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To estimate the biological preference of synthetic small drugs towards DNA target, newmetal based chemother-
apeutic agents of nano-sized Cr(III), Fe(II), Co(II) and Ni(II) Schiff base complexes having N,N,O donor system
were synthesized and thoroughly characterized by physic-chemical techniques. The redox behavior of the
Cr(III), Fe(II) and Co(II) complex was investigated by electrochemical method using cyclic voltammetry. IR re-
sults proven that the tridentate binding of Schiff base ligand with metal center during complexation reflects
the proposed structure. Magnetic and spectroscopic data give support to octahedral geometry for Cr(III) and
Fe(II) complexes and tetrahedral geometry for Ni(II) and Co(II) complexes. The activation thermodynamic pa-
rameters, such as, E⁎, ΔH⁎, ΔS⁎ and ΔG⁎ are calculated using Coats–Redfern method by analyzing the TGA data.
The particle size of the investigated metal complexes was estimated by TEM. In addition to, the interaction of
the nanosized complexeswith CT-DNAwas estimated by electronic absorption, viscosity and gel electrophoresis.
These techniques revealed that the complexes could bind to CT-DNA through intercalation mode. Moreover, the
in vitro cytotoxic and antiviral activities of the nanosized complexes were checked against Herpes Simplex virus
and Tobacco Mosaic viruses. Moreover, investigation of antioxidant activities of the new nanosized compounds
was done by ABTS assay. Among the compounds tested, Fe(II) complex showed the strongest potent radical scav-
enging activity with percent of 58.60%. Furthermore, the antimicrobial bustle of the prepared compounds was
screened against different types of bacteria and fungi and the results show that allmetal complexes have superior
activity than its free ligand.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Metal complexes of oxygen and nitrogen containing Schiff bases
have been the subject of current and growing interest because it pos-
sesses wide range of pharmacological activities [1–5]. For example, pyr-
idines are common but vital heterocyclic compounds in organic
synthesis, especially as synthetic intermediates and agrochemicals. For
example, pyridine derivatives, such as (aromatic) alkoxyl pyridine com-
pounds, amino pyridine, and its derivatives, substituted fused pyridine
compounds, have already been applied in widely the fields of agro-
chemical products [6]. Moreover, pyridine derivatives play individual
role in anthelminthic, bacteriocide, acaricide, and phytocide [7]. For
these biological effects we choose the pyridine derivative ligand as a
startingmaterial. Schiff bases as versatile organic blockers have recently
attracted great attention due to their varied densities, preparative
nawy@hotmail.com
accessibilities and structural varieties. DNA plays an important role in
the life process since it includes all the genetic information for the cellu-
lar function. However, DNA is the primary intracellular target of anti-
cancer drugs, damaged under variety of conditions like interactions
with some small molecules, which cause damage of DNA in cancer
cells, blocking the division of cancer cells and resulting in cell death.
Metal complexes like cobalt, nickel, copper, and zinc with Schiff base li-
gands have exhibited excellent binding and cleavage activities [8–10].
On the other hand, an increasing interest in antioxidant, particularly in
those intended to prevent the mischievous effects in the human body
caused by the free radicals is an attracting one. The free radicals (OH•,
O2•−, etc.) are also believed to be connected with carcinogenesis, muta-
genesis, arthritis, diabetes, inflammation, cancer, and genotoxicity due
to the oxidative stress which appears as a result of imbalance between
free radical generations [11,12]. Free oxygen radicals may protect
against attack of the virus and can produce tissue damage during this
protection by triggering inflammation [13]. Free radicals react with ad-
jacent entities and can injure molecules, cells, tissues, DNA and finally
the whole organs. The body has evolved mechanisms for neutralizing
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Scheme 1. Synthesis of npap Schiff base ligand.

19L.H. Abdel-Rahman et al. / Journal of Photochemistry & Photobiology, B: Biology 160 (2016) 18–31
free radicals, involved in enzymes like superoxide dismutase, catalase
and glutathione peroxidase. Oxidative stress is implicated in the patho-
genesis of atherosclerosis, and of viral infections caused by Sendai virus,
influenza and HIV. Infection with Herpes simplex virus (HSV) causes a
wide range of diseases, ranging from genital disease to encephalitis.
The virus infects patients with immune deficiency and newborns [14].
After primary infection, HSV tends to persist in the neurons of the gan-
glia. Reactivation of latent HSV, which is very prevalent during immuni-
ty deficiency, causes periodic herpetic infections [15]. In plants, virus
infections cause a variety of detrimental effects and often leave plants
more susceptible to damage by other pathogens and pests. Annually, vi-
ruses and viroids cause significant and costly crop losses and which are
responsible for a wide variety of plant diseases. Some viral diseases, for
example, rice tungro, African cassavamosaic, and tospoviruses, are eval-
uated to cause casualties losses in excess of AUD$1 billion worldwide
[16]. The tobacco mosaic virus (TMV) infects commercial plants includ-
ing tobacco and related plants such as tomato and pepper. While not
fatal, TMV affects the growth and productivity of these plants. Bearing
the above facts in mind, and as a part of our continuing research [2–5],
herein the preparation of tridentate heterocyclic Schiff base ligand
(npap) and its complexes has been reported. In order to investigate
the coordination mode of ligand, the complexes of Cr(III), Fe(II), Co(II)
and Ni(II) have been characterized by UV–Vis, IR, TGA and cyclic volt-
ammetry. Moreover, the antimicrobial, DNA binding, antioxidant, cyto-
toxicity and antiviral activities of the complexes have been also
investigated.

2. Experimental Protocol

2.1. Materials

All the used chemicals and solvents in this study were of
reagent grade andused as receivedwithout purification such as transition
metal salts [CrCl3 · 6H2O, (NH4)2Fe(SO4)2 · 6H2O, Ni(NO3)2 · 6H2O and
Co(NO3)2 · 6H2O] and organic compounds [2-hydroxy-1-napthaldehyde
(np), 2-aminopyridine (ap)]. Calf thymus DNA (CT-DNA) and Tris [hy-
droxymethyl]-amino methane (Tris) were obtained from Sigma-Aldrich
Chemie. Spectroscopic grade ethanol, N, N′-dimethylsulfoxide (DMF), N,
N′-dimethylsulfoxide (DMSO) and HCl products were used without dis-
tillation. 6-Hydroxy-2, 5, 7, 8-tetramethylchromane-2-carboxylic acid
(Trolox) and 2′-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS)
were purchased from Sigma Chemical Co. The Vero cell line was main-
tained in RPMI 1640 (Gibco, Tunisia) supplemented to fetal bovine
serum (10%, v/v), L-Glutamine (2mM), streptomycin (100 μg/mL) and
penicillin (100U/mL). Cells were incubated in a 5% CO2 humidified atmo-
sphere. Coxsackievirus B3 Nancy strain was propagated in Vero cells
(kindly provided by Pr. Bruno Pozzetto, Laboratory of Bacteriology-
Virology, Saint-Etienne, France).

2.2. Preparation of Schiff Base Ligand

The npap Schiff base ligand was synthesized by refluxing equimolar
quantities (5mmol) of 2-aminopyridine (0.47 g, 5 cm3) and 2-hydroxy-
1-napthaldehyde (0.86 g, 10 cm3) in ethanol (cf. Scheme 1). The mix-
ture was stirred for 1 h under reflux at 70 °C. After completion of reac-
tion, the solution was gradually evaporated to quarter of its original
volume and then left to cool. On standing, the yellow crystals were sep-
arated by vacuum filtration,washed several timeswith ethanol. The yel-
low crystal of npap ligand was recrystallized from ethanol and finally
dried in vacuo over anhydrous CaCl2.

For npap, Yellow crystals; m.p.: 170 °C; yield (88%). 1H NMR
(400 MHz, DMSO-d6): δ = 6.86 (d, 1H, ArH naphthyl, 3J = 9.3 Hz),
7.36–7.30 (m, 2H, ArH naphthyl), 7.54 (t, 1H, ArH naphthyl, 3J = 8.1,
7.3 Hz), 7.63 (d, 1H, ArH naphthyl, 3J = 8.0 Hz), 7.74 (d, 1H, ArH
naphthyl, 3J = 7.7 Hz), 7.90 (d, m-pyH, 1H, 3J = 9.4 Hz), 7.95 (dt, 1H,
p-pyH, 4J = 1.4, 1.7 Hz, 3 J = 7.4, 7.7 Hz), 8.26 (d, 1H, m-pyH, 3J =
8.3 Hz), 9.85 (s, 1H, CH_N, 4J = 0.7 Hz, 3 J = 4.5 Hz), 15.19 ppm
(s, 1H, OH, 3J = 8.0 Hz).

13C NMR (100 MHz and DEPT135, DMSO-d6): δ = 108.6 (Cq,
C\\CH_N), 115.8 (CH), 120.1 (CH), 122.0 (CH), 124.3 (CH), 124.4
(CH), 127.0 (Cq, naphthyl), 129.1 (CH), 129.6 (CH), 134.1 (Cq, −OH),
139.3 (CH m-py), 139.5 (CH m-py), 149.4 (CH p-py), 151.5 (CH, o-py),
153.6 (Cq-py), 176.9 ppm (CH, CH_N).

FT-IR (v, cm−1) (KBr Disk): 3426 (s), 3030 (w), 1630 (vs), 1585 (sh),
1315 (m).

2.3. Preparation of Schiff Base Metal Complexes

The prepared metal complexes were synthesized according to the
following: An ethanolic solution of CrCl3 · 6H2O, Co(NO3)2 · 6H2O and
Ni(NO3)2 · 6H2O (1 mmol, 4 cm3) was added drop wise to the solution
of prepared npap Schiff base ligand (1mmol, 10 cm3) and stirred for 3 h.
The resulting solutions were stirred magnetically for 3 h at 25 °C [2–5,
17,18,19]. Then the precipitate obtained was filtered, washed with eth-
anol, and then dried in vacuo over anhydrous CaCl2. Fe(II) complex was
obtained by treating ethanolic solution of npap ligand (2mmol, 15 cm3)
with aqueous ethanolic solution (5 ml) of (NH4)2Fe(SO4)2 · 6H2O
(1 mmol, 0.39 g). A few drops of glacial acetic acid [20] were added to
obviate the oxidation of Fe(II). The resulting solution was stirred mag-
netically for 8 h under nitrogen at 25 °C. The resulting solution was
stirred magnetically. Then the obtained solid product was filtered,
washed with ethanol, and then dried in vacuo over anhydrous CaCl2
[2–5,21]. The analytical and physical data of the ligand (npap) and the
metal complexes are presented in Table 1.

For npapCr complex, a brown solid was obtained; m.p.: 288 °C; yield
(77%).

FT-IR(v, cm−1) (KBr Disk): 3467 (b), 3048 (w), 1620 (vs), 1568 (sh),
1265 (m), 615 (w), 482 (w).



Table 1
Elemental and physical data of npap Schiff base ligand and its metal complexes.

Compound Empirical formula Formula weight Color Yield (%) Elemental analysis ΛM (Ω–1 mol–1 cm2)

Found (Calc.) %

μeff C H N

npap C16H12 N2O 248 Yellow 80 – 77.35 4.79 11.25 –
(77.42) (4.84) (11.25)

npapCr Cr[C16H13N2O2Cl] · 0.5H2O 397 Dark green 77 3.84 48.30 3.50 6.95 7.42
(48.37) (3.53) (7.06)

npapFe Fe[C32H22N4O2] · 2H2O 585.56 Dark brown 86 4.95 65.47 4.39 9.49 4.70
(65.54) (4.44) (9.56)

npapCo Co[C16H11N3O4] · 0.5 H2O 376.93 Green 87 4.33 50.85 3.11 11.08 3.21
(50.90) (3.18) (11.14)

npapNi Ni[C16 H11N3O4] · 2H2O 403.69 Light green 84 2.74 47.56 3.63 10.34 6.72
(47.57) (3.72) (10.40)
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For npapFe complex, a dark brown solid was obtained; m.p.:
N300 °C; yield (78%).

FT-IR(v, cm−1) (KBr Disk): 3434 (b), 3050 (w), 1610 (vs), 1577 (sh),
1250 (m), 549 (w), 456 (w).

For npapCo complex, a orange solid was obtained; m.p.: N300 °C;
yield (85%).

FT-IR(v, cm−1) (KBr Disk): 3441 (b), 3039 (w), 1603 (s), 1574 (sh),
1290 (m), 518 (w), 453 (w).

For npapNi complex, a bright green solid was obtained; m.p.:
N300 °C; yield (84%).

FT-IR(v, cm−1) (KBr Disk): 3450 (b), 3064 (w), 1615 (vs), 1570 (sh),
1290 (m), 518 (w), 453 (w).

2.4. Instruments

Single crystal X-ray structure of npap compound was recorded on a
Bruker-Nonius FR590 X-ray generator with a molybdenum sealed tube.
NMR spectra of the ligand were measured on multinuclear FT-NMR
spectrometer Bruker ARx 400 at 400.1 (1H) and 100.6 (13C) MHz
using deuterated N, N′-dimethylsulfoxide (DMSO-d6). A Perkin-Elmer
240c Elemental analyzer was used to micro-analytical data (C, H and
N). Molar conductivities of the prepared metal complexes were deter-
mined in N, N′-dimethylformamide (DMF~ 1 × 10−3 M) at room tem-
perature using Jenway conductivity meter model 4320. Magnetic
measurements of complexes were determined on Gouy's balance,
the diamagnetic correction were made by Pascal's contents and
Hg[Co(SCN)4] as a calibrant. The FT-IR spectra of the compounds were
recorded on Shimadzu FTIR 8101 spectrophotometer using KBr disks.
Electronic spectra for Schiff base ligand and its complexes were record-
ed on Jasco P-530 UV–Visible spectrophotometer model T + 80 using
10 mm matched quartz cells and data were reported in λmax/nm. TGA
analysis was recorded on a Shimadzu cooperation 60 H analyzer
under a dynamic flow of nitrogen atmosphere (40mL/min) and heating
rate 10 °C/min from ambient temperature to 750 °C. The values of ab-
sorbance of 10−3 M of each complex were measured at different pH
values. pH valueswere adjusted using a series of Britton universal buffer
[22]. A HANNA 211 pH meter at 298 k equipped with a CL-51B com-
bined electrode was used for pH measurements, calibrated against
standard buffers (pH 4.02 and 9.18) before measurements. The electro-
chemical experiments of the complexes were investigated using
an Autolab PGSTAT128N Potentiostat/Galvanostat (Metrohm Autolab
B.V., Utrecht, The Netherlands) electrochemical analyzer operated via
NOVA software (Metrohm Autolab B.V., Utrecht, The Netherlands). A
conventional three-electrode electrolytic cell was employed, in which
GCE was employed as a working electrode, glassy carbon electrode
(3 mm). A platinum electrode and a silver–silver chloride electrode
(Ag/AgCl 3.5 M) were used as the counter and reference electrodes, re-
spectively. The particle size of metal complexes was determined using
transmission electron microscopy TEM-2100, with an accelerating volt-
age of 200 kV. Particle size distribution of the preparedmetal complexes
was determined using image J Launcher, broken-symmetry software,
version (1.4.3.6.7). Viscosity measurements were performed by using
Ostwald viscometer immersed in a thermostatedwater bathmaintained
at 25 °C. Gel electrophoresis was visualized under UV a transilluminator
and photographed with a Panasonic DMC-LZ5 Lumix Digital Camera.
Antimicrobial screeningwas carried by using agarwell diffusion. The vi-
ability of the infected and non-infected cells was evaluated according to
the absorbance values of formazan using the MTT inclusion assay.

2.5. X-Ray Crystallography

The suitable crystals of the prepared ligand for X-ray analysis were
obtained by recrystallization from ethanol by slow evaporation. Diffrac-
tion data for the prepared npap Schiff base ligand was collected on
Bruker-Nonius Kappa CCD at 293 K, equipped with a CCD detector. Ex-
perimental data, methods and the procedures used to explain the struc-
ture and other related parameters are shown in Table S1, and S2. The
structure was solved by using the program(s): SHELXS86 [23,24];
program(s) used to refine structure: CRYSTALS [25].Molecular graphics:
CAMERON [26]; software used to prepare material for publication.

2.6. Magnetic Moment Measurements

The magnetic susceptibility measurements supply information
to support the electronic structure of the investigated complexes. Mag-
netic susceptibility was calculated according to the following relation
[2–5,27,28]:

μeff ¼ 2:83
ffiffiffiffiffiffiffiffiffi
χ0
MT

q
ð1Þ

χ0
M ¼ χM− diamag:corr:ð Þ ð2Þ

where μeff, is the magnetic moment (in Bohnr Magneton) B.M., χ'M:
molar magnetic susceptibility, T is the absolute temperature (K), and
χM after correction.

2.7. Evaluation of the Stoichiometry of the Schiff Base Ligand Complexes

Continuous variation methods [2,3] and molar ratio [4,5] were used
to study the equilibria in solutions and to determineM:L ratio as shown
in Fig. 2 and S3.

2.8. Evaluation of the Apparent Formation Constants of the Synthesized
Complexes

The apparent formation constants (Kf) of the synthesized com-
plexes formed in solution were determined from spectrophotometric
measurements using the continuous variation method [2–5,29–31],
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according to the following relations. The obtained Kf values (cf.
Table S3) indicate the stability of these complexes.

For npapFe complex

K f ¼
A
.

Am

4C2 1−A=Am

� �3: ð3Þ

For npapCr, npapCu and npapNi complexes

K f ¼
A
.

Am

1−A=Am

� �2
C

ð4Þ

where, A is the arbitrary chosen absorbance values on either side of the
absorbance mountain col (pass), C is the initial concentration of the
metal, and Am is the absorbance at the maximum formation of the
complex.

2.9. Kinetic Studies for the Prepared Complexes

The decomposition and thermal dehydration of thementioned com-
plexes were studied kinetically using the integral method by applying
the Coats–Redfern method. The thermodynamic activation parameters
of decomposition processes of dehydrated complexes namely activation
energy (E⁎), frequency factor (A), entropy of activation (ΔS), enthalpy of
activation (ΔH), and free energy change of the decomposition (ΔG⁎) are
estimated graphically from TGA data by employing the Coats–Redfern
relation [32,33] in the following form:

log
log w∞= w∞−wð Þð

T2

� �
¼ log

AR
ϕE�

1−
2RT
E�

� �� �
−

E�

2:303RT
ð5Þ

where w∞ is themass loss at the completion of the decomposition reac-
tion. w is the mass loss up to temperature T, R is the universal gas
constant and ϕ is the heating rate. Since 1-2RT/E⁎ ≈ 1, the plot of the
left-hand side of equation versus 1/T gives a straight line whose slope
(E⁎/R) and the pre-exponential factor (A) can be determined from the
intercept. The other kinetic parameters; the entropy of activation
(ΔS⁎), enthalpy of activation (ΔH⁎) and the free energy change of acti-
vation (ΔG⁎) were calculated using the following equations:

ΔS� ¼ 2:303R log
Ah
KBT

ð6Þ

ΔH� ¼ E�−RT ð7Þ

ΔG� ¼ H�−TΔS� ð8Þ

where (KB) and (h) are Boltzmann's and Plank's constants, respectively.
The result of kinetic parameters for the prepared complexes is summa-
rized in Table 3.

3. Pharmacology

3.1. DNA Binding and Chemical Nuclease Activity Studies

3.1.1. Absorption Spectroscopic Studies
The most commonly used method to study the interaction of DNA

with metal complexes is the UV/Vis absorption spectroscopy. Binding
experiments of the Schiff base metal complexes with CT-DNA in the
buffer gave a ratio of UV absorbance at 260 and 280 nm of about 1.9:1,
indicating that DNA was free sufficiently form protein [3,4,34]. The
DNA concentration per nucleotide and polynucleotide concentrations
was measured by absorption spectroscopy using at 260 nm the molar
extinction coefficient (ε260 = 6600 M−1 cm−1) [35]. Absorption
titration experiment was performed bymaintaining the metal complex
concentration constant (10−3M) and varying the concentration of DNA
in interaction medium by adding 3–30 μM. While measuring the ab-
sorption spectra, an equimolar CT-DNA to pure buffer solution was
added to complex solution and the reference solution to remove the ab-
sorbance of DNA itself. Based on the variation in absorption, the intrinsic
binding constant (Kb) of themetal complex can be calculated according
to the following equation:

DNA½ �= εa–ε f
	 
 ¼ DNA½ �= εb–ε f

	 
þ Kb εb–ε f
	 
� �−1 ð9Þ

where the apparent absorption coefficient εa, εf and εb correspond to
Aobs/[Mcomplex], the extinction coefficient of the free complex and the
extinction coefficient of the compound when fully bound to DNA,
respectively. Data were fitted to the above equation with an intercept
1/(εb−εf) and a slope 1/Kb(εb−εf) and Kb was determined from the
ratio of the slope to intercept [36]. The standard Gibb's free energy for
DNA binding was calculated from the following relation [37].

ΔGo
b ¼ −RT lnKb ð10Þ

3.1.2. Viscosity Experiments
Viscosity experimentswere carried on an Oswaldmicro-viscometer,

immersed in a thermostated water-bath maintained at constant
temperature at 25 ± 1 °C. The flow times were recorded for different
concentrations of the complex (10–250 μM), maintaining the concen-
tration of DNA constant (250 μM). The solution was mixed by bubbling
the nitrogen gas through the viscometer. The DNA's concentration was
maintained to be constant at 250 μM. The mixture was left for 10 min
at 37 °C after addition of each aliquot of complex. The flow time was
measured with digital stopwatch. The experiment was repeated in
triplicate to get the concurrent values. Data of measured viscosity was
presented as (η/ηo)1/3 versus binding ratio R (R = [complex]/[DNA]
[2–5,38], where η is the viscosity of DNA in the presence of complex
and ηo that of DNA alone. The value of (η) and (ηo) was calculated by
the following equation:η=(t− to) / towhere, t is theflow timeof buff-
er alone and to is the observed flow of DNA containing solution. Relative
viscosities calculated from the relation (η/ηo).

3.1.3. Agarose Gel Electrophoresis of DNA Interaction With the Investigated
Complexes

The efficiency of synthesized Schiff base metal complexes with calf
thymus DNA has been examined by the agarose gel electrophoresis
method. Agarose was purchased from Fischer-Biotech (GC Health
care). The samples were subjected to electrophoresis on prepared 1%
agarose gel in TBE buffer (45 mM Tris, 45 Mm boric acid and 1 Mm
EDTA, pH 7.3). Then, 20 μL forms each of the incubated complex and
DNA. The mixture was incubated at room temperature for 30 min at
37 °C. After that, it was loaded with tracking dye (0.25% bromophenol
blue) on the gel. The electrophoresis was performed at constant voltage
(100 V) for about 2 h (until bromophenol blue had passed through 50%
of the gel) in TBE buffer i.e. the end of DNA migration, the electric cur-
rent was turned off at the end of electrophoresis. Then, the gel was
stained by immersing it in water containing (0.5 μg/mL) ethidium bro-
mide for 30–45min at room temperature and later visualized under UV
light using transilluminator and photographed with Panasonic DMC-
LZ5 Lumix Digital camera [2–5,39].

3.2. Antioxidant Activity (AA) by ABTS Method

The synthesized complexes were investigated by the ABTS assay
(cf. Fig. 8). The ABTS assay is based on the scavenging ability of antiox-
idants to the long-life ABTS•+ radical cation [40]. A stock solution of the
ABTS•+ radical cation was chemically created by mixing 0.2 mL
(65 mmol dm3) of ammonium peroxodisulfate solution with 50 mL of
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ABTS solution (1 mmol dm3, prepared in 0.1 mol dm3 phosphate buffer
pH 7.4). The mixture was left overnight and then 0.5 mL of ABTS•+ rad-
ical cation stock solution was mixed with 2 mL of phosphate buffer
(pH 7.4) in a cuvette and the absorbance at 734 nm (AABTS) was mea-
sured. Subsequently, 0.5 mL of 0.5 mmol dm3 of each metal complexes
was added in the cuvette, the solution was quickly mixed, and after
60 s the absorbance (Acomplex) was measured at 734 nm. The decrease
in absorbance (ΔA=AABTS−Acomplex) after 60 swas calculated. Thede-
crease in absorbance caused by the addition of Trolox as the standard
was measured by the same procedure for each concentration of Trolox
(50–600 μmol/L) and the calibration curve for the decrease in absor-
bance (ΔA = AABTS − ATrolox) of Trolox vs. Trolox concentration was
constructed by linear regression. AA of complexes were calculated on
the basis of the curve of calibration of Trolox and expressed in μmol/L
of Trolox equivalents (μmol TE/L).

3.3. Cytotoxicity and Antiviral Activity

Cytotoxicity and antiviral activity of all metal complexes were eval-
uated against herpes simplex virus-1 (KOS), herpes simplex virus-2
(G) and herpes simplex virus-1 TK-VMW1837 vero cell culture. The cy-
totoxic activities of all metal complexes were examined using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay as described previously [41,42]. Cytotoxic concentration, required
to cause a detectable microscopically alteration of normal cell morphol-
ogy, was measured. Cytopathogenicity concentration required to de-
crease virus-induced cytopathogenicity by 50%, was determined.

3.3.1. Antiviral Activity Against Herps Simplex Virus (HSV)
The antiviral activity of these compounds in cell culture was deter-

mined by using colorimetric (MTT) dye assay with α herpes virus. The
following viruses were investigated on human cells: herpes simplex
virus type 1 (HSV-1) strain KOS; strain KOS; a thymidine kinase-
deficient (TK−) HSV-1 KOS strain (resistant to acyclovir); herpes sim-
plex virus type 2 (HSV-2) strain G and herpes simplex virus-1 TK-
VMW1837 (cf. Table 5).

Confluent Vero cell cultures were treated with three non-cytotoxic
concentrations of the submitted sample during and after virus infection
in two sets of experiments as follows:

➢ At 37 °C, 5 × 104 TCID50 of the virus was exposed to essential oil
for 1 h. Then 100 μL of the mixture was added to the cells cultured
fluently in 96-well flat-bottom microtiter plate (100 μL).

➢ Cells were treated with sample (100 μL) for 1 h at 37 °C. 5 × 104

TCID50 of the virus (100 μL) were added, after 1 h of incubation at
37 °C.
➢ At CO2-incubator, all plates were incubated for 48 h.
➢ The viability of cell (infected and non-infected) was evaluated ac-
cording to the absorbance values of formazan using the MTT inclu-
sion assay, as described in cytotoxicity assay. The percentage of
protection was calculated as follows:

Percent protection= [(ODT)− (ODC) V] / [(ODC) M− (ODC) V] ×
100

where (ODT), (ODC) V and (ODC) M indicate absorbance of the test
sample, the virus-infected control (no compound) and mock-infected
control (no virus and no compound), respectively. The 50% inhibition
concentration (IC50) is defined as the concentration of the metal com-
plexes that inhibit the viral infection by 50%, which was calculated by
regression curve analysis [43].

3.3.2. Antiviral Activity Against Tobacco Mosaic Virus (TMV)
Tobaccomosaic virus (TMV) infects commercial plants including to-

bacco and related plants such as tomato and pepper. While not fatal,
TMV affects the growth and productivity of these plants.
Plants grown in Magenta® vessels were ready for mechanical inoc-
ulation with the virus within 2 weeks. Czech isolate of Turnip yellow
mosaic virus (TYMV) [44] maintained in the virus collection at the
Plant Molecular Biology Institute was used for this study. Singular
virus infection was checked by gradient of sucrose density during the
virus purification, electron microscopy, preparation of antiserum and
serology. The inoculum was seated from infected Brassica pekinensis
cv. Manoko plants with mosaic symptoms 3 weeks after inoculation. A
leaf sample was homogenized in a mortar in a 1: 10 (w/v) ratio with
0.1 M phosphate buffer, pH 7.0, and filtered through 0.22 μm sterile fil-
ters (Millipore). Mechanical inoculation of plants was conducted on the
first 2 leaves in a flowbox using a cotton pad soaked in inoculummixed
with carborundum powder. Control plants were inoculated only with
buffer (Table 6).

3.4. Antimicrobial Activities

3.4.1. Organism Culture and In Vitro Screening (Antibacterial Activity)
The antimicrobial activity was carried out at Mycological Center,

Assiut University. The standard agar well diffusion method was follow-
ed to determine the activity of these compounds against the sensitive
organisms one two Gram negative bacteria (Pseudomonas aeruginosa
and Escherichia coli); Gram-positive bacteria (Staphylococcus aureus).
Each compoundwas dissolved in N, N′-dimethylsulfoxide at concentra-
tions 10 and 25 mg/mL. DMSO was found to have no inhibition activity
against any of the test organisms. So, it was used as solvent and also for
control. 1mL of a 24 h broth culture containing 106 CFU/cm3was placed
in sterile Petri-dishes. At 45 °C, 15 mL of molten nutrient agar
maintained, then poured into sterile petri-dishes and then allowed to
solidify. Then holes of 6 mm diameter were formed in the agar using a
sterile cork borer and these holeswere filled completely with the tested
solutions. The plates were incubated at 37 °C for 24 h. The zones of inhi-
bition were measured based upon zone size around the disks. Each
inhibition zone was measured two times by caliper to get an average
value. After incubation for 24 h at 37 °C, all plates were observed for
zones of growth inhibition. Additionally, and for comparative purposes,
standard Tetracycline (10, 25 mg/mL) was included in the test as a pos-
itive control. For data analysis, the clear zone of inhibition around each
disk was measured (in mm) and compared to a known sensitivity drug
in Fig. 9.

3.4.2. Organism Culture and In Vitro Screening (Antifungal Activity)
Antifungal activity of all complexes was studied against three fungal

cultures (Aspergillus flavus, Candida albicans and Trichophyton rubrum)
using disk diffusion method and shown in Fig. 10. The culture of fungi
was purified by technique of single spore isolation. At 35 °C, the tested
fungi were inoculated in Sabouraud dextrose broth medium (Hi-
Media Mumbai) incubated for 48–72 h. Subsequently a suspension of
about 1.6 × 104–6 × 104 c.f.u./mL was introduced on the sterile agar
plates surface, and a sterile glass spreaderwasused for even distribution
of the inoculums the disks measuring 6 mm in diameter were prepared
from filter paper (Whatman No.1) and sterilized by dry heat for 1 h at
140 °C. Previously, the sterile disks soaked in known concentration of
the test compoundswere placed in Sabouraud dextrose agar SDAplates.
For 7 days, the plates were inverted and incubated at 35 °C. The suscep-
tibility was assessed on the basis of diameter of inhibition against non-
albicans and albicans strains of fungi. Moreover, theminimum inhibito-
ry concentration (MIC) was determined by the technique of serial
dilution and reported in Table S4. Furthermore, the activities of the
prepared complexes were evidenced by calculating the activity index
(cf. Table 7) according to the following relation [45]:

Activity index Að Þ ¼ inhibition zone of complex mmð Þ
inhibition zone of s tandard drug mmð Þ
� 100: ð11Þ
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4. Results and Discussion

4.1. Characterization of Schiff Base Ligand

The npap Schiff base ligand was synthesized by refluxing of 2-
hydroxy-1-napthaldehyde (np) with 2-aminopyridine (ap) in 1:1 M
ratio in absolute ethanol, Scheme 1. The compound was recrystallized
from ethanol. It was characterized using single crystal X-ray analysis,
micro analytical, spectroscopic measurements.

4.1.1. Crystallography
Single crystal X-ray analysis shows npap ligand belongs to mono-

clinic crystal system, space group P121/c1. Fig. S1 shows the ORTEP dia-
gram with atomic numbering scheme and close packing structure for
npap Schiff base ligand in Fig. 1. Details of crystallographic parameters,
data collection and refinements are listed in Table S1. Selected bond
lengths (Å) and angles (°) for npap ligand are listed in Table S2.
The bond lengths of N(5)-C(4) and N(27)-C(28) are 1.295(6) and
1.308(4) Å, respectively for npap compound which corresponds to typ-
ical double bond characteristic. Bond angles C(26)-N(27)-C(28),
120.3(5)°; C(6)-N(5)-C(4), 122.5(6)° and O(20)-C(1)-C(29), 120.7(5)°
for npap compound were also found. Form the hydrogen-bonding
pattern (Fig. 1), there is also one intermolecular hydrogen bond of
O\\H……O type in the structure that creates dimer.

4.1.2. 1H and 13C NMR Spectra
The synthesized ligands were characterized by the 1H NMR

(400 MHz and δ/ppm) in DMSO-d6. All the spectra are in good agree-
ment with the proposed structure of the ligands. The 1H NMR spectra
of the synthesized Schiff base ligands showed the distinguished NMR
signals. The 1H NMR spectra of the prepared npap ligand show singlet
due to hydrogen bond –OH proton at 15.19 ppm [46,47]. The higher
values of δ for the –OH group can be assigned to the presence of
intramolecular hydrogen bonding [48]. The characteristic proton of
azomethine appeared at 9.82 ppm. The signals of CH pyridine are
found at 8.26 and 7.90 ppm. Aromatic protons of napthyl ring found in
the range of 7.74–6.86 ppm are assigned to aromatic protons. It was no-
ticed that DMSO did not have any coordinating effect on the prepared
ligand.

13C NMR spectral data were consistent with 1H NMR spectral data.
The 13C NMR spectra of the npap ligand have showed a peak at
176.9 ppm due to characteristic azomethine carbon. The ligand also ex-
hibited signals at 108.6 (Cq, C\\CH_N), 115.8 (CH), 120.1 (CH), 122.0
(CH), 124.3 (CH), 124.4 (CH), 127.0 (Cq, naphthyl), 129.1 (CH), 129.6
(CH), 134.1 (Cq, −OH), 139.3 (CH m-py), 139.5 (CH m-py), 149.4
(CH p-py), 151.5 (CH, o-py), 153.6 (Cq-py).
Fig. 1. Molecular packing and hydrogen bonding interactions of npap Schiff base ligand.
4.2. Characterization of the Prepared Complexes

4.2.1. Elemental Analysis and Molar Conductance Measurements
The metal complexes are solids, stable in air and partially soluble in

ethanol but entirely soluble inDMF andDMSO. The structural character-
istics of metal complexes were elucidated by employing elemental
analysis, IR, UV–vis., TGA and cyclic voltammetry. The conductivity
measurement has frequently been used in structure elucidation of
metal chelate i.e. the possible mode of bonding within the limit of
their solubility; they also provide a method of testing the degree of ion-
ization of the complexes. All complexes have exhibited good solubility
in DMF. The molar conductance values are found to be in the range
3.16–7.42 Ω−1 mol−1 cm2, indicating the non-electrolytic nature of
the complexes [49]. The non-electrolytic nature of the prepared com-
plexes can be accounted by the deprotonation of the phenolic group of
the ligandwhen it is coordinated tometals and the presence of chloride
or nitrate ions inside the coordination sphere. The suggested structure
of Schiff base metal complexes is given in Scheme 2.

4.2.2. Magnetic Moments Measurements
The magnetic susceptibility measurements provide information re-

garding the geometric structure of the complexes. The magnetic mo-
ment data of the solid-state complexes at room temperature are
tabulated in Table 1. The magnetic moment value of Fe(II) complex
was approximately 4.95 B.M. and referred as paramagnetic character
and suggested high spin values for octahedral geometry of Fe(II)
metal center [3]. The magnetic susceptibility of Co(II) complex has a
magneticmoment value of 4.46 B.M.,which is in agreementwith the re-
ported value for tetrahedral geometry [50].The observed magnetic mo-
ment values of Ni(II) complex was found to be in the range 2.50–
2.74 B.M. These values indicate the presence of two unpaired electrons
in the d-orbital, therefore, the formedNi(II) complex has tetrahedral ge-
ometry [51]. The magnetic moment values [52] observed, for Cr(III)
complexes are 3.80 B.M., and are close to theoretical spin only values
for Cr3+(3d3 system).

4.2.3. Infrared Spectra
The formation of npap Schiff base ligand and its complexes and

bonding modes was inferred from characteristic band positions in FT-
IR spectra. The IR spectra of complexes were compared with that of
free ligand in order to mark the coordination sites. The IR spectrum of
npap ligand shows a υ(C_N) peak at 1630 cm−1 and the absence
υ(C_O) of aldehyde, is indicative of Schiff's base condensation.
The IR of all Schiff base metal complexes exhibited υ(C_N) peak at
1603–1620 cm−1 and it is found that υ(C_N) is shifted by about 10–
27 cm−1 to lower wavenumber compared to free ligand. This phenom-
enon shows to be due to the coordination of the azomethine nitrogen to
the metal. Also, strong band in the free ligand appeared at 1586 cm−1

which is assigned to the ʋ(C_N) stretching vibration of pyridyl nitro-
gen [53].On complexation, this band is shifted to the lower frequency
range of 1568–1577 cm−1 indicating coordination through pyridine
nitrogen [54]. Furthermore, from the spectroscopic behavior of simple
metallic complexes of pyridine, it is known that after complexation
the vibrations in the high frequency region are not appreciably shifted,
whereas the ring deformation found at 604, 405 cm−1 in the free
pyridine is shifted to higher frequencies [55]. In the present study, the
in plane ring deformation bands are found at 654 cm−1 in the npap
ligand. These bands are shifted to higher 25–37 cm−1 wavenumber
showing coordination via pyridine nitrogen [56]. The characteristic
phenolic υ(OH) mode due to the hydroxyl group of 2-hydroxy-1-
napthaldehyde moiety, present in the Schiff base ligand was observed
at 3426 cm−1 [57]. The absence of this band in all the complexes ex-
plains the deprotonation of hydroxyl group. This facts further supported
by decrease in the absorption frequency of the phenolic υ(C\\O) [58].
However, new bands in the regions of 518–615 cm−1 and 453–
482 cm−1 in the spectra of the metal complexes appeared and can be



Scheme 2. Suggested structures of metal complexes, where a, b, c, and d are npapFe, npapCr, npapCu and npapNi respectively.

Table 2
Uv/Vis spectral data (nm) for npap Schiff base ligand and its metal complexes in DMF at
298 K.

Compounds λmax (nm) εmax (dm mol−1 cm1) Assignment

npap 391 1411 n→π⁎

427 1252 n→π⁎

npapCr 390 1614 Intraligand band
442 1401 LMCT band
567 388 d–d band

npapFe 398 1539 Intraligand band
480 1642 LMCT band
586 1319 d–d band

npapCo 236 622 Intraligand band
403 485 LMCT band
525 233 d–d band
678 224 d–d band

npapNi 390 634 Intraligand band
454 526 LMCT band
640 274 d–d band
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assigned to stretching frequencies of (M\\O) and (M\\N) bonds,
respectively [59]. Also, a weak broad band in the range 3434–
3476 cm−1 was observed and it indicates to the presence of lattice
water in the metal complexes [60]. The other series of weak bands be-
tween 3000 and 3064 cm−1 and can be attributed to ʋ(CH) aromatic
stretching vibration [61]. Noteworthy, the existence of coordinated
water is further confirmed by the appearance of non-ligand band in
820–835 cm−1 region, which is assignable to the rocking mode of
water [62]. In Co(II) and Ni(II) complexes, new bands appeared due to
coordination of nitrate group inside the coordination sphere. The char-
acteristic frequencies of the coordinating nitrate group in nickel and co-
balt complexes possess three non-degenerated modes at 1423 cm−1

ʋ(NO2)asy, 1365–1367 cm−1 ʋ(NO2)sy and 810 cm−1 ʋ(NO) [63]. Schiff
base ligand (npap) behaves asmonobasic tridentate ligand and binds to
the metal ions via the azomethine nitrogen, phenolic oxygen and pyri-
dine nitrogen [64–67].

4.2.4. Electronic Spectra
UV–Vis spectra are important item for most chemical characteriza-

tion to get important information about the structural aspects of
complexes. The UV–Vis absorption of investigated ligand and its
complexes was carried in DMF solvent at the wavelength range 200–
800 nm and at 298 K. The numerical values of themaximum absorption
wavelength (εmax) and the molar absorptivity (λmax) were listed in
Table 2 and the spectra were presented in Fig. S2. The Schiff base ligand
exhibits absorption bands in ultraviolet region at 391 and 427 nm. The
band around 391 nm is due to the n → π* transitions of the non-
bonding electrons present on the nitrogen of the azomethine group in
the Schiff base. The second band at λmax N 400 nm involves n→ π* tran-
sitions of the donating groups [68]. On complexation this band disap-
peared suggesting the coordination of azomethine nitrogen to the
metal ion, as the formation of the metal–nitrogen bond stabilizes the
electron pair on the nitrogen atom [69]. Thus addition of metal ion to
the ligand solution causes distinguishable changes in the visible absorp-
tion spectra of the ligand, suggesting an instantaneous complex forma-
tion in solution [70,71]. The designed complexes display a characteristic
band centered at λmax = 322–390 nm, due to an intramolecular charge
transfer transition taking place in the complexed ligand. Moreover,
there is a band shown in the region 403–464 nm, which can be at-
tributed to charge transfer from ligand to metal. Furthermore, the
L→MCT band is followed by a broad band from 567 to 678 nm assigned
as d–d transitions. The former band is probably due to 3T1(F)→3T1(P)
for npapNi, 4A2→

4T2(P) for npapCo respectively. This indicates tetra-
hedral geometry for the complex [72]. Electronic spectra of iron and
copper complexes exhibited bands at 586, 644 nm, assignable to



Fig. 3. pH-profile of the prepared complexes at [complex] = 10−3 mol dm−3.
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5Tg→
5Eg , 2Eg→2Tg transitions characteristic of octahedral geometry [73,

74]. On other hand, Cr(III) complex exhibited band at 576 nm, is
assigned to 4A2g→

4T2g(F) transition.

4.2.5. Evaluation of the Stoichiometry of the Prepared Schiff Base Ligands
Complexes

The stoichiometry of the tested complexes was determined by ap-
plying the spectrophotometric continuous variation [4] and molar
ratio methods [2]. The curves of continuous variation and molar ratio
methods were used for the determination of chelation stoichiometry.
The curves of continuous variation methods (Fig. 2) displayed maxi-
mum absorbance at mole fraction Xligand = 0.56 in Co(II), Ni(II) and
Cr(III) complexes, which indicates the formation of complex with
metal ion to ligand ratio 1:1 as presented in Scheme 2. The maximum
changewill occurwhen themole ratio of the reactants is close to the op-
timum ratio which is the stoichiometric ratio in the chemical equation.
In the case of iron complex, maximum of absorbance at mole fraction at
Xligand = 0.65–0.70 implicates a 1:2 (metal ion to ligand) molecular as-
sociation. Moreover, the data resulted from applying the molar ratio
method (Fig. S3) assisting the samemetal ion to ligand ratio of the pre-
pared complexes.

4.2.6. Evaluation of the Apparent Formation Constants of the Synthesized
Complexes

The obtained apparent formation constant values indicate the
high stability of the prepared complexes. The values of (Kf) for
the prepared complexes increase in the following sequence:
npapFe N npapCr N npapNi N npapCo. Moreover, the values of log Kf

(stability constant) and Gibbs free energy (ΔG⁎) of investigated com-
plexes are cited in this Table S3. The negative values of Gibbs free energy
indicate that the reaction is spontaneous and favorable.

The stability range of the studied complexes was found to be in the
pH range = 6–10 for npapFe, pH = 5–10 for npapCr, pH = 4–11 for
npapCo and pH = 4–10 npapNi, according to the obtained pH-absor-
bance curves (Fig. 3).This means that M(II) ion greatly stabilizes the
tested Schiff base in this range. Accordingly, these ligands can be used
as masking reagents of M(II) ions in that pH range.

4.2.7. Thermogravimetric Analysis and Kinetic Studies
Oneof the features in TGAdata concerning the associatedwater and/

or ethanol molecules within the complexes supports the elemental
analyses [75]. The complexes were succumb to a TGA analysis ambient
temperature up to 750 °C under nitrogen atmosphere with heating rate
10 °C/min. The experimental results revealed that the degradation
Fig. 2. Continuous variation plots for the prepared complexes in aqueous–ethanolic
medium at [npapNi] = [npapCr] = [npapCo] = [npapFe] = 10−3 mol dm−3 and 298 K.
occurred in multiple stages. The assignment of different decomposition
steps is given in Table 3. The mass losses obtained from TGA curves are
in a good agreement with the theoretical values.

All complexes undergo decomposition in five stages except Cr(III)
and Fe(II) complexes. Cr(III) complex decomposes in six stages. On
other hand, Fe(II) complex decomposes in five stages. The first stage
of decomposition for Cr(III), Fe(II), Co(II) and Ni(II) complexes occurs
in the temperature ranges 27–110 °C, 15–135 °C, 15–110 °C and 16–
110 °C, which could be referred to the release of loosely bound lattice
water molecules with mass losses of 2.25%, 6.17%, 2.31% and 8.89% re-
spectively. All complexes exhibited no mass loss at temperature range
110–210 °C except Cr(III) complex which has mass loss of 4.48% due
to the removal of one coordinated water molecule. By increasing the
temperature over 210 °C, gradual weight loss of the different complexes
takes place, which can be explicated to complete decomposition of the
ligand moiety around the different metal ions. In the final stage all the
studied metal complexes are converted into their corresponding metal
ions as a residue.

In recent years, there has been growing interest in determining the
rate dependent parameters of solid-state decomposition reactions by
analysis of TGA curves. Several equations have been proposed as
means of analyzing a TGA curve and obtaining values for kinetic param-
eters. One of the major different methods used to evaluate the kinetic
thermodynamic parameters is the Coats–Redfern method [32].

The thermokinetic parameters of the decomposition steps for metal
complexes are listed in Table 3. From the obtained data, the following
remarks can be pointed out:

4.2.7.1. Thermodynamic Parameters. The entropy (ΔS⁎), enthalpy (ΔH⁎)
and free energy (ΔG⁎) of activation were calculated for the metal com-
plexes using standard equation [32].

• The entropy (ΔS⁎) values for the prepared complexes were found to
be negative. This denotes that the activated complex is more ordered
than the reactants and the thermal decomposition reaction is slower
than normal. The negative values of ΔH⁎ means that the decomposi-
tion processes are exothermic.

• The high positive values of the free energy of activation (ΔG⁎) for
most of the steps in the decomposition reactions of the synthesized
complexes mean that the decomposition reactions are slower than
normal ones and reveals that the free energy of the final residue is
higher than that of the initial compound; hence all decomposition
steps are non-spontaneous processes [76]. Moreover, the values of
the activation,ΔG⁎ increase significantly for the subsequent decompo-
sition stages of a given complex. This is due to increasing the values of



Table 3
Thermal decomposition steps, mass loss (%), proposed lost segments, final residue thermo-kinetic activation parameters of each decomposition step for metal complexes.

Complex Decomp. temp. (°C) Mass loss (%) Proposed segment E⁎ (KJ mol−1) A (S−1) × 104 ΔH⁎ (KJ mol−1) ΔG⁎ (KJ mol−1) ΔS⁎ (J mol−1 K−1)

Found (Calc.)

npapCr 27–110 2.25 (2.27) 0.5H2O 0.12 0.79 −0.48 10.41 −155.76
110–210 4.48 (4.53) H2O −1.58 35.72 −164.83
210–391 8.93 (8.95) Cl− −2.75 59.37 −169.21
391–478 19.60 (19.65) C5H4N −3.66 75.49 −171.49
478–749 51.40 (51.51) C11H7NO, Cl− −5.00 103.64 −174.01

Residue N749 13.34 (13.09) Cr – – – – –
npapFe 15–135 6.17 (6.14) 2H2O 0.10 1.25 −0.81 16.44 −158.16

135–394 33.40 (33.29) C12H7N2O −2.06 40.91 −165.39
394–581 51.06 (51.02) C20H15N2O −2.75 54.72 −167.6

Residue N581 9.37 (9.53) Fe – – – – –
npapCo 15–110 2.31 (2.39) 0.5H2O 0.11 0.27 −0.39 9.56 −165.84

110–241 8.08 (7.96) NO −1.06 23.29 −172.93
241–399 41.82 (41.92) C10H6O2 −2.47 53.25 −179.50
399–567 32.04 (32.10) C6H5N2O −3.75 81.19 −182.85

Residue N567 15.74 (15.64) Co – – –
npapNi 16–115 8.89 (8.92) 2H2O 0.11 0.29 −1.05 20.45 −150.00

116–222 7.38 (7.43) NO −1.54 26.04 −160.00
223–381 30.65 (30.72) C5H4N2O2 −2.23 46.27 −170.00
384–595 38.39 (38.40) C11H7O −2.80 53.51 −180.00

Residue N595 14.69 (14.53) Ni – – –
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TΔS⁎significantly from one step to anotherwhich overrides the values
of ΔH⁎ [77].
4.2.7.2. Kinetic Parameters. The thermal decomposition of the complexes
is not simple and the processes generally involve overlapping steps
which gather with the great diversity of possible intermediate products
preclude exhaustive interpretation the thermal decomposition patterns
for many complexes.
Fig. 4. Cyclic voltammograms of 10−5 mol dm−3 of each complex at 50mVs−1 in 0.2 M PBS at g
rates (10, 20, 30 mVs−1).
• In all complexes dehydration is being the first step, whenever they
contain water molecules, loss of the side chain of the ligands is
being the second step and loss of the ligand fragments are considered
the third or later with the formation of the ultimate products.

• Generally, for the synthesized complexes there are varieties in the
strength of the coordination bond formed and the thermal stability
depends mainly on the type of the metal ion and ligands used.

• There is a direct relation between (E⁎) and (A) for the obtained com-
plexes. The relatively low values of (A) indicate the slow nature of
the pyrolysis reaction.
lassy carbon electrode (3mm), where (a) npapCr (b) npapCo (c) npapFe at different scan
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4.2.8. Cyclic Voltammetry
Fig. 4a and b illustrates the cyclic voltammograms of npapCo and

npapCr complexes in 0.2 M phosphate buffer solution (pbs, pH 7.01)
at scan rate of 50 mV s−1. The complexes demonstrate no oxidative or
reductive waves in the potential range 0.0 to 1.6 V. This indicates that
the complexes of Co and Cr are electro-inactive.

While Fig. 4c illustrates the cyclic voltammograms of npapFe com-
plex in 0.2 M PBS (pH 7.01) at different scan rates (10, 20 30 mV s−1).
The complex demonstrates anoxidativewave positive to reference elec-
trode (Ag/AgCl) in the potential range 0.35 to 0.85 V. The oxidation
wave is assigned to the process of Fe(II) to Fe(III) i.e., the oxidation is
primarily metal-centered electron extraction. It is obvious that the oxi-
dation process of the complex is irreversible in nature. A linear log–log
variation, log peak current, log ip, versus log scan rate, log ʋ, for the ox-
idation wave is obtained with slope of 0.879. These results indicate that
the oxidation wave of the complex is adsorption-controlled in nature.

4.2.9. Particle Size Measurements
TEM is one of themost powerful analytical tools available which can

give direct structural and size information of the nanoparticles [78].
TEM images and the calculated histogram for nickel and copper com-
plexes are screened in (Fig. 5(a–d)). In Fig. 5(a, b), the TEM image indi-
cates that a sphere-like structure for Cr(III) and Fe(II) complex which is
considered as self-assembled or agglomerated from nano particles
Fig. 5. TEM images and calculated histograms for metal complexes (
structure as observed. The calculated histogram shows the particle
size between 25 and 80 nm. Unlike, Co(II) complex has fiber structure
with particle size 35 nm (cf. Fig. 5(c)). On other hand, Ni(II) complex
has rod shape (as shown in Fig. 5(d)) with average diameter 250 nm.

5. Biological Evaluation of Synthesized Complexes

5.1. DNA Binding Studies

5.1.1. Electronic Spectral Studies
Electronic absorption spectroscopy has been widely utilized to de-

termine the binding ability of metal complexes with DNA. The binding
ability of the studied metal complexes with CT-DNA was investigated
by measuring the spectral changes of their electronic spectra during
the interaction with DNA. Complex binding with DNA through interca-
lation usually inferred from hypochromism and bathochromism, be-
cause intercalation involves a strong stacking interaction between
base pairs of DNA and aromatic chromophore bound ligand. This strong
stacking interaction is owing to the contraction of CT-DNA in the helix
axis and its conformational changes. On the other hand, hyperchromism
results from the secondary damage of DNA double helix structure, in
which the amplitude of hyperchromism is indicative of partial or non-
intercalative binding modes [79]. The absorption spectrum of npapFe
in the absence and presence of CT DNA is presented in Fig. 6. As the
a) npapCr, (b) npapFe, (c) npapCo and (d) npapNi respectively.



Table 4
Intrinsic binding constant (Kb) values of Schiff base metal complexes.

Compound λmax (nm) Δn (nm) aH% bKb × 106 (M−1) ΔG⁎ (KJ mol−1)

Free Bound

npapCr 313 346 33 37.89 0.086 −28.15
368 383 6 34.20
555 562 7 37.31

npapFe 414 443 29 55.44 1.740 −35.61
648 655 7 58.34

npapCo 241 242 1 21.29 0.024 −26.43
366 365 1 41.10
585 586 1 72.04

npapNi 239 238 1 9.20 0.230 −30.53
402 355 47 35.11

a H%= [(Afree − Abound)/Afree] × 100%.
b Kb= Intrinsic DNAbinding constant determined from theUV–Vis absorption spectral

titration.
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DNA concentration is grown, the MLCT transition band of npapFe
complex at 414 nm exhibits hypochromism of about 55.44% and
bathochromism of 29 nm respectively. Furthermore, the intense ab-
sorption bands with maxima of 314, 363 and 402 nm for npapCr,
npapCo, npapNi exhibit hypochromism of about 37.72%, 41.10%,
35.11% and bathochromism of 33, 1 and 44 nm, respectively. These
spectral characteristics may suggest a mode of binding that involves a
stacking interaction between the aromatic chromophore and the DNA
base pairs. The hypochromism spotted for the bands of these four com-
pounds are escorted by a small red shift which is less than 33 nm. The
above phenomenon implies that these compounds interact with CT
DNA by intercalative binding mode. To compare quantitatively, the af-
finity of these studied compounds binding to DNA, the intrinsic binding
constant (Kb) has been evaluated from previous Eq. (9). The extent of
binding strength of complexes is quantitatively determined bymeasur-
ing intrinsic binding constants Kb (Table 4). The intrinsic binding con-
stants for Cr(III), Fe(II), Co(II), Ni(II) and complexes are to be found
8.56 × 104, 1.74 × 106, 2.36 × 104 and 2.25 × 105 M−1 respectively.
The investigated complexes could bind to DNA via an intercalative
mode with the sequence: npapFe N npapNi N npapCr N npapCo. The
value of binding constant of Fe(II) complex with DNA is higher
than that of cisplatin (5.73 ± 0.45 × 104 M−1, ethidium bromide
(1.4 × 106 M−1) and our previously reported complexes 0.71–
1.47 × 105M−1 [80], and relatively lower than themetallointercalators
[Ru(bpy)2(HBT)]2+ (5.71× 107M−1) [81]. The higher value of intrinsic
binding constant for Fe(II) complex could be attributed to its smaller par-
ticle size. Also particle size, shape and surface area play leading role in in-
teraction of materials with biological system. The reduction in particle
size to nanometer scale improves their properties compared to its bulk
properties such as physical, electronic, and magnetic properties. In this
context, nanoparticles can be considered as beneficial platforms as they
have unique advantages such as high surface area to volume ratio and
allow many functional groups to be attached to a nanoparticle, which
can seek out and bind to selected tumor cells. Additionally, the small
size of nanoparticles allows them to preferentially accumulate at tumor
sites. Basically, shape dependent nanotoxicity affects the membrane
wrapping processes in vivo during endocytosis or phagocytosis [82]. It
has been observed that endocytosis of spherical nanoparticles is easier
and faster as compared to rod shaped or fiber like nanoparticles [83].

5.1.2. Viscosity Studies
Viscosity measurements are regarded as the least controversial and

themost rigorousmeans of testing the bindingmode of DNA in solution
Fig. 6. (a) Spectrophotometric titration of npapFe complex (10−4 M) in 0.01 M Tris buffer
(pH 7.4, 25 °C)with CT-DNA form 3 μM to 30 μM. The arrow indicates upon increasing the
amount of DNA. (b) Plot of [CTDNA]/(εa− b) vs. [CT-DNA] for the titration of CT-DNAwith
npapFe complex.
[2–5]. To further clarify the DNA-binding mode of complexes, viscosity
measurements on solutions of CT-DNA incubated with the metal com-
plexes were carried out. It is well-known that a classical intercalation
model leads to an apparent increase in the viscosity of DNA solution
due to base-pairs that are pushed apart and hence an increase in overall
of DNA length. In contrast, a partial, non-classical intercalation of com-
pounds could bend (or kink) the DNA helix and decrease its effective
length and, concomitantly, its viscosity [84]. The effects of all com-
pounds on the viscosity of CT-DNA are shown in Fig. 7. As can be seen
in Fig. 7with increasing amounts of the complexes, the relative viscosity
of DNA increases continuously to some extent. The results thus provide
strong evidence for the interaction of complexes with CT-DNA by inter-
calationmodes. Moreover, the large increase in the relative viscosity re-
vealed that npapFe andnpapCr are better intercalators than npapCo and
npapNi, which are consistent with our foregoing hypothesis that elec-
tronic effects of introduction of larger planar aromatic rings on 2-
hydroxy-1-napthaldehyde based ligands play a key role in DNA-
binding affinities.
5.1.3. Gel Electrophoresis
The interaction of the investigated complexeswith DNAwas studied

by agarose gel electrophoresis and the resultswere represented in Fig. 8.
(Lane 1–4, are CT-DNA + metal complex; while Lane 5, 6 are blank
and CT-DNA). The variation in DNA–cleavage efficiency of the in-
vestigated complexes was attributed to their difference in binding abil-
ity to DNA. The intensity of lanes was increased in the sequence
npapFe N npapCr N npapNi N npapCo and these are in a good agreement
Fig. 7. The effect of increasing the amount of the synthesized complexes on the relative
viscosities of DNA at [DNA] = 0.5 mM, [complex] = 25–250 μM at 298 K.



Fig. 8. Gel electrophoresis pattern showing the interaction of the investigated complexes
with DNA where Lane 1: CT-DNA + npapFe, Lane 2: CT DNA + npapCr, Lane 3: CT-
DNA + npapCo, Lane 4: CT-DNA + npapNi; Lane 5: blank, Lane 6: CT-DNA alone.

Fig. 9. Radical scavenging activity of the synthesized compounds using ABTS radical.

Table 5
Cytotoxicity and antiviral activity of the test compounds against HSV virus.

Compounds Minimum
cytotoxic
concentration
(μg/mL)a

Minimum inhibitory concentration (IC50)b

Herpes simplex
virus-1 (KOS)

Herpes
simplex
virus2- (G)

Herpes
simplex virus-1
TK-VMW1837

npapCr 87 126.4 0.03 33.8
npapFe 60 12.3 38.9 20.8
npapCo 70 14.6 116.8 N400
npapNi 110 38.3 20.1 14.2
BVDU N400 0.0256 N400 0.64
ACG N400 0.0768 0.0768 0.64
DHPG N100 0.0038 0.0064 0.32

a Concentration required to cause a microscopically detectable alteration of normal cell
morphology.

b Concentration required to reduce virus-induced cytopathogenicity by 50%.
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with binding constant values of the investigated complexeswith CT-DNA
(cf. Table 4).

5.2. Antioxidant Activity

It is well known that reactive oxygen species (ROS) created during
biochemical processes in body system, such as superoxide anion, hy-
droxyl radical, and hydrogen peroxide, are widely reactive and poten-
tially damaging transient chemical species. The oxidative casualties
caused by ROS on lipids, proteins, and nucleic acids may generate vari-
ous chronic diseases, such as coronary heart disease, atherosclerosis,
cancer, and aging. Hence, to prevent the free radical damage in the
body, it is important to manage drugs that may be rich in antioxidants.
The antioxidant assay study was carried out using Fe(II), Co(II) and
Cr(III) complexes with ABTS radicals, while Trolox was used as a
standard.

5.2.1. ABTS Radical Scavenging Activity
An important feature of antioxidants is the proton radical scaveng-

ing. A well-known protonated radical like 2, 2′-azinobis-3-ethylbenzo-
thiazoline-6-sulfonic acid (ABTS) possesses characteristic absorbance
maxima at 734 nm which decreases with the scavenging of the proton
radicals Fe(II), Co(II) and Cr(III) complexes exhibited.

The radical activity was found 184.0, 62.0 and 46.0 μmol TE/L for
complexes of npapFe, npapCo and npapCr respectively. Fig. 9 illustrates
the percent inhibition % of radical for the three investigated complexes.
It is obvious that npapFe shows the strongest potent radical scavenging
activity with percent of 58.60%. These results also confirm that npapFe
has strong electro-activity towards free radicals.

5.3. Cytotoxicity and Antiviral Activity against Herpes Simplex and Tobacco
Mosaic Viruses

5.3.1. Cytotoxicity
Cytotoxicity assays are fundamental for the initial phases of antiviral

drug development because they define the concentrations to be used,
eschewing cell damage and assuring selectivity for the virus in vitro.
The assessment of the cytotoxicity is usually performed by cell viability
assays, such as the dye up take by non-viable cells or by alteration in cell
functions [85]. MTT assay is probably one of themostwidely used color-
imetric indicators of cell viability, and it estimates mitochondrial cellu-
lar function based on the enzymatic reduction of the tetrazolium salt
by the mitochondrial dehydrogenase in the viable cells [86]. MTT
assay is used to determine the cytotoxicity of the potential drugs and
other toxic compounds [87]. In this study, the cytotoxicity of the tested
complexes was evaluated by this assay and the CC50 values are
expressed in μg/mL. The higher CC50 value was observed for npapNi
complex, indicating low side effects.

5.3.2. Antiviral Activity
The antiviral activity of tested complexes against Herpes simplex

virus-1(KOS), Herpes simplex virus-2 (G) and Herpes simplex virus-
1TK-VMW1837 is listed in Table 5. IC50 is employed to stand for antiviral
activity of the tested complexes. The smaller IC50 values in the same
conditions are the higher the cell growth inhibitory potency. The lowest
IC50 values are observed for npapFe and npapCr complexes. Their activ-
ity of tested complexes may be refer to many factors:

• Structure of startingmaterials: 2-aminopyridine is awell known exam-
ple of heteroaromatic organic compounds associated with diverse bi-
ological properties.

• Effect of chelation: the significant activity of metal complexes in
inhibiting ability, due to incorporation of metal ions increases the in-
hibition of cell growth [88].

• Effect of particle size: Particle size and surface area play a major role in
interaction of materials with biological system. Seemingly, reducing



Table 6
Screening of antiviral activity against Tobacco Mosaic Virus (TMV).

Compounds Minimum inhibitory concentration

npapCr 70.4
npapFe 0.84
npapCo 1.34
npapNi 18.4

Fig. 10. Histogram showing the comparative antibacterial activities of the prepared
compounds against different strains of bacteria (P. aeruginosa, E. coli and S. aureus) at 10
and 25 mg/mL.
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the size of the materials leads to an exponential increase in surface
area relative to volume, thereby making the nanomaterial surface
more reactive on itself and to its contiguous milieu [89].

5.4. Antimicrobial Activity

From the results in Figs. 10, and 11, it was observed that all investi-
gated metal complexes are more efficient than the free ligand and such
enhanced activity of metal chelates is due to the lipophilic nature of the
metal ions in complexes [90]. It also suggests that the complexes pos-
sess antibacterial activity inhibiting multiplication process of the mi-
crobes by blocking their active sites. The Cr(III) complex exhibited
higher bactericidal activities than other complexes. The variation in
the activity of different complexes against tested organisms depends
on either the impermeability of cells of the microbes or difference in ri-
bosomes of microbial cells. The higher biological activity of metal com-
plexes than that of npap ligand can be explained on the basis of
Overtone's concept and Tweedy's chelation theory [91]. On chelation,
metal ion polarity is reduced to a greater extent due to the overlapping
of the ligand orbital and partial sharing of positive charge of metal ion
with donor groups [92]. Further, the delocalization of the π-electrons
is increased over the whole chelate sphere and enhances the lipophilic-
ity of the complex. The lipophilic nature of the centralmetal atom is also
increased upon chelation, which subsequently favors the permeation
through the lipid layer of cell membrane. Notably, the normal cell pro-
cess may be affected by the formation of hydrogen bond through the
azomethine nitrogen atom with the active centers of cell constituents
leading to interference with the cell wall synthesis. The bioactivity of
the ligand and its complexes is found to be in the following order:
Cr(III) NNi(II)N Fe(II)N Co(II)N npap. The difference in antimicrobial ac-
tivity is due to the nature of metal ions and also the cell membrane of
the microorganisms. It is worth mentioning that, the chelation is not
the only factor for antimicrobial activity; it is a complicate blend of sev-
eral aspects such as nature of themetal ion and the ligand, the geometry
of themetal complexes, the lipophilicity, the presence of co-ligands, the
steric and pharmacokinetic factors [3–5].

6. Conclusion

In this paper, the coordination behavior of N2O imine ligandobtained
from the reaction of 2-hydroxy-1-napthaldehyde and 2-aminopyridine
is described. The resulted Schiff base ligand was characterized by single
Table 7
Results of activity index (%) for antimicrobial assay of the prepared compounds.

Compounds Activity index (%)

Bacteria Fungi

P. aeruginosa E. coli S. aureus A. flavus C. albicans T. rubrum

npap 28.57 27.59 27.59 47.37 36.67 28.57
npapFe 60.00 65.52 74.36 73.68 83.33 76.92
npapCr 77.14 72.41 72.41 84.21 80.77 80.77
npapCo 57.14 62.07 62.07 78.95 73.08 73.08
npapNi 71.43 62.07 62.07 78.95 84.62 84.62

P. aeruginosa = pseudomonas aeruginosa, E. coli = Escherichia coli, S. aureus =
Staphylococcus aureus, A. flavus = Aspergillus flavus, C. albicans = Candida albicans,
T. rubrum= Trichophyton rubum.
crystal X-ray analysis, IR, 1H and 13C NMR spectra. It crystallizes in
monoclinic space group P121/C1. Four novel Cr(III), Fe(II), Co(II) and
Ni(II) complexes have been elucidated by spectral, thermal, cyclic volt-
ammetry and analytical studies. Based on IR, electronic spectra andmag-
netic susceptibility results suggest tetrahedral geometry for Co(II) and
Ni (II) complexes and octahedral geometry for Fe(II) and Cr(II) complex.
In all complexes, the Schiff base ligand acted as tridentate and coordinat-
ed to metal ion through the azomethine, pyridine nitrogen base and
phenolic-oxygen. Initially, the binding behaviors of themetal complexes
with DNA were investigated using absorption spectroscopy, viscosity
and gel electrophoresis. The results assured the fact that the complexes
could bind to CT-DNA via intercalation. In addition, the Fe(II) complex
also showed excellent radical-scavenging activities than other metal
complexes. Moreover, iron (II) complex exhibited better toxicity against
herpes simplex and tobaccomosaic viruses. The antimicrobial screening
results of all the newly synthesized metal complexes showed remark-
able activity than the free ligand. Furthermore, the antibacterial activity
has been explained on the basis of chelation theory. Hence, from all
Fig. 11. Histogram showing the comparative antifungal activities of the prepared
compounds against different strains of fungi (A. flavus, C. albicans, T. rubrum) at 10 and
25 mg/mL.
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these extensive observations, it was concluded that the cytotoxic activ-
ity of the Fe(II) complex could be exploited for the design of novel anti-
viral drug employing reported ligand metal combination.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jphotobiol.2016.03.040.
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