.65 x 10*, 2.71 x 10*, and 1.83 x 10*
(mol L™")~!, respectively. The results suggest that the complexes intercalate between DNA base
pairs. Further, all these complexes exhibit moderate to high ability to cleave pUC19 DNA. The
ligand and its complexes have been screened for antimicrobial activities using the disc diffusion
method against selected bacteria and fungi. Antibacterial activity was greater against
Gram-positive than Gram-negative bacteria for Cu(Il) complex and antifungal activity was
greater against Aspergillus niger and Candida albicans for the Cu(Il) complex.
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1. Introduction

Schiff bases are used extensively as ligands in coordination chemistry [1, 2]. Chelating
ligands containing O and N donors show broad biological activity and are of special
interest because of the variety of ways in which they bond to metal ions. Recent years
have witnessed great interest in synthesis and characterization of transition metal
complexes containing Schiff bases due to their application as catalysts for many
reactions [3], their relationship to synthetic and natural oxygen carriers, and also their
use as new structural probes in nucleic acid chemistry and as therapeutic agents [4].
There is a considerable interest in Schiff bases and their complexes for their striking
anticancer, antibacterial, antiviral, antifungal, and other biological properties [5, 6].
There has been increasing focus on binding of small molecules to DNA [7, 8]. Errors
in gene expression can often cause diseases and play a secondary role in the outcome
and severity of human diseases [9]. A more complete understanding of DNA-drug
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binding is valuable in the design of DNA structural probes, DNA foot printing,
sequence-specific cleaving agents, and potential anti-cancer drugs [10, 11].

In order to develop new drugs which specifically target DNA, it is necessary to
understand the different binding modes of small molecules. Non-covalent binding of
small molecules to DNA are intercalative, groove, and external electrostatic binding
[12, 13]. Among these interactions, intercalation and groove binding are the most
important DNA-binding modes as they invariably lead to cellular degradation. Metal
ion type and different functional groups of ligands, which are responsible for the
geometry of complexes, also affect the affinity of metal complexes to DNA [14-16].
Investigation on the interaction of Schiff-base transition metal complexes with DNA
has significance for disease defense, new medicine design, and clinical application of
drugs.

Herein, our interest in the synthesis and structural characterization of a new Schiff
base and its metal complexes involve desired biological activity to establish spectro-
scopic bioactive model complexes. Since a few unsymmetrical 5-nitro-o-vanillin-diamine
Schiff-base compounds have been reported, this article deals with the synthesis and
spectroscopic characterization of metal(Il) complexes with symmetrical Schiff-base
ligand derived from 5-nitro-o-vanillin and diaminoethane [17]. The free ligand and its
complexes have been tested for in vitro microbial properties against Staphylococcus
aureus, Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa, Aspergillus niger,
Rhizopus stolonifer, Candida albicans, and Rhizoctonia bataicola by using the disc
diffusion method.

2. Experimental protocols

2.1. Materials and physical measurements

All reagents and chemicals were of reagent grade quality, and 5-nitro-o-vanillin and
diaminoethane were obtained from Sigma Aldrich (Bangalore, India). Analytical
reagent grade CoCl,-6H,0, NiCl, - 6H,0, CuCl,-2H,0, and ZnCl, were used. Calf-
thymus (CT-DNA) and Tris-HCI buffer were purchased from Himedia, Bangalore,
India. The plasmid supercoiled (SC) pUC19 DNA was purchased from Bangalore
Genei, Bangalore, India. Agarose (molecular biology grade) and ethidium bromide
(EB) were obtained from Sigma Aldrich (St. Louis, USA). Tris-HCI buffer was
prepared using deionized and sonicated triply-distilled water. Solvents used for
electrochemical and spectral measurements were purified by the reported procedures
[18].

Carbon, hydrogen, and nitrogen analyses of the ligand and its complexes were carried
out on a CHN analyzer Carlo Erba 1108, Heraeus, Texas city, USA. Infrared spectra
(4000-400cm ™" KBr disks) of the samples were recorded on an Affinity-1 FT-IR
spectrophotometer. Electronic absorbance spectra of the ligand and its complexes in
DMEF solution (200-1100nm) were recorded on a UV-1601 spectrophotometer
(Shimadzu, Tokyo, Japan). '"H NMR spectra of ligand and its nickel and zinc
complexes (300 MHz) were recorded on a Bruker Avance DRX-300 FT-NMR
spectrometer using DMSO-ds as solvent. Tetramethylsilane was used as internal
standard. Chemical shifts were reported in § scale. EPR spectra of complexes in solid
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state at 300K and in frozen DMSO at 77K were recorded on a Varian E-112
spectrometer at X-band, using TCNE as marker with 100 kHz modulation frequency
and 9.5 GHz microwave frequency. Mass spectrometry experiments were performed on
a JEOL-AccuTOF JMS-T100LC mass spectrometer equipped with a custom-made
electrospray interface (ESI). Molar conductance of 10 *molL~' solution of the
complexes in N,N'-dimethyl formamide (DMF) were measured at room temperature
with an Deep Vision Model-601 digital direct reading deluxe conductivity meter.
Magnetic susceptibility measurements were carried out by employing the Gouy method
at room temperature on powder sample of the complex. CuSO,-5H,0 was used as
calibrant. The metal contents of the complexes were determined according to the
literature method [19].

2.2. Biological studies

2.2.1. UV-Vis spectroscopy. All experiments involving interaction of the complexes
with DNA were carried out in Tris-HCI buffer (5mmol L™ Tris-HCI/50 mmol L™
NacCl buffer, pH 7.2). A solution of DNA in the buffer gave a ratio of UV absorbance
at 260 and 280 nm of about 1.8-1.9, indicating that the DNA was sufficiently free of
protein [20]. The DNA concentration per nucleotide was determined by absorption
spectroscopy using the molar absorption coefficient (6600 (mol L™")"'em™") at 260 nm.
Absorption titration experiments were performed by maintaining the metal complex
concentration as constant at 10pumol L™' while varying the concentration of the
CT-DNA within 5-40 umolL™'. While measuring the absorption spectra, equal
quantity of CT-DNA was added to both the complex and the reference solution to
eliminate the absorbance of DNA itself.

2.2.2. Electrochemical studies. Cyclic voltammetry was carried out at CH instrument
electrochemical analyzer. All voltammetric experiments were performed in single
compartmental cell of volume 10-15mL containing a three electrode system comprised
of a glassy carbon working electrode, platinum wire as counter electrode, and a
Ag/AgCl electrode as reference electrode. The supporting electrolyte was 5mmol L™!
Tris-HCI/50 mmol L™' NaCl buffer (pH 7.2) in deionized water. Deaerated solutions
were used by purging N, gas for 15 min prior to measurements.

2.2.3. Determination of viscosity. Viscosity experiments were conducted on an
Ubbelodhe viscometer, immersed in a thermostatic water-bath maintained to 30°C.
Titrations were performed for the investigated complexes (2-16 pumol L™"), and each
complex was introduced into a DNA solution (20 pumol L") present in the viscometer.
Data are presented as (1/n)"* versus the ratio of the concentration of the complex and
DNA (R), where 7 is the viscosity of DNA in the presence of the complex and 7 is the
viscosity of DNA alone. Relative viscosities for DNA in either the presence or absence
of investigated complexes were calculated from the following equation [21]:

n=(—1to)/to
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where 7 is the observed flow time of the DNA containing solution and 7, is the flow time
of Tris-HCI buffer solution.

2.2.4. DNA cleavage studies. The cleavage of DNA was monitored using agarose gel
electrophoresis. Supercoiled pUC19 DNA (0.2 pug) in Tris-HCI buffer (5mmol L~" Tris-
HCI/50 mmol L™' NaCl buffer, pH 7.2) was treated with metal complexes (25 pmol L™
and 50 pmol L™") and hydrogen peroxide (2 pL, 100 pmol L") followed by dilution with
Tris-HCI buffer to a total volume of 20 pL. The samples were incubated for 1 h at 37°C.
A loading buffer containing 25% bromophenol blue, 0.25% xylene cyanol and 30%
glycerol were added and electrophoresis was performed at 50V for 3h in TBE buffer
using 0.8% agarose gel containing 1.0pgmL~"' ethidium bromide. Bands were
visualized using UV light and photographed. The cleavage mechanism was investigated
by using the hydroxyl radical scavenger (DMSO, ethanol, and ~-BuOH), the singlet
oxygen scavengers (L-histidine and NaNj3), and the superoxide anion radical scavenger
superoxide dismutase (SOD). All experiments were carried out in triplicate under the
same conditions.

2.2.5. Determination of microbial analysis. The in vitro antimicrobial screening
effects of the synthesized ligand and its metal complexes were evaluated against four
species of bacteria (S. aureus, B. subtilis, E. Coli, and P. aeruginosa) as well as fungi
(A. niger, R. stolonifer, C. albicans, and R. bataicola) by disc diffusion method [22, 23].
All the tests were performed in triplicate and average is reported. The minimum
inhibitory concentration (MIC) values of the studied compounds against tested
microorganisms were also reported. Schiff-base ligand, metal complexes, ciprofloxacin,
and fluconazole were dissolved in DMSO at 100 ugmL~". The two-fold dilutions of
the solution were prepared (0.78-100ugmL~"). The microorganism suspensions at
10° CFUmL™" (colony forming unitmL™') concentrations were inoculated to
the corresponding wells. The plates were incubated at 37°C for 24 and 48h for the
bacteria and fungi, respectively. The MIC values were determined as the lowest
concentration that completely inhibited visible growth of the microorganism as detected
by unaided eye.

2.3. Inorganic compound preparation

2.3.1. Preparation of Schiff base (H,L). The tetradentate Schiff base was synthesized
by the following method. An ethanol solution (20mL) containing diaminoethane
(0.601 g, 10 mmol) was added to an ethanol solution (50mL) containing 5-nitro-o-
vanillin (3.942¢g, 20mmol). The mixture was stirred for 3h and an orange red
precipitate was separated. The precipitate was filtrated and washed with ethanol and
then dried in air.

2.3.2. Preparation of metal complexes. Hot ethanolic solution (25mL) of the Schiff
base (0.418 g, 1.0mmol) was added to a solution of cobalt(Il) chloride hexahydrate
(0.237 g, 1.0 mmol), nickel(IT) chloride hexahydrate (0.237g, 1.0 mmol), copper(II)
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chloride dihydrate (0.170 g, 1.0 mmol), or zinc(Il) chloride (0.136 g, 1.0 mmol) in the
same solvent (15 mL). The solution was then refluxed for 2 h, cooled, and evaporated at
room temperature. The precipitated complexes that separated were filtered, washed
with ether, and dried in vacuum over anhydrous calcium chloride.

3. Results and discussion

Analytical data of the ligand and its metal complexes are in agreement with those
required by the general formula [MC;3H;4N4Og] (where M =cobalt(II), nickel(II),
copper(Il), and zinc(Il)) (table S1, Supplementary material). The obtained complexes
are insoluble in water, methanol, ethanol, and chloroform but soluble in DMF and
DMSO.

3.1. Molar conductance measurements

By using the relation Ay =K/C, the molar conductances of the prepared complexes at
10°molL™" DMF were in the range of 23.82-26.650hm 'cm”mol™" (table S2,
Supplementary material). These values indicate that the synthesized complexes are non-
electrolytes, in accord with conductivity values for non-electrolytes below
50 Ohm~'ecm?mol ™" in DMF solution [24].

3.2. Electronic spectra and magnetic moment

The electronic spectrum of the ligand shows peaks at 325, 280, and 235 nm, assigned to
n— * of —CH=N and = — 7* aromatic ring, respectively [25]. On complexation, these
peaks are shifted to higher wavelengths suggesting coordination of azomethine nitrogen
and phenolic oxygen. From table S2, the electronic spectrum of the Ni(II) complex
showed an absorption band at 501 nm for 1A1g—> lAzg of a four-coordinate, square-
planar geometry. The electronic spectrum of Cu(Il) complex showed bands at 528 and
441nm assignable to *B;,— *A;, and ’B;,— °E, transitions, respectively, which
correspond to square-planar Cu(II) [26]. The electronic spectrum of Co(II) complex
showed a broad band at 540 nm, assigned to the *A,(F) — *T(P) transition, suggesting
tetrahedral geometry around Co(II). Since the zinc ion has d'° configuration, the
absorption at 340 nm could be assigned to a charge transfer transition. However, taking
into account the spectrum and the configuration of zinc(Il), tetrahedral geometry could
be assumed for its complex [27].

The nickel(I) complex was diamagnetic due to square-planar geometry around the
Ni(IT). The magnetic moment for copper(Il) complex is 1.84 B.M. at 300 K, consistent
with expected spin-only magnetic moment of S=1/2, d° copper(II) demonstrating that
the complex was monomeric with the absence of metal-metal interaction. The magnetic
moment of the Co(IT) complex was 3.85 B.M., close to the spin-only magnetic moments
(merr=3.87 B.M.) for three unpaired electrons [28].
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Table 1. IR stretching frequency data of ligand and its metal(IT) complexes (v (cm ).

Compound -OH Ar-CH AliphaticcCH -CH=N Ar-C=C -NO, -C-O M-O M-N

HL 3335 3078 2970, 2937 1622 1545 1523 1230 - -
[CoL] - 3079 2970, 2934 1605 1541 1522 1285 525 433
[NiL] - 3078 2971, 2936 1609 1542 1523 1280 522 440
[CuL] - 3080 2972, 2935 1610 1543 1521 1272 513 437
[ZnL] - 3081 2972, 2934 1607 1544 1520 1278 519 435

3.3. Infrared spectra

In order to study the coordination of the Schiff base to the metal ions, IR spectrum of
the free Schiff base is compared with spectra of the complexes (table 1). The IR
spectrum of H,L has a broad band at 3335cm ™! assigned to v(OH). The disappearance
of this band in spectra of the complexes indicates deprotonation of hydroxyl and
coordination through deprotonated phenolic OH [29]. In the free ligand, the high-
intensity band due to v(C—O) (aromatic carbon and phenolic oxygen) at 1230cm ™" [30]
appeared as a medium intensity band at 1272-1285cm ™", indicating coordination of the
phenolic oxygen to metal [31] and formation of M-O bond via deprotonation.
However, the strong band at 1622cm ™" in the free Schiff base is assigned to azomethine
vibration. This band shifts to lower frequencies by 10-17cm™' in the complexes,
indicating coordination of the imine nitrogen to metal [32]. The band at
1520-1523cm ™" in the free ligand as well as the complexes is assigned to stretching
vibration of v(NO,). Two new bands at 513-525 and 433-440cm™" are assigned to
v(M-0) and v(M—N) [33], respectively, supporting the participation of nitrogen of the
azomethine and oxygen of OH of the ligand in complexation with metal, as shown
in scheme 1.

3.4. '"H NMR spectra

The "H NMR spectra of the ligand, nickel(IT), and zinc(II) complexes are taken in
DMSO-d¢ and the chemical shift data are given in table 2. The phenolic OH signal at
11.50 ppm in the spectrum of the ligand is not seen in spectra of the Ni(Il) and Zn(II)
complexes, indicating the participation of phenolic OH in chelation with proton
displacement. The signal due to azomethine proton shifts upon complexation, probably
due to donation of the lone pair of electrons on nitrogen to the central metal, resulting
in the formation of a coordinate linkage (M — N). The aromatic protons resonate as a
multiplet at 7.20-7.85 ppm. The signal due to methoxy attached to the aromatic ring is
observed at almost the same chemical shift as in the spectrum of H,L.

3.5. Mass spectra

The electron impact mass spectra provide a vital character for interpretation of the
structure of the free tetradentate Schiff-base ligand and its copper(Il) complex, for
example. The mass spectrum of H,L is given in figure S1 (Supplementary material). The
spectrum shows the molecular ion peak M™ at m/z 418, which is matched with the
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O,N
+ H2N
2 L NH,
OH
(0] EtOH
~ Stirred for 3 h
O,N CH HC NO,
OH HO
O
P MCl, O~
Refluxed for2h
O,N ‘T\ '/Hc NO,

/\

(@]
e O\
where M = Co(II), Ni(II), Cu(Il), and Zn(IT)

Scheme 1. Preparation of Schiff base and its metal(Il) complexes.

Table 2. '"H NMR chemical shift data of ligand and its nickel(IT) and zinc(IT) complexes (8 (ppm)).

Compound Phenolic-OH —~CH=N Ar-H —~OCHj; —CH,»
HL 11.50 9.16 7.20-7.82 3.74 2.36
[NiL] - 8.87 7.21-7.83 3.76 2.39

[ZnL] - 8.83 7.22-7.85 3.75 2.38
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suggested structure as well as the molecular weight. The ESI-mass spectra of Ni(II) and
Cu(Il) complexes show molecular ion peaks M" at m/z 476 and 481, respectively,
equivalent to their molecular weights. Ni(Il) and Cu(Il) complexes undergo
demetallation to form the fragment ion [C;gH;¢N4Og]*, which is observed at m)z
416. In addition to this, the fragment ions [CsH¢N>O4] T, [C;HsNO,4] ™, and [C¢HLNOL] T
are observed at m/z 194, 167, and 153, respectively. All these fragmentation peaks were
observed in the ESI-mass spectra in Ni(II) and Cu(II) complexes. This spectral evidence
reveals that the formed complexes have equimolar ratio of metal salts and ligand, as
prescribed in scheme 1.

3.6. EPR spectra of Cu(Il) complex

The X-band EPR spectra of copper complex in DMSO at 300 and 77 K are shown in
figures S2 and S3, respectively, and discussed in the ““Supplementary material.”

3.7. DNA binding characteristics of metal complexes

3.7.1. Effect of CT-DNA on absorption spectra. Electronic absorption spectroscopic
titration is an effective method to examine the binding of DNA with metal complexes
since the observed changes of spectra may give evidence of the interaction [34]. In
general, hyperchromism and hypsochromism are spectral features of DNA concerning
changes of its double helix structure, hyperchromism means breaking the secondary
structure of DNA, and hypsochromism shows that binding of complex to DNA can be
due to electrostatic effect or intercalation which may stabilize the DNA duplex.
Additionally, the existence of a blue-shift is indicative of the stabilization of DNA
duplex [35]. In order to quantitatively compare binding strength of the complexes, the
intrinsic binding constants K, of the complexes with DNA were calculated using the
following equation [36]:

[DNA]/(ea — er) = [DNA]/(eb — &) + 1/Kp(en — 1)

where [DNA] is the concentration of DNA in base pairs, the apparent absorption
coefficient ¢,, e¢, and g, correspond to A, pneq/[complex], the extinction coefficient for the
free metal complex, for each addition of DNA to the metal complex and metal complex
in the fully bound form, respectively. In plots [DNA]/(e, — &f) versus [DNA], Ky, is given
by the ratio of slope to y intercept. Fixed amounts (10 pmol L™") of complexes were
titrated with increasing amounts of DNA. The electronic spectral trace of copper
complex is given in figure 1. For complexes, the absorption spectra clearly show that the
addition of DNA to the complexes yields hyperchromism and a blue shift to the ratio of
[DNA]/[complex]. Obviously, these spectral characteristics suggest that all the
complexes interact with DNA most likely through a mode that involves stacking
interaction between the aromatic chromophore and the base pairs of DNA. Addition of
increasing amounts of DNA resulted in hypsochromism of the peak maxima in the
UV-Vis spectra of the complexes. The binding constants for metal(II) complexes vary
from 1.58 x 10% to 2.71 x 10* (mol L™")~' (table 3). The DNA-binding constant of the
complexes are comparable to those of some DNA intercalative polypyridyl
ruthenium(II) complexes (1.0-4.8 x 10* (molL™"™") [37].



Downloaded by [Renmin University of China] at 10:29 13 October 2013

4294 N. Raman et al.

Absorbance
o
1

e
~J
1

0.2 T T T
260 290 320 350 380

Wavelength (nm)
Figure 1. Absorption spectrum of copper(Il) complex in the absence and presence of increasing amounts of

CT-DNA at room temperature in 5mmol L' Tris-HCI/50 mmol L™! NaCl buffer (pH 7.2). Arrow shows the
absorbance change upon increasing the DNA concentration.

Table 3. Electronic absorption properties of metal(Il) complexes with CT-DNA.

)Lmax (nm)
Complex Free Bound AX (nm) Hypochromicity (%) Ky x 10* (molL™H™)
[CoL] 337.6 336.3 1.3 13.54 1.58
[NiL] 338.0 336.6 1.4 15.43 1.65
[CuL] 338.2 336.0 22 20.68 2.7
[ZnL] 339.5 337.8 1.7 17.22 1.83

3.7.2. Effect of CT-DNA on cyclic voltammetry. The application of electrochemical
methods to study of metallointercalation and coordination of transition metal
complexes to DNA provides a useful complement to electronic absorption spectroscopy
[38, 39]. Typical cyclic voltammetry (CV) behavior of Cu(IT) complex in the absence and
presence of CT-DNA is shown in figure 2. The CV of the Cu(II) complex in the absence
of DNA featured two anodic peaks (E}, =0.136V and E;,=—0.247V vs. Ag/AgCl)
and two cathodic peaks (E},=0.070 V and E; . =—0.784V vs. Ag/AgCl). The oxidation
peak potentials E}, and E} belong to Cu(I)/Cu(Il) and Cu(0)/Cu(I) and the
corresponding reduction of Cu(Il) and Cu(I) occurred upon scan reversal at 0.070 V
and —0.247V, respectively. The separation of the anodic and cathodic peak potentials
(AE,) for Cu(1l)/Cu(I) and Cu(I)/Cu(0) couple is 0.066 and 0.537 V, respectively. The
ratio of anodic to cathodic peak currents (/,,/1,c) is nearly one for Cu(II)/Cu(I) couple,
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Figure 2. Cyclic voltammogram of copper(IT) complex in the absence and presence of increasing amounts of
CT-DNA at room temperature in DMSO : buffer (1:2) mixture (pH 7.2). Arrow shows the current change
upon increasing the DNA concentration.

Table 4.  Electrochemical behavior of metal(II) complexes in the absence and presence of CT-DNA.

Epc (V) Epa (V) AEp (V) El,'2 (V)
Complex  Redox couple Free Bound Free Bound  Free Bound Free Bound
[NiL] Ni(IT)/Ni(I) —0.584 —-0.573 —-0.329 —0.316 0.255 0.257 —0.456 —0.444
[CuL] Cu(IT)/Cu(T) 0.070 0.077 0.136 0.142  0.066  0.065 0.103 0.109

Cu(/Cu(0)  —0.784 —0.766 —0247 —0232 0.537 0.534 —0.515 —0.499
[CoL] Co(I)/Co(0)  —0.898  —0.888 - - - - - -
[ZnL] Zn(ID)/Za(I)  —0.770  —0.753 - - - - - -

indicating a reversible redox process, whereas the (/,,//,c) value is less than one for
Cu(I)/Cu(0) redox couple for quasi-reversible process. The formal potential £ ,, taken
as average of E,. and Ep, for Cu(Ill)/Cu(I) and Cu(I)/Cu(0) couple is 0.103 and
—0.515V, respectively, in the absence of DNA. The presence of DNA in solution at the
same concentration of Cu(Il) complex causes a slight decrease in the voltammetric
current coupled with a slight shift in the peak potential to more positive. The decrease
of the voltammetric currents and the shift of the peak potential in the presence of
CT-DNA can be attributed to diffusion of the metal complex bound to the large, slowly
diffusing DNA. The CV of the Ni(II) complex in 1:2 DMSO: buffer solution, the
potentials (E,(f) and E,,(f)) for the quasi-reversible redox couple Ni(II)/Ni(I) have
been determined and their values are given in table 4. The changes of the redox couple
Ni(II)/Ni(I) upon the addition of CT-DNA have been studied and the potentials (E,(b)
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and E,(b)) as well as the corresponding shifts (AE, and E, ,) are given in table 4. In the
absence of CT-DNA, the CV of Co(Il) and Zn(II) complexes only show the cathodic
reduction peak potential. The addition of different concentrations of CT-DNA to
cobalt and zinc complexes, the shifts in the voltammetric current, and peak potentials
show that the complexes bind to DNA on the electrode surface and their cathodic peak
potential values are given in table 4. In general, the electrochemical potential of a small
molecule will shift positively when it intercalates into the DNA double helix and shifts
in a negative direction for electrostatic interaction with DNA. When more than one
potential exists, a positive shift of Erl, and negative shift of ElzJ imply that the molecule
binds to DNA by both intercalation and electrostatic interaction [40]. No new redox
peaks appeared after the addition of CT-DNA to each complex, but the current of all
the peaks decreased significantly, suggesting the existence of interaction between each
complex and CT-DNA. The decrease in current can be explained as an equilibrium
mixture of free and DNA-bound complex to the electrode surface. For increasing
amounts of CT-DNA, shifts in the cathodic (E,,) and anodic (£,,) potentials of all four
complexes shows a positive shift (AEL, =+40.007V, AE}, =+40.006 V, AE} =+0.018 V
and AEf,a =+0.015V for Cu(Il) complex, AE,.=+0.011V and AE,,=40.013V for
Ni(IT) complex, AE,.=+0.010V for Co(Il) complex and AE,.=+0.017V for Zn(II)
complex), suggesting an intercalative mode of binding.

3.7.3. Effect of CT-DNA on viscosity measurements. Intercalation results in a
lengthening of DNA, thus producing increases in relative specific viscosity of solutions
of DNA [20]. To probe the nature of the interaction between metal complexes and
DNA, the effect of the addition of metal complexes on the viscosity of aqueous
CT-DNA solutions was studied. Figure S4 (Supplementary material) shows the changes
in the relative viscosity of CT-DNA on the addition of complexes. Increasing amounts
of complexes increased the relative viscosity of CT-DNA solution steadily, confirming
that these complexes interact with CT-DNA through intercalation.

3.8. DNA damaging of metal complexes

In DNA damaging studies, DNA binding is the main biological event that triggers
anticancer properties of the metal complexes. Studies on the interaction between the
transition metal complexes and DNA are important to further understand their
pharmacology. Since DNA is an important cellular receptor, many compounds exert
their antitumor effects through binding to DNA, thereby changing the replication of
DNA and inhibiting the growth of tumor cells, which is the basis for designing new and
more efficient antitumor drugs. Their effectiveness depends on the mode and affinity of
the binding [41, 42]. DNA cleavage is controlled by relaxation of the supercoiled
circular conformation of pUCI9 DNA leading to nicked circular and/or linear
conformations. When electrophoresis is applied to circular plasmid DNA, the fastest
migration will be observed for DNA of closed circular conformations (Form I). If one
strand is cleaved, the supercoil will relax and produce a slower moving nicked
conformation (Form II). If both strands are cleaved, a linear conformation (Form III)
will appear between Forms I and II. In order to determine the ability of complexes for
DNA scission, the complexes were incubated with supercoiled pUC19 DNA for 1 h in
Tris-HCI buffer (SmmolL™" Tris-HCI/50mmol L™" NaCl buffer, pH 7.2) at two
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Form

Lanel 2 3 4 5 6 7 8 9

Figure 3. Gel electrophoresis diagram showing the cleavage of supercoiled pUC19 DNA (0.2pg) in
5mmol L™ Tris-HCI/50 mmol L~' NaCl buffer (pH 7.2) incubated at 37°C for 1h with two different
concentrations of complexes in the presence of H,O, Lane 1, Control DNA; Lane 2, DNA + H,0,
(100 pmol L™") +[ZnL] (25 umol L™"); Lane 3, DNA + H,0, (100 pmol L™") +[ZnL] (50 pmol L™"); Lane 4,
DNA +H>0> (100pmol L™)+[NiL] (25umolL™"); Lane 5, DNA+H,0, (100pumolL™")+[NiL]
(50 umol L™'); Lane 6, DNA+H,0, (100pumolL™")4[CoL] (25umolL™"); Lane 7, DNA +H,0,
(100 pmol L™1) 4+ [CoL] (50 pmol L™1); Lane 8, DNA + H,0, (100 pmol L™") +[CuL] (25 umol L™"); Lane 9,
DNA + H>0, (100 umol L™") +[CuL] (50 pmol L™, respectively.

Form

11
111

Lane 1 2 3 4 5 6 7

Figure 4. Gel electrophoresis diagram showing the cledvage of supercoiled pUC19 DNA (0.2 ug) by [CuL]
(50 pmol L™ ) with the addition of H,O, (100 umol L") and radical scavengers in 5mmol L™ Tris-HCI/
50mmol L™' NaCl buffer (pH 7.2) and incubated at 37°C for 1h: Lane 1, DNA control; Lanes 27,
DNA +H>0,+[CuL] (50pumolL~") + radical scavengers (DMSO (4 uL), ethanol (4puL), -BuOH
(100 umol L), L-histidine (100 umol L™"), NaN5 (100 pmol L") and SOD (4 units), respectively).

different concentrations using hydrogen peroxide; the DNA cleavage activities of the
Co(II), Ni(II), Cu(II), and Zn(IT) complexes were studied by gel electrophoresis using
supercoiled pUC19 DNA (0.2 pg) in Tris-HCI buffer. Control experiments do not show
cleavage of DNA (figure 3, lane 1). As shown in figure 3, when the complex
concentration increases, the intensity of the circular supercoiled DNA (Form I)
decreases and that of the nicked (Form II) increases. All the complexes exhibit nuclease
activity. At 25 umol L™ (figure 3, lanes 2, 4, 6, and 8), Zn(II), Ni(II), Co(II), and Cu(II)
complexes show minimal cleavage activity whereas at 50 umol L™" (figure 3, lanes 3, 5,
7, and 9) they show moderate to higher cleavage activity. Under the same experimental
conditions, Cu(Il) complex exhibit more effective DNA cleavage activity than the other
three complexes. The different cleaving efficiencies may be ascribed to different binding
affinity of the four metal complexes to DNA.
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Table 5.] The in vitro antimicrobial activity of ligand and its metal(Il) complexes evaluated by MIC
(ngmL™).

Antibacterial activity Antifungal activity

S. B. E. P. A. R. R. C.
Complex aureus  subtilis coli aeruginosa niger bataicola  stolonifer  albicans
H,L 25 50 50 100 50 50 100 25
[CoL] 6.25 6.25 6.25 25 6.25 12.50 25 3.125
[NiL] 3.125 6.25 12.50 25 6.25 6.25 12.50 3.125
[CuL] 0.78 1.56 3.125 6.25 0.78 3.125 6.25 1.56
[ZnL] 3.125 3.125 6.25 12.50 3.125 6.25 12.50 6.25
Ciprofloxacin 0.78 1.56 0.78 1.56 - - - -
Flucanozole - - - - 0.78 1.56 1.56 1.56

Involvement of reactive oxygen species (hydroxyl radical, superoxide ion, singlet
oxygen) in nuclease activity could be diagnosed by monitoring the quenching of DNA
cleavage in the presence of radical scavengers in solution. Hydroxyl radical scavengers
like DMSO, ethanol, and ~-BuOH showed partial inhibition of nuclease activity
(figure 4, lanes 2—4). These results suggest that hydroxyl radicals may be involved in the
cleavage process. Addition of singlet oxygen scavengers like I-histidine and NaNj
(lanes 5 and 6) showed complete inhibition of nuclease, suggesting that 'O, or any
other singlet oxygen-like entity may participate in the DNA strand scission.
SOD addition (lane 7) does not have any apparent effect on the cleavage activity,
indicating non-involvement of superoxide radical in the cleavage reaction. This implied
that DNA cleavage by the complex should be realized by an oxidative cleavage
pathway.

3.9. Antimicrobial assay

To assess biological potential of the synthesized ligand and its metal complexes, they
were tested against different species of bacteria and fungi. The results of the
antimicrobial activity of the synthesized compounds (MIC value) are given in table 5
and discussed in the “Supplementary material.”

4. Conclusion

This work reports the synthesis, characterization, and electronic absorption spectra of
tetradentate Schiff base (H,L) and its transition metal complexes [CoL], [NiL], [CuL],
and [ZnL]. The synthetic procedure in this work results in the formation of 1: 1M : H,L
complexes. The metal(Il) ions are coordinated by two phenolic oxygens and two
azomethine nitrogens (-CH=N) of the ligand with square-planar geometry around
Cu(Il) and Ni(Il) complexes and tetrahedral geometry around Co(II) and Zn(II)
complexes. DNA-binding study indicates that intrinsic binding constant of complexes
from 1.58 x 10* to 2.71 x 10* (molL™")~" is comparable to those of some DNA
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intercalative complexes (1.0 x 10*4.8 x 10* (molL™")™!). The complexes bind to
DNA by classical intercalation. The mechanism for DNA cleavage by the complex is
oxidative cleavage. The antimicrobial screening of ligand and its synthesized metal
complexes, particularly copper complex, displayed promising antibacterial and fungal
activity compared to known antibiotic drugs. Detailed studies on these results and
related complexes and the biological applications are in progress.
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