
DNA/Protein Binding and Apoptotic-Induced Anticancer Property of
a First Time Reported Quercetin−Iron(III) Complex Having a
Secondary Anionic Residue: A Combined Experimental and
Theoretical Approach
Manjushree Bera, Manik Das, Malay Dolai, Soumik Laha, Md Maidul Islam, Bidhan Chandra Samanta,
Arindam Das, Indranil Choudhuri, Nandan Bhattacharyya, and Tithi Maity*

Cite This: ACS Omega 2023, 8, 636−647 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: A new quercetin-based iron(III) cationic complex [Fe(Qr)-
Cl(H2O)(MeO)] (complex 1) is created in the current study by
condensation of quercetin with ferric chloride in the presence of Et3N.
Comprehensive spectroscopic analysis and conductometric measurement are
used to pinpoint complex 1. The generated complex’s +3-oxidation state has
been verified by electron paramagnetic resonance (EPR) research. Density
functional theory analysis was used to structurally optimize the structure of
complex 1. Before biomedical use, a variety of biophysical studies are
implemented to evaluate the binding capacity of complex 1 with DNA and
human serum albumin (HSA) protein. The findings of the electronic titration
between complex 1 and DNA, as well as the stunning fall in the fluorescence
intensities of the HSA and EtBr-DNA/DAPI-DNA domain after complex 1 is
gradually added, give us confidence that complex 1 has a strong affinity for
both macromolecules. It is interesting to note that the displacement
experiment confirms partial intercalation as well as the groove binding mechanism of the title complex with DNA. The time-
dependent fluorescence analysis indicates that after interaction with complex 1, HSA will exhibit static quenching. The
thermodynamic parameter values in the HSA−complex 1 interaction provide evidence for the hydrophobicity-induced pathway
leading to spontaneous protein−complex 1 interaction. The two macromolecules’ configurations are verified to be preserved when
they are associated with complex 1, and this is done via circular dichroism spectral titration. The molecular docking investigation,
which is a theoretical experiment, provides complete support for the experimental findings. The potential of the investigated complex
to be an anticancer drug has been examined by employing the MTT assay technique, which is carried out on HeLa cancer cell lines
and HEK-293 normal cell lines. The MTT assay results validate the ability of complex 1 to display significant anticancer properties.
Finally, by using the AO/PI staining approach, the apoptotic-induced cell-killing mechanism as well as the detection of cell
morphological changes has been confirmed.

■ INTRODUCTION
A subset of polyphenolic organic substances known as
flavonoids is typically present in plants, everyday fruits and
vegetables, tea, wine, and other beverages. The molecules of
flavonoids typically consist of two aromatic rings and a
heterocycle that contains oxygen. They are intriguing at the
chemistry−biology interface because of their multiple func-
tional bioactivities, which include antioxidant, anticancer, anti-
inflammatory, antidiabetic, antiatherosclerotic, and antiapop-
totic capabilities.1−4 The production of tiny molecules with the
ability to kill cancer cells while being less hazardous to normal
cells has recently gained enormous attention from the scientific
community. Among cancer-preventive medications, flavonoids
have received the most research attention. It is undeniably true
that these substances can impede some particular stages of the

carcinogenic process by reducing cell growth and inducing
apoptosis in a variety of cancer cell types.5−9 The anticancer
effects of flavonoids may be explained by their antioxidant
capacity, which typically occurs via suppression of reactive
oxygen species production.10−12 Apples, red grapes, onions,
raspberries, honey, cherries, citrus fruits, and green leafy
vegetables are all sources of the well-known flavonoid
quercetin (3,3′,4′,5,7 pentahydroxyflavone), which has a
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well-established efficacy against cancer-related diseases via
several targeted pathways.13−15 Chemists began to believe that
a metal−organic complex might demonstrate efficient
anticancer properties like other organic anticancer medication
molecules after the successful development of cisplatin as an
anticancer medicine. The widespread usage of this great
medicine is somewhat constrained by the numerous negative
effects of cisplatin. Therefore, several research teams have
attempted to create several nonplatinum metal−quercetin
complexes to assess their potential as a low-side-effect cancer
treatment. The innermetallic complexes have generally been
formed in the majority of situations. However, even though it
is well established that a secondary anionic residue plays a
significant role in the demonstration of effective anticancer
property, no report has been found in which metal−quercetin
complexes have been developed bearing secondary anionic
residues to examine their anticancer properties.16−18 The metal
complex’s anticancer property can be managed by carefully
choosing the metal ion. Fe complexes occupy a prominent
position among the many nonplatinum metal complexes. Fe is
a component of every living thing, and enzymes containing Fe
can catalyze several organic oxidation processes.19−22 Numer-
ous teams of researchers produce neutral Fe(II)/Fe(III)−
quercetin complexes to test their biological applications.
However, no studies have been discovered in which a Fe(III)
complex with a secondary anionic residue has been developed
as a powerful anticancer drug. Additionally, it has been
revealed that several iron complexes exhibit possible anticancer
properties. Therefore, Fe complexes have drawn particular
interest in the production of anticancer drugs.23,24 DNA has
become the primary intracellular target for anticancer
medications in current research on the generation of such
therapies.25,26 In this instance, the drug molecule binds to
DNA and then slows down DNA replication.27−29 On the
other hand, the toxicity of anticancer drugs to normal cells is a
common issue, and the development of drug delivery vehicles
that can take the medication to the target area can lessen the
side effect. Human serum albumin (HSA) protein is a well-
known drug delivery transport30 that can transport drugs to
their intended locations.31 As a result, drugs have fewer
opportunities to come into contact with healthy cells, which
reduces adverse effects.32,33

So before going to the inspection of the anticancer property
of the metal complex, it is an urgent need to study the DNA/
HSA binding efficacy of the metal complex.
Taking into account every aspect of the study presented

here, the creation of the cationic Fe(III) complex [Fe(Qr)Cl-
(H2O)(MeO)] (complex 1) has been described for the first
time (Scheme 1). Spectroscopic analysis has been used to
characterize the complex. While the density functional theory
(DFT) analysis optimizes the complex’s structure, the EPR

study confirms the metal’s oxidation state. After achieving its
structural shape, complex 1 has been exposed to test its DNA/
HSA binding efficiency using circular dichroism (CD),
ultraviolet (UV), and fluorescence spectrum methods. All of
the spectral research shows that compound 1 may efficiently
interact with DNA via both partial intercalation and groove
binding mode. It also exhibits effective HSA interaction
potential through a hydrophobicity-induced mechanism. The
potential anticancer property of the compound with low
toxicity to normal cells has been then confirmed by using MTT
assay techniques on one cancer cell line and one normal cell
line. Finally, by using the staining technique, the apoptotic-
induced cell death pathway of the investigated complex has
been demonstrated.

■ RESULTS AND DISCUSSION
Synthesis, Infrared (IR), UV, and Electrospray Ioniza-

tion Mass Spectrometry (ESI-MS) Analysis of Complex
1. Complex 1 has been developed by the reaction of quercetin
and FeCl3 in presence of Et3N. At the first step, the Fourier
transform infrared (FT-IR) spectra of the quercetin and the
complex are noted, leading to a prefatory idea regarding the
existing bonds (Figure S1a,b in the Supporting Information
file). Generally, the C�O stretching frequency of free
quercetin is observed at 1663 cm−1, which is shifted to 1607
cm−1 during the complex 1 formation. The coordination of
carbonyl oxygen with metal ions is confirmed by this shift.34−37

The bands at 1604 and 1251 cm−1 are shifted to 1584 and
1261 cm−1 which are assigned as C�C and C−O−C
stretching frequencies, respectively. Furthermore, a Fe−O
stretching vibration band at 646 cm−1 suggests the formation
of a metal complex and this is absent in pure quercetin.
The UV−vis spectrum of the free quercetin and complex 1

in dimethyl sulfoxide (DMSO) is shown in Figure S2
(Supporting Information file). Quercetin exhibits two major
absorption bands at 372 and 310 nm representing B-ring
absorption (cinnamoyl system) and A-ring (benzoyl system).38

After complex formation, a significant blue shift alteration of
the spectral position is observed. For complex 1, two new
peaks appear at 305 nm (band IV) and 267 nm (band III).
Interestingly, for complex 1, one additional peak arises at 430
nm, confirming the formation of complex 1.
The electrospray ionization mass spectra (positive mode, m/

z up to 1200 amu) of the complex are recorded in methanolic
solutions (Figure S3 in the Supporting Information file).
Complex 1 exhibits one major peak at m/z = 240.9870 amu for
the species [C16H15O9ClFeK]2+ (calculated m/z = 240.9735
amu). For complex 1, the isotopic model shows a good
agreement with the experimental result.

EPR Study. The solid-state EPR spectrum for complex 1
has been recorded at room temperature to provide concrete
proof behind the +3 oxidation of iron in complex 1, and the
spectrum is pictographically represented in Figure S4 (in the
Supporting Information file). The RT powder spectrum of
complex 1 comprises a broad high spin (S = 5/2) resonance
centered at g ∼ 5.15 and axial low spin signals at g = 2.19 and
1.96. From the EPR LS rhombic signal, one can say that in
[Fe(Qr)Cl (H2O)(MeOH)]+, the unpaired electron resides in
a HOMO of dxy character [i.e., t2g-configuration = (dyz) 2
(dxz) 2 (dxy) 1 for the FeIII ion].39

DFT Study. The optimized geometry of the studied
Fe(III)−Qr complex (1) through DFT is shown in Figure
1a. The geometry optimization of Fe(III)−Qr (1) has been

Scheme 1. Synthesis of Complex 1
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performed after the confirmation of composition as [Fe(Qr)-
(MeO)(H2O)Cl] (1), and this confirmation is done with the
help of ESI-MS data.40 The theoretical geometry-related
parameters of the complex are tabulated in Table S1. In the
complex [Fe(Qr)(MeO)(H2O)Cl] (1) having metal center
Fe3+, one mono-negatively charged (with an O2 donor system)
Qr ligand, two solvent molecules, methanol and water, and one
Cl− as a secondary anionic residue are coordinated with the
metal center, satisfying the square pyramidal geometry (with
Addison parameter τ = 0.31).41 The theoretical Fe−Cl bond
and Fe−O bond lengths are measured to be 2.337 and 1.875−
2.020 Å, respectively. Moreover, it is found that the HOMO−
LUMO energy gap (Figure 1b) is ΔE = 2.34 eV for complex
[Fe(Qr)(MeO)(H2O)Cl] (1) which is responsible for the
stabilization of the studied complex.

Theoretical Electronic Spectra. Complex 1 shows a well-
recognized absorption band at 352 nm (Figure S2 in the
Supporting Information file) in DMSO solvent at room
temperature, the corresponding calculated absorption band is
located at 365 nm which is in excellent agreement with the
experimental result, and the frontier molecular orbitals
involved in the absorbance of complex 1 in DMSO solution
are presented in Figure S5.

DNA Binding Studies. After the structural configuration
has been established, the biological impression of complex 1
has been carried out. It is vital to ensure the stability of the
compound in working buffer media before analyzing biological
implementation. For this reason, complex 1’s absorbance
variation in the working buffer solution at pH 7.2 is measured
as a function of the time change (days 1, 2, 3, 4, and 5). The
stability of the complex in the buffer solution is indicated by
Figure S6 (in the Supporting Information file), which shows a
slight variation in the absorbance with respect to time. After
stability checking in the working buffer solution, the DNA
binding efficacy of complex 1 has been checked with the help
of the following biophysical study.

UV Absorption Titration. In the initial step, UV metric
titration is used to assess the DNA binding capability of
complex 1. Here, Figure 2 shows how the steady addition of

CT-DNA changed the absorbance of complex 1 at a specific
concentration. Complex 1 exhibits absorption maxima at 300
nm and follows the addition of CT-DNA; these maxima are
hypochromic. Equation 5 is used to calculate the value of the
host−guest binding constant using the titration pictograph
(Experimental Section). It has been determined that the
binding constant is 3.4 × 104 M−1. The high binding constant
value and hypochromic character of the absorbance point to
the developed complex’s capacity for DNA interaction.

Ethidium Bromide (EB) and 4′,6-Diamidino-2-phenyl-
indole (DAPI) Displacement Study. The next task will be
to identify the binding mode of complex 1 with DNA after
completing the electronic titration and binding constant
determination. Ethidium bromide (EtBr)/DAPI displacement
study is skillfully acceptable for this purpose. Since DNA does
not naturally possess fluorescence properties, two separate
potent fluorophores, EB and DAPI, are joined with DNA to
form EtBr−DNA and DAPI−DNA adducts. In contrast to
DAPI, which associates with DNA by group binding, EtBr has
a planer shape and increases the fluorescence intensity of DNA
up to twenty-fold after intercalative interaction with it.42,43 In

Figure 1. (a) Optimized geometry of complex 1 having molecular formula [Fe(Qr)(MeO)(H2O)Cl] (1). (b) Frontier molecular orbital with an
energy difference of complex 1.

Figure 2. Change of absorption spectra of complex 1 (10 μM) after
incremental addition (0 to 80 μM) of CT-DNA. Inset: Linear fitting
to determine the binding constant.
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the current study, a majestic reduction in fluorescence intensity
has been seen after the incremental addition of complex 1 to
the EtBr−DNA/DAPI−DNA adduct.
This observation is graphically depicted in Figure 3. This is

because complex 1 causes a contending state between EtBr/
DAPI and the investigated complex when it is added to the
EtBr−DNA/DAPI−DNA adduct. Due to the reduced number
of EtBr/DAPI association sites accessible as a result of the
competition, EtBr−DNA/DAPI−DNA adduct fluorescence
intensity is quenched. Using the Stern−Volmer equation,44

the quenching constant is calculated:

= [ ] +F F K Q/ 10 q (1)

Here, F0 and F are the emission intensities in the absence and
presence of the quencher and Kq is the quenching constant.
The quenching constant values of complex 1 are found to be
2.2 × 105 and 8.3 × 105 M−1 for EtBr and DAPI displacement
studies, respectively. According to the values of the quenching
constant, the produced complex can associate with DNA
through major group association and partial intercalation. The
section on molecular docking explains the specifics of the fact.

Protein Binding Study. HSA is abundantly present in
blood plasma. It serves as a drug transporter, delivering
medications to the intended place while reducing the
likelihood of side effects. Therefore, the HSA binding study
using complex 1 is performed following the completion of the
DNA binding study.

UV Absorption Titration. At the beginning of a protein
binding study, UV metric titration is used to assess complex 1’s
ability to bind with HSA. Figure 4 shows the fluctuations in
absorbance of complex 1 at a specific concentration following

the addition of HSA gradually. HSA exhibits absorption
maxima at 280 nm, which is caused by π−π* transition of
aromatic amino acids tryptophan, tyrosine, and phenylalanine
with the generation of a new band near 330 nm, and this newly
generated peak may be arisen due to charge transfer spectra in
the metal complex. The enhancement of the absorbance with
the blue shift at 280 nm may be correlated with the
hydrophobic interaction of the HSA with the studied complex.
The change in the absorption spectra of bare HSA in the
presence of complex 1 provides an indication regarding the
formation of the HSA−complex 1 adduct. The creation of the
ground-state complex with HSA is what causes the increase in
absorbance. To avoid the inner filter effect, we have modified
the spectra using the equation

= × +I I A Aantilog ( )/2obs ex em (2)

where I stands for the corrected intensity and Iobs represents
the observed background-subtracted fluorescence intensity. Aex
and Aem correspond to the respective absorbance values
measured at excitation and emission wavelengths, respectively.

Steady-State Fluorescence Study. Tyrosine (Tyr) and
tryptophan (Trp), two aromatic amino acids, are present in
HSA, making it a very potent fluorescent protein.45 One of the
most beneficial methods to assess the strength of a small
molecule’s interaction with HSA is the fluorescence quenching
study of HSA by small molecules. Here, the fluctuation in
HSA’s fluorescence intensity is observed following the slow
addition of complex 1 to a predetermined HSA concentration.
After the continual addition of complex 1, Figure 5 clearly
depicts a stunning drop in the fluorescence intensity of HSA at

Figure 3. Fluorescence quenching of (a) EtBr−DNA and (b) DAPI−DNA adducts after gradual inclusion (5−80 μM) of complex 1. Inset: Stern−
Volmer curve for quenching constant determination.

Figure 4. Change of absorbance 5 μM HSA with the increasing
concentration of complex 1 at 298 K.

Figure 5. Fluorescence spectra of 5 μM HSA with increasing
concentrations of the complex at 298 K as marked in the figure.
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340 nm. To comprehend the real quenching mechanism, we
have applied Stern−Volmer eq 1. The binding constant has
been determined using the double log plot (Figure 6b), and
the nature of binding is clarified using the modified Stern−
Volmer plot (Figure 6c).
According to eq 1, the F0/F vs [complex 1] plot is assumed

to be linear, and as seen in Figure 6, we are receiving a linear
plot, which supports the static quenching. Eqs 3 and 4 have
been implemented the double-log plot (eq 3) and modified
Stern−Volmer plot, respectively.

= + [ ]K n Qlog log logF F F/0 (3)

In the above equation, K stands for the binding constant of
the complex with HSA and n denotes the number of binding
sites.

= +
×

×F
F F f f K Q

1 1 10

0 Q (4)

Here, f is the fraction attainable for the protein fluorescence
and KQ is the detectable quenching constant. Table 1

Figure 6. (a) Stern−Volmer plot, (b) double-log plot, and (c) modified Stern−Volmer plot of HSA with varying concentrations of the complex at
298 K as marked in the figure.

Table 1. Binding Parameters of HSA−Complex 1 Interaction

sample Kb (L mol−1) Ksv (L mol−1) Kq (L mol−1 s−1) KQ (L mol−1) n

complex 1 1.03 × 104 1.01 × 1012 2.12 × 1012 1.21 × 104 1.02

Figure 7. (a) Double logarithm plots of the interaction between HSA and the complex at different temperatures as marked in the figure. (b) van’t
Hoff plot of HSA interacting with the complex.
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represents all the binding parameters. The Kq value is
determined to be in an order of 1013, and this is higher
(>1012) than the threshold Kq value which is a typical
parameter for the bimolecular quenching process.45,46 During
the drug−protein interaction study, if the process follows the
diffusion control pathway by collision (dynamic quenching),
then the threshold value should be in an order of 1010. Here,
Kq is measured from the relation Kq = KQ/⟨τ0⟩.
For the static quenching system as <τ0> is controlled by the

excited-state property of both the fluorophore and the
quencher, Kq should be higher than 1010. Here, the value of
Kq is found to be higher than the maximum threshold value.
This phenomenon suggests the static quenching nature of HSA
during association with the studied complex.

Binding Site Number (n) of HSA with Complex 1.
Executing Job’s plot, which is connected to the fluorescence
emission spectral study, further supports the given n value
(Figure S7 in the Supporting Information file). The plot shows
that the two straight lines intersect at a molar fraction between
0.52 and 0.56, supporting the 1:1 (n = 1) binding
stoichiometry between HSA and the studied complex during
the interaction.

Thermodynamic Parameter Calculation of HSA Bind-
ing with Complex 1. Enthalpy and entropy values, two
thermodynamic characteristics, offer reliable cues about how
well HSA and complex 1 interact. All the thermodynamic
parameters for the complex 1−HSA interaction have been
calculated in the current work utilizing van’t Hoff’s equation at
four different temperatures (293, 298, 303, and 308 K). It has
been previously detailed how the emission spectrum of HSA
changes with the incremental concentration of complex 1 and
how binding constants (Kb) are measured at 298 K. Figure 7a,b
also shows the other three double-log plots at 293, 303, and
308 K in addition to 298 K. Table 2 provides the Kb, log Kb,

and n values (number of binding sites per HSA) for these four
temperatures. Generally, the values of small enthalpy and
positive entropy changes signify the electrostatic interactions,
whereas for hydrophobic interactions positive enthalpy and
entropy bear a positive signal. On the contrary, generally, the
hydrogen bonding and van der Waals interactions are specified
by negative enthalpies.47,48 In the present study, the values of
ΔH and ΔS for complex 1−HSA interaction are measured to
be 30.18 KJ mol−1 and 147.83 J mol−1 K−1, respectively (ΔH >
0 and ΔS > 0), suggesting the hydrophobic interaction among
the investigated complex and macromolecule [50].
Additionally, the −ve free energy change given in Table 2

also authenticates the spontaneous interaction among protein
and the studied complex. In the present case, the value of
binding parameters like the ΔH and ΔS values during HSA
and complex 1 interaction is measured to be 30.18 kJ mol−1

and 176.34 J mol−1 K−1, respectively. The positive values of
ΔH and ΔS (ΔH > 0 and ΔS > 0) are a quite natural
phenomenon if the studied complex−HSA interaction is

hydrophobic in nature49 instead of van der Waals or hydrogen
bonding. At the same time, the −ve free energy value is an
indication of spontaneous interaction among the studied
complex and HSA.

Time-Dependent Fluorescence Study. At 298 °C in CP
buffer media, a time-dependent fluorescence decay assessment
study is conducted to unveil the fluorescence quenching
mechanism of HSA after the inclusion of complex 1. Here, the
lifetime decay of HSA is estimated and after the addition of
different concentrations of complex 1, the lifetime is also
documented via a concentration-dependent track (Figure 8).
The fluorescence decay parameters for complex 1 are
summarized in Table S2.

The findings show the bi-exponential degradation of both
the HSA and HSA−complex 1 adducts. The time constants for
using the standard method are listed. The calculated value of
the HSA time constant is 3.74 ns, and with the addition of
complex 1, there is hardly any lifetime reduction, pointing to
the static quenching pathway of the HAS during interaction
with the investigated complex. The χ2 value of complex 1 is
competently fitted in the allowable range.

Circular Dichroism Study. A CD study is an effective
approach for learning about any structural changes that occur
in a macromolecule when it interacts with a tiny molecule.
Figure 9a shows the variance of CD spectral variations of bare
DNA in the absence and presence of complex 1. The image
clearly demonstrates that the CD of free DNA exhibits one
positive lobe at 278 nm and one negative lobe at 248 nm,
supporting the presence of the b form of DNA.50 The
character of the spectrum is more or less unchanged when
complex 1 is added to free DNA, indicating that the
conformation of DNA remains preserved throughout complex
1’s binding to it. When complex 1 is associated with protein,
whether any organizational alteration has occurred or not, CD
spectral titration study furnishes such manifestation. To serve
this purpose, the CD spectrum of HSA is recorded in the
presence and absence of the title complex.
For the spectra of CD of free HSA, two negative peaks51,52

are seen at 209 and 220 nm, respectively, suggesting that HSA
has an α-helical structure. The sole change to the CD spectrum
following the addition of complex 1 to HSA is in the band
potency. The titration study has been examined using CD Pro
software. The shape of the curve remains the same both before

Table 2. Binding Parameters of HSA and Complex
Interaction at Different Temperatures

temperature (K) Kb value ln Kb value n ΔG(kJ mol−1)

293 0.62 × 104 8.73 1.077 −21.13
298 1.03 × 104 9.23 1.132 −22.76
303 1.32 × 104 9.48 1.021 −23.80
308 1.56 × 104 9.65 1.002 −24.72

Figure 8. Time-resolved fluorescence measurement HSA (5 μM) in
the absence and presence of complex 1 via a concentration-dependent
pathway.
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and after the complex has been introduced. From this
observation, one can conclude that after the association of
complex 1 with HSA, the α-helical structure of HSA remains
dominant.

Molecular Docking Study. From the docking study, it is
revealed that the metal complex approaches the major groove
of DNA and the catechol ring of the ligand partially
intercalates into the DNA base pairs (Figure 10a).
The hydrophilic metal center of the complex is exposed to

the solvent. The formation of hydrogen bonds with a phenolic
group of the metal complex and the formation of π−π stacking
between aromatic rings of the ligand and DNA bases stabilize
the DNA−complex 1 adduct (Figure 10a,b). The spacing
between the base pairs increased from 3.6 to 4.86 Å due to

intercalation (Figure 10a). The binding free energy during
complexation is measured to be −31.62 kJ mol−1.
The docking study also shows that the metal complex

completely engulfs the binding pocket of HSA (Figure 10c).
Here also the phenolic groups form hydrogen bonds (Figure
10d). The distance between the bounded metal complex and
Tyrosine 150 residue is 4.77 Å. The energy transfer from
Tyrosine 150 amino acid to the iron metal complex is
responsible for fluorescence quenching. The binding free
energy during binding is calculated to be −14.74 kJ mol−1.
The hydrophobic interaction between the ligand and

macromolecule plays a significant role during binding. The
value of ΔGhyd can be calculated as ΔGhyd = − (22 ± 5)

Figure 9. CD spectral change of (a) CT-DNA and (b) HSA in the presence and absence of complex 1.

Figure 10. Molecular docking of complex 1 with DNA (a,b) and HSA (c,d).
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ΔSASA51 (where ΔSASA is changed in solvent-accessible
surface area).
The obtained ΔSASA values which arise due to the

association of the title complex with DNA and HSA are 477
and 727 Å2, respectively. These values correspond to ΔGhyd
values of −44.05 ± 2.38 and −67.20 ± 3.60 kJ mol−1,
respectively. This study clearly indicates that the hydrophobic
interaction plays a significant role during complex−macro-
molecule binding.

In Vitro Cytotoxicity Assay. The last section does a good
job of discussing the possibility of interaction between complex
1 and the CT-DNA/HSA protein. Finally, the MTT assay
research is used to perform the cytotoxicity experiment on the
HEK 293 normal cell line and the HeLa cancer cell line in a
dose- and time-dependent manner. The results for cell viability
are summarized in Figure 11.
Initially, the toxicity of complex 1 was tested in a wide range

of doses (0−100 μM, Figure 11a). Based on the primary data,
we further tested the toxicity of complex 1. The LD50 value at
24 h is found to be quite high (28.46 ± 1.26 μM), so we
increased the incubation time, with lower doses (0−20 μM,
Figure 11b). The mortality rate at all doses was found to be
significant in comparison to untreated cells (i.e., control cells)
(Supplementary Table S3), and the LD50 value after 48 h of
treatment for HeLa cells was estimated to be 3.86 ± 0.57 μM.
The LD50 values for complex 1 (recaptured in Table 3)

provide a strong indication of the compound’s potent
antiproliferative ability and low toxicity to normal cells,
which is supported by the compound’s high IC50 value. The
LD50 value after 48 h of cell incubation is quite impressive,
confirming complex 1’s potency as an anticancer drug.
Cisplatin has been employed as a positive control against the
HeLa cell line (LD50 = 17.66) throughout the entire MTT
assay.

Unveiling the Cancer Cell Death Mechanism. Finally,
we used the nuclear staining technique by utilizing several dyes
to reveal the cause of cell death and to provide insight into the
morphological changes within the cell.

In this study, cells are first exposed to complex 1 (25 μM)
for 24 and 48 h and stained with AO/PI to examine changes in
the cellular morphology. Figure 12 shows the HeLa cells’
nucleus morphological alterations. AO can center both live and
dead cells, and stained DNA results in green fluorescence. PI
can only enter in death cells, as the integrity of the cell
membranes is lost after the cell death. The untreated cells
exhibit uniform green fluorescence, which indicates that the
integrity of the nucleus and cell membranes is intact. After
treatment with complex 1, at 24 h, around 40% of cells exhibit
red fluorescence, and hence, cell death occurs and membrane
integrity is lost. With increasing time, more cells turned red
(around 85%), indicating an increase in cell death. After 48 h
of treatment, the bright yellow-green fluorescence indicated
disorganized nuclei of death cells.52−54

■ CONCLUSIONS
One quercetin-based iron(III) complex [Fe(Qr)Cl (H2O)-
(MeO)] (complex 1) is developed in the current work by a
straightforward condensation reaction between quercetin and
ferric chloride in the presence of Et3N. Complex 1 has been
structurally determined with the aid of numerous spectroscopic
studies. The +3-oxidation state of the metal center has been
confirmed by the EPR analysis, making this the first 1:1
ligand−metal Fe(III) complex to be reported. It also has a
secondary anionic residue. Complex 1 has undergone a DFT
analysis for structural optimization. Complex 1 has been
utilized to inspect the DNA and HSA binding effectiveness
after structural identification as a prelude to biomedical use.
Several biophysical experiments, including electronic titration,
EtBr/DAPI displacement tests, steady-state fluorescence study,
CD titration, and others, have been carried out to properly
serve this aim. Anyone can conclude from studying the findings
of these investigations that complex 1 has a very high
likelihood of associating with both macromolecules. The
displacement assay investigation offers substantial support for
the complex’s groove binding and partial intercalation
properties. The fluorescence lifetime measuring investigation
also supports the HSA’s static quenching nature upon
connection with the title complex. By calculating the
thermodynamic parameters, the hydrophobic nature of the
interaction between the investigated complex and HSA is
confirmed. The findings obtained from CD spectral titration
unveil that following engagement with the complex, both the
macromolecules do not face any secondary conformational
changes. After determining the effectiveness of DNA/HSA
binding, the anticancer property of complex 1 has been

Figure 11. Cell viability of the HeLa cell line after incubation with complex 1 via dose-dependent manner for (a) 24 h and (b) 48 h [** indicating
p < 0.001].

Table 3. LD50 Value of Complex 1

cell line
LD50_24 h

(mean ± SD, n = 3)
LD50_48 h

(mean ± SD, n = 3)

HeLa 28.46 ± 1.26 3.86 ± 0.57
HEK-293 66.43 ± 2.34
FeCl3 >100
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evaluated using the MTT assay technique in a time- and dose-
dependent way. The LD50 values confirm the developed
complex’s strong anticancer ability and low toxicity toward
normal cells. Finally, nuclear staining analysis has demon-
strated the apoptotic-triggered cancer cell death pathway of the
title complex.

■ EXPERIMENTAL SECTION
Materials and Methods. All the reagents and solvents

used in this synthesis were commercially obtainable and
utilized without further purification. CT-DNA, HSA, DAPI,
and EB have been procured from Sigma Aldrich Chemicals.
Ferric chloride (FeCl3) and Et3N were purchased from Merck.
The total interaction studies among the macromolecules and
complexes were carried out in a citrate−phosphate (CP) buffer
of 10 mM [Na+] at pH 7.4 containing 0.5 mM Na2HPO4. An
elemental analysis (C, H, and N) experiment was performed
by using a Perkin Elmer 240011 elemental analyzer. To collect
the FT-IR data, ATR mode Bruker Tensor-27 was used.
Electronic absorption spectral data were gathered with the help
of the Perkin Elmer UV−vis Lambda 365 spectrophotometer,
and the total fluorometric experiments were executed with the
help of the Parkin Elmer fluorescence spectrometer FL6500.

Synthetic Procedures. Synthesis of Complex 1. For the
synthesis of complex 1, a methanolic solution of FeCl3·6H2O
(0.27 gm, 1 mmol) was added in situ to the methanolic
solution of quercetin (0.30 gm, 1 mmol) under reflux
conditions with continuous stirring followed by addition of
Et3N for 3 h. The chocolate brown color ppt appeared during
the complex 1 formation. After that, the solution was allowed
to be settled at room temperature and filtered. The ppt was
collected and dried for further studies.
Yield: 0.35 gm (80%), C16H14ClFeO9 (441.57) calculated:

(C, 43.43; H, 3.17) found: (C, 43.40; H, 3.15).
Theoretical Calculation Method. Ground-state electronic

structure calculations in the gas phase of the ligand and

complex have been carried out using a DFT55 method
associated with the conductor-like polarizable continuum
model.55 Becke’s hybrid function56 with the Lee−Yang−Parr
correlation function57 was used for the study. The absorbance
spectral properties in the DMSO medium for complex 1 were
calculated by time-dependent density functional theory,
associated with the conductor-like polarizable continuum
model and we computed the lowest 40 singlet−singlet
transition.
For H atoms, we used the 6-31+(g) basis set; for C, N, O,

and Fe atoms, we employed LanL2DZ as the basis set for all
the calculations. The calculated electron-density plots for
frontier molecular orbitals were prepared by using Gauss View
5.1 software. All the calculations were performed with the
Gaussian 09 W software package.58 The Gauss Sum 2.1
program59 was used to calculate the molecular orbital
contributions from groups or atoms.
DNA/Protein Interaction Studies. The DNA and HSA

stock solution were prepared by dilution of CT-DNA in a CP
buffer of 10 mM Na+ containing 0.5 mM Na2HPO4. The DNA
concentration was estimated spectro-photometrically by using
a molar extinction coefficient (ε) of 6600 M−1 cm−1, and
during concentration deduction, no deviation from Beer’s law
was noticed. At the same time, by utilizing a molar extinction
coefficient (ε) of 37,500 M−1 cm−1, a fixed concentration of
HSA was prepared. The following biophysical experiments
were carried out to check the binding efficacy of DNA/protein
with complex 1.
Absorption Spectral Titrations. In the case of electronic

absorption spectral titration, the binding constant (K) for the
association of the complex with CT-DNA was calculated with
the help of eq 5.17

[ ] = [ ] + kDNA /( ) DNA /( ) 1/ ( )a f b f a f
(5)

Figure 12. HeLa cells stained with AO/PI after treatment with complex 1 for 24 and 48 h.
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where [DNA] represents the concentration of CT-DNA in the
base pairs, “εa” stands for the apparent absorption coefficient
corresponding to Aobs/[complex 1], “εf” is the extinction
coefficient of the free complex, and “εb” represents the
extinction coefficient of the complex fully bonded with CT-
DNA. From the plot of [DNA]/(εa − εf) vs [DNA], the
intrinsic binding constant “K” can be determined by the ratio
of the slope to intercept.

Steady-State Fluorescence Study and Displacement
Assay. In this study, the variation of the fluorescence
intensities was recognized after the gradual addition of
complex 1 solution step by step into the CT-DNA−EtBr/
CT-DNA−DAPI domain. HSA is a highly fluorescence active
protein, the fluorescence titration phenomena of HSA were
recorded within 260−450 nm upon excitation at 250 nm, the
micromolar (μM) amount of stock solutions of each was added
continuously into the HSA solution, and fluorescence intensity
changes were documented.

Circular Dichroism (CD) Spectral Study. For the CD
spectral study, a Jasco J1500 model unit (Jasco International
Co. Ltd. Hachioji, Japan) was used. In CD spectral titration
after the addition of increasing concentrations of the studied
complex to a fixed concentration of CT-DNA (30 μM), the
alteration of the CD spectrum of free DNA/HSA was
recorded. With the help of the equation [θ] = 100 × θ/(C
× l), the molar ellipticity values [θ] were calculated where “θ”
is the measured ellipticity in milli degrees, “C” denotes the
concentration in mol/L, and “l” represents the cell path length
of the cuvette in cm. The molar ellipticity [θ] (deg.cm2/dmol)
values are represented in terms of base pairs within the region
of 200−400 nm.60,61

Molecular Modeling Studies for DNA Binding and
HSA Protein Interaction. For the molecular modeling study,
a DNA crystal (6elb.pdb) and HSA−warfarin complex were
downloaded (2bxd.pdb) from pdb. The probable binding sites
in each macromolecule were identified using a site finder. The
ligand (quercetin) was placed in sites, and MD simulation
upto100 picosecond (interval of 0.5 ps) at 300 K was run to
get the most stable complex (lowest energy).62,63 The binding
score with the lowest root means square deviation was taken as
the free energy of binding.

In Vitro Cytotoxicity Assay. The anticancer activity of
complex 1 on the human cervical carcinoma cell line (HeLa)
along with the HEK 293 normal cell line was checked by using
the traditional MTT assay technique. Cells were seeded at a
density of 2 × 105 cells/well in a 24-well plate. After 24 h of
cell seeding, cells were exposed to the studied complex at
different concentrations for 24 h. After incubation, cells were
washed with 1 X phosphate buffered saline (PBS) twice. Then,
they were treated with 0.5 mg/mL MTT solution (SRL) and
again incubated for 3−4 h at 37 °C until a purple-colored
formazan product developed. The resulting product was
dissolved in DMSO, and OD was calculated at 570 nm using
a microplate reader (Bio-Rad). With the help of the following
formula, the rate of survival was determined.64,65

= ×Cell viability (%) (OD /OD ) 100AT AC

where ODAT = Absorbency of control cells and ODAC =
Absorbency of treated cells.

Acridine Orange (AO) and Propidium Iodide (PI) Dual
Staining. HeLa cells were plated at a density of 5 × 104 cells/
well in 24-well plates with an overnight incubation at 37 °C in
a CO2 incubator. Cells were treated with the desired

concentration of developed complexes after 4 h of serum
starvation and then incubated at 37 °C for 24 and 48 h. After
incubation, the culture medium was aspirated, and cells were
twice washed with 1X PBS. Then, the cells were stained with
equal volumes (25 μM, AO−PI 1:1) of AO and PI. The
stained cells were kept in dark for 30 min. The cells were
washed once with 1 X PBS, and the microscopic fluorescence
images were taken.66,67
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