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The main objective of this work is to mitigate the challenges associated with the use of platinum-based chemotherapy drugs through |
investigating chemotherapeutic compounds based on mixed ligand transition metal complexes. Thus, Cu(Il), Co(II), Ni(II) and Zn(II) |
complexes were synthesized from novel Schiff base compound derived from 2-amino-3-hydroxypyridine and 5-chloro-2-nitrobenzaldehyde
and the co-ligand 1,10-phenanthroline. The spectral investigations were conducted to characterize the synthesized compounds and revealed |
that they possess an octahedral structure. The interactions of synthesized compounds with calf thymus DNA (cz-DNA) demonstrated that |
the binding takes place through an intercalation. Comparatively to Schiff base ligand, the synthesized transition metal complexes proved |
to be better anti-pathogenic agent when tested against bacteria. The prepared compounds possess more the biological capability, according to |
in silico ADMET study, which may attributed to the presence of two N-heterocyclic ligands. The computational screening of biological
activities related to cancer activity using PASS software propose the drug-like nature of the compounds. I
|

Keywords: Mixed ligand complexes, Schiff base, 1,10-Phenanthroline, DNA, Anticancer potential, ADMET.

INTRODUCTION The chemistry of coordination of mixed ligands containing
transition and non-transition metal ions is crucial for the
functioning of metalloenzymes and other biological processes
[10,11]. Metal complexes generally have greater bioactivities
compared to free ligands. Furthermore, complexation can help
mitigate certain side effects and reduce medicine tolerance. A
mixed ligand complex is differentiated from a conventional
complex by the inclusion of two or more distinctive ligand types
that are attached to a single metal ion inside the complex [12].

Therefore, we report herein the synthesis of mixed ligand
metal(I) complexes from 2-amino-3-hydroxy-pyridine, 5-
chloro-2-nitrobenzaldehyde and 1,10-phenanthroline (co-
ligand), which coordinated with transition metals Cu(II), Co(Il),
Ni(II) and Zn(II). 1,10-Phenanthroline was chosen as a co-ligand
because it is an electron-conjugated heterocyclic aromatic ligand
with a stronger coordinating capacity due to its N-donor chela-
tion nature, which forms stable complexes. The synthesized
mixed ligand complexes were found to bind to DNA efficiently
and might potentially be turned into DNA probes. Furthermore,
the data for their cytotoxicity and antibacterial activity sugge-

Cytotoxic drugs based on platinum make up most of the
drugs used to treat cancer. The potential of heavy metal comp-
lexes in cancer treatment is significant, although their toxicity
limits their practical use [1-5]. Consequently, chemotherapeutic
research has shifted its focus to the non-platinum based comp-
ounds that would make ideal substitutes due to the increasing
demand for novel anticancer therapies with lower toxicity. Since
copper is an endogenous metal, it is believed that its complexes
will exhibit lesser toxicity than those of platinum compounds.
For this reason, several transition metal compounds have garn-
ered particular attention [6,7].

The use of pyridine based drugs in clinical medicine has
expanded to address a wider range of conditions. The pharma-
cological activities exhibited by pyridine based drugs include
antihypertensive, anticoagulant, antihistaminic, antibacterial,
anti-inflammatory, antifungal, antiviral, antitubercular, anti-
diabetic and antimalarial effects [8,9]. Some pyridine based
drugs can directly inhibit membranes at high concentrations,
without depending on sterols and sterol esters.
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sted that they are suitable for development as potent cytotoxic,
antimicrobial and therapeutic drugs.

EXPERIMENTAL

The chemicals employed in this study were of AnalaR grade
and used without additional purification. However, solvents were
used as purified solvents by distillation method. The chemicals
2-amino-3-hydroxypyridine and 5-chloro-2-nitro-benzaldehyde,
1,10-phenanthroline, calf-thymus DNA and ethidium bromide
were acquired from Sigma-Aldrich, USA. Merck Chemicals
Ltd., India provided ethanol, DMSO and metal(II) salts.

The elemental analysis was carried out in Perkin-Elmer-240
elemental analyzer instrument. The molar conductivity of the
complexes in DMSO (10~ M) solvent was measured at room
temperature using deep vision 601 model digital conductivity
meter. The vibration spectral data were obtained by using FT-IR
Shimadzu model IR-Affinity-1 spectrophotometer using KBr
discs. Similarly, the electronic spectra were measured using
Shimadzu UV Vis-1800 spectrometer at room temperature.
'H NMR and "*C NMR spectral data were recorded by using
Bruker 300 MHz Advance III HD Nanobay NMR spectrometer
with DMSO-dg as a deuterated solvent. The mass spectra were
performed by using JEOL-AccuTOF JMS-T100LC mass spec-
trometer equipped with a custom-made electro spray interface
(ESI). The X-band of the EPR spectrum was recorded by JES-
FA 200 spectrometer at liquid nitrogen temperature (LNT)
(77 K) and room temperature (300 K). EDAX spectral data of
the complexes were performed by AMETEK-EDAX (Analyzer).
The SEM and colour mapping images were retrieved from
the instrument model ZE ISS EVO 18 Research instrument.
The powder XRD was taken using Shimatzu XRD-6000 X-ray
diffractometer with 26 ranges from 10-80° and the surface mor-
phology was studied by a field emission scanning electron micro-
scopy (FESEM) (Model SUPRA 40) with a voltage of 30 KV.
The absorption spectra were recorded using U V-visible spectro-
photometer (Shimadzu model UV-1601) at room temperature
for DNA binding studies. The anticancer activity of newly syn-
thesized compounds was evaluated against a couple of cancer
cell lines and normal cell lines by MTT assay.

Synthesis of Schiff base ligand: The Schiff base ligand
was synthesized by condensing 40 mL of hot ethanolic solution
of 5-chloro-2-nitrobenzaldehyde (1 g, 10 mmol) with 30 mL
of hot ethanolic solution of 2-amino-3-hydroxypyridine (10
mmol) containing few drops of glacial acetic acid. The solution
was allowed to stirred continously for 3 h at room temperature
(Scheme-I). After filtration, the precipitate was recrystallized

|
NI N NH,
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5-Chloro-2-nitro 2-Amino-3-
benzaldehyde hydroxy pyridine

with ethanol and dried in vacco. Colour: dark yellow, yield:
88%. Elemental analysis of Ci,HsN3O;Cl; caled. (found) %:
C,51.91 (50.91); H, 2.90 (2.87); N, 15.13 (15.05); CI, 12.77
(15.05); FT-IR (KBr disc, Vi, cm™): 3546 (-OH), 1675 (-
CH=N); 'HNMR (DMSO-ds) & ppm: 7.30-8.27 (m), (-CH=N)
9.30(s); (-OH) 9.87 (s); *C NMR (DMSO-ds) & ppm: 120-135.08
(m), (-CH=N) 152.38 (s), (C-OH) 159.07 (s), ESI-MS: 277.66.

Synthesis of mixed ligand metal complexes: The Schiff
base ligand (5.54 g, 20 mmol), corresponding metal(II) chloride
salt (10 mmol) and co-ligand 1,10-phenanthroline (1.80 g, 10
mmol) were mixed in ethanol (2:1:1). After 8 h of sonication,
the resultant mixture was allowed to reflux for 24 h and ethanol
was used to wash the resulting product before it was recrys-
tallized again (Scheme-II). The crystalline solid was vacuum
dried on anhy-drous CaCl,.

Copper complex: Colour: brown; yield: 83%; Elemental
anal. of C3sH»CLCuNgOg (m.w.: 797); caled. (found) %: C, 54.25
(53.12); H, 2.78 (2.65); N, 14.06 (13.95); Cu, 12.04 (12.01);
An x 107 (Q" mol cm™) 14; Uerz 1.77 B.M.; Ay (nm) in
DMSO 605 (d-d); FT-IR (KBr, Vma, cm™): 1692 (-CH=N);
534 (M-0), 433 (M-N); ESI-MS: 798.12 (M+1) m/z.

Cobalt complex: Colour: dark brown; yield: 82%; Elemental
anal. of C3;H»CLCoNgOg (m.w.: 792); calcd. (found) %: C, 54.56
(54.34); H, 2.80 (2.75); N, 14.14 (14.06); Co, 7.44 (7.44); An
x 107 ("' mol' cm™?) 16; Uz 1.98 B.M.; Apar (nm) in DMSO
642 (d-d); FT-IR (KB, Vinax, cm™): 1690 (-CH=N); 524 (M-0),
434 (M-N).

Nickel complex: Colour: dark green, yield: 86%; Elemental
anal. of C3;sH2CLNiNgOg (m.w.: 792); caled. (found) %: C,
54.58 (54.44); H,2.80 (2.77); N, 14.14 (14.11); Ni, 7.41 (7.21);
An x 107 (Q" mol! cm™) 17; Wiz 3.27 B.M.; Ay (nm) in
DMSO 635 (d-d); FT-IR (KBT, Vi, cm™): 1592 (-CH=N), 548
(M-0), 432 (M-N).

Zinc complex: Colour: pale green, yield: 79 %; ; Elemental
anal. of C3;H,Cl,ZnNgOg (m.w.: 798); calcd. (found) %: C,
54.12(53.24); H,2.78 (2.72); N, 14.03 (13.95); Zn, 8.18 (8.17);
An x 107 ("' mol' cm™?) 16; Ue: diamagnetic; Ama (Dm) in
DMSO 323 (LMCT); FT-IR (KBr, Vinax, cm™): 1596 (-CH=N),
539 (M-0), 431 (M-N); 'H NMR (DMSO-ds) 8 ppm: 6.91-
8.55 (m, aromatic H), 9.14 (s, -CH=N); *C NMR (DMSO-d;)
d ppm: 120.00-135.08 (m, aromatic-C), 161.18 (s, -CH=N),
169.28 (s, C=0).

DNA binding experiments: At room temperature, the
metal complexes were allowed to interact with c-DNA in a
Tris-HCI buffer (5 mM Tris-HCI/50 mM NaCl) medium with
5% DMSO (pH 7.2). The absorption spectra were recorded

Glacial acetic acid Cl NO,
Sonicated and reflux for 3 h
Ethanol -
N\ 7/
/ N\ _{
OH
Schiff base ligand (L)

Scheme-I: Synthesis of Schiff base ligand
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Scheme-II: Synthesis of mixed ligand complex

using a Shimadzu model UV-1601 spectrophotometer. Prior
to and after DNA addition, the spectra of metal complexes
were recorded using buffer solution to dilute the concentrated
stock solution of synthesized compounds (10~ M) to the appro-
priate concentrations for each experiment [13]. To conduct these
absorption spectrum titrations, nucleic acid was added to the
complex solution at a constant concentration. The titration
method was repeated until the absorption values become cons-
tant, indicating that the saturation of binding sites [14].

Viscosity measurements: Ostwald viscometer was used
to measure viscosity at a controlled temperature of 30.0 £ 0.1
°C in a thermostat water-bath. The difficulties caused by the
flexibility of c#-DNA were minimized by sonicating a 0.5 mmol
sample of ct-DNA [15]. The digital stopwatch was used three
times to measure the flow time for each complex and then an
average flow time was determined. The data were calculated
against 1/1, and the concentration of synthesized compounds,
where 1 and 1, is the viscosity of cz-DNA with metal comp-
lexes and without metal complexes, respectively. The viscosity
value of the metal(II) complexes were measured after calcul-
ating the flow time of buffer alone (t,) using the formulan = (t
— to)/t, [16].

DNA damage studies: The extent of pBR 322 DNA cleavage
was monitored by agarose gel electrophoresis in the presence
of an activator H,O, as an oxidizing agent [17]. In this reaction
super coiled pPBR322 plasmid DNA Form I (1 pg) in DMSO
(1%, 2 uL.) was treated with synthesized compounds (250 ng)
and oxidizing agent H,O, (40 mmol, 5 pL). The samples were
incubated at 1 h at 310 K. A loading of buffer containing bromo-
phenol blue (0.25%), glycerol (30%) and xylene cyanol (0.25%)
was added to a platform fixed with a comb to form slots. The
electrophoresis was performed at 50 V for 1 h in tris-boric
acid-EDTA) buffer using 1% agarose gel containing 0.5 pg/mL
ethidium bromide. The effectiveness of the synthesized comp-
ounds was measured by determining the capability of the comp-
lexes converting the supercoiled form of DNA to circular form
and finally linear form. An image of the bands was taken using
ultraviolet light to visualize it [18].

Antimicrobial assay: The minimum inhibitory concen-
tration (MIC) value of ligand and its metal(II) complexes were
tested against bacterial strains (Staphylococcus aureus, Bacillus
subtilis (Gram-positive), Pseudomonas aeruginosa, Klebsiella
pneumoniae, Salmonella typhi (Gram-negative) and the fungal
strains namely Aspergillus niger, Aspergillus flavus, Curvularia
lunata, Rhizoctonia bataticola, Candida albicans) through a
broth dilutions method with the standard antibacterial strepto-
mycin and nystatin, respectively. The test concentration synth-
esized compounds were prepared from 0.01 to 2.5 mg/mL in
the sterile walls of the microtiter plates and using 50 UL of sterile
nutrient broth. The MIC values were determined by reading
each well at 492 nm in an automated micro plate reader [19,20].

Cytotoxic activity (MTT assay): The in vitro cytotoxicity
of the synthesized compounds against cancer cell lines including
human breast adenocarcinoma (MCF-7) and human liver cancer
cells (Hep G2) as well as non-cancerous cell lines such as HBL-
100, which were obtained from the National Centre for Cell
Science (NCCS) in Pune, India, was assessed using the MTT
(3-(4,5-dimethyl thiazol-2yl)-2,5-diphenyl tetrazolium bromide)
assay. The cell lines were cultured in Dulbecco’s Modified
Eagles Medium (DMEM) (Himedia, India) supplemented with
10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic
solutions. All the compounds were produced in cell culture
grade DMSO (Himedia). In brief, the cells were seeded in 96-
well plates and kept in CO for 24 h for incubation, then treated
with different complexes dissolved in DMSO for 24 h. After
incubation, the culture medium was removed and 15 mL of
MTT was discarded and DMSO (100 mL/well) was added to
dissolve the purple formazan product [21]. The experiment
was carried out in triplicates and the medium without comp-
ounds served as control. The absorbance was measured calori-
metrically at 570 nm using an ELISA microplate reader. The
percentage of cell viability was calculated using the following
formula:

OD value of treated cells
OD value of untreated cells (control)

IC

50 =
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Antioxidant assay: The radical scavenging activity of
the synthesized compounds was determined by using DPPH
assay. The reduction in the absorption of DPPH solution after
the addition of an antioxidant was measured and vitamin C
(10 mg/mL DMSO) was used as reference. In brief, the freshly
prepared DPPH (2.96 mL, 0.1 mM) was added to the different
volumes of Schiff base ligand and its mixed ligand metal(II)
complexes. After 20 min of dark incubation at room tempera-
ture with 3 mL of DPPH as a control, the reaction mixture's
absorbance was measured at 517 nm. The percentage of radical
scavenging activity of the synthesized compounds were
calculated using the following formula:

Radical scavenging activity (%) = Abs. control = Abs. sample

Abs. control
where RSA is the radical scavenging activity; Abs. control is
the absorbance of DPPH radical + ethanol; Abs. sample is the
absorbance of DPPH radical and synthesized compounds [22].

Computational studies

PASS-biological activity prediction: PASS is one of the
online software and it is frequently used in the drug innovation
and development environment. This online web tool is used to
predict 3678 type of pharmacological effects based on the stru-
cture and it interprets the biological active spectra using the
2D structure of the molecule.

In silico ADME-Tox property: In present study, absor-
ption, distribution, metabolism, excretion and toxicity (ADMET)
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properties of the synthesized compounds were calculated by
SwissADME and AdmetSAR online softwares. The priority of
optimizing ADME-Tox properties of potential drug molecules
was extensively identified. The SMILEY notation of the comp-
ound was introduced into the online software to predict the drug
likeness score and toxicity [23-25].

RESULTS AND DISCUSSION

The stoichiometric ratios of mixed ligand transition metal
complexes (ligand:metal:co-ligand) were found to be 2:1:1,
as determined according to the elemental analysis data. In com-
pared to the mixed ligand metal(II) complexes, which are soluble
in organic solvents such as DMSO and DMF, the Schiff base
is soluble in ethanol. The synthesized mixed ligands metal(II)
complexes are non-electrolytic in nature as indicated by their
low conductance values.

Electronic spectral studies: Two prominent bands are
apparent in free Schiff base ligand at 300 and 310 nm, which
represented the T—7* and n—7* transitions, respectively [26].
In all the metal(I) complexes, these transitions are changed
to a higher or lower frequency due to ligand coordination with
metal ions (Fig. 1). The copper(Il) complex exhibits a d-d band
at 605 nm, which is associated with the *E,—"T>, transition.
This d-d transition at 642 nm revealed the distorted octahedral
geometry of Cu(Il) complex and caused by *T o(F)—"Ta(F)
transition. The magnetic susceptibility value of 4.23 B.M.
provided further evidence for this geometry.

0.6
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Fig. 1. Electronic spectrum of (a) Schiff base ligand, (b) Cu(Il) complex, (c¢) Ni(II) complex and (d) Co(II) complex
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The Ni(II) complex exhibits a d-d band at 635 nm corres-
ponds to the *A,,(F)—T4(F) transition and revealed the octa-
hedral geometry and is further supported by a magnetic moment
value of 3.27 B.M. [27]. The zinc complex, on the other hand,
displayed an intra-ligand charge transition (INCT) band due
to the absence of d-d bands because of fulfilled d' configur-
ations.

FT-IR spectral studies: The spectrum of Schiff base ligand
coordinated was quite different from those of metal(II) comp-
lexes containing mixed ligands. A broad band in the 3546 cm’!
region of Schiff base (Fig. 2a) is attributed due to the v(OH)
group. This band disappeared in the mixed ligand metal(II)
complexes (Figs. 2b and 2c), which indicated the deproto-
nation of the hydroxyl group and coordination with the metal
ion [28,29]. However, the azomethine group vibration was
linked to the strong band at 1675 cm™ in Schiff base ligand [30].
This band is shifted by 17-22 cm™ in all mixed ligand metal(II)
complexes indicating that the metal ion and the nitrogen atom
in azomethine are coordinated [31,32]. Moreover, the appear-
ance of two peaks in the lower frequency range of 440-420
cm and 540-520 cm™, are attributed to the v(M-N) and v(M-O)
vibrations, respectively. These vibrations suggested that the
oxygen atom of pyridine (-OH) group and the nitrogen atom
of azomethine group of 1,10-phenanthroline moiety (co-ligand)
are coordined with the central metal ion.

NMR spectral studies: Fig. 3 shows the '"H NMR spectra
of Schiff base ligand and Zn(II) complex. Due to the presence
of an azomethine proton (-CH=N-) in the synthesized Schiff

base, a singlet was detected at 8 9.30 ppm [33,34]. However,
this -CH=N- peak moved to 4 8.73 ppm in the Zn(II) complex
suggested that azomethine nitrogen participated in the coor-
dination. Further evidence of the deprotonation of -OH group
during complexation was provided by the ligand at 6 9.87 ppm,
which is caused by the hydroxyl (-OH) proton that vanished
in the formed complex [35].

The “C NMR spectra of the ligand and the Zn(IT) complex
(Fig. 4) exhibited peaks for aromatic carbons at & 120.00-135.08
ppm. The signals in Zn(II) complex are moved, which were previ-
ously at 161.18 ppm and 169.28 ppm for the -CH=N and -C-OH
groups, respectively, up field to 152.38 ppm and 159.07 ppm
and the other peaks were unchanged significantly. Therefore,
the complexation is confirmed by the changes in peak positions
for the -CH=N and —C—OH carbons in the generated complex
compared to the ligand [36].

ESI-MS spectral studies: The ESI-MS pattern of free
Schiff ligand and Cu(II) compound fragmentation is displayed
in Fig. 5. The molecular weight of the Schiff base ligand with
the formula [C;,HsCIN;O;] and the peak emerged at m/z 277.66.
Fragmented peaks for the ligand, resulting from the fragmen-
tation Of [C12H3C1N302]+, [C12H9C1N2]+, [C12H1()N2]+, [C9H1(1N2]+,
[CeHeN,]" and [CsHsN]* appeared at m/z values of 261.12,
216.13, 182.22, 146.08, 106.05, and 79.04, respectively.

The copper complex exhibited a peak at m/z 798.12 corres-
pond to the [C3sH2Cl,CuN3Os] species and are comparable to
the molecular weight of Cu(II) complex. The fragmentation
peaks (m/z) appeared at 616.85,571.86, 537.41,434.56,383.51,
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278.43,261.12,216.13, 183.56, 147.13, 106.05 and 79.11 corres-
pond to the fragments [CosH4CLCuN4Og]*, [CosH;sCLCuN;sO,]",
[Ca24H sCICuN,Oy]", [Ci7H;CICuN,O,]*, [CisH oCuN;O,]",
[Ci2H5CIN:Os], [CioHsCIN;Oo]", [CoHoCIN:]", [Ci2HioN ],
[CoH oN,]*, [CsHeN,]* and [CsHsNT*, respectively. The observed
fragmented peaks supported that the metal complexes were of
[ML.(phen)] type, consistent with other spectral observations.

ESR spectral studies: The EPR spectra of the synthesized
metal complexes exhibited a characteristic four-line pattern,
indicative of their monomeric nature. The spin Hamiltonian
parameters, including the axial g-tensor (g and g,) and hyper-
fine coupling constants (A, and A ), were calculated from the
spectra. The observed values of g, > g, and A, > A, suggested
that the complexes possessed a (dy2_,2) ground state, consistent
with octahedral geometry (Table-1). The exchange interaction
between multiple metal centers in the complexes was evaluated

using the geometric parameter G, which was calculated using
the following equation:

G — (gu_ 2)
(g 1= 2)

Based on previous reports, a G value greater than 4 indi-
cated parallel or slightly misaligned local tetragonal axes, while
a G value less than 4 suggested significant exchange coupling
interaction and considerable deviation. The experimental G
values of the metal complexes studied in this work fall within
the range of 4.1-5.2, suggesting the minimal exchange inter-
action due to their monomeric nature and parallel or slightly
misaligned local tetragonal axes [37,38]. For the synthesized
complexes in this study, the gi/A, values ranged from 144 to

165, indicating an octahedral geometry with mild distortion
[39,40].

TABLE-1
THE SPIN HAMILTONIAN PARAMETERS OF THE Cu(Il) COMPLEX IN DMSO SOLUTION AT LNT
4 Tl
Complex g-tensor Ax 10" (cm™) G
8i gL Ziso Ay AL Aigo
Cu(II) 2.36 2.07 2.19 165 68 88 5.1
Co(II) 2.31 2.06 2.20 145 66 86 4.4
Ni(II) 2.18 2.04 2.18 147 74 97 4.2
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XRD studies: The X-ray diffraction (XRD) patterns of
Schiff base ligand, Cu(II) and Ni(IT) metal compounds (Fig.
6) indicates that the compounds are crystalline in nature. Using
Scherrer’s formula, the average crystal sizes of the complexes
copper, cobalt, nickel and zinc were found to have crystal dia-
meters of 67, 54, 48 and 76 nm, respectively.

SEM images and EDX mapping: The morphologies of
flake, brick, spherical, plate and ball-like structures were
observed in the SEM images of the Cu(II), Co(II), Ni(II), and
Zn(II) complexes, respectively as shown in Fig. 7. The Schiff
base had an average particle size of 61 nm, while the copper,
cobalt, nickel, and zinc complexes displayed average particle
sizes of 84, 86, 78, and 69 nm, respectively. The purity and the
chemical composition of the material was analyzed using EDAX.

Colour mapping visualizations confirmed the presence of metals
and elements, including C, N, O, and Cl, which are consistent
with the proposed structures of the synthesized compounds.

Biological assessments

DNA interaction (electronic absorption studies): The
shifts in the absorption peak to shorter (hypochromic) or longer
(bathochromic) wavelengths indicated structural modifications
in the DNA [41]. During intercalation with DNA, the stacking
interactions occurred between the aromatic chromophore and
nucleic acid base pairs. The aromatic chromophore and DNA
base pairs engage in a strong T-7* stacking contact during inter-
calation, a chemical binding process that usually results in hypo-
chromism or bathochromism [42]. The strength of intercalation
was related to the degree of hypochromism observed.
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Fig. 6. Powder XRD pattern of (a) Schift base ligand, (b) Cu(II) complex and (c) Zn(II) complex
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in the presence of increasing amount of CT-DNA

The interaction of the metal complex with DNA altered
its three-dimensional structure, resulting in localized bending
and separation. These deformations had the potential to hinder
cellular functions such as transcription and DNA replication.
The ability of complexes to disrupt double-stranded DNA caused
substantial hypochromism, ranging from 10 to 25%. When
compounds were inserted between nucleotide base pairs, the
T-7* transition of the aromatic group induced a bathochromic
shift, with a slight red shift from the original wavelength in
the 310-330 nm range.

The binding constant value (K,) indicated that metal comp-
lexes had a higher affinity for DNA than the Schiff base. Due
to its small size, ionic radius, positive charge and the presence
of heterocyclic co-ligand (1,10-phenanthroline), Cu(Il) disp-
layed the highest binding potential (7.8 x 10° M) among the
complexes. This contributed to enhanced solubility, facilitated
absorption into cells via active transport and a strong affinity
for DNA [43]. This approach demonstrated that these mixed
ligand complexes interacted with nucleic acids through an inter-
calative mode (Table-2). The DNA binding of the ligand and
Cu(II) complex are illustrated in Fig. 8.

Hydrodynamic studies: In conventional intercalation, the
DNA strand was lengthened and its viscosity increased due to
the binding of the synthesized compound to cz-DNA base pairs
[44]. Since the DNA helix was either stretched or twisted when
binding was inconsistent or just partially intercalative, its effe-
ctive length was reduced and viscosity was decreased. In contrast,
the non-intercalative binding, such as groove or electrostatic

interactions, had a minimal effect on viscosity. These results
indicated that all complexes are capable of intercalating with
nucleotides, as evidenced by the increased viscosity values
shown in Fig. 9.

2.4+
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£
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1.2
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[Complex]/[DNA]
Fig. 9. Effects of increasing amount of classical intercalator [EB] and metal
complexes on the relative viscosity of CT-DNA in 5 mmol Tris-
HC1/50 mmol NaCl buffer at room temperature, where (1) Cu(II),
(2) Co(II), (3) Ni(II) and (4) Zn(II) complexes

DNA chasm: Gel electrophoresis was performed using
supercoiled (SC) PBR 322 DNA as substrate and H,O, to inves-

TABLE-2
ELECTRONIC ABSORPTION PARAMETERS FOR THE INTERACTION OF DNA WITH SYNTHESIZED COMPOUNDS
COm 1 A‘max a —1
plex A (nm) H% K, (M)
Free Bound
Ligand 313 316 3 12.5 4.7 x 10*
Cu(II) 333 340 7 26.5 7.8 x10°
Co(I) 341 345 4 24.5 7.4 % 10°
Ni(II) 342 347 5 233 7.2 x10°
Zn(II) 340 344 4 20.6 6.9 x 10°
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tigate the DNA nuclease activity of the synthesized mixed ligand
metal complexes. In DNA electrophoresis, the SC form I of
circular plasmid DNA migrated quickly. If a break occurred,
the SC form relaxed, resulting in a nicked form that appeared
as a slower-moving open circular form II. If both DNA strands
were cleaved, a linear form III, migrating between forms I and
II, was observed.

Using this oxidative method, the DNA cleavage ability of
complexes Cu(I) (Iane 3), Co(I) (lane 4), Ni(II) (lane 5), and
Zn(II) (lane 6) was demonstrated, converting the DNA to the
nicked form, as shown in Fig. 10. In contrast, the control (lane
1), DNA + H,O; (lane 2) and the ligand did not show significant
cleavage of plasmid DNA. The cleavage activity was mediated
by a metal complex-bound hydroxyl radical species generated
by H,O,, which broke the phosphodiester backbone through a
series of elimination reactions, targeting the C-1 hydrogen of
the deoxyribose moiety via oxidation [45]. The results indica-
ted that Cu(II) exhibited a higher cleavage capacity, consistent
with previous biological findings.

Form 2

Form 1

1 2 3 4 5 6

Fig. 10. DNA cleavage of the synthesized compounds in the presence of
H,0,. Lane 1: DNA + Control; Lane 2: DNA + Ligand; Lane 3:
DNA + Cu(Il); Lane 4: DNA + Co(II); Lane 5: DNA + Ni(Il); Lane
6:DNA + Zn(II)

Antimicrobial activity: The antimicrobial efficacy was
evaluated against various microbes using the broth microdilution
method. Streptomycin and nystatin were used as reference stan-
dards for antibacterial and antifungal activity, respectively. Tables
3 and 4 summarized the antibacterial and antifungal activities

of all the synthesized compounds. Among the synthesized com-
plexes, the Cu(II) complex demonstrated comparable antibact-
erial activity to the standard drug streptomycin, with MIC values
ranging from 4.2 to 5.8 x 10* uM compared to streptomycin’s
MIC values of 2.8 to 3.6 x 10* uM. However, Cu(II) complex
exhibited slightly lower antifungal activity than the standard
drug nystatin, with MIC values ranging from 9.1 t0 9.8 x 10*
UM compared to Nystatin’s MIC values of 4.2 to 5.1 x 10* uM.
The variation in the activity of metal complexes was influenced
by factors such as the permeability of the cell membrane and
differences in ribosome structure among microbial cells. The
lipid bilayer surrounding the cell facilitated the entry of lipid
soluble compounds, suggesting that liposolubility was a crucial
factor in determining the antimicrobial activity.

Anticancer studies: The synthesized mixed ligand metal
complexes were evaluated for their in vitro anticancer activity
against three different cell lines viz. breast cancer (MCF-7), liver
cancer (Hep G2), and normal (HBL-100) cell lines. A calori-
metric assay with cisplatin as control was used to assess the
activity of these complexes. The aforementioned cell lines were
treated with mixed ligand complexes at various concentrations
for two days. The calorimetric assay (MTT assay) is based on
the principle that only living cells are converted to yellow MTT,
while non-living cells produce blue formazan products. The
results demonstrated that the synthesized mixed ligand comp-
lexes inhibited the growth of tumor cells more effectively than
the individual complexes or ligands [46]. The ligand exhibited
high ICs values of 22 and 20 uM against MCF-7 (breast cancer
cells) and Hep G2 (liver cancer cells), respectively. Therefore,
free Schiff base was found to be a weak anticancer agent. The
mixed ligand complexes exhibited low ICs, values indicating
their potent anticancer activity. The enhanced anticancer activity
may be attributed to chelation, the planarity of two phenanthro-
line moieties, the size and positive charge of metal, which incre-
ased the acidic character of the chelated compound containing
protons and facilitated strong hydrogen bonding, thereby amp-

TABLE-3
MINIMUM INHIBITORY CONCENTRATION OF THE SYNTHESIZED COMPOUNDS AGAINST THE GROWTH OF BACTERIA (uM)

MIC values (x 10* uM) SEM = + 1.5

Compound - — — - - -

Staphylococcus aureus Bacillus subtilis Escherichia coli Klebsiella pneumoniae Salmonella typhi
Ligand 14.2 15.5 12.8 12.6 13.9
Cu(II) 4.6 4.4 4.8 4.2 5.8
Co(II) 6.3 6.2 6.6 6.7 7.6
Ni(II) 6.9 6.8 7.2 7.6 7.9
Zn(II) 7.7 6.5 6.9 7.2 8.5
Streptomycin 3.5 2.8 2.9 3.5 3.6

TABLE-4
MINIMUM INHIBITORY CONCENTRATION OF THE SYNTHESIZED COMPOUNDS AGAINST THE GROWTH OF FUNGI (uM)

MIC values (x 10* yM) SEM = + 1.3

Compound - . - - ; 5 - - ; -
Aspergillus niger Fusarium solani Curvularia lunata Rhizoctonia bataticola Candida albicans
Ligand 15.5 13.4 12.5 14.8 15.2
Cu(II) 9.8 9.6 94 9.2 9.1
Co(I) 11.5 11.6 11.8 12.5 12.3
Ni(II) 12.8 12.6 12.9 13.1 13.5
Zn(II) 94 9.7 9.9 9.6 10.5
Nystatin 4.8 4.2 4.6 4.9 5.1
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lifying the biological potential of compound. Table-5 clearly TABLE-7
demonstrated that Cu(Il) exhibited greater anticancer activity PASS BIOLOGICAL ACTIVITY
. . SPECTRUM OF SCHIFF BASE LIGAND
than other synthesized metal complexes and the Schiff base
li d Pa Pi Activity
gand.
0,479 0,003 Urokinase inhibitor
TABLE-S 0,533 0,057 Lysase inhibitor
THE CYTOTOXIC ACTIVITY OF THE SYNTHESIZED 0486 0,012 Antiprotozoal (Amoeba)
COMPOUNDS AGAINST VARIOUS HUMAN CELL LINES e MBI Al
5 0,445 0,024 Glycerol-3-phosphate dehydrogenase inhibitor
Compound 1G5, values (?M) 0,443 0,023 Salicylate 1-monooxygenase inhibitor
MCE-7 HepG 2 HBL-100 0,424 0,008 Phenol 2-monooxygenase inhibitor
Ligand 22+03 20+0.2 84+0.3 0,419 0,015 Antiprotozoal (Coccidial)
Cu(II) 15+£04 17+£0.2 8105 0,377 0,008 Antihelmintic (Fasciola)
Co(II) 17+0.5 19+0.2 83+0.8 0,469 0,127 Chymosin inhibitor
Ni(ID) 19+0.2 20+0.5 86+0.3 0,408 0,091 Antiseborrheic
Zn(11) 21+0.2 23+0.2 88+0.3 0,393 0,077 Platelet derived growth factor receptor kinase
Cisplatin 16 +0.1 18 +0.6 75+04 inhibitor
0,343 0,047 Prion diseases treatment
Antioxidant activity: Using ascorbic acid (vitamin c) as 0,294 0,032 Antiprotozoal (Trichomonas)
the standard, the DPPH assay was used to carry out the experi- 0269 0,044  Antiseptic
ment. It was found that the synthesized mixed ligand metal 0’363 0,050 ﬁ?helm{nﬁc
complexes exhibited superior scavenging abilities as a result 0,264 0,069 tparasitic
£ chelati . R he f Schiff b Table-6 0,284 0,091 Antimycobacterial
ol chelation in compgrlson to the . ree Schiff base (Table-6). 0,257 0,066 Uroporphyrinogen-III synthase inhibitor
Moreover, the antioxidant properties of the metal complexes 0331 0,140 Apyrase inhibitor
expand their ability to safeguard organisms against various 0,379 0,188 Pseudolysin inhibitor
diseases. 0,300 0,110  Glucose oxidase inhibitor
. . 0,279 0,090 DNA polymerase I inhibitor
Computational studies 0,207 0,026 Catalase stimulant
PASS biological activity prediction: The biological acti- 0,247 0,067 Lactose synthase inhibitor
vity of Schiff base ligand was determined using the PASS online 0,341 0,169  Antiviral (Picornavirus)
program. Based on the biological activity predictions, the syn- 0,236 0,086 Cell wall biosynthesis inhibitor
thesized Schiff base ligand exhibited the strongest antiviral, 0.272 0,138 Antihelmintic (Nematodes)
ti b al _helminti . lasti d . 0,264 0,217 Mucositis treatment
antimyco .ac.:t.erla , anti-helmintic, antineop as.tlc an anty 0,185 0,150 Endothelial growth factor antagonist
leprosy activities (Table-7). It also showed potential as a uroki- 0,195 0,164 Angiogenesis stimulant
nase inhibitor and lysase inhibitor and demonstrated activity 0,191 0,174 Antiviral (Poxvirus)
against pancreatic cancer, mucositis and prion diseases. 0,122 0,119 Nuclease inhibitor
In silico ADMET prediction: SwissADME software was 0,197 0,194 Antineoplastic (pancreatic cancer)
employed to calculate the bioactive score values of the synthe- 0,056 0,055 BCI'?‘L inhibitor
0,078 0,077 Astringent

sized compounds, while toxicity parameters were determined
using AdmetSAR software. Various parameters including Mi
log P (partition coefficient), compound weight, heavy atoms,
hydrogen donors, hydrogen acceptors, and rotatable bonds,
were estimated. In silico ADMET, which encompasses the prop-
erties of absorption, distribution, metabolism, excretion and
toxicity, was utilized to predict the drug-likeness behaviour of
the compounds based on Lipinski’s rule of five (Table-8) [47].

Log P: In this study, the Mi Log P values for the synthe-
sized Schiff base ligand and its mixed ligand complexes were
found to be less than 5, indicating that these compounds likely
possess sufficient permeability to cross the central nervous
system. Additionally, the molecular weights of the synthesized

where Pa = Probability of active; Pi = Probability inactive

compounds were below 500, aligning with Lipinski’s rule of
five, suggesting that the compounds meet the criteria for favour-
able drug-like properties.

H-releasing and withdrawing capacity: It was observed
that the Schiff base ligand contained one hydrogen donor and
five hydrogen acceptors. However, the metal complexes exhi-
bited twelve hydrogen acceptors and no hydrogen donors. Based
on these characteristics, the compounds showed a high number
of hydrogen donors and acceptors, which likely contributed
to their flexibility and enhanced ability to interact effectively
with active sites.

TABLE-6
PERCENTAGE OF ANTIOXIDANT ACTIVITY OF THE SYNTHESIZED COMPOUNDS

Concentration Radical scavenging efficiency (%)
(ug/mL) Ligand Cu(II) Co(I) Ni(IT) Zn(II) Vitamin ¢
10 23.40 73.41 32.11 64.8 41.56 80.15
20 26.73 82.32 69.4 74.2 59.12 86.42
30 35.51 87.11 71.8 87.5 62.34 92.36
40 40.8 90.11 82.9 93.1 83.52 95.78
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TABLE-8
PREDICTION OF in silico ADMET PROPERTIES OF THE SYNTHESIZED COMPOUNDS

Physico-chemical Parameters

Toxicity parameters

Compounds i m.w. TPSA No.of H  No. of No. of Bioactivity Ca.rcinogenic .
(g/mol)  Jog P (A?) bond H bond rotatable score activity/mutagenic

acceptor donor bonds activity/irritant
Ligand C,,HgN;0,Cl 271 1.40 91.30 5 1 2 0.55 None
Cu(Il) C;6H,,NzOCL,Cu 797 1.64 186.38 12 0 8 0.55 None
Co(1I) C3H,,N;0,ClL,Co 792 1.64 186.38 12 0 8 0.55 None
Ni(II) C36H,,N3O4CLNi 792 1.64 186.38 12 0 8 0.55 None
Zn(1D) C;6H,,N;O(Cl,Zn 798 1.64 186.38 12 0 8 0.55 None

TPSA: TPSA was calculated by summing the contributions
of O, N and their attached H atoms in the synthesized comp-
ounds. This parameter was critical for assessing passive diffusion
across cell membranes, supporting the potential of these drug
candidates to cross into the central nervous system. In this study,
the Schiff base ligand showed a TPSA value of 91.30 A (below
the 140 A threshold), while the metal complexes had a TPSA
of 186.38 A, indicating that the synthesized compounds exhibit
favourable drug transport characteristics and could be suitable
for oral administration.

Rotatable bonds: According to Lipinski’s rule, an incre-
ase in the rotatable bonds enhances the molecular flexibility,
allowing better interaction with specific active centers. In this
investigation, the synthesized Schff base ligand and the mixed
ligand metal chelates were found to have five and two rotatable
bonds, respectively. The data indicated that these synthesized
compounds possess suitable properties for efficient interaction
with living cells.

Bioactivity score prediction: The bioactivity score was
assessed by evaluating activity levels as a GPCR ligand, ion
channel modulator, nuclear receptor ligand, kinase inhibitor,
protease inhibitor, and enzyme inhibitor. In this work, both
the Schif base ligand and the mixed ligand metal complexes
had a bioactivity score of 0.55. Based on Lipinski’s rule, comp-
ounds with bioactivity scores exceeding 0 demonstrate strong
potential for drug-like characteristics and the results presented
here are consistent with this standard.

Toxicity assessment: Mutagenic and carcinogenic activities
were analyzed using AdmetSAR software. Toxicity assessment
is a key factor in developing novel therapeutic drugs. Based
on theoretical results, the synthesized compounds present no
toxicity risk.

Conclusion

An novel heterocyclic Schiff base and its mixed ligand
metal complexes with enhanced pharmacological properties
were synthesized and characterized through various spectral
investigations, which revealed that the synthesized complexes
had an octahedral structure. Ultraviolet spectroscopy and visco-
sity measurements conducted during intercalation confirmed
the mode of interaction with DNA. Moreover, the DNA cleavage
experiment revealed the efficacy of the compounds in cleaving
nucleotides. The screening investigation against bacteria indica-
ted that the mixed ligand metal complexes were more effective
anti-pathogenic agents than the Schiff base ligand. The presence
of a heterocyclic ligand was found to be essential for enhancing

the anticancer potential and radical scavenging ability of the
synthesized compounds. In silico ADMET studies demonstrated
the higher biological potential of both the Schiff base ligand
and the mixed ligands metal complexes. The substance activity
spectrum prediction (PASS) for the synthetic ligand provided
evidence of the compound’s drug-like properties. The biological
investigations indicated that while all the compounds exhibited
biological effects, the Cu(II) complex was more potent than
the others.
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