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ABSTRACT

Ni(1l) and Cu(Il) complexes of Pyridoxal Semicarbazone (PLSC) have been synthesized and characterized by elemental analyses,
molar conductance and magnetic susceptibility measurements, thermal analysis, ESI-MS, IR and electronic spectral studies. DNA-
binding properties of these metal complexes with CT-DNA in a potassium phosphate buffer (pH 7.2) were investigated using UV-Vis
absorption spectroscopy, fluorescence spectroscopy and viscosity measurements. Experimental studies suggest good DNA binding
ability of these metal complexes through intercalation. The cleavage of plasmid pBR322 DNA without any additives was monitored
by gel electrophoresis and these complexes exhibited hydrolytic cleavage of plasmid DNA. The in vitro antibacterial activity of the
synthesized complexes has been tested against gram positive and gram negative bacteria.
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INTRODUCTION

Transition metal complexes of Sciff base ligands based on semicarbazone and thiosemicarbazone have made a major contribution
in the development of coordination chemistry [1]. Their study attracted due attention because of their ease of formation, structural
diversity, multidentate nature and biological applications [2]. Numerous structural and biological studies have been made on the
metal complexes of semicarbazones [3]. Ni(Il) complexes of semicarbazone ligand show anticancer activity [4], antibacterial and
antifungal activities [S] and Cu(I) complexes containing semicarbazone displayed antifungal [6], antioxidant, radical scavenging
and antibacterial activities [7]. Pyridoxal Semicarbazone (PLSC), a Schiff base derived from pyridoxal (a form of vitamin B) and its
transition metal complexes are investigated by many researchers [8,9]. Several reports have been made on the synthesis, structure and
the biological activity of transition metal complexes incorporating PLSC ligand. In its metal complexes PLSC can exist as neutral,
mono and dianionic forms [10]. It is reported as tridentate ONO ligand, which coordinates through hydrazine nitrogen, phenolic
and carbonyl oxygen atoms and an excellent chelating agent [11]. Its metal complexes exhibit enormous potential as biologically
active agents. Transition metal complexes of PLSC show antimicrobial activity [12], anticancer activity [13] and cytotoxicity [14].
However, no significant studies were made on the DNA binding and cleavage properties of metal complexes of PLSC.

DNA binding properties of transition metal complexes have been extensively studied during the past two decades as they can be used
as anticancer drugs and DNA structural probes [15]. Metal complexes interact with the double helix DNA in either covalent or non-
covalent way. The non-covalent way includes three modes of binding, i.e., electrostatic effects, groove binding and intercalation,
among which intercalation is the most important binding mode [16]. Small molecules when bind to DNA through intercalation, can
damage DNA in cancer cells and hence can be used as anticancer drugs [17]. The ability of transition metal complexes to cleave
nucleic acids efficiently with a high level of selectivity for a site or sequence offers many applications for the manipulation of genes
and development of novel therapeutics [18].

The aim of the present work is to synthesize the Ni(Il) and Cu(Il) complexes of pyridoxal semicarbazone, to understand their
structure and to evaluate their DNA binding and cleavage properties along with antibacterial activity.
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EXPERIMENTAL

Materials and reagents

All the chemicals were procured from Sigma Aldrich and of analytical grade and used without further purification. Ligand was
synthesized according to a reported procedure [19].

Methods
Instrumentation

Elemental analyses (% CHN) were obtained using Thermo Finnigan 1112 elemental analyzer. ESI mass spectra of the complexes
were recorded on LCMS 2010A, Schimadzu spectrometer. FT-IR spectra of the complexes were recorded using KBr pellets in the
range of 4000-250 cm™! on a Schimadzu IR Prestige-21 FTIR spectrophotometer. UV-Vis spectra in DMSO solution were recorded
on Systronics UV-Vis Double beam spectrophotometer 2201 in the range of 200-1000 nm. The molar conductivity was measured
with a Digisun digital conductivity bridge using a freshly prepared solution of the complexes in DMSO. Thermogravimetric (TG)
analyses were performed using Schimadzu TGA-50H in nitrogen atmosphere in the temperature range of 0°C to 1000°C with
a heating rate of 20°C per min. Magnetic susceptibilities were measured at room temperature on Faraday balance model 7550
using Hg[Co(NCS),] as the internal standard. Diamagnetic corrections were made by using Pascal’s constants [20]. DNA cleavage
experiments were performed with the help of Biotech electrophoresis system supported by Genei power supply over a potential
range of 50-500 V, visualized and photographed by Biotech Transilluminator system.

DNA binding activity by electronic absorption spectra

The binding of complexes with CT DNA was measured in potassium phosphate buffer solution (pH 7.2). A solution of DNA in
the buffer gave a ratio of UV absorbance at 260 nm and 280 nm, A, /A, ~of 1.85-1.9, indicating that the DNA was sufficiently
free of protein. The concentration of DNA was determined from the UV absorbance at 260 nm using the extinction coefficient
£,,,~0600 M™' cm™'. The absorbance titrations were performed at a fixed concentration of complexes and varying the concentration
of double stranded CT-DNA (2-20 uM). While measuring the absorption spectra, a proper amount of CT-DNA was added to both
compound solution and the reference solution to eliminate the absorbance of CT DNA itself. Concentrated stock solutions of the
complexes were prepared by dissolving the complexes in DMSO and diluting suitably with the corresponding buffer to the required
concentration (20 uM) for all the experiments. After the addition of DNA to the metal complex, the resulting solution was allowed
to equilibrate for 10 min, after which absorption readings were noted. The data were then fit to the following equation to obtain
intrinsic binding constant K .

[DNAJ/[¢e, —&]=[DNA]/[¢, — ]+ 1/Kb[e,~¢ ] 1)

Where [DNA] is the concentration of DNA in base pairs, ¢_ is the extinction coefficient observed for the absorption band at the
given DNA concentration, ¢, is the extinction coefficient of the complex free in solution, and ¢, is the extinction coefficient of the
complex when fully bound to DNA. A plot of [DNA]/[¢ -¢,] versus [DNA] gave a slope 1/[¢-¢] and Y intercept equal to (1/Kb)
[e,-¢,], respectively. The intrinsic binding constant K, is the ratio of the slope to the intercept [21].

Competitive DNA binding fluorescence experiments

Relative binding of the complexes to CT DNA was studied using fluorescence spectroscopy, by the displacement of ethidium
bromide (EB) bound to CT DNA in a potassium phosphate buffer solution (pH 7.2) [22]. In a typical experiment, 480 pl of CT
DNA (20 uM) solution was added to 2020 pl of EB in buffer solution {{DNA]/[EB]=1}. The fluorescence intensity was measured
upon excitation at A =520 nm; maximum emission was observed at A 605 nm. The changes in fluorescence intensities at 605
nm of EB bound to DNA were recorded with an increasing amount of the complex concentration (from its 50 uM stock solution).
Stern —Volmer quenching constants were calculated using the equation [ /I=1+K_.r, where I and I are the fluorescence intensities
in the absence and presence of the complex respectively, K _ is a linear Stern-Volmer quenching constant and r is the ratio of total
concentration of complex to that of DNA. The value of K| is given by the ratio of slope to intercept in a plot of I,/I Vs [complex]/
[DNA].

Viscosity measurements

Viscosity measurements were carried out with the Ostwald viscometer, maintained at 25°C in a thermostatic water bath. Each
complex (50 uM) was introduced into CT-DNA solution (300 uM) in phosphate buffer (pH 7.2) present in the viscometer. Flow
time of solutions was recorded in triplicate for each sample and an average flow time was calculated. Data were presented as (q‘sp/
rlsp)”3 versus the ratio of the concentration of the complex to CT-DNA, where ', is the viscosity of CT-DNA in the presence of the
complex and rlspis the viscosity of CT-DNA alone [23].

DNA cleavage studies

Agarose gel electrophoresis technique was used to monitor the DNA cleavage ability of the metal complexes on super coiled pBR
322 DNA. Generally, plasmid DNA is converted from super coiled DNA (Form I) to nicked circular (Form II) and linear forms
(Form III) [24]. In the experiment, plasmid DNA (300 ng/3 pl) was treated with the complexes in DMSO (20-60 uM) in 5 mM Tris.
HCV/50 mM NaCl buffer (pH 7.2). The mixture was incubated for 1 h at 37°C. A loading buffer containing 1% bromophenol blue
and 40% Sucrose (1 pl) was added and loaded onto a 0.8% agarose gel containing EB (1 pug/ml). The gel was run in TAE buffer (40
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mM Tris base, 20 mM Acetic acid, 1 mm EDTA, pH 8.3) at a constant voltage 60 V for 2 h until the bromophenol blue had traveled
through 75% of the gel. The bands were visualized by viewing the gel on a transilluminator and photographed.

Antibacterial activity

The complexes are screened for their antibacterial activity using agar well diffusion method against two gram positive bacteria
such as Staphylococcus aureus and Bacillus subtilis and two gram negative bacteria such as Escherichia coli and Pseudomonas
aeruginosa at a concentration of 1000 pg/mL [25].

SYNTHESIS OF METAL COMPLEXES

Synthesis of Ni(ITI)-PLSC

Ni(II)-PLSC was prepared by the addition of 0.228 g (1 mmol) NiCl,.6H,0(in 10 ml distilled water) to a hot aqueous solution 0.5 g
(2 mmol) of the Schiff base ligand (40 ml distilled water) and refluxed for 2 h. A red colored precipitate was formed on adjusting the
pH to 7 using a mixture of methanol and ammonia solution. The mixture was continued to reflux for another hr. Then the precipitate
was filtered, washed several times with hot distilled water, finally with petroleum ether and air dried.

[Ni(HL").C1.2H,0]

(Yield: 0.29 g, 68%).IR: v /em™: 3437 s, 3331 m, 2873 m,1577 m, 1558 m, 1500 m, 1259 m, 1145 m, 520-550 m(Ni-O), 450-470
m(Ni-N), 310-350 (Ni-Cl). ESI-MS in MeOH: m/Z 355[M*+H]. Elemental analysis: Found (calc.)for C;H JNiN,O.Cl: C, 32.03
(32.23); H, 4.73 (4.77); N, 16.70 (16.71) %. p,=2.8835 B.M. A ,[Q'cm*M", 107, DMSO]: 005

Synthesis of Cu(1I)-PLSC

Cu(I)-PLSC was prepared by the by the addition of 0.1636 g (1 mmol)CuCl,.2H,O (in 10 ml distilled water) to a hot aqueous
solution 0.5 g (2 mmol) of the Schiff base ligand (in 40 ml distilled water) and refluxed for two hr. A green colored precipitate was
formed on adjusting the pH to 7 using a mixture of methanol and ammonia solution. The mixture was continued to reflux for another
hr. Then the precipitate was filtered, washed several times with hot distilled water, finally with petroleum ether and air dried.

[Cu(HL"),].H,0
(Yield: 0.34 g, 71%). IR: v /em: 3466 s, 3377 m, 2899 m, 1585 m, 1545 m, 1500 m, 1263 m, 1132 m, 515-570 m(Cu-0), 430-

440 m(Cu-N). ESI-MS in MeOH: m/Z 528[M*-H]. Elemental analysis: Found (calc.) for C ;H,,CuN,O.: C, 40.92 (40.90); H, 4.51
(4.54); N, 21.18 (21.21) %. p_=1.6961B.M. A [Q"cm?M", 103, DMSO]: 010

RESULTS AND DISCUSSION

Characterization of metal complexes
Both the metal complexes synthesized were colored, amorphous, and stable to air, soluble only in DMSO and DMF. Both the
complexes show a very low conductivity indicating non-electrolytic nature of the complexes.

Mass spectra

The electrospray ionization mass spectrometry (ESI-MS) studies confirmed the proposed molecular formulae of the metal complexes.
[Ni(HL").C1.2H,O]shows a peak at m/z 355 (M*+H), and [Cu(HL"),].H,0 at m/z 528 (M"-H) indicating the stoichiometric ratios
1:1(ML) for [Ni(HL").C1.2H,0] and 1:2(ML,) for [Cu(HL"),].H, Ocomplexes respectively (Figures 1 and 2).

Figure 1: ESI-mass spectrum of [Ni(HL-).CL2H,0]
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Figure 2: ESI-mass spectrum of [Cu(HL-),].H,O
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IR spectral analysis

Comparison of the spectra of the complexes with that of ligands indicates the formation of complexes by coordination through ONO
atoms (phenolic oxygen, azomethine nitrogen and amide oxygen) in PLSC. The IR data suggests the involvement of mono-anionic
form of ligands in both the complexes, where the band for hydrazine -NH is missing in the complexes due to the loss of proton of
this group. Bands in the region 3000-3500 cm' in the ligands and complexes are attributed to v(N-H) of amino group and v(O-H)
vibrations of the CH,OH group and phenolic hydroxyl group. A medium band at 3136 cm indicative of hydrazine -NH in the
ligand has disappeared in the complexes suggesting loss of proton on this group and formation of mono anionic form of ligand. A
medium band in the range 2800-2900 cm™! assigned for v(NH") of the pyridine ring, which is formed as a consequence of shifting of
proton from the phenolic group to the pyridine nitrogen, is retained in the complexes. A new band has appeared in the complexes in
the region 1550-1600 cm! indicating the formation of new C=N due to enolization of carbonyl group during complexation. A very
intense band at 1703 cm™ assigned for amide —C=0 stretch in PLSC has disappeared in its complexes indicating coordination of
the ligand to the metal ion through oxygen atom of the carbonyl group. The frequencies of azomethine group in both the complexes
have been shifted compared to ligands in the range of 1550-1600 cm™ suggesting coordination of nitrogen atom of this group to
the metal ion. Shifting in the frequency of the Py-C-O vibration in the range 1100-1200 cm™ indicates the involvement of phenolic
oxygen in coordination (Figures 3 and 4).

Thermal analysis

Thermo gram of [Ni(HL").C1.2H,O]shows weight loss (10%) between 170-280°C, with an endothermic peak in DTA curve between
160-240°C, indicating the loss of two coordinated water molecules. [Cu(HL"),].H,O shows a weight loss (4%) between 140-150°C,
with an endothermic peak in DTA curve at 140°C, which corresponds to dehydration of one lattice water molecule. Both the
complexes show a similar behavior after 300°C in TGA with a loss in ligand moiety accompanied by an exothermic peak in DTA
suggesting a rearrangement in the structure of these complexes at this temperature (Figures 5 and 6) [26].
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Figure 3: IR spectrum of [Ni(HL).C1.2H,0]
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Figure 6: TGA and DTA curves of [Cu(HL),].H,O
UV-visible spectra

The electronic absorption spectra of the ligand and its metal complexes were recorded in DMSO solution at room temperature. The
UV-Vis spectrum of PLSC shows a band at 33,422 cm™ (with a shoulder at 29,904 cm™), which is assigned to the n-n" transition
of the C=N chromophore. On complexation, this band is shifted to lower wavelength in the complexes, indicating coordination of

azomethine nitrogen to the

metal ion.

The number and position of d-d transitions in the electronic spectrum of a metal complex gives valuable information about the
geometry of the complex. Three d-d transitions are observed in the electronic spectrum of [Ni(HL").C1.2H,O] at 11,286 cm', 14,492
cm™ and 25,075 em! due to ‘A, —°T, , *°A, —°T, (F) and *A, —°T,, (P) respectively indicating an octahedral geometry for this
complex. Similarly, three d-d transitions are also observed in the electronic spectrum of [Cu(HL"),].H,O at 10,787 cm, 16,168 cm'!
and 24,937 cm™ due to °B —?A, B, —’B, and’B, —’E, respectively indicating a distorted octahedral geometry for this complex

(Figure 7) [27].
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Figure 7: Electronic spectra of PLSC, [Ni(HL).C1.2H,O]and [Cu(HL"),].H,O

Magnetic moments

The magnetic moment values . of [Ni(HL").C1.2H,0] is found to be 2.8835 BM indicating the presence of two unpaired electrons
in the central metal ion. Whereas the magnetic moment of [Cu(HL"),].H,O is found to be 1.6961BM indicating the presence of single
unpaired electron. Magnetic moment values of these complexes also suggest their paramagnetic nature.

Based on the spectral and analytical data the structures of the Ni(II) and Cu(Il) complexes of PLSC are proposed as shown in Figures
8a and 8b.
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Figure 8a: Structure of [Ni(HL").CL.2H,O] Figure 8b: Structure of [Cu(HL"),].H,O

DNA binding experiments

Absorption spectral titration

UV-Vis absorption spectroscopy is the most commonly used method to assess the interaction of DNA with the metal complexes. This
technique involves monitoring the changes in the UV-Vis spectrum of a complex during its interaction with DNA. It is determined
by examining the modifications in the A values of n-n"intra lignad transitions, or LMCT or d-d transitions of a metal complex
with the increase in the concentration of DNA [28]. An intercalative mode of binding of a metal complex to DNA is indicated by
hypochromism and bathochromism or hypsochromism, while hyperchromism suggests electrostatic interaction or groove binding.
The extent of changes in the absorption of the metal complex spectrum is consistent with the strength of interaction [29].

In the present study, both the metal complexes [Ni(HL").C1.2H,OJ]and [Cu(HL"),].H,O show hypochromism and bathochromism with
the increase in concentration of DNA indicating the binding of the complexes through intercalation, which involves the insertion of
the planar aromatic chromophore of the ligand in between the base pairs of DNA. The extent of hypochromism is consistent with
the strength of intercalative interaction. The DNA binding affinities of the complexes is quantitatively expressed in terms of intrinsic
binding constant (K,) which is found to follow the order [Cu(HL),].H,0 > [Ni(HL").C1.2H,0O]. K, values were determined using
equation 1 and found to be 4.0x10*and 1.0x10° of the complexes [Ni(HL").C1.2H,OJand [Cu(HL"),].H,O respectively (Figure 9).
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Figure 9: Absorption spectra of the complexes [Ni(HL").CL.2H,O]and [Cu(HL"),].H,O (20 pM) in phosphate (pH 7.2) buffer upon addition
of CT-DNA (0-20 pM). Arrow indicates hypochromism with increase in concentration of DNA. Inset: Plot of [DNA]/(¢b—¢f) versus [DNA]
for absorption titration of CT DNA with the complex
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Competitive DNA binding studies of the complexes and ethidium bromide

Ethidium Bromide (EB) strongly interacts with the DNA double helix, by its insertion between the adjacent base pairs and is a well-
known classical intercalator. It shows high fluorescence when bound to nucleic acid and hence widely used as a sensitive fluorescent
probe for DNA. In buffer solution, the free EB shows decreased emission intensity as a result of the solvent quenching. But it shows
a remarkable increase in fluorescence when bound to DNA, as the nucleobases provide a steric protection to the dye molecule [30].
The presence of another species which has affinity towards DNA results in a reduced emission intensity of the EB-DNA adduct,
which is caused by a competition for the binding site. The affinity of transition metal complexes towards DNA can be evaluated
by competitive fluorescence studies, as it measures the extent of the reduction in emission intensity of the EB-DNA adduct [31].

When the complexes [Ni(HL").C1.2H,0O]and [Cu(HL"),].H,0 were added to DNA pretreated with EB, the DNA induced emission
intensity of EB was decreased. As the complexes have planar ligand, they replace EB from intercalative binding sites due to which
quenching of emission intensity of DNA-bound EB is observed [19]. The quenching plots of [ /T versus [Complex]/[DNA] (insets
of Figure 10) are in good agreement with the linear Stern-Volmer equation. Stern-Volmer quenching constants (K ) were calculated
as 0.1071 and 0.1238 respectively for the complexes [Ni(HL").C1.2H,0] and [Cu(HL"),].H,O.
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Figure 10: Emission spectra of EB bound CT DNA in the absence and presence of complexes. Arrow shows the decrease in the emission
intensity with the increase in complex concentration. Inset: Plot of I /I versus [Complex]/[DNA]

Viscometric measurements

The binding mode of the metal complexes with DNA was further evaluated by viscometric measurements. Although spectroscopic
methods provide important evidence to support the mode of binding of metal complexes to DNA, hydrodynamic measurements
are considered to be least ambiguous and critical test of a DNA binding model in solution, in the absence of crystallographic data.
Intercalation of metal complex leads to lengthening of DNA helix, due to the separation of base pairs to accommodate the binding
ligand which further leads to an increase in DNA viscosity. Whereas a bend or kink in the DNA helix may be resulted by partial or
non-classical intercalation of ligand, which leads to a decrease in the length of DNA helix and subsequently viscosity [32].

The effect of EB and the metal complexes of PLSC on the viscosity of DNA were studied to understand the binding mode of
complexes with the DNA. Figure 11 shows the changes in the viscosity of DNA in the presence of EB and complexes. EB being
a potential intercalator shows a significant increase in the viscosity, while the complexes showed the same effect to a less extent
indicating insertion of the ligands in between the base pairs of DNA.
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Figure 11: Effect of increasing amounts of the () EB, (#) [Ni(HL").C1.2H,0] and (7 ) [Cu(HL"),].H,O on the relative viscosities of CT
DNA at 25°C
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DNA cleavage without added reagents

Purines and pyrimidines act as building blocks in nucleic acids which are joined by phosphodiester linkages. Phosphodiester bond
in DNA is highly inert towards hydrolysis under physiological conditions due to its high half-life period of the order of billions of
years. The negative charge of the phosphodiester bond disfavors its hydrolysis through nucleophilic attack. Therefore for the same
reaction to be facilitated, presence of a Lewis acid like a metal ion is required. Metal ions activate the nucleophilic attack by water
or hydroxide on phosphate group and enhance the leaving group ability of alcohol [33].

Metal ion mediated hydrolysis of nucleic acids can be exploited in the design of artificial restriction endonucleases. Hydrolytic
cleavage of nucleic acids is preferable over redox-mediated cleavage reactions, as the information during the hydrolytic reaction
is preserved. The fragments thus produced are useful in gene manipulation and in understanding the roles of metal ions in
metalloenzyme catalysis [33].

DNA cleavage ability of the complexes was evaluated using super coiled (SC) plasmid pBR322 DNA (100 ng/uL). The DNA
was incubated with varying concentrations of complexes (20-60 uM in DMSO), in Tris-HCI buffer (pH 7.2) for 1 hr at 37°C. It
was observed that both the complexes are able to cleave DNA without any added reagents or light as they contain nucleophiles
such as coordinated water molecules and/or hydroxyl groups in the ligands, indicating the hydrolytic cleavage of DNA. Figure 12
depicts the cleavage of super coiled DNA by the complexes with partial degradation of SC form to produce NC form at a very low
concentration as 20-60 pM.

1 2z 3 E | 5 6 7

Figure 12: Agarose gel electrophoresis pattern for the cleavage of supercoiled pBR 322 DNA by complexes. Lane 1, DNA control, Lane 2-4
DNA+[Ni(HL).CL.2H,0] (20 uM, 40 uM, 60 pM respectively), Lane 5-7 DNA+[Cu(HL"),].H,0 (20 uM, 40 pM, 60 pM respectively)
Antibacterial activity

The complexes could not inhibit the growth of gram negative bacteria while they showed moderate activity towards gram positive
bacteria which was indicated by the zone of inhibition. [Ni(HL").C1.2H,O] showed a zone of inhibition of 12 mm and 9 mm, while
[Cu(HL),].H,0O showed 15 mm and 11 mm against Staphylococcus aureus and Bacillus subtilis respectively.

CONCLUSION

Pyridoxal semicarbazone forms complexes with Ni(II) and Cu(II) ions by coordination through ONO atoms. [Ni(HL").C1.2H,0] is
formed in 1:1(ML) while [Cu(HL"),].H,0, is formed in 1:2 (ML,) ratios. Both the complexes exhibited octahedral geometry. The
complexes were evaluated for their DNA binding activity by absorption titrations, fluorescence spectra and viscometric measurements
which suggest that both the complexes are able to bind DNA effectively even at very low concentrations through intercalation. The
complexes also exhibited plasmid DNA cleavage ability by hydrolytic pathway. The complexes showed a moderate antibacterial
activity against gram positive bacteria.
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