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mplexes of an asymmetrical
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scavenging and cytotoxic activity†
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and Zhengfeng Linb

Two new nickel(II) and cobalt(II) benzhydrazone complexes having the general formula [ML2phen$3CH3OH]

(where M ¼ Ni and Co, L ¼ 2-acetonaphthonebenzoylhydrazone, phen ¼ 1,10-phenanthroline) have been

synthesized via the reaction of Ni(OAc)2$4H2O and CoCl2$6H2Owith 2 equivalents of HL and 1 equivalent of

phen ligands in a MeOH/THF mixed medium. Both complexes have been characterized by single-crystal X-

ray crystallography methods, which reveals a distorted octahedral coordination environment around the

metal center with an MN4O2 chromophore [M ¼ Ni(II) and Co(II)], with the hydrazone ligand acting as

a monoanionic bidentate N,O-donor. These complexes exhibit quasi-reversible one-electron reduction

responses (NiII–NiI, CoII–CoI) within the E1/2 at �0.808 and �0.767 V versus Ag/AgCl reference. The

DNA-binding interactions of the complexes with herring sperm DNA have been investigated by UV-vis

absorption, emission and viscosity measurements, which reveal that the complexes could interact with

DNA via intercalation. The protein binding interactions of the complexes with BSA were investigated by

UV-vis, fluorescence and synchronous fluorescence methods, which indicate strong binding of the

complexes with BSA and a static quenching mechanism was observed. The Ni(II) complex displays higher

DNA and BSA-binding affinity than the corresponding Co(II) analogue, which is expected of its smaller

size. Moreover, the potential for free-radical scavenging of all the complexes was also determined using

DPPH, hydroxyl and nitric oxide radicals under in vitro conditions, showing that the complexes are more

effective in arresting the formation of hydroxyl than nitric oxide or DPPH radicals. Cytotoxicity

experiments reveal that the two complexes both exhibit cytotoxic effects against human hepatocellular

carcinoma cell line SMMC-7721 and human lung adenocarcinoma cell line A549.
Introduction

Cancer is one of the most fatal non-communicable diseases
which causes a signicant number of deaths every year.
Chemotherapy is currently the most-utilized treatment for
cancer treatment. cis-Platin and platinum drugs are some of the
most widely used cytotoxic chemotherapeutic agents.1,2

Although they are active in the treatment of several types of
cancer, the dose-limiting nephrotoxicity and the development
of drug resistance prevent their potential efficacy.1–3 Therefore,
in efforts to improve the efficacy and overcome the side effects,
numerous transition metal complexes have been synthesized
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and tested for their anticancer activities.4,5 Several ruthenium-,
gold-, gallium-, titanium-, and arsenic-based compounds have
been investigated for their anticancer potential;6–11 however,
none of these compounds have been approved clinically. It
should be noted that reviews devoted to the general use of
nickel and cobalt complexes in medicine have been pub-
lished.12,13 A large body of evidence indicates that nickel and
cobalt chelates are an effective method to inhibit tumor growth,
and they have become promising agents in the treatment of
cancer.14–25

The effect of metal-based pharmaceuticals depends not only
on the function of the metal but also on ligandmoieties.26 Schiff
base derivatives of hydrazones are an important class of ligands
with interesting ligation properties due to the presence of
several coordination sites. Moreover, the hydrazone unit offers
a number of interesting features such as a degree of rigidity,
a conjugated p-system and a NH unit that readily participates
in hydrogen bonding and may be a site of protonation–depro-
tonation. It has been proved that hydrazone derivatives play
RSC Adv., 2017, 7, 41527–41539 | 41527
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vital role in certain pharmaceutical functions such as DNA
binding and cleavage,18 antibacterial,27 and anticancer.28 In
addition, the use of heterocyclic diimine as the co-ligand in
ternary complexes is of considerable interest because some of
the diimine containing nickel and cobalt complexes exhibit
interesting biological as well as pharmacological properties.29

The pivotal role of diimine ligands in antitumour activities have
been claried by numerous literatures earlier.30,31 Overall, it has
been demonstrated that physicochemical features, such as
planarity, hydrophobicity, and size of the diimine, the nature of
the co-ligand, and the coordination geometry of the metal
complex, all played important roles in determining the binding
mode of transition metal complexes to DNA.

DNA is the primary intracellular target of anti-cancer drugs,
the interaction between small molecules and DNA can cause
DNA damage in cancer cells, hence blocking the division of
cancer cells and resulting in cell death. A study on the interac-
tion of small molecules with DNA on a molecular level is very
important in the development of novel chemotherapeutics and
highly sensitive diagnostic agents.32,33 Small molecules can
interact with DNA through the following three non-covalent
modes: intercalation, groove binding and external static elec-
tronic effects.34 Both the planarity of ligand and the coordination
geometry of the metal ion play important roles in deciding the
intercalating ability of complexes to DNA.35,36 It has been proved
that increasing the size of the substituent and planarity of
ligands can enhance the DNA interaction and protein
binding.17,37,38 Therefore, planar aromatic groups, such as benzyl
and napthyl group were introduced as substituent to enhance
planarity of the ligand. By varying the metal center, it is possible
to modify the mode as well as the extent of interaction of the
complex with nucleic acids and facilitate individual applica-
tions. On the other hand, serum albumins play an important
and efficient role in drug delivery due to their remarkable
binding properties. With the advantages of low cost and ready
availability, bovine serum albumin (BSA) is a widely used serum
albumin. The interaction of drug–protein may react in the
formation of a stable protein complex which has important
effect on the distribution, absorption, metabolism and proper-
ties of drugs. Such an interactions of drug compounds have
aromatic rings are very important for protein sterilization and
different regulation processes.39 Therefore, the activity of metal
complexes towards DNA and protein BSA is useful in the design
and synthesis of metal-based anticancer therapeutics.

Based on the above facts, we have been intense in studying
the role of presence of aromatic rings, planarity and molecular
composition of nickel and cobalt complexes on DNA and
protein binding and cytotoxicity. Hence, our present investiga-
tion focuses on the synthesis of two new nickel and cobalt
complexes containing 2-acetonaphthone benzoyl hydrazone
ligand (HL) and 1,10-phenanthroline (phen) co-ligand. The
structure of the new complexes has been characterized by
various spectro-analytical and crystallographic techniques. All
the synthesized compounds have been subjected to different
experiments to assess their interacting ability with DNA/protien
and antioxidant and cytotoxicity potential.
41528 | RSC Adv., 2017, 7, 41527–41539
Experimental
Materials and instrumentation

2-Acetonaphthone benzoyl hydrazone (HL) has been synthe-
sized and its molecular structure has been obtained previously
by our group.40 1,10-Phenanthroline monohydrate, ethidium
bromide (EB), herring sperm DNA, tris(hydroxymethyl) amino-
methane hydrochloride (Tri–HCl), bovine serum albumin (BSA),
2,2-diphenyl-1-picrylhydrazyl (DPPH), cis-platin were purchased
from Sigma-Aldrich Chemicals and used as received. Human
hepatocellular carcinoma cell SMMC-7721 and human lung
adenocarcinoma cell A549 were purchased from Shanghai Cell
Bank, Chinese Academy of Sciences. SRB, fetal bovine serum
and all other cell-culture reagents were obtained from Solarbio
Science and Technology Co., Ltd. Beijing, China. All other
chemicals and reagents used for biological studies were of high-
quality biological grade.

Elemental analyses for C, H and N were performed on
a Perkin Elmer 240C elemental analyzer. ESI-MS spectra for the
complexes were collected on a Thermo Fisher LTQ Orbitrap XL
Electrospray Ionization Mass Spectrometer in a positive ion
mode. FT-IR measurements (KBr pellets) were recorded in the
range of 400–4000 cm�1 on the instrument of Thermo Nicolet
Nexus 670 infrared spectrometer. Ultraviolet-visible (UV-vis)
spectroscopy was obtained on a Varian Cary 300 UV-vis spec-
trophotometer. Fluorescence spectroscopy was measured with
Perkin Elmer LS-55 spectrometer at room temperature.

Synthesis of NiL2phen$3CH3OH (1)

HL (0.576 g, 2 mmol) was dissolved in 10 mL MeOH/THF
(V/V ¼ 1 : 1) solution, to which 2 mmol of triethylamine
(0.201 g) was added. A solution of nickel acetate tetrahydrate
(0.176 g, 1 mmol) in MeOH (10.0 mL) was added dropwise to the
ligand solution, which was stirred at room temperature. Aer
1 h, a methanolic solution of 1,10-phenanthroline monohydrate
(0.180 g, 1 mmol) was slowly added to the reaction mixture,
resulting in a yellow green colour solution. The reactionmixture
was allowed to stir for another 2 h, aer which the precipitate
that formed was ltered, washed successively with 2 mL of
MeOH and 10 mL diethyl ether, and then dried at room
temperature. X-ray quality single crystals, having a green colour
and prime shape appeared on slow evaporation of the ltrate at
room temperature. Yield 0.309 g (34%). Anal. calc for
C53H50N6O5Ni (909.70 g mol�1): C 69.79, H 5.54, N 9.23%;
found: C 69.70, H 5.57, N 9.31%. FTIR (KBr, cm�1): 1589 and
1523 s y(C]N–N]C), 1369 s y(C–O). ESI-MS (MeOH): m/z ¼ 813.25
[NiL2Phen + H]+ (calculated m/z ¼ 812.24 for NiL2Phen

+).

Synthesis of CoL2phen$3CH3OH (2)

2-Acetonaphthone benzoyl hydrazone (0.576 g, 2 mmol) was
dissolved in 10 mL MeOH/THF (V/V ¼ 1 : 1) solution, to which
2 mmol of triethylamine (0.201 g) was added. A solution of
cobalt chloride hexahydrate (0.129 g, 1 mmol) in MeOH
(10.0 mL) was added dropwise to the ligand solution, which was
stirred at room temperature. Aer one hour a methanolic
solution of 1,10-phenanthroline monohydrate (0.180 g, 1 mmol)
This journal is © The Royal Society of Chemistry 2017
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Table 1 Crystallographic data and structure refinement parameter of
complexes

Compound 1 2

Formula C53H50N6O5Ni C53H50N6O5Co
FW 909.70 909.92
Crystal system Monoclinic Monoclinic
Space group P21/c P21/c
a (Å) 10.334(2) 10.360(6)
b (Å) 15.835(3) 15.843(9)
c (Å) 28.718(6) 28.627(15)
a (�) 90 90
b (�) 103.504(6) 103.660 (18)
g (�) 90 90
V (Å3) 4569.5(16) 4566(4)
Z 4 4
Dcalc (g cm�3) 1.322 1.324
m (mm�1) 0.48 0.43
F (000) 1912 1908
Crystal size 0.30 � 0.25 � 0.15 0.23 � 0.20 � 0.18
Theta range (�) 2.6–26.5 2.4–20.3
Limiting indices �10 # h # 12 �11 # h # 12

�15 # k # 18 �18 # k # 18
�34 # l # 33 �33 # l # 33

Reections collected 23 095 30 500
Independent reections 8089 7997
Data/restraints/
parameters

8089/0/594 7997/0/591

T (K) 296 293
Goodness of t on F2 1.05 0.97
Final R indices[I > 2s(I)] R1 ¼ 0.0384,

wR2 ¼ 0.1094
R1 ¼ 0.0726,
wR2 ¼ 0.1862

R indices (all data) R1 ¼ 0.0597,
wR2 ¼ 0.1281

R1 ¼ 0.1513,
wR2 ¼ 0.2539

Rint 0.029 0.102
rmax, rmin (e Å�3) 0.36, �0.51 1.09, �1.35
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was slowly added to the reaction mixture, resulting in a deep
brown colour solution. The reaction mixture was allowed to stir
for another 2 h, aer which the precipitate that formed was
ltered, washed successively with 2 mL of MeOH and 10 mL
diethyl ether, and then dried at room temperature. X-ray quality
single crystals, having a brown colour and square shape appeared
on slow evaporation of the ltrate at room temperature. Yield
0.529 g (58%). Anal. calc for C53H50N6O5Co (909.92 g mol�1):
C 69.96, H 5.53, N 9.23%; found: C 69.90, H 5.57, N 9.31%. FTIR
(KBr, cm�1): 1589 and 1517 s y(C]N–N]C), 1367 s y(C–O). ESI-MS
(MeOH): m/z 846.24 [CoL2Phen$CH3OH + H]+, (calculated m/z ¼
845.26 for [CoL2Phen$CH3OH]+).

X-ray crystallography

The X-ray single-crystal data for complex 1 and 2 were recorded
on a Brucker SMART Apex CCD detector diffractometer with
graphite-monochromated MoKa radiation (l ¼ 0.71073 Å). The
collected data were reduced using the SAINT program,41 and
multi-scan absorption corrections were performed using the
SADABS program.42 The structures were solved by direct
methods and rened by full-matrix least squares on F2 using
SHELXL-97.43 All non-hydrogen atoms were rened anisotropi-
cally and the hydrogen atoms in these structures were located
via the difference Fourier map and constrained to ideal posi-
tions in the renement procedure. Experimental details for
X-ray data collection complexes are presented in Table 1.

Cyclic voltammetry

Cyclic voltammogram (CV) was recorded on a CHI 660C elec-
trochemical work station using a three-electrode cell in which
a platinum plate, a saturated Ag/AgCl and a platinum foil are
used as the working, reference and auxiliary electrodes,
respectively. A ferrocene/ferrocenium (Fc/Fc+) couple was used
as an internal standard. Cyclic voltammograms of the
complexes were recorded in DMF solutions at a scan rate of
100 mV s�1. Tetra-n-butylammonium perchlorate (TBAP, 0.1 M)
was used as the supporting electrolytes. Prior to every electro-
chemical assay, the solutions were deoxygenated by purging
them with nitrogen. All electrochemical measurements were
performed at room temperature.

DNA binding studies

Experiments involving the binding of compounds to herring
spermDNA were performed in double-distilled water with 5mM
Tris–HCl and 50 mM NaCl solution and the pH was adjusted to
7.2 with hydrochloric acid. DNA solution was prepared with
50 mM NaCl solution. The UV absorbance ratio at 260 and
280 nm (A260/A280) of 1.85 indicated that the DNA was suffi-
ciently free of protein contamination.44 The concentrations
of DNA were determined spectrophotometrically by assuming
3260¼ 6600M�1 cm�1,45whichwas found to be 3.72� 10�4mol L�1

when the mass concentration was 200 mg mL�1. The ligand
and complexes were dissolved in a combined solvent of 5%
DMSO and 95% Tris–HCl buffer for all experiments. A stock
solution of DNA was stored at 4 �C and used aer no more than
4 days.
This journal is © The Royal Society of Chemistry 2017
UV-vis titration experiments were performed by keeping
a xed concentration of the metal complex constant (25 mM)
and varying the nucleotide concentration (0–125 mM). However,
when obtaining the absorption spectra, equal amounts of DNA
were added to both complex and reference solutions to elimi-
nate the absorbance of DNA itself. The complex-DNA solutions
were allowed to incubate for 30 min before the absorption
spectra were recorded.

Further support for the binding of complexes to DNA via
intercalation was obtained using uorescence spectral tech-
niques in order to point out whether a complex can displace EB
from a DNA–EB complex. EB displacement experiments were
carried out by adding solutions of the complexes to a Tris–HCl
buffer solution (pH 7.2) of a DNA/EB mixture. DNA was pre-
treated with EB at a [DNA]/[EB] ratio of 10 for 30 min at room
temperature, then a test solution was added to this mixture of
EB–DNA and the change in uorescence intensity was
measured. The excitation wavelength was xed at 545 nm for EB
bound to DNA. Emissions were recorded with increasing
concentrations of compounds and the emission range was
adjusted before measurements. The ligand and complexes
(0–50 mM) were then added to the mixture and their effect on
the emission intensity was measured.
RSC Adv., 2017, 7, 41527–41539 | 41529
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Viscosity experiments were carried on an Ubbelohde
viscometer of 10 mL capacity, immersed in a thermostated
water bath maintained at 37.0 � 0.1 �C. The stock solutions of
DNA (50 mM) and complexes (0–50 mM) were prepared in Tris–
HCl/NaCl buffer. Mixing of the solutions was achieved by
purging the nitrogen gas through viscometer. The ow time was
measured three times for each sample with a digital stopwatch,
and the mean ow time was calculated. Data were presented as
(h/h0)

1/3 versus binding ratio [complex]/[DNA], where h and h0

are the specic viscosity of DNA in the presence and absence of
complex, respectively. The values of h and h0 were calculated
from the relation:46 h0 ¼ (t � tb)/tb, where tb is the ow time of
buffer alone, and t is the observed ow time for DNA in the
presence of complex. Relative viscosities for DNA were obtained
from the relation, h/h0.

Protein binding studies

The protein-binding interactions of the ligand and complexes
with BSA were investigated using both of uorescence spectra
and UV-vis absorption. Fluorescence spectra were obtained with
an excitation wavelength of 280 nm and an emission wave-
length of 345 nm corresponding to those of free BSA. The
excitation and emission slit widths and scan rates were main-
tained at a constant for all experiments. Samples were thor-
oughly degassed using pure nitrogen gas for 15 minutes using
quartz cells (4 � 1 � 1 cm) with high-vacuum Teon stopcocks.
Stock solutions of BSA were prepared in 50 mM phosphate
buffer (pH 7.2) and stored in the dark at 4 �C for additional use.
Concentrated stock solutions of metal complexes were prepared
by dissolving them in DMSO : Tris–HCl buffer (5 : 95) and
diluted suitably with phosphate buffer to obtain appropriate
concentrations. 2.5 mL of BSA solution (1 mM) was titrated
by successive additions of a 5 mL stock solution of complexes
(10�4 M) using a micropipette. Synchronous uorescence
spectra were also obtained using the same concentrations of
BSA and complexes as mentioned above with two different
values of Dl (difference between the excitation and emission
wavelengths of BSA) such as 15 and 60 nm. For UV-vis absorp-
tion experiment, a 3 mL solution of BSA (1 mM) was titrated with
various concentrations of the complexes. Equal solutions of
complexes were added to the reference solutions to eliminate
the absorbance of the complexes themselves. The UV-vis
absorption spectra were measured from 200 to 400 nm.

Antioxidant activity

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical-scavenging
activity of the compounds was measured according to the
method described by Blois.47 The DPPH radical is a stable
free radical having a lmax of 517 nm. Various concentrations
(10–60 mM) of the test compounds were added to a solution of
DPPH (125 mM, 2 mL) in methanol and the nal volume was
made up to 4 mL with double-distilled water. The solution was
incubated at 37 �C for 30 min in the dark. The decrease in the
absorbance of DPPH was measured at 517 nm. The same
experiment carried out without the test compounds served as
a control.
41530 | RSC Adv., 2017, 7, 41527–41539
The hydroxyl radical (OHc) in aqueous media was generated
by the Fenton system.48 The solution of the tested complex was
prepared with DMF. The 5 mL assay mixture contained
following reagents: safranin (20 mM), EDTA–Fe2+ (200 mM), H2O2

(196 mM), the tested compounds (1–6 mM) and a phosphate
buffer (40 mM, pH ¼ 7.4). The assay mixtures were incubated at
30 �C for 10 min in a water bath. The sample without the tested
compound was used as the control. Aer that, the absorbance
was measured at 520 nm.

Nitric oxide (NO) radical-scavenging activity was determined
based on the reported method, in which sodium nitroprusside
in an aqueous solution at physiological pH spontaneously
generates nitric oxide, which interacts with oxygen to produce
nitrate ions that can be estimated using the Griess reagent.49

For the experiment, sodium nitroprusside (10 mM) in phos-
phate buffered saline was mixed with a xed concentration of
the compound and incubated at room temperature for 150 min.
Aer the incubation period, 0.5 mL of the Griess reagent con-
taining 1% sulfanilamide, 2% H3PO4 and 0.1% N-(1-naphthyl)
ethylenediamine dihydrochloride was added. The reaction
mixture without the sample but with equivalent amount of
solvent served as a control. The absorbance of the chromophore
formed was measured at 546 nm.

In the case of the above three assays, all of the tests were run
in triplicate. All data are expressed as mean � standard devia-
tion (SD). Various concentrations of the compounds were used
to x a concentration at which the compounds showed in and
around 50% of activity. The percentage of activity was calculated
using the formula, % of activity¼ [(A0� AC)/A0]� 100. A0 and AC
are the absorbance in the absence and presence of the tested
compounds respectively. The 50% activity (IC50) can be calcu-
lated using the percentage of activity results.
In vitro cytotoxic activity evaluation by SRB assays

In vitro cytotoxic activities of the two complexes and cis-platin
were evaluated against two cancer cell lines including SMMC-
7721 and A549 by using the Sulforhodamine B (SRB) assay. All
cells were cultured in RPMI 1640 supplemented with 10% (v/v)
fetal bovine serum, 1% (w/v) penicillin (104 U mL�1) and
10 mg mL�1 streptomycin. Cell lines are maintained at 310 K in
a 5% (v/v) CO2 atmosphere with 95% (v/v) humidity. Cultures
were passaged weekly using trypsin–EDTA to detach the cells
from their culture asks. The two complexes and cisplatin were
dissolved in DMSO and diluted to the required concentration
with culture medium when used. The content of DMSO in the
nal concentrations did not exceed 0.1%. At this concentration,
DMSO was found to be non-toxic to the cells tested. Rapidly
growing cells were harvested, counted, and incubated at the
appropriate concentration in 96-well micro plates for 24 h. The
two complexes and cisplatin dissolved in culture medium were
then applied to the culture wells to achieve nal concentrations
ranging from 10�4 to 102 mM. Control wells were prepared by
addition of culture medium without cells. The plates were
incubated at 37 �C in a 5% CO2 atmosphere for 48 h. Upon
completion of the incubation, the cells were xed with icecold
10% trichloroacetic acid (100 mL) for 1 h at 277 K, washed ve
This journal is © The Royal Society of Chemistry 2017
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times in distilled water and allowed to dry in the air and stained
with 0.4% SRB in 1% acetic acid (100 mL) for 15 min. The cells
were washed four times in 1% acetic acid and air-dried. The
stain was solubilized in 10 mM unbuffered tris base (100 mL)
and the OD of each well was measured at 540 nm on a micro-
plate spectrophotometer. The IC50 values were calculated from
the curves constructed by plotting cell survival (%) vs. the
complexes concentration (mM). The medium without samples
served as a control and triplicate measurements were made for
all concentrations. All data are expressed as mean � SD.
Results and discussion

Benzhydrazone ligand derivative, as a pale yellow crystalline
solid, were prepared in high yield by the condensation of 2-
acetonaphthone with benzoylhydrazine in an equimolar ratio.40

It was then reacted with Ni(OAc)2$4H2O and CoCl2$6H2O in
a 1 : 2 molar ratio, respectively, followed by 1,10-phen in the
presence of triethylamine in a 2 : 1 : 1 : 2 molar proportion in
methanol at room temperature (Scheme 1). Aer a few days,
single crystals were obtained from the reaction mixture on slow
evaporation at room temperature. The elemental analyses data,
ESI-MS and FTIR of the complexes are consistent with their
formulation as bis-hydrazone complexes of Ni(II) and Co(II)
containing phen an ancillary ligand. The synthesized complexes
were sparingly soluble in solvents such as ethanol, methanol or
acetonitrile and readily soluble only in solvents such as DMF
and DMSO, producing intensely orange-colored solutions.

The infrared spectra of the ligand and complexes 1 and 2
were showed in Fig. S1 (ESI†). The free ligand displayed
a medium to strong band at 3348 cm�1, which is characteristic
of the N–H functional group. The free ligands also displayed
yC]O absorption at 1666 cm�1 and yC]N absorption at
1519 cm�1, which indicate that the ligands exist in the amide
form in the solid state. However, bands that are due to yN–H and
yC]O stretching vibrations were not observed with the
complexes, which indicates that the ligands underwent tauto-
merization and subsequent coordination of the imidolate eno-
late form during complexation. Coordination of the ligand to
the Ni(II) and Co(II) ion through an azomethine nitrogen is ex-
pected to reduce the electron density in the azomethine link
and thus lower the absorption frequency aer complexation
(1517–1589 cm�1), which indicates the coordination of azome-
thine nitrogen to the metal ions. The presence of a new band at
Scheme 1 Synthesis of the ligand and complexes 1 and 2.
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487 cm�1, which is due to y(Ni–O) and y(Co–O), is another
indication of the involvement of the oxygen of the enolate group
in coordination.50 The appearance of new additional bands in
the regions 817 cm�1 and 711 cm�1 are due to phen ring Ar–H
and C]N stretching vibrations respectively.29

The UV-vis absorption spectra of the ligand and complexes 1
and 2 were obtained in methanol solution (10 mM) in the range
of 200–800 nm at room temperature, as presented in Fig. 1. The
spectrum of the hydrazone ligand displayed three absorption
bands at 234, 278 and 306 nm. Generally, the bands appearing
in the 230–280 nm range can be due to the p–p* transition
within the aromatic rings, and the band at 306 nm can be due to
the n–p* transitions within the >C]N–N chromophore.15 In the
case of the complexes, the bands appeared at 232, 270 and
303 nm. The slight shi in the absorption bands indicated the
formation of the metal complexes and the fact that the azo-
methine nitrogen is involved in coordination.15,51 The band at
303 nm become broader in complexes than that in the HL, the
reason could be assigned to ligand tometal (ion) charge transfer
(LMCT) transitions.51 Unfortunately the expected weak d–d
transition in the visible region for the one-electron para-
magnetic complexes cannot be detected even with concentrated
solutions. It may be lost in the low energy tail of the charge
transfer transition.

Single-crystal X-ray crystallography

All the synthesized compounds were analyzed by single crystals
X-ray diffraction to conrm the molecular structures and
geometry. The crystal structures of nickel and cobalt complexes
are shown in Fig. 2 and slected bond distances (Å) and bond
angles (�) are given in Table 2. The bond lengths and bond
angles of HL can be found in our previous report.40 Both
complexes are crystallized in the monoclinic space group P21/c
with four molecules in the unit cell. The hexacoordinated Ni(II)
and Co(II) center in 1 and 2 respectively, adopt a distorted
octahedral geometry with NiN4O2 and CoN4O2 chromophores,
the metal atom being coordinated by two N atoms and two O
atoms of the two bidentate Schiff base ligands, along with two N
Fig. 1 UV-vis absorption spectra of the ligand, and complexes 1 and 2
in MeOH solution.
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Fig. 2 The coordination environment of Ni(II) and Co(II) complexes.

Table 2 Selected bond lengths (Å) and bond angles (�)

C53H50N6O5Ni (1) C53H50N6O5Co (2)

Bond lengths (Å) Bond angles (�) Bond lengths (Å) Bond angles (�)

N1–N2 1.418(2) O1–Ni1–N2 77.00(6) N1–N2 1.412(5) O1–Co1–N2 76.90(13)
N3–N4 1.417(2) O1–Ni1–N4 89.62(6) N3–N4 1.393(6) O1–Co1–N4 92.95(13)
N1–C1 1.134(3) O1–Ni1–N5 95.82(7) N1–C1 1.131(6) O1–Co1–N5 92.82(17)
N2–C8 1.282(3) O1–Ni1–N6 170.73(7) N2–C8 1.287(6) O1–Co1–N6 164.32(17)
O1–C1 1.271(3) O1–Ni1–O2 93.90(7) O1–C1 1.264(6) O1–Co1–O2 97.13(17)
C1–C2 1.495(3) O2–Ni1–N2 91.40(6) C1–C2 1.505(6) O2–Co1–N2 91.32(16)
Ni1–N2 2.170(2) O2–Ni1–N4 77.88(6) Co1–N2 2.205(4) O2–Co1–N4 75.63(16)
Ni–N4 2.1611(19) O2–Ni1–N5 168.07(7) Co1–N4 2.219(4) O2–Co1–N5 168.22(14)
Ni1–N5 2.1247(19) O2–Ni1–N6 93.30(7) Co1–N5 2.193(5) O2–Co1–N6 96.44(18)
Ni1–N6 2.123(2) N2–Ni1–N4 162.33(7) Co1–N6 2.178(4) N2–Co1–N4 162.49(17)
Ni1–O1 2.0020(16) N5–Ni1–N2 84.09(7) Co1–O1 2.019(3) N5–Co1–N2 84.79(17)
Ni1–O2 2.0076(16) N5–Ni1–N4 109.03(7) Co1–O2 2.007(4) N5–Co1–N4 110.24(17)

N6–Ni1–N2 108.67(7) N6–Co1–N2 110.61(15)
N6–Ni1–N4 86.18(6) N6–Co1–N4 82.84(15)
N6–Ni1–N5 77.81(8) N6–Co1–N5 74.69(18)
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atoms of phen. In complex 1, each of the two bidentate hydra-
zone ligands coordinates through imine nitrogen and enolate
oxygen atoms. The two nitrogen atoms from the two hydrazone
ligands are trans to each other and the corresponding enolate
oxygen atoms are cis to each other. Each of the N atoms of phen
is trans to an enolate oxygen atom. The bond lengths in the Ni(II)
complex are: N1–N2 ¼ 1.418(2) (L), N1–C1 ¼ 1.314(3) (S), N2–C8
¼ 1.282(3) (S), O1–C1 ¼ 1.271(3) (L), C1–C2 ¼ 1.495 (S) Å,
(L ¼ longer, S ¼ shorter) (Table 2), which are longer or shorter
than those of the corresponding distances in the free ligand40

due to the bonding of the Ni(II) centre with the ligand. The Ni–O
bond lengths (2.0020(16) and 2.0076(16) Å) are in the range of
those expected for the Ni(II) ion in an octahedral environment.29

The Ni–N distances range from 2.123(2) to 2.170(2) Å, with the
Ni–N(phen) distances being about 0.03 Å shorter than the Ni–
N(imine) distances. In octahedral Ni(II) complexes of aroylhy-
drazones, it is generally found that the Ni–O bond distance is
longer than the Ni–N distance. However, in the present case
41532 | RSC Adv., 2017, 7, 41527–41539
a reverse trend is observed. In fact, the Ni–N distance in this
complex is comparatively longer than that normally observed
for octahedral Ni(II) complexes of aroylhydrazones,28,52 but it is
very similar to that reported for an anthracene aldehyde Schiff
base complex of Ni(II),29 and the steric bulk of the naphthalene
moiety may be responsible for this relatively longer Ni–N bond.
The N6–Ni1–N5 angle (bite angle of phen) is 77.81(8)�, whereas
for the hydrazone ligand, the bite angles lie in the range 77.00(6)
to 77.88(6)�. The distortion, from a regular octahedral geometry
is evident from the N2–Ni1–N4 trans-bond angle value of
162.33(7)�, while the other two trans angles, O1–Ni1–N6 and
O2–Ni1–N5 are 170.73(7) and 168.07(7)�, respectively, which are
closer to that expected for an octahedral geometry.

In complex 2, the Co(II) ion is also in a distorted octahedral
environment, having a cis-, trans-, cis-arrangement of the O2, N2
(hydrazone), N2 donor atoms, with each hydrazone ligand
acting as amonoanionic bidentate donor, coordinating through
the azomethine N, deprotonated amide O atoms and bidentate
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Electronic absorption spectra of HL (a) and complex 1 (b) and
complex 2 (c) (25 mM) with increasing concentrations of DNA (0, 5, 10,
15, 20, 25, 50, 75, 100, 125 mM). Arrows show the changes in absor-
bance with respect to an increase in the DNA concentration (insert
plots of [DNA] versus [DNA]/(3a � 3f)).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 2
/1

7/
20

26
 4

:2
1:

26
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
N,N-donor of phen ligand. The Co–N distances range from
2.178(4) to 2.205(4) Å. Like the previously described Ni(II)
complex, in the Co(II) complex, the Co–N(phen) distances are
also about 0.03 Å shorter than the Co–N(imine) distances.
The bond distances for Co–O1 and Co–O2 are 2.019(3) and
2.007(4) Å, respectively, which are comparable to the bond
lengths reported for octahedral Co(II) complexes of aroylhy-
drazone.16 The bite angle of phen (N5–Co1–N6 angle) is
74.69(18)�, whereas for the hydrazone ligand, the bite angles
vary between 75.63(16) and 76.70(13)�. The distortion, from
a regular octahedral geometry is evident from the N2–Co1–N4
trans-bond angle value of 162.49(17)�, while the other two trans
angles, O1–Co1–N6 and O2–Co1–N5 are 164.32(17) and
168.22(14)�, respectively. When compared the corresponding
bond lengths of the Ni(II) complex with that of the Co(II)
complex, it was found that the distances of Ni–N and Ni–O are
both shorter than the corresponding Co–N and Co–O bond
distances. In addition, and the bite angles of the Co(II) complex
were more deviate from the ideal bond angles of 90� and 180�

than that of the Ni(II) complex, which indicate that Co(II)
complex has a more distorted octahedral geometry. X-ray
determination conrms the structure that was proposed on
the basis of spectroscopic data, which is consistent with the
bivalency of the metal and the monoionic nature of the ligand
in the complexes.

Electrochemical studies

Electrochemical studies were carried out for Ni(II) and Co(II)
benzhydrazone complexes in DMF solution under an atmo-
sphere of nitrogen. Tetrabutylammonium perchlorate (TBAP)
(0.05 M) was used as the supporting electrolyte and the
concentration of the complexes was 500 mM. The cyclic voltam-
mograms of complexes are shown in Fig. S4 and Fig. S5 (ESI†),
respectively. Both complexes were redox active and exhibit quasi
reversible redox wave assignable to M2+/M+ couple. For complex
1, the cathodic and anodic peak potential was �0.935 and
�0.681 V, respectively. While for complex 2, the corresponding
value was �0.788 and �0.747 V, respectively. The separation of
the cathodic and anodic peak potential, DEp was 0.254 and
0.041 V for 1 and 2, respectively. The formal potential E00 (or
voltammetric E1/2), taken as the average of Epc and Epa was
�0.808 and �0.767 V for 1 and 2, respectively. Between �1.5 to
�2.0 V, reductive waves are observed, which correspond to
reductions of the phen ligand.29 The single-electron nature of the
voltammograms was conrmed by a comparison of the current
heights for the complexes and that for a simple [NiL2] complex
(where L ¼ thiophene aldehyde benzhydrazone) under identical
conditions.15 The redox potentials were virtually independent of
the scan rates, which indicates quasi-reversibility.53 In general,
the reason for quasi-reversible electron transfer in the above
complexes may either be due to slow electron transfer or the
deposition of the complex on the electrode surface.

DNA-binding studies

DNA is the primary pharmacological target of many antitumor
compounds. DNA–metal complex interactions are of paramount
This journal is © The Royal Society of Chemistry 2017
importance in understanding the mechanism of tumour inhi-
bition in the treatment of cancer. The interaction of the ligand
HL and complexes 1 and 2with DNA was studied by a number of
techniques, such as absorption spectral titration, uorescence
spectroscopy and viscosity measurements.

UV-vis absorption studies. Electronic absorption spectros-
copy is commonly employed to determine the binding ability of
metal complexes with a DNA helix. Complexes bound to DNA
through intercalation oen show a decrease in molar absorp-
tivity (hypochromism) and a red shi (bathochromism) of their
electronic absorption bands due to the strong stacking inter-
action between the aromatic chromophores of the complex and
base pairs of DNA.54 The extent of shi and hypochromism are
commonly found to correlate with the intercalative binding
strength. The absorption spectrum of HL and its Ni(II) and Co(II)
complexes in the absence and presence of herring sperm DNA
are shown in Fig. 3. Upon incremental additions of DNA to the
test compounds, the following changes were observed. In the
presence of DNA, the absorption bands of HL exhibited hypo-
chromism of about 40.30% at 306 nm. However, complexes 1
and 2 exhibited the hypochromism of about 59.73% and 58.29%
at 231 nm, 50.03% and 52.38% at 269 nm, respectively,
accompanied by bathochromic shis of 2–3 nm, which shows
that both Ni(II) and Co(II) benzhydrazone complexes were bound
strongly to DNA via the intercalative mode. The observed
hypochromism was due to stacking interactions between the
aromatic chromophores of the complexes and DNA base pairs,
which is consistent with the intercalative mode of binding.15,20,55

These observations are similar to those were reported earlier for
various metallointercalators.55,56

In order to compare quantitatively the binding strength of
the compounds, the intrinsic binding constants (Kb) of them
with CT-DNA were determined from the following eqn (1):57

[DNA]/(3a � 3f) ¼ [DNA]/(3b � 3f) + 1/Kb(3b � 3f) (1)
RSC Adv., 2017, 7, 41527–41539 | 41533
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Fig. 4 Emission spectra of DNA–EB (50 mM), in the presence of 0, 10,
20, 40, 50, 60, 80 and 100 mM of compounds. The arrow indicates the
changes in the emission intensity as a function of complex concen-
tration (inset: Stern–Volmer plot of the fluorescence titration data).
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where [DNA] is the concentration of DNA in base pairs, the
apparent extinction coefficient 3a is obtained by calculating
Aobs/[complex], 3f corresponds to the extinction coefficient of the
complex in its free form and 3b refers to the extinction coeffi-
cient of the complex in the fully bound form. Each set of data,
tted to the above equation, gave a straight line with a slope of
1/(3b � 3f) and y-intercept of 1/Kb(3b � 3f). The Kb value was
determined from the ratio of the slope to intercept,57 which
were found to be 8.12(�0.05) � 104 M�1, 2.19(�0.12) � 105 M�1

and 2.08(�0.09) � 105 M�1, corresponding to HL, 1 and 2,
respectively. The magnitude of the binding constant value
clearly showed that complex 1 bound more strongly with DNA
than the ligand and complex 2 through an intercalative mode.

Competitive binding between EB and complexes for DNA.
Generally, steady-state competitive binding experiments using
metal complexes as quenchers provide some information about
the binding of the complexes to DNA. Ethidium bromide (EB) is
a planar cationic dye that is widely used as a sensitive uores-
cence probe for native DNA. EB emits intense uorescent light
in the presence of DNA due to its strong intercalation between
the adjacent DNA base pairs. This displacement technique is
based on the decrease of uorescence intensity resulting from
the displacement of bound EB from a DNA sequence by
a quencher and the quenching is due to the reduction of the
number of binding sites on the DNA that is available to the EB.
Hence, this method serves as indirect evidence to identify
intercalative binding modes. In our study, changes in the
intensity as well as the position of the emission band of EB
bound DNA were monitored aer the addition of metal complex
solution. The above said emission band in the spectra of
combined nickel hydrazone complex–DNA system showed
a signicant bathochromic shi with a simultaneous reduction
in the uorescence intensity (35.89%, 76.96% and 82.61%,
respectively) revealing that the EB molecules are displaced from
their DNA binding sites by the added complexes. The uores-
cence spectrum of EB bound-DNA quenched by the ligand and
complexes is shown in Fig. 4 with the Stern–Volmer plot as an
inset to the gures. The observed linearity in the plot supported
the fact that the quenching of EB bound to DNA by the test
complex is in good agreement with the linear Stern–Volmer eqn
(2):

I0/I ¼ 1 + Kq[Q] (2)

where I0 is the emission intensity in the absence of quencher, I
is the emission intensity in the presence of quencher, Kq is the
quenching constant, and [Q] is quencher concentration. The Kq

value is obtained as a slope from the plot of I0/I versus [Q]. The
quenching plots illustrate that the quenching of EB bound to
DNA by free ligands and complexes are in good agreement with
the linear Stern–Volmer equation. In the Stern–Volmer plots of
I0/I versus [Q], the quenching constant (Kq) is given by the ratio
of the slope to intercept. The Kq value obtained for the ligand
and complexes 1 and 2 were found to be 5.71(�0.13) � 103 M�1,
5.04(�0.20) � 104 M�1 and 3.46(�0.14) � 104 M�1, respectively.
Further, the binding constant (Kapp) value obtained for the
ligand and complexes 1 and 2 using the following equation:
41534 | RSC Adv., 2017, 7, 41527–41539
KEB[EB] ¼ Kapp[compound]. Where the compound concentra-
tion has the value at a 50% reduction of the uorescence
intensity of [EB], KEB ¼ 1.0 � 107 M�1, and [EB] ¼ 2.5 mM, were
4.37 � 103 M�1, 1.0 � 106 M�1, and 8.53 � 105 M�1, respec-
tively. These data suggested that the interaction of the Ni(II) and
Co(II) complexes with DNA is stronger than that of the free
ligand, which is consistent with the absorption spectral obser-
vations. Since these changes indicated only one kind of
quenching process, it may be concluded that all the compounds
bind to DNA via the same mode. Furthermore, such quenching
constants and binding constants of the ligands and complexes
suggest that the interaction of all the compounds with DNA
should be of intercalation.55,58 On the basis of all the spectro-
scopic studies, we concluded that the free hydrazone ligand and
complexes can bind to DNA via an intercalative mode and that
the complexes 1 and 2 bind to DNA more strongly than the free
ligand.

Viscosity studies. Though optical photophysical methods are
employed to monitor the binding mode of the metal complex
with the DNA, hydrodynamic measurements are preferred as
the conrmation tests. Viscosity measurements are sensitive to
changes in the length of DNA molecule and regarded as least
ambiguous and most critical test for the binding mode. EB as
a classical intercalator shows a signicant increase in relative
viscosity of the DNA solution on intercalation due to an increase
in overall DNA contour length on binding to DNA.46 In contrast,
partial or non-classical intercalation of complex would bend or
kink the DNA helix, shortening the effective length of the DNA,
and reducing DNA viscosity accordingly, while the electrostatic
and groove binding cause little or no effect on the relative
viscosity of DNA solution.59 In order to clarify the binding mode
and strength of complexes with DNA, the DNA viscosity variance
at room temperature was studied by varying the concentration
of complexes. The values of relative viscosity (h/h0)

1/3 were
determined and plotted against the values of [DNA]/[complex].
The effect of EB, HL and complexes 1 and 2 on the viscosity
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Effect of increasing amounts of EB, HL and complex 1 and 2 on
the relative viscosity of DNA at 37.0 � 0.1 �C. [DNA] ¼ 50 mM and
[compound] ¼ 0–50 mM.

Fig. 6 Absorption spectra of BSA (10 mM) in the present of the ligand
and complexes 1 and 2 (10 mM).
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of rod-like DNA is shown in Fig. 5. The relative viscosity of DNA
exhibits a considerable increase in the presence of increasing
amounts of the complexes. Such behaviour indicates that the
complexes are inserted between the DNA bases, thus resulting
in an intercalative mode of binding between DNA and each
complex. The binding ability of complexes to increase the
viscosity of DNA follows the order 1 > 2 > HL. The increase in
viscosity of DNA by complexes suggests insertion of aromatic
ring into the base pairs of DNA as discussed above. Complex 1
showed a greatest effect on viscosity of DNA among all the
compounds and higher than of EB, indicating the nature of the
central metal is also effective in increasing the length of DNA
biopolymer.60 Thus, all these observations suggest that both
complexes can bind to DNA through intercalation. The observed
viscosity results were in accordance with absorption titration
results.
Protein binding studies

Absorption spectral studies. UV-vis absorption spectroscopy
is a common method to explore the structural changes of
proteins and investigate protein complex formation.61 The
absorption spectrum of BSA shows two bands, a strong band in
the range of 220–240 nm related to the absorption of the protein
backbone (a-helix structure) and a weak one around 278 nm due
to the absorption of aromatic amino acids (Trp, Tyr, and
Phe).62,63 It is well known that the absorption maximum of BSA
is highly sensitive to the surrounding microenvironment and
displays a substantial spectral shi upon changes in the protein
conformation.64 The UV-visible spectral measurement can also
distinguish the type of quenching i.e., static or dynamic
quenching. Dynamic quenching only affects the excited states
of the uorophores and hence there are no changes in the
absorption spectra. However, ground-state complex formation
will frequently result in perturbation of the absorption spec-
trum of the uorophore.51 Fig. 6 indicates that the BSA skeleton
absorption intensity in the range of 220–240 nm decreases upon
This journal is © The Royal Society of Chemistry 2017
adding the compound because of perturbation of the secondary
structure of the protein.63,65 Subtle changes in the maximum
absorption at 278 nm were also observed, which indicate
a perturbation of the a-helix induced by a specic interaction
between the complexes and BSA.66 There was a small blue shi
of about 2 nm for all the complexes but not for the ligand. These
phenomena revealed the existence of a static interaction
between BSA and the added complexes due to the formation of
the ground state complex of the type BSA-complex reported
earlier.17,66,67

Fluorescence quenching of BSA by HL and complexes. It is
well known that the transport of drugs through the bloodstream
is affected by the interaction of drugs with blood plasma
proteins, in particular serum albumin. Analysis of the binding
of chemical compounds to BSA has been commonly undertaken
by examining uorescence spectra. The binding of BSA to
compounds was studied by uorescence measurements at room
temperature. Various concentrations of the ligand and
complexes 1 and 2 were added to solutions of BSA (1 mM) and
uorescence spectra were obtained in the range of 290–450 nm
upon excitation at 280 nm. The effects of the compounds on the
uorescence emission spectrum of BSA are given in Fig. 7. Upon
addition of the ligand and complexes to a solution of BSA at an
emission wavelength of 345 nm, decreases of emission intensity
up to 27.47%, 72.78% and 60.36% from the initial uorescence
intensity of BSA accompanied by a hypsochromic shi of
1–2 nm for all compounds were observed, respectively. The blue
shi that was observed was mainly due to the fact that the active
site of the protein is buried in hydrophobic environment. These
results suggest strong interaction of all compounds with BSA
protein.25,37

Binding analysis. To investigate the quenching process
further, uorescence quenching data were analyzed with the
Stern–Volmer equation and Scatchard equation.16 The quench-
ing constant (Kq) can be calculated using the plots I0/I versus [Q]
(shown in Fig. 7) and was found to be 3.67(�0.13) � 104 M�1,
2.73(�0.10) � 105 M�1 and 1.54(�0.04) � 105 M�1, corre-
sponding to the HL and complexes 1 and 2. The binding
RSC Adv., 2017, 7, 41527–41539 | 41535
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Fig. 7 (a–c) Emission spectra of BSA (1 mM; lex ¼ 280 nm; lem ¼ 345
nm) as a function of concentration of the compounds (0, 2, 4, 6, 8 and
10 mM). Arrow indicates the effect of the compound on the fluores-
cence emission of BSA (inset: plot of [Q] vs. I0/I). (d) Scatchard plots of
the fluorescence titration of the ligand and the complexes with BSA.
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constant of the compounds on binding with BSA can be calcu-
lated using the Scatchard eqn (3):

log[(I0 � I)/I] ¼ log Kbin + n log[Q] (3)

where Kbin is the binding constant of compound with DNA and
n is the number of binding sites. From the plot of log[(I0 � I)/I]
versus log[Q] (Fig. 7d), the number of binding sites (n) and the
binding constant (Kbin) have been obtained. The calculated Kbin

and n values are given in Table 3. The calculated value of n is
around one for all the compounds indicating the existence of
a single binding site in BSA for the ligand and the complexes.
The values of Kq and Kbin for the ligand and complexes sug-
gested that the complexes interact with BSA more strongly than
the ligand. These calculated values of Kq and Kbin for all of the
complexes suggested that the complexes interact more strongly
with BSA than DNA. The Ni(II) complexes show both DNA and
BSA binding affinities higher than the analogous Co(II)
complexes, which is expected of the smaller size of Ni(II)
complex [Ni1–N2, 2.170(2); Ni–N4, 2.1611(19); Ni1–N5,
2.1247(19); Ni1–N6, 2.123(2); Ni1–O1, 2.0020(16); Ni1–O2,
2.0076(16) Å] to t well into the DNA/BSA grooves than the
bulkier cation of Co(II) complex [Co1–N2, 2.205(4); Co1–N4,
2.219(4); Co1–N5, 2.193(5); Co1–N6, 2.178(4); Co1–O1, 2.019(3);
Co1–O2; 2.007(4) Å]. The binding ability is also in line with the
Table 3 The quenching constant (Kq), binding constant (Kbin) and
number of binding sites (n) for the interactions of the compounds with
BSA

Compound Kq (M�1) Kbin (M�1) n

HL 3.67(�0.13) � 104 1.35(�0.06) � 103 0.71(�0.04)
Complex 1 2.73(�0.10) � 105 4.30(�0.15) � 105 0.95(�0.05)
Complex 2 1.54(�0.04) � 105 1.49(�0.11) � 105 1.09(�0.07)

41536 | RSC Adv., 2017, 7, 41527–41539
natural order of stability. So, it is clear that the sizes of the metal
complexes make a major contribution in determining the DNA/
BSA binding affinities of 3d metal complexes.38

Characteristics of the synchronous uorescence spectra. To
investigate the structural changes that occurred in BSA upon the
addition of our compounds, synchronous uorescence spectra
of BSA were measured before and aer the addition of test
compounds to get valuable information on the molecular
microenvironment, particularly in the vicinity of the uo-
rophore functional groups.68 According to Miller,69 in synchro-
nous uorescence spectroscopy the difference between the
excitation and emission wavelengths (Dl ¼ lem � lex) reects
the spectra of a different nature of chromophores. If the
Dl value is 15 nm, the synchronous uorescence of BSA is
characteristic of a tyrosine residue, whereas a larger Dl value of
60 nm is characteristic of tryptophan.70 The synchronous uo-
rescence spectra of BSA with various concentrations of test
compounds were recorded at Dl ¼ 15 nm and Dl ¼ 60 nm
and are shown in Fig. 8. In the synchronous spectra of BSA at
Dl ¼ 15 nm, it became clear that an increase in the concen-
tration of the ligand added to BSA increased (very slightly) the
intensity of the synchronous uorescence spectral band corre-
sponding to the tyrosine residue. However, complexes 1 and 2
showed an obvious decrease in the uorescence intensity of the
same band at 287 nm, up to 57.17% and 51.62% of the initial
uorescence intensity of BSA, along with a bathochromic shi
of 1 nm. This shows that complexes 1 and 2 affected tyrosine
Fig. 8 The synchronous spectra of BSA (1 mM) in the presence of
increasing amounts of the ligand and complexes (0, 2, 4, 6, 8 and 10
mM) at a wavelength difference of Dl ¼ 15 nm and Dl ¼ 60 nm. The
arrow shows the emission intensity changes upon an increase in the
concentration of the compounds.

This journal is © The Royal Society of Chemistry 2017
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Table 4 The radical scavenging activity of the complexes and stan-
dards BHA and BHT

Compound

IC50 values (mM)

DPPHc HOc NOc

HL >60 >6 >500
Complex 1 35.0 � 2.0 3.1 � 0.1 452 � 7
Complex 2 55.0 � 3.2 5.7 � 0.1 438 � 9
BHAa 10.2 � 0.8 274 � 9 623 � 12
BHTa 9.92 � 0.63 312 � 9 726 � 9

a Data from the ref. 16.
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residues whereas the ligand did not affect the environment in
the above said region. At the same time, in the case of the
synchronous uorescence spectra of BSA at Dl ¼ 60 nm, the
addition of the compounds to the solution of BSA resulted in
signicant decrease in the uorescence intensity of BSA at
278 nm, up to 26.00%, 68.68% and 58.73% of the initial uo-
rescence intensity of BSA accompanied with a blue shi of 1–
2 nm for the ligand and the complexes, respectively. These
results indicated that the ligand affected only the tryptophan
residue but not tyrosine residue, whereas complexes 1 and 2
affected both the micro environments i.e., tyrosine and trypto-
phan residues, the effect was more towards tryptophan residues
than tyrosine residue. The features of synchronous measure-
ments conrmed that conformational changes occurred in BSA
upon interaction with the complexes. Similar behaviour
regarding the interaction between the BSA andmetal hydrazone
complexes was reported earlier.18,37,51 The hydrophobicity
observed in uorescence and synchronous measurements
conrmed the effective binding of all the complexes with BSA.
Hence, the strong interaction of these new nickel(II) octahedral
complexes with BSA suggested that the complexes may be
suitable for anticancer studies.
Fig. 9 Trends in the inhibition of DPPH, OH and NO radicals by
complexes at various concentrations.
Antioxidant activities

Since the experiments conducted so far revealed that Ni(II) and
Co(II) complexes exhibit good DNA and protein binding affinity,
it is considered worthwhile to study the antioxidant activity of
these compounds. Many Ni(II) and Co(II) complexes bearing
hydrazone ligands are known to have radical scavenging prop-
erties.15,16,71 The radical scavenging activities of our compounds
in a cell free system have been examined with reference to
hydroxyl radical (OHc), DPPH radical (DPPHc) and nitric oxide
(NOc) radical and their corresponding IC50 values have been
tabulated in Table 4. The inhibitory effect of the hydrazone
ligand and complexes on radicals was also depicted in Fig. 9,
showing the suppression ratio increases with increasing
concentration in the range of tested concentration. The order of
the suppression ratio for DPPHc and OHc is complex 1 >
complex 2, while for the NO radicals, the scavenging ability is
very close to each other. Even though the DPPHc scavenging
ability of complexes were lower than the standards, such as
butylated hydroxyanisole (BHA) and butylated hydroxytoluene
(BHT) studied in references,16 the ability was excellent for the
DPPH and OH radicals when compared to the standards radi-
cals (Table 4). The IC50 values (Table 4) indicated that the
various radical scavenging activities of the complexes are in the
order of OHc > DPPHc > NOc. It is to be noted that no signicant
radical scavenging activities were observed in all the experi-
ments carried out with Ni(OAc)2$4H2O and CoCl2$6H2O, even
up to 1.0 mmol of concentration under the same experimental
conditions. It can be concluded that the scavenging effects of
the free ligand is signicantly less when compared to that of its
corresponding Ni(II) and Co(II) complexes, which is mainly due
to the chelation of the organic ligand with the Ni(II) and Co(II)
ions. Although the IC50 values observed in NO scavenging assay
show much lower NO scavenging ability than those of the
This journal is © The Royal Society of Chemistry 2017
reported nickel(II) benzhydrazone complexes15,25 and cobalt(II)
hydrazone complexes,25,30 the IC50 values observed in DPPH and
HO scavenging assay do demonstrate that both complexes have
a comparable effective in arresting the formation DPPH radicals
as well as an obvious stronger OH scavenging potential.
Therefore, the complexes have signicant potential to be
applied as scavengers to eliminate the DPPH and HO radicals.
Cytotoxic activities

In vitro cytotoxic activities of the two complexes and cisplatin
against two cancer cell lines human hepatocellular carcinoma
cell line SMMC-7721 and human lung adenocarcinoma cell line
A549 were conducted using a SRB assay in our study. The results
were presented by means of cell viability curves and expressed
as values in the studied concentration range from 0.1 to 100 mM.
It is noteworthy that the IC50 values of complex 1 for the SMMC-
7721 and A549 cell lines are 46.7 � 1.2 and 39.5 � 1.0 mM, and
those of complex 2 are 66.6 � 1.4 and 58.9 � 1.2 mM, respec-
tively. It is to be noted that the precursor and ligand did not
display any inhibition of cell growth, even at concentrations of
up to 100 mM, which clearly indicates that chelation of the
ligand with the metal ion is responsible for the observed
RSC Adv., 2017, 7, 41527–41539 | 41537
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cytotoxic properties of the complexes. The results of SRB assays
revealed that the complexes exhibited notable activity against
both SMMC-7721 and A549 cell lines. The cytotoxic activity of
Ni(II) complex was found to be better when compared with the
Co(II) complex, which may be attributed to the extended planar
structure induced by the p/ p conjugation resulting from the
chelating of the Ni(II) with aroylhydrazone primary ligand and
phen diimine co-ligand and the cationic nature of the
complex.17,39,72 Although the abovementioned complexes were
active against the cell lines in vitro cytotoxicity experiments,
none of the complexes could attain the effectiveness shown by
the standard drug cis-platin (IC50 values of 18.0 and 25.3 mM,
respectively).66 The order of their in vitro anticancer activities is
in agreement with their DNA-binding abilities, which supports
the conclusion that DNA may be the primarily molecular target
of these complexes. The IC50 values are much higher than those
previously reported for other nickel complex containing a coor-
dinated hydrazone with planar napthyl group, which is
responsible for the selectivity and the potential inhibition
against the tumour cells.17 These ndings suggest a strategy that
increases the synergistic planarity and the cationic nature in
mononuclear systems for the development of transition metal-
based chemotherapeutic agents.

Conclusions

Two newNi(II) and Co(II) complexes containing 2-acetonaphthone
benzoyl hydrazone (HL) and 1,10-phenanthroline have been
successfully synthesized and characterized by various spectral
and analytical techniques. The molecular structure of the
complexes was conrmed by single crystal X-ray diffraction
studies. The DNA-binding interaction of the compounds has been
evaluated by UV-vis and uorescence spectroscopy which revealed
that both complexes can bind to DNA via intercalation in the
order of HL < Co(II) complex < Ni(II) complex. Binding affinity of
the compounds with BSA was signicant and the synchronous
spectral studies showed that the complexes bound with BSA in
both tyrosine and tryptophan residues. From the above results we
observed that Ni(II) complex exhibited higher DNA and BSA
binding affinity that Co(II) complex, which could be ascribed to
the smaller size of Ni(II) complex to t well into the DNA/BSA
grooves than the bulkier cation of Co(II) complex. Also, the anti-
oxidant and cytotoxicity properties of the newly synthesised
complexes showed that they can be investigated in detail as
potential drugs. In addition, both complexes exhibited signicant
cytotoxicity against SMMC-7721 and A549 cell lines. The present
study highlighted that synergistic planarity of aroylhydrazone
primary ligand and diimine co-ligand, as well as the cationic
nature of the complex may play an important role in biological
activities, suggesting that the DNA/BSA-binding activities as well
as the cytotoxicity can be tuned by changing the ligands and the
geometry in these nickel and cobalt systems. This is a step toward
enabling the rational design of novel metallodrugs.
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