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ABSTRACT: A mononuclear Cu(II) complex [Cu(HL)(o-phen)]·
H2O (1) [H3L = , o-phen =
1,10-phenanthroline] was isolated from methanol, and its X-ray single-
crystal structure was determined. Frozen glass X-band EPR of 1 in
dimethylformamide (DMF) at LNT showed a spectrum that is
characteristic of a monomeric tetragonal character with g∥ = 2.164, g⊥
= 2.087, A∥ = 19.08 mT, and A⊥ ≤ 4 mT. Electronic spectroscopic
studies using calf thymus DNA (CT-DNA) showed strong binding
affinity of 1 as reflected from its intrinsic binding constant (Kb) value
of 2.85 × 105 M−1. Competitive behavior of 1 with ethidium bromide
(EB) displayed intercalative binding of DNA (Kapp = 1.3 × 106 M−1).
The compound displayed significant oxidative cleavage of pUC19
DNA. The interaction between HSA and complex 1 was examined by
employing fluorescence and electronic absorption spectroscopic experiments. The secondary and tertiary structures of HSA were
found to be altered as suggested by three-dimensional (3D) fluorescence experiments. The affinity of 1 to bind to HSA was found to
be strong as indicated from its value of the binding constant (Ka = 2.89 × 105 M−1). Intrinsic fluorescence of the protein was found
to be reduced through a mechanism of static quenching as suggested from the kq (2.01 × 1013 M−1 s−1) value, the bimolecular
quenching constant. The Förster resonance energy transfer (FRET) process may also be accounted for such a high kq value. The r
value (2.85 nm) calculated from FRET theory suggested that the distance between complex 1 (acceptor) and HSA (donor) is quite
close. Complex 1 primarily bound to HSA in subdomain IIA as suggested by molecular docking studies. IC50 values (0.80 and 0.43
μM, respectively) obtained from the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay with HeLa and
MCF7 cells suggested remarkable in vitro anticancer activity of 1. Nuclear dual staining assays revealed that cell death occurred via
apoptosis in HeLa cells and reactive oxygen species (ROS) accumulation caused apoptosis induction. On treatment with a 5 μM
dose of 1 in HeLa cells, the cell population significantly increased in the G2/M phase, while it was decreased in G0/G1 and S phases
as compared to the control, clearly indicating G2/M phase arrest.

1. INTRODUCTION

The important features of chemistry and the biochemistry of
copper and its role in medicine are well documented in the
literature.1 In recent years, copper complexes of Schiff base as
well as other ligands1,2 capable of binding DNA and proteins
and having good cytotoxic activity toward various cancer cells
are extensively studied to explore their potential to act as
anticancer agents1−31 to find suitable substitutes for widely
used Pt-based anticancer metallodrugs32−42 for treatment of
various types of cancers because these drugs having limitations
as they frequently show toxic effects like nephrotoxicity,
ototoxicity, neurotoxicity, and development of resistance to
these drugs, either acquired or inherent. Since copper is an
essential trace metal ion in our body, copper(II) complexes

containing suitable biologically relevant organic ligands,
possessing biocompatible redox potential, and having high
DNA binding propensity are expected to show good biological
activities including reactive oxygen species (ROS) generation,
DNA cleavage, and anticancer activity. Though a majority of
these studies involved copper(II) complexes of various Schiff
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base ligands, there are many other ligands5,7,18,19,23,31 that have
been used to synthesize copper complexes to study their other
biological properties, for example, Cu(II) complexes of salicylic
acid with a superoxide dismutase mimetic property,7 a Cu(II)
complex of 2,9-bis-(2′,5′-diazahexanyl)-1,1-phenanthroline
with amoebicide activity,23 and Cu(II) complexes with mixed
heterocyclic ligands having antibacterial activity31 apart from
their anticancer activity. It is noteworthy to mention
specifically the copper(II) complexes with the homo- or
heteroleptic heterocyclic chelating ligands that have been
investigated extensively1,2 for DNA interaction and have been
found to have Kb values in the range 103−107 M−1. Their
structures were established by X-ray crystallography, and these
complexes possessed N,N-donor polypyridyl ligands like 2,2′-
bipyridine (bipy) or 1,10-phenanthroline (o-phen).2 The
complexes having ligands with extended planarity are found
to have enhanced DNA intercalation and exhibit more
cytotoxicity toward various carcinoma cells. As a result,
attention was focused on synthesizing copper complexes of
appropriate donor ligands along with heterocyclic planar N-
donor coligands that are effective in binding and cleaving DNA
and that show significant cytotoxic activity toward different
cancer cell lines.1,2,30

It is also important to study the interaction of these
complexes with serum albumin that gives an additional
advantage to use them as a potential drug as it is well
known that the plasma protein human serum albumin (HSA)
acts as an effective carrier of many drugs.43−52 Herein, we
report a Cu(II) mononuclear compound (1) of a Schiff base
possessing a heterocyclic ring as the major ligand formed in
situ via a metal-induced53 reaction with starting ligand 1,5-
bis(salicylidene)thiocarbohydrazide.54 This compound shows
strong interaction with DNA and HSA as well as effective

nuclease activity through both oxidative and hydrolytic
pathways and significant cytotoxicity toward HeLa and
MCF7 cells.
UV−vis absorption titration and competitive DNA binding

fluorescence experiments were performed to assess interaction
of 1 with CT-DNA. The DNA cleavage experiments with
pUC19 supercoiled plasmid DNA revealed that complex 1 was
not only capable of cleaving DNA through an oxidative
pathway but also capable of cleaving DNA following the
hydrolytic pathway without any external reagent. Fluorescence
quenching, synchronous, three-dimensional (3D) fluorescence
studies, FRET, and electronic absorbance spectroscopy were
utilized to investigate the interaction of complex 1 with HSA.
Cytotoxicity of complex 1 against HeLa and MCF7 cell lines
was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay. H2DCFDA staining
revealed activation of ROS by 1, while its apoptotic potential
was studied by Hoechst and AO/PI dual staining assays. Cell
cycle analysis was performed using HeLa cells.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization. When a methanol

solution of Cu(OAc)2·H2O and 1,10-phenanthroline (1 mmol
each) wa s r e a c t ed w i t h 1 , 5 -b i s ( s a l i c y l i d ene) -
thiocarbohydrazide54 (A, Scheme 1) in the presence of air,
enolization (B) followed by cyclization53 occurred in the Schiff
base, forming in situ a new Schiff base containing a
thiadiazoline ring (C, Scheme 1) that was found to coordinate
to Cu2+ ions as an O−NN− chelate53 and was stable along with
a water molecule as evident from the fact that this species was
detected in the ESI-MS experiment of the compound in
CH3CN with the major peak at m/z 391.02 (Figure S1A) that
corresponds to [Cu(HL)(H2O)]

+ or [Cu(C15H10N4O2S)-

Scheme 1. Proposed Mechanism for Rearrangement of the Schiff Base and the Structure of Compound 1 Formed in This
Reactiona

a(A) Thioketo form, (B) thiol form (syn), (B′) thiol form (anti), and (C) rearranged form of the Schiff base and (D) complex 1.
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(H2O)]
+, while the peak for the protonated cyclized Schiff base

(C, Scheme 1) [H3L + H]+ was observed at m/z 313.07
(Figure S1B) that corresponds to [C15H12N4O2S + H]+.
However, during synthesis, the fourth position is occupied by
one N-donor of the bidentate o-phen coligand, while the other
N-donor atom occupied the apical position forming a distorted
square-pyramidal molecule of 1 (D, Scheme 1).
2.2. X-ray Crystal Structure. Data collection and data

analyses55−57 were performed as previously described53 by us.
Complex 1 is found to be monoclinic having space group P21/
c. Two distinct molecules of 1 were found to be present in an
asymmetric unit of the crystal along with half-molecule
acetonitrile and 1.5H2O (sesquihydrate) (Figure 1A). The
Cu2+ ion assumes penta coordination with O−NN− of the
cyclized Schiff base and the bidentate phenanthroline
molecule, forming a slightly distorted square-pyramidal
geometry. The basal plane around Cu1 is formed by O1,
N3, N5, and N1 (bond lengths 1.918(4)−2.039(5) Å), and the
apical position is occupied by N2 of the phenanthroline moiety
(bond length 2.288(5) Å). Also, in the second copper complex,
the basal plane around Cu2 is formed by O3, N9, N11, and N7
(bond lengths 1.926(4)−2.046(5) Å) and the apical position is
occupied by N8 of the phenanthroline moiety (bond length
2.289(5) Å). The water molecule, H5A−O5−H5B, holds two
molecules of Cu complexes through O(5)−H(5B)···N(4)
(dH‑A = 2.17(5) Å) and O(5)−H(5A)···N(10) (dH‑A = 2.07(5)
Å) intermolecular hydrogen-bonding interactions. Addition-
ally, C−H···π and C−H···O interactions help to form the
three-dimensional crystal lattice (Figure 1B).
2.3. IR and Electronic Spectra. The strong IR band at

around 1620 cm−1 corresponding to ν(CN) of the free
Schiff base is found to be shifted to 1600 cm−1 when
coordinated with the metal ion,53 as seen in the IR spectrum of
compound 1 (Figure S2, Supporting Information). On the
other hand, a DMSO solution of this compound displayed an
electronic spectrum (Figure S3A, Supporting Information)

involving a crystal field transition near 610 nm, while the
strong charge-transfer transitions were observed in the range of
500−270 nm. The absorbance spectrum of 1 in DMSO and
that recorded for 1 in sodium phosphate buffer (20 mM) at
pH 7.4 were very similar (Figure S3B, Supporting
Information). It is to be noted that this compound was
found to be stable in solution as revealed from the fact that no
appreciable change in the absorbance was observed on
standing at RT. However, fresh solutions were used to carry
out all experiments.

2.4. EPR Spectra. The powder sample of compound 1 at
RT and at LNT displayed strong X-band EPR spectra (Figure
S4, Supporting Information), suggesting that the compound is
paramagnetic. The powder spectrum shows an axial symmetry
having g∥ = 2.0403 and g⊥ = 2.1030 at RT and g∥ = 2.030 and
g⊥ = 2.089 at LNT. The EPR spectrum of 1 in
dimethylformamide (DMF) at RT appears to be a four-line
pattern (Figure S3, Supporting Information), which has
resulted from the interaction of the electron with 63/65Cu
nucleus, I = 3/2. Moreover, the LNT frozen glass spectrum in
DMF (Figure S4, Supporting Information) is simply character-
istic of a monomeric tetragonal complex ion with g∥ > g⊥ and
A∥ > A⊥ as revealed from the analysis of the frozen glass
spectrum having tetragonal character with g∥ = 2.164, g⊥ =
2.087, A∥ = 19.08 mT, and A⊥ ≤ 4 mT.

2.5. Cyclic Voltammetry. The redox property of 1 was
studied in DMF at RT in a dinitrogen atmosphere in the
presence of 0.1 M [N(n-Bu)4]ClO4 as the supporting
electrolyte using cyclic voltammetry (Figure S5, Supporting
Information). No well-defined reduction peak is observed
except a weak and broad reductive response at −1.16 V, for an
initial negative scan starting from 0.0 V. Scan reversal showed
broad oxidative responses at +0.46 and +1.54 V, and further
reversal of this scan showed a reductive response near +0.12 V.
However, for the oxidative response at +1.54 V, no associated
reduction wave was noticed, indicating an irreversible process,

Figure 1. (A) Molecular structure of 1. (B) Packing of the molecules in the unit cell. Important bond lengths [Å] and angles [°] for 1: Cu(1)−
O(1) 1.918(4), Cu(1)−N(5) 1.954(5), Cu(1)−N(3) 1.969(5), Cu(1)−N(1) 2.037(5), Cu(1)−N(2) 2.288(5), Cu(2)−O(3) 1.926(4), Cu(2)−
N(9) 1.973(5), Cu(2)−N(11) 1.979(5), Cu(2)−N(7) 2.046(5), Cu(2)−N(8) 2.289(5), O(1)−Cu(1)−N(5) 164.7(2), O(1)−Cu(1)−N(3)
93.74(19), N(5)−Cu(1)−N(3) 79.8(2), O(1)−Cu(1)−N(1) 94.32(18), N(5)−Cu(1)−N(1) 92.33(19), N(3)−Cu(1)−N(1) 171.9(2), O(1)−
Cu(1)−N(2) 98.11(19), N(5)−Cu(1)−N(2) 96.75(19), N(3)−Cu(1)−N(2) 101.30(19), N(1)−Cu(1)−N(2) 77.62(18), O(3)−Cu(2)−N(9)
92.6(2), O(3)−Cu(2)−N(11) 162.7(2), N(9)−Cu(2)−N(11) 79.7(2), O(3)−Cu(2)−N(7) 89.75(18), N(9)−Cu(2)−N(7) 177.3(2), N(11)−
Cu(2)−N(7) 98.38(19), O(3)−Cu(2)−N(8) 96.28(19), N(9)−Cu(2)−N(8) 100.95(19), N(11)−Cu(2)−N(8) 100.3(2), N(7)−Cu(2)−N(8)
77.48(18).
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possibly involving ligand center oxidation at this potential. The
reduction wave near +0.12 V was coupled to a broad oxidative
peak near +0.46 V, most likely due to the Cu(II)/Cu(I) redox
couple with a ΔEp = 340 mV, suggesting a quasi-reversible
process.
2.6. CT-DNA Binding. 2.6.1. UV−Vis Spectroscopic

Analysis. Electronic spectroscopy was used to study the
affinity of complex 1 for binding to CT-DNA. Electronic
spectra of 1 recorded in the absence and presence of CT-DNA
are illustrated in Figure 2. As the concentration of CT-DNA

was increased, the spectral bands of the complex got affected,
showing a significant reduction in absorbance. The observed
hypochromism suggested intercalative binding and had
resulted owing to strong stacking between aromatic groups
and base pairs of CT-DNA. The Kb of complex 1 with CT-
DNA was determined using the Wolfe−Shimer equation (eq
1)58 by plotting [DNA]/(εa − εf) versus [DNA].

ε ε ε ε ε ε
[ ]

−
= [ ]

−
+

−K
DNA

( )
DNA

( )
1

( )a f b f b b f (1)

where [DNA] represents the CT-DNA concentration used and
the apparent, free, and bound metal complex extinction
coefficients are represented by εa, εf, and εb, respectively.
The classical intercalator ethidium bromide was reported to

have an intrinsic binding constant (Kb) value of 1.40 × 105

M−1 in Tris−HCl buffer (25 mM) at pH 7.33.59 The Kb for 1
under study was determined to be 2.85 × 105 M−1, suggesting
that it has high affinity for DNA binding.
2.6.2. Competitive DNA Binding by Fluorescence Studies.

The planar nonemissive dye ethidium bromide (EB) upon
binding to DNA intercalatively emits intense fluorescence that
can then be quenched by adding another molecule capable of
binding DNA intercalatively by displacing DNA-bound EB,
forming a nonemissive DNA complex, and the amount of
fluorescence quenching of the EB-bound DNA is utilized to
measure the affinity of the added molecule to DNA.60 When
complex 1 was added in incremental amounts to the EB-bound
CT-DNA solution, the emission intensity decreased (as shown
in Figure 3) due to the gradual displacement of DNA-bound
EB by the complex. The quenching of EB-bound DNA by 1
was found to be in good agreement with the linear Stern−
Volmer equation (eq 2) as revealed from the linear plot of F0/
F versus [complex], depicted in the inset of Figure 3.

= + [ ]
F
F

K1 Q0
SV (2)

where F0 is the fluorescence intensity of the DNA-EB adduct in
the absence and F is the fluorescence intensity in the presence
of the complex (quencher). [Q] is the quencher concentration,
and KSV is the Stern−Volmer quenching constant.
Kapp (the apparent binding constant) for 1 was estimated

using eq 3.

× [ ] = × [ ]K KEB complexEB app 50 (3)

where [complex]50 represents the concentration of the
complex at which the fluorescence intensity of the DNA-EB
adduct is reduced to 50% and KEB = 1.0 × 107 M−1.61

The value of KSV obtained from the slope of the F0/F vs [Q]
plot was found to be 1.07 × 104 M−1 (R2 =0.99906 for 15
points), suggesting strong affinity of 1 for CT-DNA. The Kapp
value for 1 was estimated as 1.3 × 106 M−1. Other reported
copper(II) complexes have similar values for Kapp.

62 The
closeness in the Kapp value of complex 1 to that of ethidium
bromide (KEB = 1 × 107 M−1) indicates that 1 is comparable to
classical intercalator EB.

2.6.3. pUC19 DNA Cleavage Activity. The cleavage of
pUC19 plasmid DNA promoted by 1 was investigated by gel
electrophoresis. It is known that pUC19 plasmid DNA exists in
a compact supercoiled conformation (form I). The supercoiled
form (SC) of DNA is converted to nicked circular (NC) form
(form II) when there is single-strand scission of supercoiled
DNA, while it is converted to the linear form (form III) in the
case of double-strand scission. In gel electrophoresis, form I
usually migrates faster toward the anode than form II and the
migration rate of form III is between those of form I and form
II.63 DNA cleavage proceeds via two major pathways, namely,
an oxidative pathway targeting the base and/or sugar and a
hydrolytic pathway involving the hydrolysis of phosphodiester
linkages.64 Figures 4 and 5 illustrate gel electrophoretic
separation showing the cleavage of pUC19 DNA induced by
complex 1 in both oxidative and hydrolytic conditions,
respectively.
Oxidative DNA cleavage (Figure 4) was performed by

treating supercoiled pUC19 DNA with different concen-
trations of 1 (0−10 μM) in the presence of H2O2. As seen
from Figure 4, the intensity of the band pertaining to SC DNA
(form I) decreases, while that of the nicked circular (form II)

Figure 2. Electronic spectrum changes for 1 [5 × 10−5 M] after
titrating with CT-DNA (0−15 μM) in Tris−HCl (10 mM) at pH
7.45. The decrease in absorbance with an increasing amount of CT-
DNA is shown with the arrow. The [DNA]/(εa − εf) versus [DNA]
linear plot is shown in the inset.

Figure 3. Competitive DNA binding by fluorescence studies for the
EB displacement assay for 1. Emission spectra of CT-DNA (50 μM)
and EB (2 μM) in Tris−HCl buffer (10 mM) at pH = 8.0 in the
absence of 1 (top black curve) and in the presence of different
concentrations of 1, λex = 510 nm. The arrow shows a decrease in
intensity with an increase in the concentration of 1. The linear plot of
F0/F versus [complex] is depicted in the inset.
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form increases, as seen in lanes 1−6. The cleavage efficiency
was estimated from the ability of 1 to transform SC DNA to
the nicked open circular form. Surprisingly at 10 μM, complex
1 is capable of converting 80% of SC to the NC form (Figure
4, lane 6), suggesting that 1 is highly efficient in cleaving DNA
in the presence of an oxidant. To assess the role of radicals in
DNA damage, reactions were carried out by incubating
complex 1 with DNA in the presence of hydroxyl radical
scavenger DMSO (Figure 4, lane 7) and singlet oxygen
scavenger NaN3 (Figure 4, lane 8). The results showed that
DNA cleavage by 1 was considerably inhibited in the presence
of both of these classical radical scavengers; however, the
extent of inhibition was much more pronounced in the
presence of DMSO, thus pointing that mainly hydroxyl radicals
(OH•) are responsible for oxidative DNA cleavage shown by 1.
To be precise, Cu(I) species that is produced from the
reduction of Cu(II) ions by superoxide anions (O2

•−) can
reduce H2O2 to hydroxyl radicals (OH•), which is considered
to be the main species responsible for damaging DNA in
oxidatively stressed cells.65

+ → ++ •− +Cu O Cu O2
2 2

+ → ++ • +Cu H O OH Cu2 2
2

Attempts were also made to see whether 1 was capable of
cleaving DNA via hydrolysis involving the phosphodiester
bonds. As no external chemical reagents or light is involved in
hydrolytic cleavage, it has high biological significance.66

Experiments were done using supercoiled pUC19 DNA
treated with different concentrations of 1 (0−250 μM) in
the dark without adding any external agent (Figure 5).
Although not much, 1 was capable of rupturing DNA to some
extent without the presence of any coreagent, as seen in Figure
5.
From the above studies, it may be concluded that 1 is more

efficient in oxidative DNA cleavage. The results also indicate
the involvement of OH• as the dominant species in the
cleavage pathway, possibly through oxidation of deoxyribose it
brings about DNA cleavage.

2.7. Interaction Studies with HSA. 2.7.1. Fluorescence
Quenching. HSA in blood plasma is capable of reversibly
binding metallodrugs and is selectively accumulated in tumor
tissues, which enables selective delivery of drugs to target sites,
and thus, interaction studies with HSA are regarded vital in the
development of anticancer agents.46−49 HSA contains three
structurally similar domains (I, II, III), each of which is
composed of two subdomains, denoted IA, IB; IIA, IIB; and
IIIA, IIIB. Each subdomain has a main cavity for interaction
with ligands. HSA fluorescence is primarily owing to amino
acid residue tryptophan (Trp), which is present in subdomain
IIA, and it is seldom exploited for interaction studies of HSA
with other molecules through fluorescence spectroscopy;67,68

for example, interaction with a drug molecule can alter the
fluorescence spectra of HSA and the extent of this effect will
depend on the concentration and the average distance between
the molecule and the tryptophan residue.
In our study, HSA interaction with complex 1 was followed

by recording the HSA fluorescence spectrum with increased
amounts of 1, after exciting at 295 nm (Figure 6), so that the
emission fluorescence is restricted to tryptophan.67 The
characteristic broad band at around 345 nm resulting from
fluorescence emission of HSA was found to be quenched
significantly as the complex 1 concentration was increased,
suggesting strong interaction between 1 and HSA. A slightly

Figure 4. Cleavage of pUC19 DNA (200 ng) in Tris−HCl buffer (50
mM) at a pH 8.0 through the oxidative pathway at 37 °C. (a) Lane 1,
DNA + H2O2 (1 mM) control; lane 2, DNA + 1 (0.5 μM) + H2O2 (1
mM); lane 3, DNA + 1 (1 μM) + H2O2 (1 mM); lane 4, DNA + 1
(2.5 μM) + H2O2 (1 mM); lane 5, DNA + 1 (5 μM) + H2O2 (1
mM); lane 6, DNA + 1 (10 μM) + H2O2 (1 mM); lane 7, DNA + 1
(10 μM) + H2O2 (1 mM) + DMSO (2 μL); lane 8; DNA + 1 (10
μM) + H2O2 (1 mM) + NaN3 (500 μM).

Figure 5. Cleavage of pUC19 DNA (200 ng) in Tris−HCl buffer (50
mM) at a pH 8.0 through the hydrolytic pathway at 37 °C. (a) Lane
1, only pUC19 DNA as the control; lane 2, pUC19 DNA + 1 (50
μM); lane 3, pUC19 DNA + 1 (100 μM); lane 4, pUC19 DNA + 1
(150 μM); lane 5, pUC19 DNA + 1 (200 μM); lane 6, pUC19 DNA
+ 1 (250 μM).

Figure 6. (a) Fluorescence spectra of HSA (4 μM; λexi = 295 nm) in the absence (top black curve) and presence of increasing amounts of complex
1. The arrow shows the quenching of fluorescence on addition of increased concentrations of 1. (b) Stern−Volmer plot and (c) modified Stern−
Volmer plot of complex 1 with HSA.
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lower energy shift in the spectra was observed; this
bathochromic shift suggests perturbation of the microenviron-
ment around tryptophan residue and that this residue has a less
hydrophobic environment. The fluorescence intensity data was
analyzed, and the Stern−Volmer plot of F0/F versus [Q]
(Figure 6b) revealed good linearity. The parameters from
quenching experiments were determined using the Stern−
Volmer equation (eq 4) and the modified Stern−Volmer
equation (eq 5).

τ= + [ ] = + [ ]
F
F

K k1 Q 1 Q0
SV q 0 (4)

where F0 is the HSA fluorescence intensity in the absence of 1,
F is the HSA fluorescence intensity in the presence of 1, KSV is
the Stern−Volmer constant, [Q] is the molar concentration of
complex 1 (quencher), kq is the bimolecular quenching rate
constant, and τ0 is the average lifetime of HSA fluorescence in
the absence of the quencher.

−
= + [ ]

F F
F

K nlog
( )

log log Q0
a (5)

where Ka is the binding constant and n is the number of
binding sites.
The bimolecular quenching constant kq was estimated from

eq 6, wherein the τ0 of HSA was taken as 5.71 × 10−9 s.69

τ
=k

K
q

SV

0 (6)

The binding constants and relevant parameters determined
from Stern−Volmer (S−V) and modified Stern−Volmer
(modified S−V) plots are given in Table 1.
The KSV value obtained from the slope of the Stern−Volmer

plot was ∼105 M−1, suggesting that strong quenching is
exhibited by complex 1. The bimolecular quenching constant
kq was calculated using eq 6, and the kq value was of the order
of 1013 M−1 s−1. The considerably high kq value (>1011 M−1

s−1) was probably an indication of static quenching.69,71

The fluorescence data was further examined using the
modified Stern−Volmer equation (eq 5), and the binding
constant (Ka) and binding stoichiometry (n) of the complex 1/
HSA system were thereby determined. Figure 6c illustrates the
linear dependence of log(F0 − F)/F on logQ for complex 1.
The number of binding sites (n) in HSA for the molecule was
obtained from the slope of the modified Stern−Volmer plot,
while its intercept (log Ka) gave an idea about the binding
constant.69,70 The value of n was close to 1 for the HSA−
complex 1 system, which implies that complex 1 occupies only
a single binding site in HSA. The binding constant Ka of
magnitude 105 M−1 indicates strong binding of 1 with HSA.
The value of the binding constant Ka was used to determine
the free energy change, ΔG of binding of complex 1 to HSA,
by eq 7.70

Δ = −G RT Kln a (7)

The negative free energy change (Table 1) indicates that the
interaction of 1 with HSA is favorable from the thermody-
namic aspect.
2.7.2. Synchronous Fluorescence Spectroscopy. Synchro-

nous fluorescence spectroscopy is a useful tool that is often
used to study the microenvironmental changes of macro-
molecules and thus has been widely used to investigate the
influence of ligands on HSA conformation.48,67,72 A blue shift T
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in the spectra suggests a hydrophobic environment for the
amino acid residues; on the other hand, a lower energy shift
suggests a polar environment for amino acid residues. At Δλ =
15 nm, fluorescence spectra of the synchronous experiment
provide information of the microenvironment around the
tyrosine residue (Tyr), while at Δλ = 60 nm, it provides the
information of the microenvironment around the tryptophan
residue (Trp)48,67,72 (Δλ = λem − λex). As seen from the
synchronous fluorescence spectra with HSA (Figure 7) at Δλ =
15 nm, the intensity was 7052 au at 298 nm, which on addition
of complex 1 was reduced by 60.2% to 2807 au but without
any shift in wavelength maxima. On the other hand, at Δλ = 60
nm, the intensity was 9998 au at 338 nm, and on addition of
complex 1, it was quenched even more, by 75.8% to 2423 au
accompanied by a 2 nm shift toward a longer wavelength. The
steady reduction in the intensity of fluorescence observed upon
addition of increasing amounts of 1 at both Δλ = 15 nm and
Δλ = 60 nm suggested that 1 binds to HSA in the hydrophobic
cavity in the vicinity of Tyr and Trp residues. Also, at Δλ = 60
nm, the maximum of the emission peak was shifted from 338
to 340 nm, which indicated that mainly the microenvironment
around the tryptophan residue was disturbed.

2.7.3. 3D Fluorescence Spectroscopy. 3D fluorescence
spectroscopy provides information about conformational
changes in proteins upon binding of metal complexes.46,61,71

Figure 8 shows the 3D fluorescence spectra of HSA with and
without complex 1, and the results are summarized in Table 2.
As observed in Figure 8, peak 1 was moderately quenched by
18.3%, indicating that 1 on binding induced certain conforma-
tional changes in HSA, possibly by perturbing the hydrophobic
microenvironment near tryptophan (Trp) and tyrosine (Tyr)
residues. Also, it was noted that peak 2 was drastically
quenched by 81% and associated with a considerable shift of
16 nm toward a shorter wavelength; this implied that this
interaction may have altered the peptide backbone config-
uration as well.

2.7.4. Conformation Investigation Using UV−Vis Spec-
troscopy. Static and dynamic quenching are the two common
methods for fluorescence quenching and are differentiated by
their differing perturbation effect on the absorption spectrum
of the fluorophore. It is reported that there is no change in the
absorption spectrum of fluorophores in the case of dynamic
quenching; on the other hand, static quenching does have an
influence on the fluorophore spectrum.48,73 To gain insight

Figure 7. Synchronous spectra of HSA (4 μM) in sodium phosphate buffer (20 mM) at pH 7.4 before and after addition of (A) complex 1 (0−14
μM), Δλ= 15 nm and (B) complex 1 (0−18 μM), Δλ = 60 nm.

Figure 8. 3D fluorescence spectra of (a) HSA and (b) HSA + 1 (1:1).

Table 2. Results of 3D Fluorescence Experiments

peak 1 peak 2

peak position (λex/λem) fluorescence intensity (AU) Δλ (nm) peak position (λex/λem) fluorescence intensity (AU) Δλ (nm)

HSA 280/336 8052 56 230/332 3287 102
HSA + 1 (1:1) 280/336 6576 56 230/316 627 86
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into the method involved in quenching of the fluorescence of
HSA by 1, the UV−visible spectrum of HSA was recorded at
RT (25 °C) and the effect of complex 1 on the absorption
spectrum was studied. From Figure S6, it was observed that
upon addition of complex 1, the absorbance at 216 nm was
significantly decreased accompanied by a bathochromic shift of
17 nm, which strongly supports static quenching and indicates
an alteration in the protein secondary structure. Also, it was
observed that the intensity of the 280 nm peak, which is
associated with the π → π* transition of Trp, Tyr, and Phe, is
slightly increased, suggesting alteration of the microenviron-
ment around these amino acids.69

2.7.5. Energy-Transfer and Binding Distance Using FRET.
Fluorescence resonance energy transfer (FRET) occurs when
radiationless energy transfer takes place from an excited donor
to a suitable acceptor. FRET is a distance-dependent
photophysical process and therefore can be appropriately
used to determine the separation distance between the donor
(fluorophore) and the acceptor. According to the Förster
theory, the efficiency of energy transfer (E) is related to the
distance between the donor and accepter (r), and the critical
energy-transfer distance also known as Förster’s radius (R0) is
determined according to the relation given in eq 8.67,74

=
+

= −E
R

R r
F
F

10
6

0
6 6

0 (8)

where F0 is the fluorescence intensity of the donor in the
absence and F is the fluorescence intensity of the donor in the
presence of the acceptor. The critical distance R0, where the
efficiency of energy transfer is 50%, is a function of the spatial
orientation factor (K2), the quantum yield of fluorescence of
the donor (ϕD), the refractive index of the medium (n), and
the extent of overlap (J) between the donor emission spectrum
and acceptor absorption spectrum (Figure 9) and is expressed
as given below in eq 9.67

ϕ= −R K n J0.02108( )0
2

D
4 1/6

(9)

For the conditions used in our experiment, values of K2, ϕD,
and n were considered as 2/3, 0.118, and 1.33, respec-
tively,69,75 and J, which is the overlap integral, was calculated
using eq 10.76

∫ λ ε λ λ λ= ̅J I ( ) ( ) dD A
4

(10)

where ID̅(λ) denotes the normalized donor fluorescence
emission and εA(λ) represents the molar extinction coefficient
of the acceptor at wavelength λ.
Calculations were done using eqs 8−10 above, and the

results are tabulated in Table 3. The value of r = 2.85 nm

indicates that the donor and acceptor are very much close to
each other and hence strong binding interaction can be
expected between them. Moreover, the value of r is less than 8
nm and follows 0.5R0 < r < 1.5R0, thereby indicating that the
quenching of HSA fluorescence might have been due to
complex formation between HSA and metal complex 1, and
this further supports the static quenching mechanism.77

2.8. Molecular Docking of Complex 1 with HSA. To
understand the binding interactions of proteins and small
molecules at the atomistic level, the molecular docking method
is considered to be one of the very important techniques in
drug design.46−48 We have performed docking experiments
with HSA to assess the potential interaction site of 1 in HSA.
The 3D structure of crystalline HSA reveals that it is composed
of three major domains, namely I, II, and III. Domain I is
composed of amino acid residues 1−195, domain II includes
amino acid residues 196−383, and domain III involves amino
acid residues 384−585.77 Each domain is further subdivided
into two subdomains (A and B). The two primary ligand-
binding cavities are located in subdomains IIA and IIIA, which
are known as Sudlow’s sites I and II, respectively. Apart from
these, another binding site is located in subdomain IB. It is to
be noted that prime residue Trp214 is situated in site I,
neighboring with Lys195, Lys199, Arg218, and Arg222.78,79

Docking was performed to understand the binding affinity
between complex 1 and HSA (PDB ID: 1H9Z), which is the
most abundant carrier protein in the blood. The optimal
binding conformations of 1-HSA are shown in Figure 10. The
lowest binding energy obtained from the docking simulation is
−11.2 kcal/mol. The binding energy for iterations in each run
ranges between −8.5 kcal/mol and −11.2 kcal/mol. The
intermolecular hydrogen bonds are presented in Table 4 along
with the corresponding bond lengths. The data (Table 4)
indicates that there are three strong hydrogen bonds with
Arg222 and one with Lys199. It is worth pointing out that both
these amino acids are located at the site I entrance, which
explains the reason behind the fluorescence quenching of
Trp214 in the presence of complex 1. In addition, there is also
a hydrogen bond with Glu153. Therefore, from the above
docking studies, we may conclude that there is good binding
between complex 1 and HSA. The complex partly enters
subdomain 1B, although the interaction occurs mainly in
subdomain IIA.

2.9. Anticancer Activity. 2.9.1. Cytotoxic Activity Using
the MTT Assay. In vitro anticancer activity of complex 1 was
tested against two cancerous cell lines, namely, human cervical
cancer HeLa and human breast cancer MCF7, and the
cytotoxic activity was tested for one noncancerous HaCaT
human cells by the MTT assay with respect to standard
anticancer drug cisplatin. The cell viability was found to

Figure 9. Extent of overlap (shaded gray) between the normalized
fluorescence spectrum of the 4 μM HSA donor (left) and the
absorption (ε) spectrum of (4 μM) acceptor complex 1 (right).

Table 3. FRET Results of HSA−Complex Interactions

compound E J × 1014 (nm4 M−1 cm−1) R0 (nm) r (nm)

1 0.32 1.15 2.52 2.85
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decrease as the concentration of 1 was increased (Figure 11),
showing that the anticancer potency of complex 1 was dose-
dependent. The IC50 values (Table 5) revealed that complex 1
is highly toxic against HeLa and MCF7 cancer cells and
comparatively less toxic to HaCaT normal cells (Figure S7,

Supporting Information). Additionally, along with compound
1, the activity of cisplatin, which is known to be one of the
most clinically successful drugs, was also tested in HeLa and
MCF7 cell lines under the same experimental conditions
(Figure S8, Supporting Information). As observed (Figure 11,
Table 5), complex 1 showed significantly higher anticancer
activity as compared to cisplatin in both the cell lines tested. It
is to be noted here that cell viability studies using cisplatin with
HeLa and MCF7 cells have been reported for different
experimental conditions.80−84

2.9.2. Nuclear Staining Using Hoechst 33342. Figure 12
shows the changes in morphology that were instigated by 1 in
HeLa cells. To monitor these morphological changes,
fluorescence microscopy was performed on both untreated
and complex-treated HeLa cells stained with Hoechst 33342. It
is evident from Figure 12 that the control cells were found to
be stained uniformly blue. The treated cells exhibited specific
features of apoptosis-like fragmented nuclei, bright staining,
and condensed chromatin. These findings further support that
1 is efficient in bringing about apoptosis in HeLa cells.

2.9.3. Acridine Orange/Propidium Iodide (AO/PI) Double
Staining. AO/PI staining is performed to distinguish among
live, dead, and the different stages of dying cells using
fluorescence microscopy. AO permeates both live and dead
cells and fluoresces green. PI enters only dead cells, emitting
red fluorescence. However, when both AO and PI are used
together, all live nucleated cells fluoresce green and all dead
nucleated cells fluoresce red, owing to Förster resonance
energy transfer (FRET).85,86 The experimental results showed

Figure 10. Docking of complex 1 with HSA. (a) Full view of complex 1 in HSA, (b) detailed illustration of interaction of complex 1 with Glu153
(subdomain IB), (c) detailed illustration of interaction of complex 1 with Arg222 (subdomain IIA), and (d) detailed illustration of interaction of
complex 1 with Lys199 (subdomain IIA). H-bonds are shown in yellow dashed lines, and the involved amino acids are labeled. For clarity, the
remaining portions of the protein structure are hidden.

Table 4. Molecular Docking Analysis for Formation of H-
Bonds between 1 and HSA (HSA: 1H9Z)a

binding site complex 1 atom HSA atom distance (Å)

site I O2 HE atom of ARG222 2.6
N6 1HH2 atom of ARG222 2.6
O2 1HH2 atom of ARG222 2.2
H2A OE1 atom of GLU153 2.4
O1 HZ3 atom of LYS199 2.5

aCrystal structure of 1 with labeled atoms shown in Figure 1A is used
in this analysis.

Figure 11. Cell viability results from the MTT assay for HeLa and
MCF7 cancer cells with 1 for 24 h. Statistical analysis was performed
with GraphPad Prism. **** indicates a significant (p < 0.0001)
decrease in cell viability as compared to the control.

Table 5. IC50 Values Obtained for Complex 1 and Cisplatin
from Their MTT Assay Using HeLa and MCF7 Cells

IC50 values
a (μM)

compound HeLa MCF7

1 0.8047 ± 0.1378 0.4390 ± 0.1139
cisplatin 31.24 ± 1.38 99.6481 ± 0.051

aIC50 values are the mean concentrations of drugs to inhibit 50% of
cancer cells (in μM). An average of three replicates is taken and
presented as mean ± SD.
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(Figure S9) that the live cells having intact nuclei used as
control displayed green fluorescence. However, the cells
treated with increased concentrations of complex 1 showed
morphological changes. The cells that were in the early
apoptotic stage emitted orange-green fluorescence, and the
cells that have reached late apoptosis exhibited orange-red
fluorescing nuclei, owing to PI binding with denatured DNA.
These findings further confirm that complex 1 induces
apoptosis in HeLa cells.
2.9.4. Estimation of ROS by the H2DCFDA Assay. Several

studies have shown that the cytotoxic activity of copper(II)
complexes can be mediated by ROS generation.87−89 Copper
being redox-active is capable of changing its oxidation state
using physiological conditions inside cells, and this redox
property is liable for catalytic activity and potential toxicity of
this metal. Cu(II) is readily reduced to Cu(I) upon interaction
with biological molecules, and the resulting Cu(I) species on
reacting with O2 yields O2

•−, which is responsible for
generating other ROS.
To investigate whether complex 1 has the ability to induce

changes in intracellular ROS levels, the 2′,7′-dichloro-
dihydrofluorescein diacetate (H2DCFDA) assay was con-
ducted. The fluorogenic cell-permeant dye H2DCFDA was
used to detect ROS within the cells. To evaluate the role of
ROS production in the toxic behavior of complex 1, HeLa cells
were treated with different doses of 1 and stained with
H2DCFDA. After entering the cells, H2DCFDA was trans-
formed to nonfluorescent H2DCF due to deacetylation by
cellular esterases. H2DCF underwent ROS-mediated oxidation
to 2′,7′-dichlorofluorescein (DCF), which exhibits green
fluorescence53,88 and is detected by fluorescence spectroscopy.
Emission was measured at 530 nm after excitation at 485 nm.
In this experiment, tert-butyl hydrogen peroxide (t-BHP)
capable of damaging macromolecules like DNA and lipids,
which leads to oxidative stress in cells that in turn triggers ROS
generation, was used as the positive control. Moreover, t-BHP
produced more stable radical species and was therefore
preferred over H2O2 as a positive control in oxidative stress-
related studies.89 As seen in Figure S10, ROS formation
increased along with increasing complex 1 concentration as

detected by the intense green fluorescence intensity compared
to the control comprising untreated cells. These observations
further supported the results seen in oxidative DNA cleavage
experiments. These findings unanimously suggested that ROS
generation is escalated and oxidative stress is involved in the
process of complex 1 cytotoxicity.

2.9.5. Cell Cycle Analysis. To explain cell growth inhibition
by complex 1, we studied the effect of complex 1 (0−5 μM) on
cell cycle distribution in HeLa cells using flow cytometry. The
DNA flow cytometric analysis (Figure S11) indicated that with
treatment of 1.5 and 2.5 μM doses of complex 1 for 24 h, G0/
G1 phase arrest of the cell cycle was induced. While upon
treatment with a 5 μM dose, the population of cells
significantly increased in the G2/M phase, while the cell
population was found to decrease in G0/G1 and S phases,
clearly pointing to the arrest of the G2/M phase. It should be
pointed out in this context that, although a considerable effect
on the inhibition of HeLa cell growth was seen from the MTT
assay at a 0.5 μM dose of complex 1 (Figure S11), this dose of
complex 1 did not show any specific phase arrest of the cell
cycle; thus, possibly at this dose, 1 induces nonspecific arrests
at all of the phases of the cell cycle. Similar observations have
been reported by Han et al.90

3. CONCLUSIONS

A mononuclear complex (1) of copper(II) with a Schiff base
ligand containing a heterocyclic thiadiazoline ring was isolated
and characterized by physicochemical methods, and its
molecular structure was confirmed by single-crystal X-ray
crystallography. UV−vis spectroscopic studies suggested that
the compound intercalatively binds to CT-DNA, and this was
further supported by an ethidium bromide displacement
experiment performed using fluorescence spectroscopy. Strong
oxidative and moderate hydrolytic cleavage of SC pUC19
DNA was observed in the presence of this compound.
Significant cytotoxicity of this compound was observed in
HeLa and MCF7 cancer cells as revealed from the MTT assay,
while it exhibited relatively low toxicity toward normal HaCaT
cells as reflected from their IC50 values. Nuclear staining assays
revealed cell death prompted by this compound in HeLa cells
via an apoptotic pathway. ROS generation in HeLa cells in the
presence of compound 1 suggested that it is an activator of
ROS in this cell line. A quenching experiment using
fluorescence spectroscopy showed that this compound
interacts strongly with HSA. Synchronous and 3D fluorescence
experiments suggested that interaction of 1 with HSA resulted
in microenvironmental changes altering the HSA conforma-
tion, and this was augmented by the results obtained from
absorption spectroscopic experiments performed with HSA in
the absence and presence of the compound. The r value (2.85
nm) calculated from FRET suggested that HSA (donor) and
complex 1 (the acceptor) exhibited quite close interaction. The
molecular docking study suggested that subdomains IIA and IB
of HSA are the preferred binding sites for 1.

4. MATERIALS AND METHODS

4.1. Materials. Thiocarbohydrazide and salicylaldehyde
were obtained from Aldrich. Cisplatin was purchased from
Sigma-Aldrich. Calf thymus DNA was obtained from Sigma,
and pUC19 DNA was supplied by Genetix Biotech. Cu-
(OAc)2·H2O (GR), 1,10-phenanthroline monohydrate, meth-

Figure 12. Morphological changes in HeLa cells after treatment with
1. (A) Bright-field images and (B) blue fluorescent images stained
with Hoechst 33342 with 20× magnification. Scale bar: 25 μm.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05750
ACS Omega 2022, 7, 2881−2896

2890

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05750/suppl_file/ao1c05750_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05750/suppl_file/ao1c05750_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05750/suppl_file/ao1c05750_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05750/suppl_file/ao1c05750_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05750?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05750?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05750?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05750?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


anol (GR), absolute ethanol, DMF (GR), and DMSO were
purchased from Merck.
4.2. Preparation of the Schiff Base and Copper(II)

Compound (1 ) . 4 . 2 . 1 . 1 , 5 - B i s ( sa l i c y l i d ene ) -
thiocarbohydrazide, (o-HOC6H4CHNNH)2CS. This Schiff
base was prepared and characterized following the method
already reported53 by us. In brief, salicylaldehyde (5 mmol)
was added directly to a solution of thiocarbohydrazide (2.5
mmol) in 50 mL of absolute ethanol and then stirred for 2 h at
RT. A cream-colored solid was separated from the solution,
collected by filtration, washed using ethanol, and then
recrystallized from methanol. Yield: 68%; mp 191 °C. Anal.
calcd for C15H14N4O2S: C 57.30, H 4.49, N 17.83%; Found: C
57.41, H 4.47, N 17.90%.
4.2.2. [Cu(HL)(o-phen)]·H2O. A dark blue solution prepared

by adding slowly and dropwise a methanol solution (10 mL) of
1,10-phenanthroline (0.2 g, 0.001 mol) to a methanol solution
(15 mL) of Cu(OAc)2·H2O (0.2 g, 0.001 mol) was added to a
methanol solution (30 mL) of (o-HOC6H4CHNNH)2CS
(0.157 g, 0.0005 mol) for 20 min at RT and stirred for 3 h, and
the brown-green solid that separated was filtered, washed
thoroughly with methanol, and dried. It was then recrystallized
from the CH3CN solution. Yield ∼ 65%. Anal. calcd for
C27H20O3N6SCu: C 56.68, H 3.52, N 14.69, Cu 11.11%;
Found: C 57.06, H 3.59, N 14.82, Cu 11.03%. ESI-MS in
CH3CN: m/z 391.02 [M − (o-phen)]+ corresponds to
[Cu(HL)(H2O)]+ or [Cu(C15H10N4O2S)(H2O)]+; m/z
181.07 [(o-phen) + H]+ corresponds to [C12H8N2 + H]+;
m/z 313.07 [H3L + H]+ corresponds to [C15H12N4O2S + H]+.
Single crystals of this compound were obtained within 3

months by slow evaporation of a saturated acetonitrile solution
placed at 4 °C.
4.3. X-ray Crystallography. X-ray data for 1 (Table 6)

was collected using a Bruker AXS D8 VENTURE diffrac-
tometer equipped with Mo (Kα) (λ = 0.71073 Å) radiation
and a PHOTON II area detector. The unit cell was
determined53,75 by collecting reflections, and then, intensity
data for determining the structure of 1 was collected, as
described in refs 53 and 75. In brief, the frames were integrated
using the program APEX3-SAINT,55 absorption correction
was performed using the program SADABS,55 SHELXT-
201856 was used to solve the structure, and it was refined by
SHELXL-2018,56 a computer program incorporated in the
WinGX system version v2018.3. ORTEP357 was used to draw
the molecular graphics. Other details are as described in refs 53
and 75.
4.4. DNA Binding Studies. 4.4.1. Electronic Spectro-

scopic Analysis. The DNA binding experiment for 1 was done
with a Jasco spectrophotometer using CT-DNA after checking
its purity of CT-DNA and calculating its concentration as
described.53 The electronic absorption titration experiments
were carried out by varying the CT-DNA concentration from 0
to 15 μM in 10 mM Tris−HCl buffer (pH 7.45) but keeping
the concentration of 1 fixed at 5 × 10−5 M. The Kb was
calculated from absorption titration data employing the
Wolfe−Shimer equation.
4.4.2. Ethidium Bromide Displacement Experiment.

Ethidium bromide (EB) does not have any fluorescence
property in Tris−HCl, but when a solution having 50 μM CT-
DNA and 2 μM EB was incubated in 10 mM Tris−HCl buffer
(pH = 8) and allowed to stand, EB undergoes intercalative
binding to DNA and the EB-bound CT-DNA showed
enhanced fluorescence. To this DNA/EB mixture when

incremental amounts of complex 1 (0−37.5 μM) were
added, it led to a reduction in the fluorescence emission
intensity owing to a competitive interaction of the metal
complex and displacement of the bound ethidium bromide.
Experiments were done employing a Jasco spectrofluorometer
FP-8500 at an excitation wavelength of 510 nm.

4.5. DNA Cleavage Studies. 4.5.1. DNA Cleavage under
Hydrolytic and Oxidative Conditions. Gel electrophoresis was
used for the DNA cleavage following both hydrolytic and
oxidative pathways.53 In hydrolytic cleavage experiments,
supercoiled pUC19 DNA (200 ng) was treated with different
concentrations of complex 1 (0−250 μM). Each of the
reaction mixture (total volume of 10 μL using Tris−HCl buffer
(50 mM) having pH 8.0) was incubated at 37 °C for 3 h, and
the reaction was then quenched by adding loading buffer
containing 25% bromophenol blue, 0.25% xylene cyanol, and
30% glycerol and subsequently loaded onto 1% agarose gel.
Electrophoresis was performed at 60 V for 1 h to ensure that
bromophenol blue traveled 75% of the gel. This gel was stained
using ethidium bromide (0.5 μg/mL), and the plasmid bands
were visualized by viewing the gel under UV light. The bands
were quantified using ImageJ to study the conversion of SC
DNA (form I) to NC (form II).
Similarly, oxidative DNA cleavage was performed using

supercoiled pUC19 DNA (200 ng), and varying concen-
trations of complex 1 (0−10 μM) were added in the presence

Table 6. X-ray Diffraction (XRD) Data and Structure
Refinement for Complex 1a

empirical formula C110H81Cu4N25O11S4
formula weight 2311.39
temperature 296(2) K
wavelength 0.71073 Å
crystal system monoclinic
space group P21/c
unit cell dimensions a = 14.1837(6) Å, α = 90°

b = 30.1761(14) Å, β = 99.238(2)°
c = 12.5658(6) Å, γ = 90°

volume 5308.5(4) Å3

Z 2
density (calculated) 1.446 Mg/m3

absorption coefficient 0.942 mm−1

F(000) 2368
crystal size 0.250 × 0.200 × 0.150 mm3

θ range for data collection 2.422−24.999°
index ranges −16 ≤ h ≤ 16, −35 ≤ k ≤ 35, −14 ≤ l ≤ 14
reflections collected 114 330
independent reflections 9327 [R(int) = 0.0781]
completeness to θ =
24.999°

99.8%

absorption correction semi-empirical from equivalents
max. and min.
transmission

0.7457 and 0.6626

refinement method full-matrix least-squares on F2

data/restraints/
parameters

9327/35/718

goodness of fit on F2 1.165
final R indices [I > 2σ(I)] R1 = 0.0876, wR2 = 0.1909
R indices (all data) R1 = 0.1118, wR2 = 0.2032
extinction coefficient n/a
largest diff. peak and hole 0.822 and −0.645 e Å−3

aCCDC number obtained from the Cambridge Crystallographic Data
Center for the compound is 2110781.
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of 1 mM hydrogen peroxide, which was used as an oxidizing
agent; the reaction mixture was incubated at 37 °C for 1 h in
the dark, then electrophoresis was performed at 60 V for 1 h,
and the cleaved DNA products were analyzed. Further,
experiments were also done after adding 2 μL of DMSO
(OH• scavenger) or 500 μM NaN3 (singlet oxygen quencher).
These scavenging agents were added before adding complex 1
to pUC19 DNA.
4.6. Interaction Studies with HSA. 4.6.1. Fluorescence

Quenching Experiments. Fluorescence spectra were recorded
at room temperature (25 °C) with a Jasco fluorescence
spectrophotometer model FP-8500 using quartz cells (1.0 cm).
The spectrum of 4 μM HSA was scanned in the 300−420 nm
range (λex = 295 nm), and the maximum was observed at
around 345 nm. Thereafter, incremental amounts (increment
of 2 μM) of complex 1 were added and the spectra were
collected to monitor the quenching effect of the complex on
the fluorescence intensity. The experimental data was used to
draw the Stern−Volmer plot, and the quenching parameters
were then calculated from Stern−Volmer and modified Stern−
Volmer equations.
4.6.2. Synchronous and 3D Fluorescence Experiments.

Synchronous spectra were measured to study changes in the
hydrophobic microenvironment around tyrosine and trypto-
phan amino acid residues of HSA. To a 4 μM solution of HSA
in sodium phosphate buffer (20 mM) having pH 7.4, complex
1 was added in varying concentrations (increment of 2 μM).
The fluorescence quenching curves were recorded in emission
wavelengths in the 260−340 nm range with Δλ = 15 nm and in
the 280−400 nm range with Δλ = 60 nm (where Δλ = λem −
λex). The 3D spectra were monitored with 4 μM HSA in the
absence and presence of 4 μM complex 1 in the 230−500 nm
range using λex = 220 nm, successive increment = 10 nm, and
slit opening = 5 nm.
4.6.3. UV−Vis Spectroscopy. The electronic spectrum of

HSA (4 μM) solution (pH = 7.4) in sodium phosphate buffer
(20 mM) was recorded at RT (25 °C) in the wavelength range
of 500−200 nm. To assess the influence of the complex on the
secondary conformation of HSA, 1 (4 μM) was added into
sample and reference cuvettes (to nullify absorption due to the
free complex) and spectra were recorded.
4.6.4. FRET Measurements. The separation distance

between the donor and the acceptor was determined using
FRET. For this, the electronic spectrum of 1 (4 μM) and the
fluorescence spectrum of HSA (4 μM) were recorded in the
wavelength region of 300−450 nm. A plot of the normalized
emission intensity of HSA (ID̅(λ)) along with the extinction
coefficient of 1 (εA(λ)) in the wavelength range 300−450 nm
was used to determine the overlap integral J and the Förster
distance r.
4.7. Molecular Docking. Protein-ligand docking helped us

to characterize the behavior of small molecules by studying
their binding at various sites of the targeted protein molecule.
In this work, AutoDock Vina Software was used to perform the
computation simulation of docking to analyze the nature of
complex 1 binding with HSA. Data for the HSA crystal
structure (PDB IB: 1H9Z) obtained from the Protein Data
Bank was used in this study. The Gromacs molecular dynamics
(MD) simulation package was used to perform the energy
minimization process with the HSA molecule. During the
energy minimization process, hydrogen atoms were added to
the HSA structure after removing water molecules. MD
simulations were performed for 500 000 steps with a 0.002 fs

time step with the NVT ensemble. The modified Berendsen
thermostat was used to keep the temperature constant. The
crystallographic information file format (.CIF) of metal
complex 1 is converted to the .pdbqt file format for continuing
the docking simulation process. A 94 × 56 × 96 grid box was
designed, and the calculation was performed as described in ref
53. A total of 100 runs were performed to obtain the possible
conformations of binding. The lowest binding energy obtained
from the docking simulation was −11.2 kcal/mol. The binding
energy for iterations in each run ranges between −8.5 and
−11.2 kcal/mol. Thus, the structures with the lowest energy
were obtained from the calculations of the docking experi-
ments. For getting output and analyzing H-bonds, PyMOL
software was used.53

4.8. In Vitro Anticancer Studies. 4.8.1. Cell Viability
Assay. The cell viability assay was carried out to see the effect
of metal complex 1 on cell proliferation using yellow 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT). which is converted into purple formazan by
mitochondrial reductase, and this activity was monitored. In
brief, the cultured and seeded HeLa cells and MCF7 cells at a
density of 2 × 104 in a 96-well plate were treated with 0.5, 1,
2.5, 5, and 10 μM complex 1 and incubated for 24 h. Along
with treated cells, controls comprising of untreated cells were
also maintained under the same condition. Afterward, the
medium was removed and the cells were incubated for 4 h at
37 °C after adding 100 μL of MTT (5 mg/mL) to each well.
The formazan crystals formed were dissolved using 100 μL of
DMSO, and the absorbance was measured at 570 nm using an
ELISA plate reader. The absorbance given by untreated cells
was considered as 100% cell survival. The MTT assay was also
performed by the same method using the HaCaT cell line to
see the effect of 1 on noncancerous cells. In addition, to
compare the results of 1 with cisplatin, the cytotoxic effect of
cisplatin was also studied under the same experimental
condition.
Statistical analysis of the results obtained from the MTT

assay for 1 in HeLa and MCF7 cells was performed with
GraphPad Prism 8.4.3 software using one-way ANOVA. P <
0.05 values were considered to be statistically significant.

4.8.2. Nuclear Staining. In this assay, Hoechst 33342 was
used for DNA staining to observe nuclear morphological
changes. Briefly, HeLa cells grown at a density of 5 × 105 cells
per well on a coverslip in a six-well plate were incubated with
the IC50 dose of 1 (except control cells) at 37 °C for 24 h.
Afterward, the fluorescence microscopy was performed
following the protocol described in ref 53.

4.8.3. Acridine Orange/Propidium Iodide (AO/PI) Double
Staining. The morphological images during apoptosis were
studied using AO/PI dye. In a six-well plate, HeLa cells were
plated at a density of 5 × 105 cells/well. After 24 h incubation
at 37 °C, they were treated with varying doses (0.5, 0.7, 1.0,
and 1.5 μM) of complex 1 and incubated. After 24 h of
incubation, the medium was removed and the cells were rinsed
twice with phosphate-buffered saline (1× PBS); subsequently,
the cells were stained using 20 μM 1:1 AO/PI mixture,
incubated in the dark at 37 °C for 30 min, washed again with
1× PBS, and then analyzed by viewing under a fluorescence
microscope.

4.8.4. Detection of Intracellular ROS. ROS generation was
monitored using nonfluorescent probe 2′,7′-dichloro-dihydro-
fluorescein-diacetate (H2DCFDA). Briefly, HeLa cells seeded
at a density of 5 × 105 cells per well in a six-well plate were

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05750
ACS Omega 2022, 7, 2881−2896

2892

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


then treated with complex 1 (0.5, 0.75, 1.0, 1.5 μM) for 6 h in
a CO2 incubator at 37 °C, while untreated cells were kept as
the control. After washing the treated cells with PBS, these
were resuspended in 10 μM H2DCFDA and kept at 37°C for
30 min. Finally, they were washed twice using PBS and viewed
under a fluorescence microscope. The fluorescence was
measured at 530 nm using λex = 485 nm. tert-Butyl hydrogen
peroxide (t-BHP, 25 μM) was used as the positive control.
4.8.5. Cell Cycle Arrest. Cell cycle progression was

determined by flow cytometric analysis. HeLa cells were
plated in a six-well plate at a density of 1 × 106 cells/well for 24
h and then treated with various doses (0.5, 1.5, 2.5, 5 μM) of 1
for another 24 h. Cells were trypsinized, collected, fixed with
chilled 70% ethanol, and incubated for 15 min. After
centrifugation and discarding the supernatant, cells were
suspended in 50 μL of 1× PBS and then stained with PI
(300 μL of 50 μg/mL) along with the treatment of 10 μL (10
μg) of RNase from the stock of 1 mg/mL. It was incubated on
ice for 30 min. Flow cytometry was used to measure the DNA
content with the help of BD FACS Melody, and then, cell cycle
distribution was obtained after appropriate gating of the cell
population.
4.9. Physical Measurements. Microanalyses were done

using a PerkinElmer model 2400 series II CHNS/O analyzer.
Copper was estimated iodometrically using a standardized
sodium thiosulphate solution. Mass spectra were recorded with
a Thermo Scientific Q Exactive hybrid quadrupole-orbitrap
mass spectrometer. A Shimadzu IR Affinity - 1 FT-IR
spectrometer was used for recording IR spectra using the
KBr pellet, while a Jasco V-570 UV/Vis/NIR spectropho-
tometer was employed for recording electronic absorption
spectra at RT (25 °C) using a pair of quartz cells having a 1 cm
path length. A JEOL model JES-FA200 ESR spectrometer was
used for recording X-band electron paramagnetic resonance
(EPR) spectra at RT and LNT. An aqueous cell was used to
record RT solution EPR spectra. The IVIUMSTAT (10 V/5
A/8 MHz) electrochemical workstation was used for electro-
chemical experiments using a conventional three-electrode
cell53 (a platinum working electrode, a Ag/AgCl reference
electrode, and a platinum auxiliary electrode) under an inert
atmosphere and in the presence of supporting electrolyte
([N(n-Bu)4]ClO4). A Jasco spectrofluorometer model FP-
8500 was used for fluorescence spectrum measurements, and a
Bruker Axs Kappa Apex2 diffractometer was used for X-ray
crystal structure determination.
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