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s, mechanisms, and bioactivity
evaluations of a novel Zn(II) complex
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Zn(II)-based anticancer drugs can be suitable alternatives to conventional Pt(II)-based drugs because of the

unique chemical properties of Zn(II) and low toxicity. In this study, a new hexadentate and heteroleptic Zn(II)

complex ([Zn(bpy)2(OAc)2], 1) was prepared with a conventional N,N-donor ligand (2,20-bipyridine) and
a leaving group (OAc) and characterized via ESI-MS, UV-Vis, and FT-IR spectroscopy. Kinetic and

mechanistic investigations of 1 were performed using two biologically relevant ligands (DL-penicillamine

and L-cysteine) to understand its selectivity and reactivity. Substitution reactions were determined to be

two-step processes in the associative activation mode. Bioactivity studies of 1 revealed moderate to

strong DNA-binding, cleaving ability, and antimicrobial properties.
Introduction

Transition metal complexes are being explored as alternative
antitumor agents to Pt(II) complexes, owing to their lower
toxicity and higher efficacy compared to that of the latter.1 In
particular, Ru(III), Ga, and As complexes have emerged as
promising anticancer drugs.2 Some Zn(II) coordination
complexes also showed promising DNA binding ability and
antitumor activity.3,4 This is attributed to their unique chemical
properties, diverse biological functionality, and lower toxicity at
even higher doses compared to other metals,5,6 negligible side
effects compared to the available anticancer drugs,7 and
affordability.

Zn has three unique chemical properties: (i) it has a 3d10

electronic conguration in the +2 state; thus, the Zn(II) coordi-
nation complexes have no ligand-eld stabilization energy.8

Hence, they do not have preferential geometry and can form
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readily exchangeable, exible, but strong complexes with
organic ligands;9 (ii) Zn(II) has a lled 3d orbital and is thus
redox inactive. Hence, they are highly stable in biological reac-
tions and can easily enter biological systems without causing
oxidative stress-mediated damage; and (iii) Zn(II) is classied as
a borderline metal ion by Pearson in 1963.10 Therefore, it does
not have preference among N, O, or S for coordination. In
addition, Zn is an essential trace element and the second-most
abundant element in the body.11 It is crucial for all forms of life
on the planet. Zn is present in all body uids and tissues, with
maximum fractions in the muscle tissue, skeleton, and liver.12 It
has diverse biological functions owing to its redox-inactive
nature. Zn(II) complexes strengthen the immune system;13

regulate RNA transcription and DNA synthesis;14 heal
wounds;15,16 maintain cell growth, cell division, differentiation,
proliferation,17 and prostaglandin function;14 regulate body
uid pH; enhance collagen formation in hair, nails, and skin;18

and improve memory and mental health.
The physicochemical properties of Zn(II), such as its

diamagnetism, strong Lewis acidity, and d10 conguration,
enable the formation of different coordination geometries with
chelating ligands of diverse donor atoms and hapticity.3 More-
over, Zn(II) complexes have exhibited antiproliferative activity,
fast ligand exchange, Lewis acid activation, and catalytic activ-
ities in hydrolysis and DNA cleavage.19,20 In addition, they are
non-toxic, even at high dosages. They have a preventative effect
on infectious diseases and are less harmful anticancer drugs.21

In particular, zinc phthalocyanines serve as photosensitizers or
light-sensitive compounds during the photodynamic treatment
of tumor cells by producing reactive oxygen species (ROS).22

Moreover, Zn(II) forms dimeric and polymeric complexes with
various donor atoms, such as N, O, and S, in ligands of different
RSC Adv., 2024, 14, 28693–28702 | 28693
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Fig. 1 UV-Vis spectra of [Zn(bpy)2(OAc)2] (1), DL-penicillamine (L1)-
substituted product (2), and L-cysteine (L2)-substituted product (3).
The concentrations of 1 and ligands were 2.0 × 10−4 and 4.0 ×

10−3 mol L−1, respectively, and the path length of the quartz cell was
1 cm.
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capacities, resulting in complexes of different geometries and
coordination. In particular, Zn(II) complexes with N-donor
ligands have been extensively explored as anticancer agents.3

To further explore the anticancer activity of Zn(II) complexes
with N-donor ligands, in this study, we synthesized a six-
coordinated Zn(II) complex bearing two N-donor ligands (2,20-
bipyridine; bpy) and two acetate groups and explored its
kinetics and anticancer mechanistic aspects. The DNA binding
ability, cleaving capacity, and germicidal activity of the Zn(II)
complex were evaluated via several bioassays. The aromatic
ligand bpy serves as a spectator ligand and facilitates a similar
donor environment to that of cis-
diamminedichloroplatinum(II).23

Materials and methods
Chemicals

All chemicals were reagent-grade and used without further
purication. Chemicals, such as Zn(OAc)2, DL-penicillamine, L-
cysteine, Tris buffer, pBR322, EtBr, and bpy were purchased
from Sisco Research Laboratories Pvt. Ltd (India). Calf thymus
DNA (ctDNA) and AgClO4 were purchased from Sigma-Aldrich
(USA). Ampicillin and potato-dextrose agar were purchased
from Hi-Media (USA). A constant ionic strength was maintained
using a NaClO4 (0.1 M) solution, and the pH of all the solutions
used for the kinetics experiments was adjusted using 1 M
NaOH/HClO4 prior to the experiments.

Analytical determination

A Shimadzu UV-vis spectrophotometer (Model UV-3600, Japan)
was used for spectroscopic scanning. A Hi-Tech stopped-ow
spectrophotometer (Model-TB 85) was used to obtain kinetic
data at a controlled temperature. A Shimadzu IR Prestige-21
spectrophotometer (Japan) was used to collect FT-IR data.
Mass spectra were obtained using ESI-MS equipment (Waters,
Model-Xevo G2-XS QTof, USA) in a positive ion mode. A uo-
rometer (PerkinElmer, Model-L555 USA) was used to monitor
uorescence quenching. Plasmid DNA (pBR322) treated with
[Zn(bpy)2(OAc)2] (1) was analyzed by agarose gel electrophoresis
(Bio-Rad, USA).

Synthesis of 1

Complex 1 was prepared by mixing the aqueous solutions of
Zn(OAc)2 and bpy in a 1 : 2 molar ratio. Aqueous solutions were
prepared using double-distilled water. The solution of bpy was
added to the solution of Zn(OAc)2 dropwise with continuous
stirring using a magnetic stirrer for 8 h at 27 °C. The precipi-
tated white solid was ltered and washed three times with
distilled water.

Kinetics evaluation

The reactions of 1 with DL-penicillamine (L1) and L-cysteine (L2)
followed pseudo-rst-order kinetics at three different concen-
trations of ligands and four different temperatures at a physio-
logical pH of 7.4. As the reaction progressed, the maximum
difference in the absorbances of 1 and the substituted products
28694 | RSC Adv., 2024, 14, 28693–28702
2 (product of L1 and 1) and 3 (product of L2 and 1) were observed
at 300 nm (Fig. 1).

Hence, we monitored the reaction kinetics at 300 nm using
ve different concentrations (2.0–4.0 × 103 mol L−1) of L1 and
L2 and four different temperatures (20–35 °C).
Job's method

To determine the effect of continuous variation in the metal:
ligand ratio in 2 and 3 and to obtain a bell-shaped curve, we
used Job's method.24,25 Complex 1 and the ligands (L1 and L2)
were mixed in an equimolar ratio of 2.0× 10−4 mol L−1, and the
pH of the solution was maintained at 7.4 at room temperature.
The vessel was tted with a reux condenser to prevent solvent
loss due to evaporation while heating the reaction mixture in
a 60 °C water bath.
Bioassays

Reaction of 1 with ctDNA. The electronic absorption titration
of 1 with ctDNA was conducted in Tris–HCl buffer (pH 7.4);
a xed concentration (0.1 mM) of 1 was titrated against 0–20 mM
ctDNA.26 The absorption spectra were recorded every 5 min. The
binding constant (Kb) was determined using the following
equation:27,28

½DNA�
�
3a � 3f

� ¼ ½DNA�
�
3a � 3f

�þ 1

Kb

�
3b � 3f

� (1)

where 3a, 3f, and 3b are the extinction coefficients of Aobsd/[1],
free 1, and the fully bonded complex of 1 with ctDNA, respec-
tively. The slope to the intercept (Kb) was calculated using the
[DNA]/(3b − 3f) vs. [DNA] plot.29

Fluorescence quenching experiment. EtBr is a uorescence
tag that exhibits intense uorescence upon intercalation with
© 2024 The Author(s). Published by the Royal Society of Chemistry
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adjacent base pairs of ctDNA. Hence, it was used to evaluate the
binding of 1 and ctDNA.26 The concentration of 1 was increased
from 0 to 100 mM in Tris–HCl buffer (pH 7.4) at xed EtBr and
ctDNA concentrations (17 mM). Next, the uorescence intensi-
ties of different solutions were measured at varying ctDNA
concentrations. The emission spectra (420–490 nm) of 1, EtBr,
and the DNA solution were measured to determine the
quenching constant (Ksv) at an excitation wavelength of 375 nm.
The Ksv value was determined using the Stern–Volmer equation
as follows:

I0

I
¼ 1þ Ksv½Q� (2)

where I0 and I are the uorescence intensities of EtBr–DNA and
EtBr–DNA–1, respectively, and [Q] is the quencher (1) concen-
tration.30 Furthermore, Kapp, KF, and n are the apparent binding
constant, uorescence binding constant, and total number of
binding sites per nucleotide, respectively, which were calculated
using eqn (3) and (4).28

KEtBr[EtBr] = Kapp[Q] (3)

log(F0 − F)/F = logKF + n log[Q] (4)

where [Q] is the quencher concentration at half the uorescence
intensity of EtBr–DNA, KEtBr= 1.0× 107 M−1, and [EtBr]= 10 mM.

Plasmid DNA cleavage using 1. Gel electrophoresis was used
to monitor plasmid DNA (pBR 322) cleavage by 1. Briey, an
aliquot of 150 ng of plasmid DNA solution in 40mMTris-acetate
buffer (pH 7.2) was reacted with different concentrations of 1.
The nal reaction volume was 20 mL. The reaction solution was
incubated at 37 °C for 1 h. The sample loading buffer,
comprising 0.05% bromophenol blue, 5% glycerol, and 5 mL of
2 mMH4ETDA solution (pH 8.0), the sample (DNA + 1), and 5 mL
EtBr were added to 0.8% agarose gel. Agarose gel electropho-
resis was performed at ambient temperature and a voltage of
50 mV for 4 h in the dark.31

Antimicrobial assay. The disk diffusion method was
employed to investigate the in vitro antimicrobial activities of
the ligand (bpy) and 1.32 The in vitro antimicrobial activities of 1
were tested against the fungus Aspergillus niger (MCC1819);
Gram-negative bacteria Enterobacter asburiae (GenBank ID
MN081607.1) and Escherichia coli (NCIM 1056); and Gram-
positive bacteria Staphylococcus aureus (ATCC 29213), Bacillus
siamensis (GenBank ID MN134497), Salinicoccus roseus (Gen-
Bank ID MN080417), and Halomonas denitricans (GenBank ID
MN080415).33,34 Briey, 100 mL of 106 conidia per mL suspen-
sion culture of Aspergillus niger was spread over potato dextrose
agar plates. In addition, the bacterial inoculum was taken from
a 24 h-old culture, adjusted to a concentration of 106 CFUmL−1,
and spread on Müller–Hinton agar plates using a sterile cotton
swab. An agar plate or cylinder was aseptically punched using
a sterile cork borer. Freshly prepared solutions of 1 and bpy at
desired concentrations (25 mL) were added into the well. The
agar plates were then incubated at 37 °C for 24 h. A plate with
ampicillin (10 mg per disc) was used as the control. The diameter
of the inhibition zone (mm) was measured aer incubation.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Experiments were repeated in triplicate, and the average values
were considered.

Results and discussion
Characterization of 2 and 3

Products 2 and 3 were characterized via Job's method, FT-IR
spectroscopy, and ESI-MS. Job's method revealed the metal :
ligand ratio (1 : L1 and 1 : L2) in 2 and 3 to be 1 : 2 (Fig. 2).
Fig. 3(a)–(c) show the FT-IR spectra of 1, 2, and 3. The spectrum
of 1 exhibited bands at 636.79 and 601.88 cm−1 corresponding
to Zn–N stretching vibrations and 733.79 and 763.11 cm−1

corresponding to Zn–O stretching vibrations.35 The IR spectrum
of 2 showed bands at 612.25 and 582.50 cm−1 corresponding to
Zn–N bonds and 412.77 cm−1 corresponding to the newly
formed Zn–S bonds in 2. The IR spectrum of 3 exhibited a band
at ∼416.77 cm−1 corresponding to the newly formed Zn–S bond
and 601.79 cm−1 corresponding to the Zn–N bonds.35,36

Fig. 4(a)–(c) show the ESI-MS spectra of 1, 2, and 3. The
signals at 187.97, 279.93, 434.99, and 618.88 (Fig. 4(a)) corre-
spond to [Zn2+ + 2bpy], [Zn2+ + 2bpy + OAc− + HClO4 + Na+],
[Zn2+ + 2bpy + OAc−], and [Zn2+ + 2bpy + 2OAc− + HClO4 + Na+],
respectively. The signals at 264.995 and 188.05 (Fig. 4(b)) are
attributed to [Zn2+ + 2bpy + 2DL-penicillamine + H2O + ClO4

− +
2H+] and [Zn2+ + 2bpy], respectively. The signals at 254.95 and
188.03 (Fig. 4(c)) correspond to [Zn2+ + 2bpy + 2L-cysteine + H2O
+ ClO4

− + Na+] and [Zn2+ + 2bpy], respectively.

Kinetic studies

The pKa values for L1 are 1.90 (COOH), 7.88 (SH), and 10.58
(NH2) (Scheme 1),37 and those for L2 are 1.71 (COOH), 8.53 (SH),
and 10.36 (NH2) (Scheme 2).38,39 These pKa values suggest that
the S-containing ligands participate in the reactions in their
anionic form (thiolate) at pH 7.4.

The plot of ln(At − AN) vs. t was non-linear; At and AN are
absorbances at time t and aer completion of the reaction,
respectively (Fig. 5(a)). The plot curved initially before appearing
linear with a constant slope. This indicates that the interactions
of L1 and L2 with 1 proceed through two distinct steps (curved
Fig. 2 Job's plot for the L2-substituted product 3.

RSC Adv., 2024, 14, 28693–28702 | 28695
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Fig. 4 ESI-MS spectrum of (a) 1, (b) L1-substituted product 2, and (c)
L2-substituted product 3.

Scheme 1 The pKa values for L
1.

Scheme 2 The pKa values for and L2.

Fig. 3 FT-IR spectra of (a) 1, (b) L1-substituted product 2, and (c) L2-
substituted product 3.
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and linear). Scheme 3 was used to calculate the rate constants
for both steps.

Calculation of k1 of step A / B. Weyh and Hamm's
method40 was employed to calculate k1(obs) values from the
typical plots of lnD vs. t without using Origin soware, as the
slope of the best-tted line of the rst part of the ln(AN− At) vs. t
plot did not work for calculations shown in Fig. 5(a).

(At − AN) – a2 exp(−k2t) = a1 exp(−k1(obs)t) (5)

where a1 and a2 are constants. The values of [(At − AN) − a2
exp(−k2t)] were calculated from X–Y values at different time
intervals (Fig. 6(a)) and denoted as the ‘D’ values.

Then, eqn (5) becomes

lnD = constant − k1(obs)t (6)
28696 | RSC Adv., 2024, 14, 28693–28702
The k1(obs) was calculated from the slopes of lnD vs. t plots
(Fig. 5(b)) at ligand concentrations of 2.0, 3.0, and 4.0 ×

10−3 mol L−1 at xed [1], pH 7.4, ionic strength of 0.1 mol L−1

NaClO4, and different temperatures (20, 25, 30, and 35 °C).
Tables 1 and 2 present the k1(obs) data.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) ln(At − AN) vs. t and (b) lnD vs. t plots. [1] = 2× 10−4 mol L−1,
[ligand] = 4 × 10−3 mol L−1, pH = 7.4, and temperature = 35 ± 0.1 °C.
X–Y = the difference between the absorbances of the two steps in the
time interval.

Scheme 3 Interaction of complex 1 with L1 and L2 and product
formation, where A, B, and C represent 1, intermediate product, and
substituted product, respectively, and k1 and k2 are the rate constants
for the first and second steps, respectively.

Fig. 6 k1(obs) vs. (a) [L
1] and (b) [L2] at a fixed pH (7.4) and temperature

(25 ± 0.1 °C).

Table 2 10−2 k1(obs) values (s
−1) for L2 at five different concentrations,

four different temperatures, and constant pH (7.4), ionic strength
(0.1 mol per L NaClO4), and [1] (2 × 10−4 mol L−1)

System temperature (°C)

103 [ligand] mol L−1

2.0 2.5 3.0 3.5 4.0

L2 20 1.51 2.13 2.75 3.39 3.83
25 2.63 2.94 3.24 3.65 4.05
30 2.71 3.71 4.72 6.32 7.91
35 5.06 7.03 9.00 10.4 11.8
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The plots of k1(obs) vs. [L] (Fig. 6(a) and (b)) are straight lines.
The k1 values (slopes of the plots) at different [L] and temper-
atures (Tables 3 and 4) demonstrate that the rate increased as
the [L] increased. The rst step was ligand-dependent, which
indicates that L1 or L2 attacks Zn(II) to form intermediate B in
this step (Scheme 3).

Calculation of k2 for step B / C. The k2(obs) values were
calculated from the linear segment of ln(At − AN) vs. t plot
(Fig. 5(a) and Table 5). The plots of k2(obs) vs. [L] were also
Table 1 10−2 k1(obs) values (s
−1) for L1 at five different concentrations,

four different temperatures, and constant pH (7.4), ionic strength
(0.1 mol per L NaClO4), and [1] (2 × 10−4 mol L−1)

System temperature (°C)

103 [ligand] mol L−1

2.0 2.5 3.0 3.5 4.0

L1 20 4.54 5.27 5.95 6.72 7.50
25 4.73 5.57 6.40 7.53 8.65
30 4.78 5.72 6.66 7.83 9.01
35 5.00 6.05 7.12 8.37 9.63

© 2024 The Author(s). Published by the Royal Society of Chemistry
straight lines (Fig. 7(a) and (b)). The k2(obs) values increased with
increasing [L] (Fig. 7 and Table 5). The k2 values (Table 6), which
are the slopes of the plots at four temperatures (Fig. 7(a) and
(b)), increased with increasing [L]. Therefore, the second step is
ligand-dependent.

Effect of temperature on k1 and k2. Both k1 (Tables 3 and 4)
and k2 (Table 6) increased with increasing operating tempera-
tures. This suggests that the two substitution reactions are
highly temperature-sensitive. Hence, their activation and ther-
modynamic parameters were evaluated using the Eyring equa-
tion. The Eyring plots (ln krh/kBT vs. 1/T) for the rst and second
steps of the reaction of L1 and 1 are shown in Fig. 8(a) and (b),
whereas those of L2 are shown in Fig. 8(c) and (d). The enthalpy
of activation values (DHs

1 and DHs
2 ) and the entropy of activa-

tion values (DSs1 and DSs2 ) are obtained from the slopes and the
intercepts of the Eyring plots, respectively. The activation and
thermodynamic parameters are listed in Table 7. The positive
enthalpy and negative entropy values (Table 7) conrm the
ligand dependency of 1 and the ligand interactions at each step.

Mechanism. The pKa values of L
1 and L2 at 25 °C suggest that

the S-containing ligands exist in their thiolate forms at pH 7.4.
Job's method and FT-IR and ESI-MS spectra of 1, 2, and 3
conrm that L1 and L2 act as monodentate ligands, binding
their S atoms to Zn, considering the predominant existence of
ZnS in zinc ores.41

The highly negative Ss1 and DSs2 and the less positive
DHs

1 and DHs
2 , determined from ln(At − AN) vs. t plots

(Fig. 5(a)), indicate an associative mode of activation with two
distinct steps (Scheme 3). Moreover, the rate constants (k1 and
k2) depended on the ligand concentration. This suggests that, in
the rst step, one molecule of L attacks the Zn(II) to form
intermediate B, which is further attacked by a second molecule
of L to form the product.

The energy required for Zn–OAc bond cleavage is compen-
sated by the energy released during Zn–L bond formation. The
Table 3 k1 values of L
1 at four different temperatures and constant pH

(7.4), ionic strength (0.1 mol per L NaClO4), and [1] (2 × 10−4 mol L−1)

Ligand Temperature (°C) 10−5 k1 (L mol−1 s−1)

L1 20 1.48 � 0.02
25 1.96 � 0.08
30 2.15 � 0.07
35 2.31 � 0.06
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Table 4 k1 values of L
2 at four different temperatures and constant pH

(7.4), ionic strength (0.1 mol per L NaClO4), and [1] (2 × 10−4 mol L−1)

Ligand Temperature (°C) 10−1 k1 (L mol−1 s−1)

L2 20 1.27 � 0.017
25 1.67 � 0.05
30 2.56 � 0.31
35 3.36 � 0.32

Table 5 10−2 k2(obs) values (s−1) of L1 and L2 at four different
temperatures and three different concentrations and constant pH
(7.4), ionic strength (0.1 mol per L NaClO4), and [1] (2 × 10−4 mol L−1)

System temperature
(°C)

103 [ligand] mol L−1

2.0 2.5 3.0 3.5 4.0

L1 20 2.51 5.15 6.62 10.25 12.73
25 3.07 6.17 8.57 12.79 17.01
30 3.75 8.13 12.50 15.95 21.11
35 5.01 9.80 14.50 18.75 23.01

L2 20 4.35 6.55 8.85 11.71 14.55
25 5.00 7.45 10.10 13.35 16.64
30 6.67 9.88 13.10 16.66 20.22
35 7.40 10.90 14.50 18.05 22.50

Fig. 7 Plot of k2(obs) vs. (a) [L
1] and (b) [L2].

Table 6 10−1 k2 values of L
1 and L2 at four temperatures and constant

pH (7.4), ionic strength (0.1 mol per L NaClO4), and [1] (2 ×

10−4 mol L−1)

Ligand Temperature (°C) 10−1 k2 (L mol−1 s−1)

L1 20 5.10 � 0.11
25 6.96 � 0.70
30 8.67 � 0.04
35 9.00 � 0.007

L2 20 5.07 � 0.33
25 5.85 � 0.43
30 6.66 � 0.13
35 7.55 � 0.25

Fig. 8 Eyring plots (a) ln k1h/kBT vs. 103/T for the A / B step of L1, (b)
ln k2h/kBT vs. 103/T for the B/ C step of L1, (c) ln k1h/kBT vs. 103/T for
the A/ B step of L2, and (d) k2h/kBT vs. 103/T for the B/ C step of L2.
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low DHs
1 and DHs

2 values support this inference. Our proposed
mechanism is shown in Fig. 9.

Bioassays

Electronic absorption titration. A metal complex can bind to
the DNA double helix through intercalation42 or non-interactive
28698 | RSC Adv., 2024, 14, 28693–28702
modes, such as covalent, ionic, hydrophobic, and hydrogen
bonds, as well as van der Waals interactions. The mode of
interaction is reected by (i) a change in absorption intensity
(hyper or hypochromism) and (ii) a red or blue shi of the
band.43

Fig. 10 shows the electronic absorption titration spectra of
different ctDNA concentrations at a constant [1]. The absorption
intensity decreased with increasing ctDNA concentrations
without a red or blue shi (Fig. 10(a)). This hypochromism
indicates an intercalative binding mode between 1 and
ctDNA.44,45 The plot of [DNA]/(3b − 3f) vs. [DNA] is linear
(Fig. 10(b)). The Kb value (binding constant, 2.5 × 104 M−1)
obtained from the slope of the plot indicates moderate to strong
binding between 1 and ctDNA.

Fluorescence emission titration. An aqueous solution of 1 at
room temperature and working pH did not uoresce with or
without DNA. The uorescence intensity was too low for
a solution of EtBr in Tris–HCl buffer (pH 7.4) in the absence of
DNA. In contrast, the uorescence intensity increased ∼20-fold
in the presence of ctDNA, which suggests strong intercalation
with the dye (EtBr).45,46 Therefore, a uorescence quenching
titration was performed to determine the binding nature of 1
and DNA.

Increasing the concentration of 1 decreased the emission
intensity of the EtBr–DNA solution owing to successive
quenching. This indicates competition between 1 and EtBr for
ctDNA binding (Fig. 11(a)). The Ksv value of 1.5 × 103 M−1 was
obtained using the Stern–Volmer plot, whereas KF (4.57 × 106

M−1) and n (1.4) values were obtained using Scatchard plots of 1
and ctDNA (Fig. 11(b) and (c)).

Agarose gel electrophoresis. The nuclease activity of 1 was
investigated using plasmid DNA (pBR322). The efficiency of the
Zn(II) complex in transforming the original form of DNA (closed
circular supercoiled; form I) into a relaxed or nicked form (form
II) or a linear form (form III) was evaluated.30 Complex 1
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Activation and thermodynamic parameters for the reaction

Ligand DHs
1 (kJ mol−1) DSs1 (J K−1 mol−1) DHs

2 (kJ mol−1) DSs2 (J K−1 mol−1)

L1 24.81 � 0.54 −61 � 1 26.76 � 0.55 −120 � 1
L2 49.51 � 2.33 −56 � 2 18.09 � 0.16 −150 � 0.5

Fig. 9 Plausible mechanism of the substitution reactions of 1 and L1/L2.

Fig. 10 (a) Electronic absorption spectra were obtained during the
titration of 0.1 mM of 1 in Tris–HCl buffer with different [ctDNA] (0–20
mM). The arrow indicates a decrease in intensity upon the addition of
ctDNA. (b) Linear fit of [DNA]/(3a − 3f) vs. [DNA].

Fig. 11 (a) Fluorescence spectra at increasing [1] (10–100 mM) in an
EtBr–DNA solution of pH 7.4 (Tris–HCl buffer); (b) Stern–Volmer plot
and determination of Ksv; and (c) Scatchard plot of 1 and ctDNA and
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successfully cleaved plasmid DNA into different sizes in the
absence of any precursors (e.g., UV light or reducing agent) at all
concentrations (29, 50, 67, and 80 mM) (Fig. 12; lanes 1 to 4;
untreated plasmid DNA was the control). All three forms of DNA
were observed aer digestion with 1. Moreover, DNA mobility
© 2024 The Author(s). Published by the Royal Society of Chemistry
from form-I to forms-II and III decreased, and the rate of
digestion of plasmid DNA increased with increasing [1].47

Moreover, fainter bands (lanes 2–4) appeared at higher [1],
conrming DNA degradation. Hence, the extent of DNA
determination of KF and n.

RSC Adv., 2024, 14, 28693–28702 | 28699
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Fig. 12 Gel electrophoresis of plasmid DNA treated with 1.

Fig. 13 Effect of 1 on microbial growth estimated by inhibition zone
(IZ).

Fig. 14 Plausible antimicrobial mechanism of 1.
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digestion is directly proportional to the initial [1]. The smear
observed in the four lanes is attributed to EtBr, which strongly
interacts with the complex.30

Antimicrobial assay. The antimicrobial activity of 1 against
fungal and bacterial strains was evaluated. The results of agar
well diffusion are summarized in Table 8. A clear zone around
the well (Fig. 13) conrmed that 1 inhibited the growth of Gram-
positive and Gram-negative bacterial strains. This illustrates the
bioactivity of a Zn(II)–bpy complex.48 The activity increased with
increasing [1]. In particular, 1 was more effective against Gram-
positive bacteria (Fig. 13). This may be due to the different cell
wall structures of Gram-positive and Gram-negative bacteria.
Complex 1 was ineffective against Aspergillus niger and Gram-
negative Enterobacter asburiae but was effective against Escher-
ichia coli. In addition, lower to higher concentrations of bpy
were effective against E. coli but not against S. aureus. Hence,
this complex can be a new, cost-effective antimicrobial agent to
combat microbes which are resistant to conventional antimi-
crobials. Sinha et al. reported that 2–10 mM ZnO signicantly
inhibited the growth of Gram-negative bacteria (Enterobacter
sp.) but showed a minimal effect on Gram-positive bacteria
(Bacillus subtilis), with an insignicant reduction in the viable
bacterial count.49

We propose a mechanism for the antimicrobial activity of 1
based on the literature and our ndings (Fig. 14).50 The charge
Table 8 Diameters of the inhibition zones (bearing a spectator ligand)
of selected microbes at increasing [1]a

Microorganisms

Zone of inhibition (mm)

bpy L M1 M2 H H1 H2 H3

Gram-negative bacteria
Enterobacter asburiae — — — — — — — —
Escherichia coli 10 11 12 12 13 14 14 15

Gram-positive bacteria
Staphylococcus aureus — 11 11 11 12 12 13 15
Bacillus subtilis <10 11 11 11 12 13 14 15
Salinicoccus roseus 11 12 13 13 14 14 15 16
Halomonas denitricans 11 12 12 13 14 15 15 15

Fungus
Aspergillus niger — — — — — — — —

a [L]= 0.5× 10−3 M; [M1]= 1.0× 10−3 M; [M2]= 1.5× 10−3 M; [H]= 2.0
× 10−3 M; [H1] = 2.5 × 10−3 M; [H2] = 3.0 × 10−3 M; and [H3] = 3.5 ×
10−3 M.

28700 | RSC Adv., 2024, 14, 28693–28702
density of Zn2+ is reduced to chelation in 1, which reduces its
hydrophilicity and enhances lipophilicity. This enables its
quick entry through the cell membrane (due to its lipidic
nature).51,52 Then, 1 participates in bactericidal (killing) or
bacteriostatic (blocking of active sites) mechanisms. An
increase in Zn2+ concentration above the optimal limit disrupts
ion homeostasis. This allows the efflux of Zn2+ inside the cell,
causing a cytotoxic effect. Moreover, Zn2+ has been attributed to
the upregulation of ROS, which leads to oxidative stress in
bacterial cells. This is consistent with previous reports, which
demonstrated that the antimicrobial properties of Zn-based
complexes are correlated to ROS overproduction, which may
be the underlying mechanism for cell death caused by DNA
damage.50,53 The increased membrane permeability of bacterial
cells, mediated by Zn2+, facilitates ion channel dysfunction.
This disrupts respiratory processes and reduces energy-
producing adenosine triphosphate synthesis.
Conclusions

A novel six-coordinate Zn(II) complex was synthesized and
characterized using electronic, FT-IR, and ESI-MS spectroscopy.
Kinetic and mechanistic investigations were performed in an
aqueous medium and under pseudo-rst-order reaction
conditions at physiological pH with two bio-relevant ligands
© 2024 The Author(s). Published by the Royal Society of Chemistry
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bearing N, O, and S donor atoms. These substitution reactions
involved two distinct ligand-dependent steps. Highly negative
entropy of activation values and less positive enthalpy of acti-
vation values suggested an associative activation mode. The rate
constants (k1) were in the following order: L1 (DL-penicillamine)
[ L2 (L-cysteine). This was attributed to the lower pK2 value
(SH) and +I effect of two methyl groups at the Cb of L1. Even
though both ligands have S and N donor sets, the ligands were
bonded to Zn(II) via their S end. In vitro, DNA-binding studies
indicated a positive interaction between 1 ([Zn(bpy)2(OAc)2])
and ctDNA. We also demonstrated the bactericidal and fungi-
cidal effects of 1 against selected microbial strains. This study
can be summarized as follows: (i) selection of a non-toxic metal
center (Zn(II)); (ii) kinetic investigation to elucidate the selec-
tivity and reactivity of different ligands; (iii) elucidation of DNA
binding and cleavage capacity; and (iv) exploration of the anti-
microbial activity of 1.
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B.-H. Jeon, C. Stålsby Lundborg and A. Mishra, Chem. Eng.
J., 2024, 490, 151788.

17 R. S. MacDonald, J. Nutr., 2000, 130, 1500S–1508S.
18 K. Sardana and V. K. Garg, Dermatol. Ther., 2010, 23, 411–

418.
19 J. Qian, L. Wang, W. Gu, X. Liu, J. Tian and S. Yan, Dalton

Trans., 2011, 40, 5617–5624.
20 S. Q. Zhang, X. F. Yu, H. B. Zhang, N. Peng, Z. X. Chen,

Q. Cheng, X. L. Zhang, S. H. Cheng and Y. Zhang, Mol.
Nutr. Food Res., 2018, 62, e1700981.

21 M. Pellei, F. Del Bello, M. Porchia and C. Santini, Coord.
Chem. Rev., 2021, 445, 214088.

22 L. P. Roguin, N. Chiarante, M. C. Garćıa Vior and J. Marino,
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