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ABSTRACT: [Cu(C15H9O4)(C12H8N2)O2C2H3]·3H2O (1) and
[Zn(C15H9O4)(C12H8N2)]O2C2H3 (2) have been synthesized and
characterized by ultraviolet−visible (UV−vis) spectroscopy, Four-
ier transform infrared (FTIR) spectroscopy, mass spectrometry,
thermogravimetric analysis/differential thermal analysis (TGA/
DTA), X-ray diffraction (XRD), scanning electron microscopy−
energy-dispersive X-ray spectroscopy (SEM-EDX), and molar
conductance, and supported by density functional theory (DFT)
and time-dependent DFT (TD-DFT) calculations. Square
pyramidal and tetrahedral geometries are proposed for Cu(II)
and Zn(II) complexes, respectively, and the XRD patterns showed
the polycrystalline nature of the complexes. Furthermore, in vitro
cytotoxic activity of the complexes was evaluated against the
human breast cancer cell line (MCF-7). A Cu(II) centered complex with an IC50 value of 4.09 μM was more effective than the
Zn(II) centered complex and positive control, cisplatin, which displayed IC50 values of 75.78 and 18.62 μM, respectively. In
addition, the newly synthesized complexes experienced the innate antioxidant nature of the metal centers for scavenging the DPPH
free radical (up to 81% at 400 ppm). The biological significance of the metal complexes was inferred from the highest occupied
molecular orbital−lowest unoccupied molecular orbital (HOMO−LUMO) energy band gap, which was found to be 2.784 and 3.333
eV, respectively for 1 and 2, compared to the ligands, 1,10-phenathroline (4.755 eV) and chrysin (4.403 eV). Moreover, the
molecular docking simulations against estrogen receptor alpha (ERα; PDB: 5GS4) were strongly associated with the in vitro
biological activity results (EB and Ki are −8.35 kcal/mol and 0.76 μM for 1, −7.52 kcal/mol and 3.07 μM for 2, and −6.32 kcal/mol
and 23.42 μM for cisplatin). However, more research on in vivo cytotoxicity is suggested to confirm the promising cytotoxicity
results.

■ INTRODUCTION
The synthesis and use of transition metal complexes for
medical- and health-related applications have gained momen-
tum in recent years.1 Transition metal complexes offer a rich
platform for being used as therapeutic agents2 ranging from
antimicrobial and anti-inflammatory to anti-proliferative and
enzyme inhibitory activities.3 Their unique electronic and
stereochemical properties, molecular geometries, ligand
exchange, redox, catalytic, and photophysical reactions are
among the major reasons for the convergence of attention
toward the compounds’ both therapeutic and diagnostic
roles.1,4 These unique properties give them the potential to
interact and react with biomolecules in unique ways and by
distinct mechanisms of action.4,5 Copper(II) and zinc(II) are
endogenous metal ions with high antimicrobial and antioxidant
activities which are promising features to be used as

metallodrugs.6 On the other hand, research reports indicate
that the nature of the organic ligand of these metal complexes
is likely responsible for their pharmacological activity.7 The
important clinical role of metal coordination compounds of
biologically active ligands has seen a lot of progress in their
biological applications in recent years.8

Flavonoids are a large class of biologically active polyphenols
with important biological properties. These include antidia-
betic,9 antibacterial,10,11 anti-inflammatory,12 cardioprotec-
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tive,13 anticancer,14 antiaging,15 neuroprotective/antioxi-
dant,11,14,16 antiproliferative11,17 and antiestrogenic18 proper-
ties. In this regard, flavonoid-based metal complexes with
higher antioxidant, anti-inflammatory, and tumor cell cytotox-
icity activities of naringin−Cu(II) complex, [Cu(Naringin)-
(CH3OH)2]+, have been reported.19 Cytotoxicity and DNA
binding studies of copper(II) and zinc(II) complexes of
flavonoids (Quercitrin, Myricitrin, and Rutin) were reported to
exhibit an intercalative mode of DNA binding, nuclease, and
DNAse activity with the metal complexes.20 Similarly, higher
antioxidant activity/free radical scavenging activity of Zn(II)-
Butien (66%) than that of Butien (19%) alone has been
reported,6 indicating that metal complexes have greater
biological activity than ligands alone. In our previous study,21

16 biologically active flavonoids were screened for their drug-
likeness, percent intestinal absorption, pharmacokinetics, and
toxicity profiles. Among the studied flavonoids, chrysin was
selected for its druglike molecular nature and less toxicity
profiles. Chrysin (5,7-dihydroxyflavone) is among the bio-
logically active bidentate flavonoid family ligands. Its
homoleptic metal complexes were reported together with
their anticancer,22 inhibiting xanthine oxidase,23 antioxi-
dant,24,25 cytotoxic,26 and antibacterial activities. However,
heteroleptic Cu(II) and Zn(II) complexes of chrysin and 1,10-
phenathroline ligands as antibacterial and anticancer agents
have never been reported.

In our previous work, we reported the synthesis,
antibacterial, and cytotoxicity profile of Cu(II) complexes
using 1,10-phenathroline and the drugs metformin and
ciprofloxacin,27 in which we achieved a promising cytotoxicity
profile of Cu(II)-mixed drug complexes against MCF-7 cell
lines. Inspired by the previous findings, we designed two other
new complexes of Cu(II) and Zn(II) using 1,10-phenathroline
and a biologically active ligand chrysin (Figure 1).

The design of the research comprising the ligand screening,
synthesis, characterization, and biological activity of the
resulting metal complexes is presented in Figure 2.

■ EXPERIMENTAL SECTION

■ MATERIALS AND METHODS
Chrysin, ascorbic acid, and 2,2-diphenyl-1-picrylhydrazyl
(DPPH) were purchased from Sigma Aldrich (Burlington,
MA, USA) after in silico screening of bidentate biologically
active flavonoids, while 1,10-phentahroline was purchased
from BDH chemical Ltd. (England). Cu(O2C2H3)2·H2O,
Zn(O2C2H3)2·2H2O, dimethyl sulfoxide (DMSO), and
dimethylformamide (DMF) were purchased from Loba

Chemie Pvt. Ltd. (India). Triethylamine (TEA), NaHCO3,
Mueller Hinton agar, methanol (MeOH), and diethyl ether
were purchased from Alpha Chemika (India). All chemicals
and reagents were of high purity and were used as received.

Thin layer chromatography (MERCK Silica gel 60 F254)
together with UV Cabinet (UV−vis lamp at 254 and 365 nm)
was used to monitor the progress of the chemical reactions.
The melting points of the complexes were determined using
the digital melting point (Hanchen digital auto melting point
apparatus: model 934). UV−vis spectral data collected on an
SM-1600 spectrophotometer from 200−800 nm were used to
study the type of electronic shifts of the ligands before and
after complexation. Molar conductance of the synthesized
metal complexes was recorded at room temperature in DMSO
having 1.0 × 10−3 M concentration using an electrical
conductometer (AD8000). The vibrational frequencies of the
ligands and corresponding metal complexes were recorded
using FTIR (Perkin-Elmer BX spectrometer, Shimadzu
Corporation, Japan) from 4000 to 400 cm−1 in a KBr pellet.
The thermogravimetric/differential thermal analyses (TGA/
DTA, DTG-60H SHIMADZU thermal analyzer) were used to
record the thermal behavior of the reported complexes from
25−800 °C with a heating rate of 10 °C/min under a nitrogen
atmosphere (20 mL/min). A high-resolution mass spectrom-
eter (Waters-LCT-Premier mass spectrometer) using 2 ng/μL
of sample concentration with a capillary voltage of 2500 V, at a
desolvation temperature of 250 °C using nitrogen gas at 250
L/h, Bruker APEX II CCD area detector diffractometer, with
graphite monochromated Mo K3 radiation (50 kV, 30 mA)
and temperature of measurement at 173(2) K coupled with
APEX 2 data collection software was used to obtain the
spectra.27 Scanning electron microscopy−energy-dispersive X-
ray spectroscopy (SEM−EDX) measurements were performed
with a Joel JSM-6500F instrument (Joel, Tokyo, Japan). X-ray
diffraction (XRD-7000, Shimadzu Co., Japan) was used to
determine the nature of the synthesized metal complexes. The
diffraction was recorded with 2θ = 10 to 80 using CuKα (λ =
1.5406 Å) radiation operated at 40 kV and 30 mA, whereas the
average crystalline sizes of the complexes were calculated
according to the Debye−Scherrer equation.28 The interplanar
spacing (d), Miller indices (hkl), and lattice parameters (a, b, c,
α, β and γ) were estimated using QUALX2.0.29

Synthesis. Synthesis of Cu(II) and Zn(II) Mixed Ligand
Complexes. Heteroleptic metal complexes 1 and 2 employing
chrysin with a co-ligand 1,10-phenathroline were synthesized
using previously reported procedure23 with minor modifica-
tions. For Cu(II) mixed ligand complex 1, 1 mmol of chrysin
(0.254 g) was added to a mixture of 20 mL of methanol−
ethanol solution (1:3) in the presence of a deprotonating
agent, 1 mmol NaOH, and stirred for 20 min, resulting in a
clear yellow solution to which 1 mmol of Cu(O2C2H3)2·H2O
(0.199 g) was added slowly. The resulting blue−green solution
was stirred for 20 min; then, 1 mmol of methanolic solution of
1,10-phenanthroline (0.198 g) was added slowly followed by
140 μL (1 mmol) of triethylamine. Then, the resulting green−
brown solution was refluxed at 60 °C for 6 h as the progress of
the reaction was monitored with TLC. Finally, diethyl ether
was added to the obtained green−brown solution, which was
then stored in a refrigerator at 4 °C for two weeks. Green−
brown powders were collected from the filtrate after two
weeks. The same procedure was employed for the synthesis of
Zn(II) mixed ligand complex 2 using 1 mmol of Zn-
(O2C2H3)2·2H2O (0.219 g) and 8 h of reflux to obtain a

Figure 1. Structure and potential chelation sites of the ligands: (a)
1,10-phenanthroline and (b) chrysin.
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light-yellow powder. The proposed structures of the reported
metal complexes and their schematic representations are
presented in Scheme 1.
In Vitro Cytotoxicity Assay. In vitro cytotoxic activities of

the synthesized metal complexes were tested on the human
breast cancer cell line (MCF-7). The MCF-7 cell line was a
generous gift from Associate Professor Claire Perks (University
of Bristol, United Kingdom) and was originally obtained from
the European Collection of Authenticated Cell (ECACC)
(Porton Down, Wiltshire, UK). Detailed cell culture
conditions and procedures for the cytotoxicity assay were
reported in our previous work.27

Antibacterial Activity. The in vitro antibacterial activities
of the metal complexes were evaluated against the Gram-
positive bacteria (Escherichia coli (ATCC25922) and Pseudo-
monas aeruginosa (ATCC27853)) and gram-negative bacteria
(Staphylococcus aureus (ATCC25923) and Streptococcus
pyogenes (ATCC19615)) by using the disk diffusion method
in Mueller Hinton-Agar (MHA) medium. Ciprofloxacin was
used as a positive control.30 Known concentrations (500 and
1000 μM) of the metal complexes were prepared in DMSO.
Ciprofloxacin (500 μM) in DMSO was used as a positive
control, whereas DMSO was used as a negative control and no
activity was found. The obtained results were presented in
triplicates as a mean ± SD.27

Figure 2. Diagrammatic representations of the research design.

Scheme 1. Schematic Representations of 1,10-Phenathroline−Chrysin Mixed Ligand Metal Complexes
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Antioxidant Activity Evaluation Using DPPH Radical
Scavenging Activity. The capability of the synthesized metal
complexes (1 and 2) as free radical scavengers was evaluated
by conducting DPPH radicals and comparing the results with
ascorbic acid as a standard antioxidant available. As previously
described,27 the solution of DPPH in methanol (400 ppm) was
prepared and 1.0 mL of this solution was added to 3 mL of
each of the test compounds. Different concentrations (25−400
ppm) of the test compounds (chrysin, 1, and 2) and the
control, ascorbic acid, were prepared. The reaction mixture was
vortexed for 10 s and allowed to stand at room temperature for
30 min in a dark. The associated fade in the color of DPPH
was observed and the absorbance of the resulting mixture was
recorded at 517 nm.31 The percentage of DPPH radical
scavenging activity was calculated using equation 1.

= ×A A
A

%DPPH radical scavenging activity 100%c s

c
(1)

where Ac is the absorbance of the control and As is the
absorbance of a test sample.
Computational Details. Geometry optimizations of the

structures were performed using density functional theory
(DFT) employing the B3LYP32 hybrid functional together
with the 6−311++G(d, p) basis set33 for atoms of the ligand
(H, C, N, O, and Cl), whereas the Los Alamos National
Laboratory 2-double-zeta (LanL2DZ) pseudopotential was
employed for the metal atoms (Cu and Zn)34 to account for
relativistic effects. The nonbonding interactions during the
calculations were considered using Grimme’s dispersion
correction35 because good computational and experimental
agreements were obtained for this combination of methods as
we previously reported.21,36 The time-dependent DFT (TD-
DFT) and vibrational frequency calculations were performed
at the same level of theory. The optimized geometries were
confirmed to be a real minimum without the negative
imaginary vibrational frequencies. Quantum chemical descrip-
tors and band gap energies of the synthesized metal complexes
were calculated from Frontier Molecular Orbitals (FMOs).
Chemcraft (version 1.8) was employed to visualize the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) and calculate the
band gap energy. The Eigen values of the FMOs were used to
calculate the quantum chemical descriptors: electronegativity
(χ = −1/2(EHOMO + ELUMO)), electrochemical potential (μ =
1/2(EHOMO + ELUMO) = −χ), global chemical hardness (η = 1/
2(ELUMO − EHOMO)), global softness (σ = 1/2η), global
electrophilic index (ω = μ2/2η), and nucleophilic index (Nu =
1/ω). These quantum chemical descriptors were used to relate
the structures with the experimentally obtained biological
activities of the complexes as reported in previous stud-
ies.27,37,38

Molecular Docking Studies. In order to predict the
interaction of the synthesized compounds (1 and 2) with the
binding sites of estrogen receptor alpha (ERα; PDB:5GS4)39

and dihydrofolate reductase (PDB:2w9h) (DHR) which are
proteins of MCF-7 and S. aureus, respectively, a molecular

docking study was performed. Prior to the molecular docking
study, the geometries of the metal complexes were optimized
using the B3LYP-GD3/6−311++G(d,p)/LanL2DZ method
and converted to PDB files using GaussView. The molecular
docking study was performed using the AutoDock 4.2.640

following the same protocols as previously reported in our
studies.21,27,41 Briefly, the PDB files for ERα and DHR were
downloaded from the respective Protein Data Bank. To
remove the co-crystallized substrate and water molecules,
MGL 1.5.6 software was used. Polar hydrogens were added
together with the Kollman charges. Nonpolar hydrogen atoms
were merged and Gasteiger partial atomic charges were
assigned to the molecules. Standard docking parameters for
all the light and metal atoms were used. The grid box was
constructed using 120, 120, and 120 pointing in the x, y, and z
dimensions, respectively, with a grid point spacing of 0.375 Å.
The center grid box was set at −12.055, −10.491, and 5.964 Å
for the x, y, and z centers, respectively. The Lamarckian genetic
algorithm (LGA) program42 with an adaptive whole method
search in the AutoDock was selected and set at 100, which
generated 100 different conformations for each of the
molecules.43 The conformers with the lowest binding free
energies were used for the visualization of the interactions
between the active amino acids and the molecules using the
Discovery Studio software. The molecular docking results were
compared with the positive controls cisplatin and ciproflox-
acin.27

■ RESULTS AND DISCUSSION
Characterization of Heteroleptic Cu(II) and Zn(II)

complexes. Physicochemical Properties. The synthesized
metal complexes (1 and 2) were subjected to the solubility test
using solvents of different polarities. It was observed that
complexes 1 and 2 were soluble in DMF and DMSO,
respectively. The percentage yields, melting points, color, and
state of the synthesized metal complexes are presented in
Table 1.

Molar conductance analysis was conducted to ascertain the
electrolytic and nonelectrolytic nature of the synthesized metal
complexes. The low value of the molar conductance of
compound 1 (27.56 Ω−1 cm2 mol−1) suggested its non-
electrolytic nature, while the relatively higher value of the
molar conductance of compound 2 (51.80 Ω−1 cm2 mol−1)
suggested its electrolytic nature44 (Table 1). By combining the
molar conductance data with other spectroscopic and
spectrometric techniques (vide inf ra), the geometries were
predicted to be square pyramidal for complex 1 ([Cu-
(C12H8N2)(C15H9O4)(C2H3O2)]·3H2O) and tetrahedral for
complex 2 ([Zn(C12H8N2)(C15H9O4)]C2H3O2).
FTIR Analysis. The IR spectrum (experimental/B3LYP

calculated) of chrysin showed broad bands at 3430/3698,
1640/1608, and 2930/3123 cm−1 due to ν−OH, ν−C�O, and
ν−C−H, respectively (Figure 3). The large vibrational frequency
difference for the −OH group between the experimental and
B3LYP calculated could be attributed to the presence of
intermolecular hydrogen bonding in the experimental measure-
ment.45 The reduction in the ν‑OH intensity of chrysin from

Table 1. Physicochemical Properties of the Synthesized Metal complexes

compound color state mass (% yield) m.p (°C) conductivity (Ω−1 cm2 mol−1, 25 °C)

1 green−brown powder 0.303 g (49.672) 205 27.56
2 light-yellow powder 0.113 g (20.324) 218 51.80
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52% transmittance to 94 and 95% for complexes 1 and 2,
respectively, confirms the coordination of chrysin to the metal
centers in a monoprotonated fashion. Moreover, the vibra-
tional frequency of ν−C�O shifts to a higher frequency of 1648
and 1656 cm−1 for 1 and 2, respectively, suggesting that the
metals bind chrysin via the oxygen atom of the carbonyl group
of the flavonoid ring which is consistent with previously
reported studies.24 Furthermore, from the IR spectrum, the
stretching vibrational bands of the 1,10-phenanthroline
monohydrate ligand for ν−C�C (1622/1592 cm−1) and
ν−C�N (1586/1550 cm−1) functional groups were shifted to
lower frequencies (1606/1608 cm−1) and (1555/1512 cm−1)
for 1 and 1614/1611 cm−1 and (1546/1528 cm−1) for 2 with a
decrease in intensity. The stretching vibrational bands for
ν−O−H (3430 cm−1) associated with the water of crystallization
of 1,10-phenathroline are diminished following the metal−
ligand coordination (Figure 3). The decrease in their intensity
indicates the formation of a rigid and symmetric structure in
the metal center.46 Besides the observed vibration frequency
shifts, the formation of metal−ligand bonds was confirmed by
the appearance of new vibrational bands (experimental/
calculated) at 687/734 and 645/586 cm−1 for 1 and 678/
724 and 645/565 cm−1 for 2 which are associated with the
formation of M−O and M−N bonds, respectively.
UV−vis/TD-DFT Analysis. The UV−visible spectrum of

the ligands chrysin and 1,10-phenathroline was recorded in
DMSO. The experimental and TD-DFT calculated results are
shown in Figure 4. The absorption peaks (experimental/TD-
DFT) at 267/261 and 320/325 nm, due to π → π* transitions
of the benzoyl system and the cinnamoyl system, respectively,
were reported for chrysin. For 1,10-phenathroline free ligands

(experimental/TD-DFT), the absorption peaks at 228/226
and 263/258 nm due to n → π* (C�N) and π → π* (C�C)
transitions, respectively, were reported.27

A bathochromic shift was observed for 1,10-phenathroline
and chrysin at 276 and 272 nm for complexes 1 and 2,
respectively. The broad peak at 320/325 nm for chrysin was
found to diminish. This might be due to the extension of the
conjugated system with metal complexation. A new stronger
absorption peak that appeared at 396 nm (25,252 cm−1) for 1
(Figure 5) resulted from the formation of complexes between
chrysin, 1,10-phenanthroline, and Cu(II) metal ion centers.47

The coordination of Cu(II) with chrysin in complex 1
caused a red shift of 9 and 76 nm, for the benzoyl and
cinnamoyl part, respectively. This indicates that chelation
brought enhanced conjugation to the cinnamoyl system of
chrysin than to the benzoyl system. Thus, we reasonably
concluded that the coordination of chrysin was via its carbonyl
oxygen.48 There was little red shift (6 and 2 nm) in complex 2,
which could be due to the predominant electron transfer raised
from interligands, absence of d → d transition, and higher band
gap energy in the Zn(II) complex as a result of d10 electron
configuration.49 Moreover, the absence of a peak above 400
nm for complex 2 could be due to nonexiting ligand-to-metal
charge transfer bands in Zn(II) metal-centered complexes
(Figure 6). However, the resulting changes in the electronic

Figure 3. Experimental (a) and calculated (b) FTIR spectra of the
ligands (1,10-phen, Cry) and their metal complexes (1 and 2).

Figure 4. UV−vis and TD-DFT calculated absorption spectrum of
the ligands (chrysin and 1,10-phenanthroline).
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structure of the ligands upon complexation of the Zn(II) metal
center are confirmed by the observed spectral pattern of
complex 2.
Mass Spectrometric Analysis. The mass spectra of the

complexes were obtained, and it was observed that m/z values
are in good agreement with their molecular formula mass, as
presented in Figures S1, S2 of the Supporting Information. The
mass spectra of complex 1 showed the molecular ion peak at
m/z = 612.959 (found 609.090) attributed to the complex
cation [C29H27CuN2O9]+. A peak at m/z = 572.266 (found

573.040) was attributed to the coordination sphere, acetate
ion, and a water molecule (M+ + H2O + C2H3O2)
[C29H22CuN2O7], while a peak at m/z = 496.048 (found
496.050) corresponded to the chemical species in the
coordination sphere (M = [C27H17CuN2O4]+. The fragments
for the coordinating ligands chrysin and 1,10-phenathroline in
complex 1 were found to appear as peaks at 255.065 and
181.076, respectively. Complex 2 showed a molecular ion peak
at m/z = 497.046 (found 497.050) corresponding to a Zn-
centered coordination sphere cation [C27H17N2O4Zn]+. Frag-
ments associated with the coordinating ligands were observed
as in complex 1. The absence of a coordinating acetate ion in
complex 2 could be due to its loss as a result of the operating
cone voltage.50

Powder XRD Analysis. The powder X-ray diffraction
(PXRD) spectra of 1 and 2 complexes were obtained for
structural characterization. The XRD patterns of 1 and 2 mixed
ligand complexes show diffraction peaks which indicate the
polycrystalline phases of the synthesized complexes, as shown
in Figure 7. The XRD pattern of the powders shows many
diffraction peaks with different intensities in the range 2θ = 5−
30°, indicating the polycrystalline phases (Figure 7).

The crystal system of Cu(II) mixed ligand complex (1) was
found to be orthorhombic (α = β = γ = 90°) with spacing
group P21 and lattice parameters 14.574, 17.358, and 20.413 Å
for a, b, and c, respectively. Complex 2 was found to be an
orthorhombic crystal system with spacing group Pnma and
lattice parameters 22.361, 10.350, and 7.826 Å for a, b, and c,
respectively. Moreover, the average crystalline size of the
complexes was calculated according to the Debye−Scherrer
equation.28 It was found that the average crystallite sizes of the
complexes were 19.766 and 18.050 nm for 1 and 2,
respectively. The percent crystalline index of the complexes
was calculated using eq 2.

=
+

×A
A A

Crystalline Index (CI) 100%c

c a (2)

where Ac is the area of crystalline and Aa is the area of the of
amorphous part of the materials.

Accordingly, the synthesized mixed ligand complexes were
found to show 27.208 and 40.914% crystallinity for 1 and 2,
respectively. Then, the number of dislocation lines per unit
area of the crystal and the dislocation density (δ∗) of the
complexes were calculated from its relation to the average
crystallite size (D) of the complexes51,52 using eq 3.

Figure 5. UV−vis (black) and TD-DFT (red) absorption spectra of
complex 1.

Figure 6. UV−vis (black) and TD-DFT (red) absorption spectra of
complex 2.

Figure 7. PXRD patterns for Cu(II)(1) and Zn(II) (2) mixed ligand complexes.
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* =
D

Dislocation density ( )
1

2 (3)

The calculated dislocation density values were found to be
2.559 × 10−3 and 3.069 × 10−3 nm−2 for complexes 55 and 56,
respectively, confirming a crystalline material with a relatively
less dislocation density and less irregularity within the
structure. Previous research work by El-Sonbati and coworkers
reported dislocation density values ranging from 3.00 × 10−4−
2.10 × 10−3 nm−2 for Cu(II), Ni(II), Mn(II), and UO2(II)
mixed ligand polycrystalline complexes.52

Thermogravimetric Analysis. Thermal stability of the
synthesized complexes (1 and 2) was identified based on
thermogravimetric analysis having a temperature range from 25
to 800 °C (Figure 8). Complex 1 thermally decomposed into

three main degradation steps. The first step suggested the loss
of three lattice water molecules in the temperature range of
100−211 °C (DTGmax = 162 °C) having a weight loss of
8.81% (cald. 8.84%). The second step took place at the
temperature range of 215−484 °C (DTGmax = 403 °C), which
suggested the removal of the C12H8N2 organic moiety having a
weight loss of 29.47% (calcd. 29.49%). In the last step, the
weight loss of 43.53% (calcd. 43.87%) at a temperature range
490−752 °C suggested the loss of the CHO2 + C15H11O2
organic moieties, leaving behind the residue of copper oxide as
an end product (Table 2 and Figure 8).53 Similar
decomposition behavior was also observed for complex 2,
which also degraded in three decomposition steps and finally
left with zinc oxide as the final product (Table 2).
SEM−EDX Analysis. The elemental composition of the

reported complexes was obtained from EDX analysis (Figure
9). The SEM picture of the synthesized complexes shows
agglomerated particles and the presence of nonuniform-sized
small grains. The EDX spectrum of 1 showed characteristic
signals associated with carbon, nitrogen, oxygen, and copper,

confirming the formation of a CHCuNO, whereas the EDX
spectrum of complex 2 was found to show characteristic signals
associated with carbon, nitrogen, oxygen, and zinc, confirming
the formation of a CHZnNO-type complex compound.27

Biological Studies. In Vitro Cytotoxicity Assay. Cell
viability was evaluated on the MCF-7 cell line using the MTT
assay with six variable concentrations of test compounds in
triplicate, as depicted in Figure 10. For comparison, cisplatin
was used as a positive control. At 3.125 μM concentration, the
viability of MCF-7 cells was reduced to 67.36% by complex 1
compared to complex 2 (95.41%) and cisplatin (89.17%),
demonstrating high cytotoxicity of complex 1 to the MCF-7
cells even at the lowest concentration.

The cytotoxicity of the synthesized complexes and the
positive control strongly depend on concentration. Complex 1
(IC50 = 4.09 μM) displayed relatively a higher cytotoxicity than
the positive control, cisplatin (IC50 = 18.62 μM), and complex
2 (IC50 = 75.78 μM), indicating that Cu(II) complexes of 1,10-
phentharoline display promising cytotoxicity potentials against
the MCF-7 cell line. The IC50 values of the synthesized
complexes are comparable to those reported previously for
mixed ligand copper(II) complexes named Casiopeina (IC50
values ranging from 2.2 to 103.7 μM) against the same cell
line.54,55 It has been reported that lower percentage cell
viability is associated with higher cytotoxic potential of the test
compound and that a test compound is considered cytotoxic if
it reduces cell viability to less than 70%.56 Hence, both the
reported compounds (1 and 2) were cytotoxic at 25 μM with
IC50 values in the range reported in previous studies.27,54 In
our previous work, a Cu(II) complex that shows cytotoxicity at
12.5 μM (cell viability = 15.19%) with IC50 value 4.29 μM was
reported. Complex 1 was designed to contain a natural
flavonoid chrysin and 1,10-phenathroline and demonstrated an
improved cytotoxicity starting from 3.125 μM at which the cell
viability decreased to 67.36%. This infers the potency of
Cu(II) complexes as future cytotoxic agents. The change in the
metal center of the two complexes, a Cu(II) centered (1) and
Zn(II) centered (2), and the variations in the geometry of the
complexes bring a considerable difference in the cytotoxicity of
the complexes. Hence, complex 1 was found to demonstrate
approximately 19-fold bioactivity over complex 2, mainly due
to differences in the geometry and metal center of the
complexes.

Microscopic images provided in Figure 11a−d show the cell
morphology of untreated MCF-7 cells and those treated with
50 μM of 1, 2, and cisplatin for 24 h. MCF-7 cells are
characterized by their epithelial morphology with irregular and

Figure 8. Graphical presentation of the TGA/DTA of complexes 1
(top) and 2 (bottom).

Table 2. Temperature Range Values for Decomposition and
Corresponding Weight Loss Values

cpds
decomposition

temp. (°C)

mass loss (%)

interpretationobsd calcd.

1 100−211 8.81 8.84 loss due to three lattice water
molecules

215−484 29.47 29.49 release of the C12H8N2 organic
moiety

490−752 43.53 43.87 release of the CHO2 +
C15H11O2 organic moieties

2 100−428 3.40 3.41 loss due to the hydroxyl group
429−560 10.64 10.77 loss due to C3H3O groups

organic moiety
565−788 51.94 52.23 loss due to C3H4N2 + C15H9O4

organic moieties
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polygonal cells,57 as observed in untreated MCF-7 cells (Figure
11a). However, after treatment with 50 μM of 1, 2, and
cisplatin for 24 h, the cells displayed altered morphology and
reduced cell density. This observation was more evident for
complex 1. Generally, the obtained microscopic and percent
cell viability results demonstrated that the reported metal
complexes are cytotoxic as reported for other metal
complexes.27,55,57

Antibacterial Activity. The synthesized mixed ligand
metal complexes (1 and 2) were tested against four bacterial
strains (Gram-negative: E. coli and P. aeruginosa, and Gram-
positive: S. aureus and S. pyogenes). The complexes were found
to show potent antibacterial activity against both types of
bacterial strains. The obtained results are presented in Figure
12 and Table S4. Among the mixed ligand complexes, a Cu(II)

complex, 1 showed strong antibacterial activity at both 500 and
1000 μM concentrations against all bacterial strains, followed
by 2. Detailed antibacterial activity results demonstrated that
complex 1 showed a preference for Gram-positive bacterial
strains, S. aureus and S. pyogenes at both concentrations. The
minimum inhibition zones (MIZ) are found to be 11.000 ±
0.236 and 11.333 ± 0.577 mm for 1 against S. pyogenes and S.
aureus at 500 μM. On the other hand, complex 2 was found to
show preferences against E. coli and S. pyogenes, and E. coli and
S. aureus, respectively, at 500 and 1000 μM concentrations.

The percent activity indexes (%AI) of the synthesized
complexes were calculated to correlate with the observed MIZ
values.58 The percent activity indexes of complex 1 against E.
coli, P. aeruginosa, S. aureus, and S. pyogenes were found to be
42.3, 46.3, 44.6, and 49.3%, respectively. Those of complex 2
were found to be 40.3, 38.1, 37.8, and 39.9%, respectively, for
E. coli, P. aeruginosa, S. aureus, and S. pyogenes. The results
demonstrate that complex 1 has better antibacterial activity
than complex 2. The higher antibacterial activity of complex 1
may be due to the smaller band gap energy (2.784 eV) than
complex 2 (3.333 eV).
Antioxidant Activity. The antioxidant activities of chrysin

and its heteroleptic complexes (1 and 2) were compared with
the standard antioxidant, ascorbic acid. The results are
presented in Figure 13. The percent free radical scavenging
activities demonstrated that the synthesized heteroleptic
complexes have higher antioxidant activities than the free
ligand chrysin, indicating that the synthesized metal complexes
have better biological activities than the free ligand. The free
radical scavenging activities follow the order AA > 2 > 1 >
chrysin. The slightly higher antioxidant activity of complex 2
might be associated with the higher energy of the HOMO
(EHOMO = −6.036 eV) of the complex compared to that of
complex 1 (EHOMO = −5.966 eV). The enhanced antioxidant
activities of the metal complexes than the free ligand are in line

Figure 9. EDX (Left) and SEM (right) images of complexes 1 (top) and 2 (bottom).

Figure 10. Cell viability of the MCF-7 cell line at different
concentrations with respect to control cells.
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with the previously reported studies.24,25,48 The antioxidant
activities of our compounds exhibit the distinct characteristics
of Zn and Cu-metal centers as radical scavengers.
Quantum Chemical Descriptors. The quantum chemical

descriptors of the free ligands and the corresponding metal
complexes are presented in Figure 14 and Table S2, whereas
the wave function distributions are shown in Figures 15 and
S3. In our previous study, we reported that the band gap
energy (Eg) has a strong correlation with various biological
activities: antibacterial, antioxidant, and cytotoxicity.27,49,58

Moreover, band gap energy has been used as an important
stability descriptor. A compound with large band gap energy is

suggested to be stable and hard, whereas that with small band
gap energy is less stable, giving the compound softness and
enhanced biological importance.38 In this work, the band gap
energy of the ligands and the synthesized metal complexes
were found to be 4.755, 4.403, 2.784, and 3.333 eV,
respectively, for 1,10-phenanthroline, chrysin, 1, and 2. The
decrease in the band gap energy of the complexes is correlated
with the enhanced experimental antioxidant activities of the
complexes than the free ligand chrysin (vide supra). The band
gap energies of the metal complexes were found to be less than
that of the ligands, inferring that the synthesized metal
complexes are softer than the ligands (Figure 14 and Table
S2). The observed decrease in the band gap energy of the
metal complexes could be due to the presence of ligand-to-
metal charge transfer (LMCT). According to the hard and soft
acids and bases (HSAB) principle, soft acids prefer binding to

Figure 11. Photomicrographs of the cellular morphology of (a) untreated MCF-7 and the changes induced by complex 1 (b), cisplatin (c), and 2
(d) at 50 μM.

Figure 12. Antibacterial activity of 1,10-phenathroline and chrysin
mixed ligand complexes (1 and 2).

Figure 13. Antioxidant activity of the synthesized metal complexes (1
and 2) against DPPH radicals.
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soft bases to give covalent complexes, whereas hard acids
prefer binding to hard bases to give ionic complexes.38,59 The
formation of a covalently bonded adduct through soft-soft
molecular interaction preference to soft biological systems can
weaken the functions of soft biological molecules: enzymes,
DNA, cytoskeletal proteins, and other macromolecules, leading
to malfunctioning cell processes and cytotoxicity.59 Hence, the
biological activity of a compound increases with increasing
softness and decreasing hardness. In this study, the order of
chemical hardness (η) was found to be 1,10-phen > chrysin >
2 > 1, suggesting that complex 2 is more stable than 1.

Chemical potential (μ) measures the tendency of an
electron to escape from equilibrium, and it is directly
proportional to the Gibbs free energy.59 Also, it represents
the ability of an electrophilic or nucleophilic species to
undergo chemical change.60 The chemical reactivity of a
species increases with decrease in chemical potential. Thus, the
chemical reactivity ranking of the synthesized complexes was
found to be 1 > 2, with 0.525 eV difference between 1 and 2.
Other important parameters computed for the ligands and the
synthesized metal complexes were electrophilicity and
nucleophilicity indexes. The electrophilicity index is associated
with the ability of electron acceptance, whereas the
nucleophilicity index is associated with electron-donating

ability.38 Quantitative information about the transition state
energies involved in toxicant-protein adduct formation can be
obtained from electrophilicity calculation. Thus, values for the
electrophilicity index (ω) agree with the rate constant of the
adduct formation and are directly related to toxicant
strength.60 The electrophilicity and nucleophilicity of the
synthesized metal complexes were found to be 7.517 and 0.133
eV, and 5.729 and 0.175 eV, respectively, for 1 and 2. This
gives a chemical reactivity rank of 1 > 2 as an electrophile and
vice versa as a nucleophile, in agreement with a previous
study.38 From computed electrophile index results, it can be
inferred that complexes 1 and 2 could have better adduct
formation. The dipole moment (in Debye) is a parameter
related to the mobility of electrons. The higher the dipole
moment of the compound, the higher is the active electron for
the compound and the higher the biological activity.61 The two
complexes (1 and 2) showed large enhancement in the dipole
moment relative to the ligands (Figure 14 and Table S3).
FMO Analysis. The electronic features of molecular

structures can be calculated from FMOs: the HOMO and
LUMO.62 The B3LYP-calculated HOMO−LUMO distribu-
tion of the ligands and the corresponding metal complexes are
presented in Figures 15 and S3. It is found that the spreading
of isodensity shows the different trends in the HOMO and
LUMO of the three complexes. In complex 1, the isodensity is
concentrated mainly on the 1,10-phenanthroline ring and the
Cu-metal center, and the metal center and chrysin for the
HOMO and LUMO, respectively. This inferred the presence
of LMCT and d → d electronic transition. In complex 2, the
isodensity shows concentration on the Zn-metal center and
chrysin for the HOMO and 1,10-phenanthroline for the
LUMO, inferring the possible intraligand and metal-to-ligand
charge transfer.
Molecular Docking Analysis. Molecular Docking

against Estrogen Receptor Alpha and S. aureus. Estrogen
receptor α (ERα) is one of the major clinical biomarkers used
to subtype breast cancers. It plays an important role in the
development and progression of dependent hormonal type
breast cancer.63 The interaction of the synthesized complexes
(1 and 2) and the control cisplatin with estrogen receptor
alpha (ERα; PDB:5GS4) residual amino acids, binding affinity
(kcal/mol), and the inhibition constant (Ki) parameters are
presented in Figure 16, Table 3, and Figure S4.

The binding affinity and inhibition constant of the studied
compounds were found to be −8.35 and 0.76, −7.52 and 3.07,
and −6.32 kcal/mol and 23.42 μM, respectively, for 2, 1, and
cisplatin, demonstrating better binding affinity and the smaller
amount needed to inhibit the activity of the enzyme. Arg 394,
Glu 353, Leu 387, and Leu 391 are the most important active
site amino acids of ERα that took part in hydrogen bonding
and π-alkyl interactions.64 The molecular docking analysis
results show the involvement of 13 van der Waals and π-alkyl/
π-ion type interactions (Met 357, His 356, Ile-386, Leu 387,
Gly 390, Phe 445 and Met 357, His 356, Arg 363, Lys 449, Arg
394, Glu 323 and one hydrogen bonding with Trp 393) for 1
and fifteen interactions (Glu 387, Gly 390, Ile 386, His 356,
Glu 323, Arg 363 and Arg 394, Lys 449, Pro 406, Glu 353, Leu
403, Ala 405, Leu 349, Trp 360, Met 357) for 2. On the other
hand, cisplatin showed a total of five interactions: two
hydrogen bonding (Ser 468, Asp 374), one van der Waals
(Lys 467) and two π-alkyl/π-ion (Thr 371, Glu 471) (Table
3). The observed residual amino acid interactions showed that

Figure 14. Graphical presentations of quantum chemical descriptors.

Figure 15. Optimized geometry, HOMO−LUMO, and Eigen values
of Cu(II) (1) and Zn(II) (2) metal complexes.
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the number of interactions affects the binding affinity and Ki of
the complexes.
Molecular Docking against S. aureus, Dihydrofolate

Reductase. Complex 1 established a total of 17 interactions:
two hydrogen bonding, Ile 14, Leu 20; 11 van der Walls, Asn
18, Thr 121, Gly 15, Phe 92, Leu 5, Phe 98, Ala 7, Val 6, Val
31, His 23, Trp 22; and four π-alkyl/π-ion, Ile 50, Phe 92, Leu
20, Ser 49 with a binding affinity −7.51 kcal/mol and an
inhibition constant of 3.12 μM. In complex 2, two hydrogen
bonding, Leu 20, Gln 19; eight van der Waals, His 23, Asn 18,
Thr 46, Gly 94, Ile 14, Gly 93, Lys 52, Ser 49; and five π-alkyl/
π-ion, Leu 20, Lys 45, Ser 49, Gln 19, Ile 50 interactions with a
binding affinity of −10.75 kcal/mol and an inhibition constant
of 0.01 μM, as shown in Figure 17, Table 4, and Figure S5
were observed. The binding affinities of the metal complexes
against dihydrofolate reductase of S. aureus are in line with the in
vitro antibacterial percent activity index values of 49.3% for 1
and 39.9% for 2.

■ CONCLUSIONS
Chrysin-inspired Cu(II) and Zn(II) complexes employing
1,10-phenathroline co-ligands were synthesized and charac-
terized. DFT, TD-DFT, and molecular docking computational

tools were employed to shed more light on the electronic
structures of the synthesized metal complexes. Spectroscopic
and spectrometric techniques (UV−vis, FTIR, and MS
together with TGA/DTA and SEM−EDX) were used to
deduce the structures of the reported complexes. Powder XRD
results indicated polycrystalline natures of the complexes. The
average crystallite sizes of complexes 1 and 2 were 19.766, and
18.050 nm, respectively. On the other hand, percent
crystallinity values of 27.208 and 40.914% were found for 1
and 2, respectively. The molar conductance measurement
confirmed the electrolyte nature of complex 2 (51.80 Ω−1

mol−1 cm2) and the nonelectrolyte nature of complex 1 (27.56
Ω−1 mol−1 cm2). TGA/DTA confirmed the presence of water
of crystallization in complex 1, whereas complex 2 was
thermally stable up to 400 °C. These results are consistent with
the mass spectrometric findings. Biologically, promising
cytotoxicity as well as antibacterial and antioxidant activities
were found. The small band gap energy of complex 1 (2.784
eV) from quantum chemical studies showed an association
with the percent activity index for the in vitro antibacterial
activity of complex 1, ranging from 42.4−49.3% compared to
complex 2 (%AI 37.8 to 40.3%). Moreover, Cu(II) complex

Figure 16. Binding interactions of 2 against estrogen receptor alpha
(ERα; PDB: 5GS4).

Table 3. Molecular Docking Scores and the Corresponding Prominent Residual Amino Acid Interactions of the Complexes
against Estrogen Receptor Alpha (ERα; PDB: 5GS4)

cpds RMSD
binding

energy (kcal/mol)
inhibition

constant (Ki) H-bonding van der Waals π-alkyl/π-ion

1 0.34 −7.52 3.07 μM Trp 393 Met 357, His 356, Ile-386, Leu
387, Gly 390, Phe 445

Met 357, His 356, Arg 363, Lys 449, Arg 394, Glu
323

2 0.31 −8.35 0.76 μM Glu 387, Gly 390, Ile 386, His
356, Glu 323, Arg 363

Arg 394, Lys 449, Pro 406, Glu 353, Leu 403, Ala
405, Leu 349, Trp 360, Met 357

cisplatin 0.39 −6.32 23.42 μM Ser 468,
Asp 374

Lys 467 Thr 371, Glu 471

Figure 17. Binding interactions of complex 1 against S. aureus
(Dihydrofolate reductase) (PDB: 2w9h).
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(1) showed significant cytotoxicity against the MCF-7 cell line
with an IC50 value of 4.09 μM, much less than the standard
cisplatin (18.62 μM). The structure−activity relationship also
confirmed that complex 1 was 19-fold cytotoxic against the
MCF-7 cancer cell line than complex 2. However, further in
vivo cytotoxicity studies against the MCF-7 cell lines are
recommended.
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