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ABSTRACT: To enhance the cytoselective behavior of the complexes,
we intended to develop a CuAAC “click’-derived synthetic protocol for
the preparation of 2-(2-(4-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)-
butoxy)phenyl)benzo[d]thiazole-based Ru(II)/Ir(III)/Re(I) com-
plexes, and their cytotoxicity against three different cancer cell lines
(MCF-7, HeLa, and U87MG) in consort with one normal cell line
(HEK-293) was evaluated. In our detailed investigations, the significant
cytotoxic nature of the Ru(II) complex 7a compared to Ir(IIl) and
Re(I) complexes (7b and 7c, respectively) was observed. Complex 7a
was capable of MCE-7 cell apoptosis via the inhibition of both S- and
G2/M-phase cell cycle arrest in association with a substantial quantity

of ROS production and DNA intercalation.

1. INTRODUCTION

The intricate nature of cancer makes it a terminal and leading
cause of death worldwide." The global cancer cases are
predicted to show an upsurge by 28.4 million in 2040.”
Researchers have been inquisitive in the forage for newfangled
anticancer drugs, yet it remained muddled until the advent of
cis-diamminedichloroplatinum(II). This laid the foundation for
an era of neoplastic drugs based on metal-based complexes.
Since then, scientists have endeavored to study organometallic
transition metals as antitumor drug candidates.” Traditionally,
metal-based compounds date back to the ancient period due to
their therapeutic value. Earlier, the primary concern regarding
metal-based compounds was the lack of a clear understanding
of the therapy and dose—response knowledge." Nowadays,
advanced, up-to-date tools and a better understanding of
cancer mechanisms have led to the development of multifunc-
tional anticancer drugs with higher selectivity toward
tumors.”® A significant limitation of cisplatin includes inherent
and acquired resistance, concomitant side effects, and reduced
tumor treatment.” These shortcomings made scientists think of
alternative metallodrugs that can overcome the drawbacks
faced by cisplatin.® An accurate cancer diagnosis is imperative
for felicitous and effective cancer treatment because each
cancer type requires a specified regimen.” Metallic complexes
show excellent kinetic stability and are reactive due to metal—
carbon bonds and 7-bound arene.'® Moreover, the transition
metal arene system regulates its hydrophilicity and hydro-
phobicity, leading to more productive uptake in cancer cells
than normal cells. In addition, the presence of labile chlorine in
metallodrugs makes them more reactive toward nucleobases."’
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Extensive research is ongoing on metal-based drugs with higher
cytotoxicity and selectivity toward neoplastic cells, low
resistance, and fewer side effects.'’ Currently, a number of
cost-effective and cytoselective ruthenium complexes have
been developed for their high aqueous and glutathione (GSH)
stability, high water solubility, sluggish ligand-exchange
kinetics, and various oxidation states (II, III, and IV) under
different physiologically relevant conditions.'*~"* Furthermore,
the higher selectivity of these complexes against cancer cells
compared to normal cells make them potential anticancer
agents against some cisplatin-resistant cell lines."” Besides
KP1339, many other Ru(II)—arene complexes comprising
AHS4 and AH63 established for human colorectal cancer cells
and certainly phototoxic TLD1433 are in clinical trial."*~>°
Iridium (III) complexes have also been established as potential
anticancer agents because of their adaptable photophysical
properties, besides fewer side effects.”’ Likewise, the
mechanism of action (MoA) of Ir(II[)—Cp* complexes in
cancer cells was evaluated by Sadler group.”” Lu et al. revealed
the anti-metastasis and anti-breast cancer tumorigenesis
activity of sulfur-coordinated organoiridium (III) complexes
containing C, N- and S, S-chelating ligands by targeting the
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Figure 1. Design of the luminescent anticancer 2-(2-(4-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)butoxy)phenyl)benzo[ d]thiazole-based Ru(II)/

Ir(1I)/Re(I) complexes.

Scheme 1. Synthetic Route for the CuAAC “Click”-Derived 2-(2-(4-(4-(Pyridin-2-yl)-1H-1,2,3-triazol-1-

yl)butoxy)phenyl)benzo[d]thiazole (6)
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Wnt/f—catenin signaling pathway, where the complexes
activated the dereliction of LRP6 shrinking the protein levels
of DVL2 (f}-catenin and activated fS-catenin) along with the
downregulation of Wnt target genes—CD44 and survivin.”
The cellular redox balance is also disturbed by Ir(III)
complexes, which in turn causes lipid peroxidation as well as
ferroptosis in cancer cells and activates immunogenic cell death
(ICD).** Instead, rhenium(I) tricarbonyl complexes exhibit
extraordinary properties such as high photostability, polarized
emission, a large Stokes shift, and prolonged lifetimes, which
are applicable for bioimaging as well as cancer therapy.”**°
Not only that, Re(I) displays a d° electronic configuration in its
outermost shell and thus possesses high biocompatibility.
Re(I) tricarbonyl complexes also exhibited the same order of
ligand-exchange kinetics as platinum-based drugs; nevertheless,

these complexes are superior to anticancer platinum complexes
for their unresolved spectroscopic properties, i.e., triplet-state
luminescent emission laterally with their discrete C=O0O
stretching frequency.”” Considering the distinction of Ru(1I),
Re(I), and Ir(III) metals, the incorporation of bioactive ligands
has expanded significantly because of their multitargeting
properties, which can enhance the anticancer properties of
metal complexes. Many benzothiazole derivatives have shown
potency in various cancer cell lines by different mechanisms of
action, some of which are poorly explored.”®

Hence, considering all of the advantages of ruthenium,
rhenium, and iridium metals as well as the benzothiazole
moiety in focus, the current work targets to improve well-
characterized luminescent 2-(2-(4-(4-(pyridin-2-yl)-1H-1,2,3-
triazol-1-yl)butoxy)phenyl)benzo[d]thiazole-based Ru(II)/Re-

32383 https://doi.org/10.1021/acsomega.3c01639

ACS Omega 2023, 8, 32382—-32395


https://pubs.acs.org/doi/10.1021/acsomega.3c01639?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01639?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01639?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01639?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01639?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01639?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Scheme 2. Synthetic Route for Ru(IT)/Ir(III) /Re(I)-Based NAN Complexes (7a—c)
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(I)/1r(III) complexes for selective cancer therapy (Figure 1).
There are several features in the synthesized molecules that
facilitate the inhibition of cell proliferation, including the
following: (i) the addition of an alkyl spacer linker in the ligand
enhances its lipophilicity; (ii) the (pyridin-2-yl)-1H-1,2,3-
triazole scaffold enhances the fluorogenic behavior of the
molecule and also acts as DNA intercalator; (iii) hydrophobic
p-cymene and cp* improve the lipophilic properties of the
molecule and enhance cellular accumulation; (iv) labile
chlorine undergoes rapid ligand exchange and helps in
biomolecular interaction; (v) the —CO group present in the
rhenium complexes stimulates ROS generation and interacts
with the biological target.

2. RESULTS AND DISCUSSION

2.1. Chemistry. 2.1.1. Synthesis and Characterization.
Initially, we synthesized 2-hydroxyphenyl benzothiazole (3) by
condensing 2-amino thiophenol (1) and salicylaldehyde (2)
under reflux conditions. The resultant compound 3 has an
-OH group that undergoes an alkylation reaction by adding 1,4
dibromo butane using 10% NaOH as a base under phase-
transfer catalytic conditions. After the reaction, column
chromatography was performed using a hexane/ethyl acetate
(99:1) V/V solvent system, and the desired compound 4 was
isolated from the dimers. The formed bromoalkoxy benzo-
thiazole 4 was then further converted to azide by reaction with
sodium azide in THF at ambient temperature. Azidoalkoxy
benzothiazole § was further reacted with 2-ethenyl pyridine via
a click reaction using a reaction mixture of copper sulfate
pentahydrate and sodium ascorbate in a THF/water (8:2 v/v
ratio) solvent system under heating at 60 °C to synthesize the
desired triazole product (6) (Scheme 1).

The synthesized triazole (6) was further reacted with [Ru(p-
cymene)Cl,],, a pentamethyl cyclopentadienyl iridium (III)
chloride dimer, and pentacarbonylchloro rhenium(I) to form
the desired metal complexes (7a—c) (Scheme 2). Intermedi-
ates 3, 4, 5, the ligand 6, and the corresponding complexes
(7a—c) were thoroughly characterized by NMR spectroscopy,
FT-IR spectroscopy, and mass spectrometry. In the '"H NMR
spectra, the typical singlet -OH peak of compound 3 at a
downfield region (6 12.56 ppm) and aryl CH protons at &
6.9—8.0 ppm were observed. In compound 4, the singlet -OH
peak was absent, and the presence of -CH, peaks in the
shielded region (6 2—4 ppm) confirms its formation. The
-CH, peaks found near oxygen and bromine were deshielded
(6 4.2 and 3.5 ppm) due to their electronegativity. At the same
time, the other two CH, groups present in the linker were
observed as multiplets at 6 2.2 ppm. The apparent splitting of
the four CH, groups was observed in compound § due to the
presence of the electron-withdrawing group Nj; the adjacent
proton was deshielded. In the 'H NMR spectra, the
characteristic peak of the triazole ring and pyridine ring at 6
6—8 ppm confirms the formation of ligand 6. The formation of
compound 6 was further established by the ESI-MS signal at

The 'H NMR spectra of ligand 6 and its corresponding
Ru(Il) complex 7a varied immensely, exhibiting peaks
attributed to methyl protons around 6 2.29 ppm and those
attributed to isopropyl protons of p-cymene at § 0.86—0.95
ppm. In the "H NMR spectrum, aromatic peaks of p-cymene
were found in the 6 5.8—6.2 ppm region. The exact mass of
complex 7a was calculated to be 700.15, and the abundance
peak was located in the spectrum at 700.8 [M]*, along with a
characteristic ruthenium isotopic splitting pattern. Further-

\ cl
.
Tc
an m/z of 428.4 [M + H]".
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Table 1. Photophysical Characterization, Conductivity, and Lipophilicity Study of the Complexes (7a—c)

A, (nm)®
samples n—r* MLCT A (nm)? Stokes shift
7a 328 382 54
7b 326 ~400 380 54
7c 337 ~400 377 40
quinine sulfate 350 452 102

oD
1.07
0.19
0.37
0.26

AM (S cm? mol™1)#

e (M'em™)“ oF logP,,/ DMSO  10% DMSO
35666 0.0193 0.9268 8 30
6333 0.0004 0.5652 5 26
12333 0.0140 0.3180 9 22
8000 0.546

“Absorption maxima. “Emission wavelength. “Optical density. “Extinction coefficient. “Quantum yield. “n-Octanol/water partition coefficient.

£Conductance in DMSO and 10% aqueous DMSO.

more, in complex 7b, the characteristic peak for 15 Cp*
protons is exhibited at § 1.6 ppm in the "H NMR spectrum.
The mass of complex 7b was obtained at 791.8 [M]" in the
ESI-MS spectrum, which exactly matched the theoretical value.
In complex 7c, there was no change in the 'H NMR spectrum
after complex formation. Therefore, the primary confirmatory
assays included *C NMR technique, FT-IR spectroscopy, and
ESI-MS. Complex 7c¢ formation was confirmed by the *C
NMR spectrum, wherein carbonyl peaks were observed around
190 ppm. In the FT-IR spectrum of complex 7c, the stretching
frequency for C=O was assigned in the regions 1876 and
2019 cm™. In the ESI-MS spectrum, the characteristic peak at
7344 (M + H)* confirms the formation of the Re(I)-HBT
complex. In the FT-IR spectra of all complexes, with the alkyl
group as a linker, the absorption bands of the (C—H) sp*
asymmetric stretching were observed around 2958 to 2959
cm™ and those of the symmetric stretchings were observed
around 2851 to 2855 cm™'. The absorption peaks at 1627,
1632, and 1594 cm™! were assigned to the C=N stretching
peaks in all three synthesized complexes, respectively.

2.2. Physicochemical Studies. 2.2.1. Electronic Absorp-
tion (UV-Visible) and Fluorescence Study. To evaluate the
cellular-imaging properties of these complexes (7a—c), UV—
visible and fluorescence studies were carried out in 0.1%
DMSO buffer solution at pH 7.2 (Figure S1). UV—visible
spectroscopy revealed that these complexes were able to
exhibit robust absorption bands in the range of 300—400 nm
attributable to significant intraligand (NAN) charge transfer
(LLCT) transitions and insignificant metal-to-ligand charge
transfer (MLCT). In the fluorescence spectra, all of these
complexes displayed emissions in the range of 370—600 nm
because of LLCT by electronic transitions from a higher
energy to a lower energy z-molecular orbital of the ligand on
exciting the molecules at around 300 nm. From the emission
spectra, the conforming quantum yields (®;) of these
complexes were calculated from eq i using quinine sulfate as
a relative reference standard. For complexes 7a, 7b, and 7c, the
quantum yields were computed as 0.0019, 0.0004, and 0.0140,
respectively (Table 1).

2.2.2. Solubility, Conductivity, and Lipophilicity Studies.
The balance between hydrophilicity and lipophilicity is an
important factor determining the tumor-shrinking ability of
metal complexes. Therefore, to evaluate the drug-like
characteristics of these complexes, a lipophilicity study was
conducted via the shake-flask method. It was observed that all
of these complexes were highly soluble in DMF and DMSO,
and satisfactorily soluble in acetonitrile, methanol, and ethanol.
Although the Re(I) complex (7c) exhibited poor solubility in
water, Ru(1l) (7a) and Ir(IlI) complexes (7b) showed very
good solubility in aqueous medium. The solubilities of these
complexes at 25 °C were in the range of 5—8 mg/mL of the
DMSO0-10% DMEM medium (1:99 v/v, comparable to cell
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media). In order to provide considerable lipophilicity to these
complexes (7a—c), we determined the n-octanol/water
partition coefficient (logP,,,, where P_,, = octanol/water
partition coefficient; eq ii) by the conventional shake-flask
method (Table 1).”” The experimental log P, ,, values of these
complexes were observed to be in the range of 0.31—0.92. The
highest and lowest log P, ,,, values were observed in complexes
7a and 7, respectively. The molar conductance values of all of
these complexes were found to be in the range of 5—9 S cm®
mol™" in pure DMSO solution. Moreover, their conductance
increased to 22—30 S cm® mol™ in 10% DMSO solution
(Table 1). This is due to the change in the electrolytic
behavior during the dissociation of the M—CI bond, causing
the formation of aqua complexes in the bulk aqueous medium.

2.3. Biology. 2.3.1. DNA-Binding Studies. 2.3.1.1. UV
Absorption Method. Ct-DNA-binding studies were conducted
for metallic complexes (7a—c) to understand the nature of
binding with DNA in a S mM Tris-HCl/50 mM NaCl buffered
medium at pH 7.2. The purity of Ct-DNA was determined
using a UV—vis spectrophotometer by detecting its OD at 260
and 280 nm wavelengths. The purity was 1.86, within the 1.8—
1.9 range, which indicates a pure form, free from proteins.
Nucleic acids exhibit significant absorption in the range of
240—275 nm. This is due to the 7—z* transitions of the base
pair pyrimidine and purine nucleobases.”® The Ct-DNA-
binding experiment was carried out by fixing the complex
concentration (5 X 107° M) and sequentially increasing the
concentration of Ct-DNA (5—60 uM). Spectral changes in the
absorbance of all of the complexes (7a—c) were studied, and
they were found to exhibit a hypochromic shift. The
absorbances of these complexes (7a—c) at their z—n*
absorption wavelengths of 320, 331, and 325 nm gradually
decreased with an increase in the Ct-DNA concentration,
along with an isosbestic point in the 286—289 nm range.
Henceforth, these complexes can be considered good DNA
intercalators because of the considerable planarity of the ligand
(6) intercalated into the nucleic acid. During intercalation into
DNA, the complexes position themselves in between the
nucleobases and stabilize them, which in turn changes the
length of the DNA, unwinding them, and therefore, the
aromatic rings of bases are exposed to UV light more
frequently, and as a result, there is obvious hyperchromism
around 260 nm. The intercalating complex (7a—c) into DNA
is further stabilized by stacking interactions, which led to an
overlap in 7—7* electronic states and a reduction in HUMO
and LUMO energy gap levels, supporting a bathochromic
shift.”’ The sharp isosbestic points at 287, 286, and 289 nm
indicate that these complexes exist in two different states
(bound and free forms) and that adduct formation results in
the interaction between complexes and DNA. Although
intercalation causes a spectral shift leading to hypochromic
and bathochromic effects, even in the case of groove binding,

https://doi.org/10.1021/acsomega.3c01639
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similar changes are observed in the UV—vis spectrum. These
findings suggested that intercalation, together with groove
binding, may be the preferred binding mode for all of these
synthesized complexes.”"”*> The intrinsic binding constant
(Ky) values for complexes 7a, 7b, and 7c were evaluated from
the linear [DNA]/(e, — &) vs [DNA] plots based on eq iii
(Figure S2). The Ky, values of these complexes were observed
to be 0.97 x 10% 0.053 X 10°% and 7.7 X 10° M™! (z—n*),
respectively.

2.3.1.2. Ethidium Bromide Quenching Study. Ethidium
bromide prominently displays emission after combining with
DNA. Consequently, the competitive binding of these
complexes (7a—c) to Ct-DNA was studied via the ethidium
bromide displacement assay by computing the degree of
quenching of the fluorescence intensity. Although the ethidium
bromide dye is minimally fluorescent, its fluorescence varies
immensely when intercalated with DNA. Other chemical
moieties that can substitute EtBr in a competitive manner and
bind to the same spot can extinguish the enhanced
fluorescence.” Upon continuous addition of complexes with
increasing concentration (S—60 M), a regular decrease in the
fluorescence intensity was perceived as EtBr was displaced
from the EtBr—Ct-DNA adduct by the complexes and free
EtBr is nonemissive in nature. In order to determine the K,
values, the concentrations of DNA and EtBr were derived from
the literature as [EtBr] = 8 uM and [DNA] = 120 uM. Based
on this hypochromic shift, we plotted a linear graph using the
I,/ vs the concentration of these complexes. Then, using eq vi,
Kipp values of the complexes 7a, 7b, and 7c were calculated as
0.2 X 107, 0.14 X 107, and 1.6 X 10° M}, respectively, under
50% quenched conditions, whereas the value of Kz, reported
in the literature is 1.0 X 10" M~"' (Figure S3, Table 2). The

Table 2. Binding Parameters for the Interaction of ct-DNA
and Complexes (7a—c)

Amax Ae”
complex  (nm) (%) KM Kyt (M) K,? (M)
7a 340 22.49 0.97 x 10° 1x 10* 0.2 X 107
7b 350 46.66 0.053 x 10° 4x10° 0.14 x 107
7c 330 27.12 7.7 X 10° 82X 10°  0.19 X 107

“Change in molar absorptivity. YIntrinsic DNA-binding constant.
“Stern—Volmer quenching constant. dApparent DNA-binding con-
stant.

Stern—Volmer quenching constant (Kgy) was calculated using
eq v (Figure S3), and the values were found to be 1 X 10* M~
for 7a, 4 X 10> M~ for 7b, and 8.2 X 10> M™! for 7c (Table
2). From these values, it was obvious that complex 7a exhibited
the maximum K, validating the most efficient intercalation of
this complex compared to the other two complexes.

2.3.1.3. BSA Binding Studies. The reactivity of chemical and
biological systems in vitro can be easily identified via
fluorescence spectroscopy. It provides nonintrusive measure-
ments of compounds in low concentrations under physio-
logical settings.”* The difference in the fluorescence intensity
can be used to determine the type of binding. Fluorescence
quenching is the loss of fluorescence intensity caused by a
change in the environment surrounding the fluorophore.”
Serum albumin plays a vital role as a transporter in the cellular
environment. Bovine serum albumin (BSA) is a structural
homolog of human serum albumin (HSA) and is used in
tryptophan quenching experiments. The fluorescence spectra

of BSA were verified in the absence and presence of complexes
by fitting the excitation wavelength at 280 nm, and hence, the
emission was observed at 340 nm. Thus, the normal
fluorescence intensity of BSA was quenched and showed a
hypochromic shift upon the gradual addition of complexes
from 0 to 20 uM. The binding of complexes (7a—c) with BSA
significantly quenched the fluorescence intensity of BSA, and it
was linked to an increase in the hydrophobicity of the area
surrounding the tryptophan residues in BSA.*® The steady
decrease in the fluorescence intensity indicated that these types
of complexes were very efficient in binding with BSA, which
was determined by the Stern—Volmer quenching constant
(Kysa), quenching rate constant (K,), and binding constant
(K) by applying eqs vii and viii (Figure S4). We obtained the
values of Ky as 0.137 X 10° M™! for 7a, 0.201 x 10° M~ for
7b, and 0.296 X 10° M~! for 7c. After that, the bimolecular
quenching constant (K;) was calculated with the help of Kpgs
and the tryptophan lifetime in BSA (7, = 1 X 107%s), and thus,
we acquired the values of K, as 1.3 X 10" M™'S™ for 7a, 2.01
x 10" M7!S™! for 7b, and 2.9 X 10'* M~!S™! for 7c, which
were superior to the maximum potential value of dynamic
quenching (2 X 10' Lmol™'s™") because of molecular
collision. Consequently, the experimental K, values of these
complexes indicated a static quenching pathway and the higher
order (10") of biomolecular quenching constant (K,)
indicated the noteworthy biomolecular quenching in overtone
with biomolecular binding. Similarly, the binding affinity (K)
and number of binding sites (n) were determined from the
Scatchard plots using eq viii (Figure S4). The binding affinities
(K’s) obtained for complexes 7a, 7b, and 7c were 0.07 X 10%,
0.057 x 105 and 0.087 x 10* M}, respectively. Instead, the
number of binding sites (n) was calculated as 0.8, 1.33, and
1.21 for complexes 7a, 7b, and 7c, respectively (Table 3).

Table 3. Binding Parameters for the Interaction of
Complexes (7a—c) and BSA

complex Kpsa (M1 ky (M sfl)b K (M™Y)¢ n
7a 0.137 x 10° 1.3 x 10 0.070 x 10° 0.8
7b 0.201 x 10° 2.01 x 108 0.057 x 10° 1.33
7c 0.296 x 10° 2.9 x 10 0.087 x 10° 121

“Stern—Volmer quenching constant. bQuenching rate constant.
“Binding constant with BSA. “Number of binding sites.

2.3.1.4. Cytotoxicity Assay. To determine the in wvitro
cytotoxicity, an MTT assay was performed for the synthesized
complexes (7a—c) at 0—125 uM concentrations with 48 h
incubation in a CO, incubator. The cancer cell lines used for
toxicity evaluation were HeLa, MCF-7, U87MG, and a non-
cancer human embryonic kidney cell line, HEK293. Complex
7a had a good cytotoxicity profile in comparison with other
complexes (Figure SS, Table 4). In addition, the selectivity
factor was higher in the case of complex 7a compared to the
other synthesized complexes (7b and 7c). We conclude from
the cytotoxicity data that the higher the lipophilicity of
complexes, the better the permeability inside the cells, which
enhanced their anticancer activity. Complex 7a has a lipophilic
value of around 0.9, whereas the other complexes 7b and 7c¢
have lipophilic values of around 0.5 and 0.3. Complex 7a
served as a cytoselective complex among all other synthesized
complexes along with cisplatin (positive control).

2.3.1.5. Cellular Localization Study. A colocalization study
was performed with the most potent complex 7a using the
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Table 4. Cytotoxicity Profile of Synthesized Complexes 7a—c

ICy, (uM)® selectivity factor”
complex HeLa” MCEF 7¢ US7MG? HEK293° HeLa MCEF-7 US7MG
7a 768 + 12 7.85 + 3.09 6333 + 2.6 85.56 + 2.5 11.68 10.89 1.35
7b 15.84 + 0.7 40.89 + 1.8 >100 >100 6.31 245 1
7c 19.40 + 0.19 4093 + 1.4 76.01 + 3.5 >100 5.15 2.44 131
cisplatin 16.40 + 0.16 2012 + 1.6 16.87 + 2.1 34.78 2.07 1.68 2,01

“ICsp: concentration at which 50% of the cells undergo cell death. ’Human epitheloid cervix carcinoma cancer cell lines. “Human breast cancer cell
line. “Human glioma cancer cell line. “Human embryonic kidney 293 cells. JRatio of ICy, between the HEK-293 and all cancer cells.

Figure 2. Confocal imaging of complex 7a at the IC;, value in the U87MG cell line: (a) blue filter, (b) DAPI filter, and (c) merged image.

Figure 3. Scratch wound healing assay of control (a—c) and HeLa cells treated with complex 7a (d—f).

()

Figure 4. ROS of MCF-7: (a) control and (b) HeLa cells treated with ICy, concentration of complex 7a.
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Figure 5. Cell cycle analysis of MCF-7: (a) control, (b) with 4 uM complex 7a, (c) with 8 uM complex 7a, and (d) with colchicine (15 uM).

U87MG cell line. It was stained with the nucleus-staining dye
DAPI and visualized for imaging studies via a confocal laser
scanning microscope (CLSM 510, Zeiss, Oberkochen,
Germany). DAPI mainly stains the nucleus blue, whereas
complex 7a stains the nuclei green. A DAPI filter was used to
observe DAPI-stained nuclei, and a blue filter was used to
detect the staining of complex 7a. The colocalization of this
complex in the nucleus confirmed the intracellular distribution
of this complex mostly in the nucleus (Figure 2).

2.3.1.6. Scratch Wound Healing Assay. Metastasis is a
salient feature of cancer cells. In order to study the migration
of cells, a scratch wound healing assay was performed by a 2D
method. Initially, a gap was created by scratching a monolayer
of cells, and its ability to migrate and heal the gaps was
studied.”” The control HeLa cells were capable of migrating
near the wounded site and minimizing the gap between them,
as shown in Figure 3 at the 0-, 12-, and 24-h intervals, whereas
HeLa cells treated with the ICs, concentration of complex 7a
could not close the gaps; instead, the cell density decreased,
generating larger gaps than the original wounded site. This
result indicates that complex 7a inhibits the metastasis of HeLa
cancer cells.

2.3.1.7. Detection of ROS Generation by the DCFDA
Staining Assay. Most chemotherapeutics increase intracellular
levels of reactive oxygen species (ROS), and many can alter the
redox homeostasis of cancer cells. It is widely accepted that the
anticancer effect of these chemotherapeutics is due to the
induction of oxidative stress and ROS-mediated injury in
cancer cells. As intracellular ROS can control the apoptotic
effect, it was identified by means of a 2,7-dichlorodihydro-
fluorescein diacetate (DCFH-DA) assay. In the presence of
ROS, this dye is transformed into a highly fluorescent complex
(2/,7'-dichlorofluorescein, DCF). As shown in Figure 4, in the
control experiment, no apparent fluorescence was observed.
However, after the treatment of MCF-7 cells with complex 7a
at its ICy value, followed by the addition of 10 uM DCFH-DA
and incubation for 4 hr in a dark and humified atmosphere, a
bright red fluorescence was observed. Thus, it was proved that
ROS generation is caused by complex 7a in MCF-7 cells.

2.3.1.8. Cell Cycle Analysis. MCE-7 cells were incubated
with 4 and 8 M concentrations of complex 7a, and they were
sequestered after 24 h for the cell cycle analysis. The results
indicate that the GO/G1 phase gradually decreased with an
increase in complex 7a concentration in a dose-dependent
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manner. In the case of the S and G2/M phases, there was a
gradual increase in the concentration of cells in a dose-
dependent manner. Furthermore, there was a decrease in the
sub-GO phase. In the sub-GO phase, a small percentage of cells
were present because the cells would have lost their DNA, so
they do not appear in the sub-GO area.’® In the regulating
processes of cell proliferation, the cell cycle and apoptosis play
critical roles. Cell cycle checkpoints safeguard the dividing cells
from the potentially harmful effects of DNA replication.” On
the other hand, DNA damage has catastrophic repercussions.
The detection of DNA damage by the checkpoints in the S and
G2/M phases prevents cells from undergoing the cell cycle or
the cells die by apoptosis. This event causes the disappearance
of cells in the sub-GIl area.”” For many chemotherapeutic
compounds, the G2/M arrest checkpoint is the potential
target. The G2/M arrest checkpoint might allow cells
containing damaged DNA to enter the mitosis phase and
they undergo apoptosis. Complex 7a blocks the S and G2/M
phases of 10.07, 22.61, and 18.48%, 17.15% respectively. This
result indicates that cells undergo both S and G2/M phase
arrest (Figure S, Table §).

Table 5. Different Phases of Cell Cycle Analysis of Control
and Treated MCE-7 Cells

sample sub-GO G0/G1 S G2/M
control 0.24 87.72 6.36 591
7a (4 uM) 0.16 7123 10.07 18.48
7a (8 uM) 0.08 59.57 22.61 17.15
colchicine (8 uM) 0.64 54.11 8.30 34.60

2.3.1.9. Apoptosis in MCF-7 Cells and the Annexin FITC/PI
Assay. The cell death by complex 7a via apoptosis was
monitored by the changes in phosphatidylserine using Annexin
V FITC. Apoptosis was quantified by annexin V FITC binding
to exposed PS on the outer surface of the membrane. Equal
proportions of annexin V FITC and propidium iodide were
added. In viable cells, phosphatidylserine is generally located
inside the cell; when an apoptotic event occurs, it is
translocated outside to the plasma membrane. Hence, it can
easily be quantified by annexin V FITC.*° PI inclusion enables
one to distinguish the cells as viable (AnnV~/PI7), early
apoptotic (AnnV'/PI”7), late apoptotic (AnnV*/PI*), and
necrotic (AnnV~/PI*).*! Flow cytometry results showed the
shift of the cell population from viable to apoptotic after
treatment with complex 7a. Treating with complex 7a at
concentrations of 4 and 8 yM induced 13.18 and 8.68% early
apoptosis, 5.90 and 15.35% late apoptosis, and S5.73 and
10.48% necrosis in MCF-7, respectively (Figure 6, Table 6).

4. CONCLUSIONS

In summary, the CuAAC “click’-derived synthesis of three
complexes (7a—c) was accomplished, and cytotoxic screening
with three different cancer cell lines along with one normal cell
line was performed. Detailed investigations confirmed that the
cytotoxic behavior of complex 7a was very effective against all
cancer cell lines compared to Ir(III) and Re(I) complexes.
Complex 7a exhibited significant cytoselectivity in all of the
cancer cell lines compared to complexes 7b and 7c¢ and
cisplatin. However, both of the complexes (7a, 7c) displayed
excellent binding ability toward DNA. Surprisingly, all three
complexes showed excellent binding efficacy against BSA. The
subcellular localization study showed that the complex was

confined in the nucleus and hence resulted in nuclear DNA
intercalation. Moreover, the generous production of ROS upon
treatment with complex 7a led to the initiation of oxidative
stress and ROS-mediated injury in MCF-7 cells. The Annexin
V FITC/PI test confirmed the lethal capacity of complex 7a on
MCE-7 cancer cells by causing apoptosis, which could most
probably be a result of cellular energy stress induced by the
higher degree of ROS production and DNA damage.
Concomitantly, complex 7a played a significant role in both
S and G2/M phases of cell cycle arrest in MCF-7 cells at the
verified concentrations of 4 and 8 M. In a nutshell, we
envision complex 7a as a potential therapeutic agent against
HeLa, MCF-7, and U87MG cell lines.

5. EXPERIMENTAL SECTION

5.1. Materials and Methods. In this work, commercial-
quality reagents and solvents were used. All of the chemicals
and biochemicals were procured from Sigma-Aldrich Chemical
Ltd, Merck. All cell lines were purchased from NCCS, Pune.
DMEM medium, 1% penicillin, streptomycin, and 1% Glutmax
were bought from Gibco. 10% Fetal bovine serum and 0.25%
trypsin-EDTA were obtained from Himedia and Thermo
Fisher Scientific, respectively. NMR spectra were recorded on a
400 MHz Advance Bruker DPX spectrometer with tetrame-
thylsilane (TMS) as the internal standard. An Elchem
Microprocessor-based DT apparatus was used to measure
the melting points of the complexes. Infrared (IR) spectra were
recorded on a Shimadzu Affinity FT-IR spectrometer in the
range of 4000—400 cm ™. The mass spectra of the synthesized
compounds were recorded on Applied Biosystems (API-4000
ESI-mode), using methanol as the solvent. UV—visible and
fluorescence spectra were recorded on a JASCO V-760
spectrometer and Hitachi F7000 fluorescence spectrophotom-
eter, respectively. A TDS conductometer was used to measure
the conductivity. An Elisa reader and 96-well plates were used
for the MTT assay.

5.2. Chemistry. 5.2.1. Synthesis and Characterization.
5.2.1.1. Synthesis of Benzothiazolylphenol (3). Initially,
equimolar amounts (1:1) of 2-amino thiophenol (1) and 2-
hydroxy benzaldehyde (2) were taken in a round-bottom flask
and dissolved in ethanol. It was then refluxed at 80 °C in an oil
bath for 12 h. The reaction was closely supervised by TLC
using a hexane/ethyl acetate solvent system with a 3:1 ratio.
After completion of the reaction, the solution was transferred
to a clean beaker and air-dried. White needle-like crystals of
benzothiazolylphenol compounds were obtained with 95%
yield.

5.2.1.2. 2-(Benzo[d]thiazol-2-yl)phenol (3). Yield: 95%;
color: white needle-like crystals; R; [hexane/ethyl acetate
(3:1)]: 0.72; 'H NMR (400 MHz, CDCl;) ¢ 6.96 (t, ] = 7.6
Hz, 1H), 7.11 (d, ] = 8.0 Hz, 1H), 7.36—7.42 (m, 2H), 7.51 (4,
J = 8.0 Hz, 1H), 7.70 (d, ] = 8.0 Hz, 1H), 7.90 (d, J = 8.0 Hz,
1H), 8.00 (d, ] = 8 Hz, 1H), 12.52 (s, 1H, OH).

5.2.1.3. Synthesis of 2-(2-(4-Bromobutoxy)phenyl)benzo-
[d]thiazole (4). The compound benzothiazolylphenol (3) was
taken in a round-bottom flask for the next step and dissolved in
dichloromethane. To this, 10% NaOH was added and stirred
for a few minutes. A catalytic amount of tributyl ammonium
bromide (TBAB) was added to the reaction mixture and
stirred for about 10 min. After that, 1,4 dibromo butane (1:8)
was added into the round-bottom flask, and the reaction was
continued for another 1 h with stirring at ambient temperature.
The evolution of the reaction was monitored by thin-layer

https://doi.org/10.1021/acsomega.3c01639
ACS Omega 2023, 8, 32382—-32395


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
(a) (b)
< -
2 e
() ™ 1
23 2
Toy T
N = - N 9
[ o
E
o
s el ) 5 " e vl
10 10 10 10 10 10 10
FL1-H FL1-H
(© (d)
< <
2 =F
™ (]
o o
- 3 -
ITo T
g’ 24 § e
[
24 e
oo oo
o U N ———— ) < S ——
10! 102 103 104 100 10' 102 103 104
FL1-H FL1-H

Figure 6. Apoptosis assay of MCF-7: (a) control, (b) with 4 uM complex 7a, (c) with 8 uM complex 7a, and (d) with 1S uM cisplatin.

Table 6. Apoptosis Assay of Control and Treated MCF-7
Cells

viable cells early late apoptosis  necrotic cells
sample (%) apoptosis (%) %SD (%)
control 93.77 2.47 1.14 2.62
7a (4 uM) 75.19 13.18 5.90 5.73
7a (8 uM) 65.49 8.68 15.35 10.48
cisplatin 52.84 12.00 32.04 3.12
15 uM)

chromatography (TLC) using a hexane/ethyl acetate solvent
system at a 3:1 ratio. After completion of the reaction, the
reaction mixture was transferred to a separating funnel, and the
aqueous and organic layers were distinguished. The organic
layer was separated and collected in a beaker, and anhydrous
sodium sulfate was added to remove water from the organic
layer (DCM). The DCM solvent containing the product was
air-dried thoroughly. Purification of the crude compound was
performed by column chromatography using hexane as a
mobile phase. A colorless oily (semisolid) compound 2-(2-(4-
bromobutoxy)phenyl)benzo[d]thiazole (4) was isolated with
excellent yield (92%).

5.2.1.4. 2-(2-(4-Bromobutoxy)phenyl)benzo[d]thiazole
(4). Yield: 92%; color: square-shaped white crystals; R
[hexane/ethyl acetate (3:1)]: 0.82; 'H NMR (400 MHz,
CDCL): ¢ 2.19-2.24 (m, 4H, -CH,), 3.6 (t, ] = 5.6 Hz, 2H,

32390

-CH,), 425 (t, ] = 5.6 Hz, 2H, -CH,), 7.03 (d, ] = 8.4 Hz, 1H,
ArH), 7.15 (t, ] = 7.2 Hz, 1H, ArH), 7.40 (t, ] = 7.6 Hz, 1H,
ArH), 7.42—7.52 (m, 2H, ArH), 7.95 (d, ] = 8.0 Hz, 1H), 8.10
(d, ] = 8.0 Hz, 1H), 8.55 (d, J = 9.2 Hz, 1H); *C NMR (100
MHz, CDCLy): 6 27.9 (CH,), 29.6 (CH,), 33.5 (CH,), 68.1
(CH,), 1122 (CH), 121.2 (CH), 121.3 (CH), 122.28 (C),
122.81 (CH), 124.64 (CH), 125.59 (CH), 129.74 (CH),
131.78 (CH), 136.02 (C), 152.12 (C), 156.46 (C), 163.01
(©).

5.2.1.5. Synthesis of 2-(2-(4-Azidobutoxy)phenyl)benzo-
[d]thiazole (5). The compound 2-(2-(4-bromobutoxy)-
phenyl)benzo[d]thiazole (4) was then reacted with sodium
azide (NaNj,) in a 1:4 molar ratio in tetrahydrofuran (THF)
solvent at room temperature while stirring for 48 h. After 48 h,
the reaction mixture was transferred to a clean beaker and air-
dried to obtain 2-(2-(4-azidobutoxy)phenyl)benzo[d]thiazole
with excellent yield (96%).

5.2.1.6. 2-(2-(4-Azidobutoxy)phenyl)benzo[d]thiazole (5).
Yield: 92%; color: light brown; R; [hexane/ethyl acetate
(3:1)]: 0.65; 'H NMR (400 MHz, CDCL): 6 1.85—1.92 (m,
2H, CH,), 2.00-2.05 (m, 2H, CH,), 3.34 (t, ] = 6.4 Hz, 2H,
CH,), 4.16 (t, ] = 6.0 Hz, 2H, CH,), 6.95 (d, ] = 8.4 Hz, 1H,
ArH), 7.05 (t, ] = 7.6 Hz, 1H, ArH), 7.29 (t, ] = 7.6 Hz, 1H,
ArH), 7.36 (t, ] = 7.2 Hz, 1H, ArH), 7.41 (t, ] = 7.2 Hz, 1H,
ArH), 7.86 (d, ] = 7.6 Hz,1H, ArH), 8.01 (d, ] = 7.22 Hz,1H,
ArH), 8.46 (d, J = 8.0 Hz, 1H, ArH); *C NMR (100 MHz,
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CDCL): o 26.1 (aliphatic CH,), 30.3 (aliphatic CH,), 51.2
(aliphatic CH,), 68.5 (aliphatic CH,), 112.1 (CH), 121.18
(CH), 121.32 (CH), 122.23 (C), 122.78 (CH), 124.66 (CH),
125.98 (CH), 129.73 (CH), 131.81 (CH), 136.01 (C), 152.09
(C), 156.46 (C), 163.01 (C).

5.2.1.7. Synthesis of 2-(2-(4-(4-(Pyridin-2-yl)-1H-1,2,3-
triazol-1-yl)butoxy)phenyl)benzo[d]thiazole (6). Compound
S was reacted with 2-ethenyl pyridine (1:1) via the click
reaction using copper sulfate pentahydrate (CuSO, SH,0)
and sodium ascorbate as reducing agents dissolved in methanol
and subjected to a microwave reaction at 50 watts (80 °C) for
1S5 min. The reaction mixture was then carefully monitored by
thin-layer chromatography (TLC) using 100% methanol as the
solvent system. After completion of the reaction, the reaction
mixture was filtered using Whatman filter paper and air-dried
followed by recrystallization from a methanol/diethyl ether
mixture to obtain the compound 2-(2-(4-(4-(pyridin-2-yl)-1H-
1,2,3-triazol-1-yl)butoxy)phenyl)benzo[d]thiazole (6) with
excellent yield (94%).

5.2.1.8. 2-(2-(4-(4-(Pyridin-2-yl)-1H-1,2,3-triazol-1-yl)-
butoxy)phenyl)benzol[d]thiazole (6). Yield: 92%; color: dirty
white; Rg [methanol 100%] 0.32; 'H NMR (400 MHz,
CDCL,) 5 2.00 (t, ] = 6.00 Hz, 2H, CH,), 2.29 (t, ] = 7.60 Hz,
2H, CH,), 4.17 (t, ] = 5.60 Hz, 2H, CH,), 4.52 (t, ] = Hz, 2H,
CH,), 6.95 (d, ] = 8.40 Hz, 2H, ArH), 7.05 (t, ] = 7.20 Hz, 1H,
ArH), 7.29 (t, ] = 7.20 Hz, 1H, ArH), 7.36 (t, ] = 7.60 Hz, 1H,
ArH), 7.41 (t, ] = 7.60 Hz, 1H, ArH), 7.72 (t, ] = 7.60 Hz, 1H,
ArH), 791 (d, J = 7.60 Hz, 1H, ArH), 8.01 (d, J = 8.00 Hz,
1H, ArH), 8.14 (t, ] = 7.60 Hz, 2H, ArH), 8.45 (d, ] = 8.00 Hz,
1H, ArH); C NMR (100 MHz, CDCl,): § 26.2 (aliphatic
CH,), 37.4 (aliphatic CH,), 50.1 (aliphatic CH,), 68.1
(aliphatic CH,), 112.17 (CH peak), 121.28 (CH peak),
12143 (CH peak), 122.01 (CH peak), 122.25 (CH peak),
122.75 (C peak), 122.76 (CH peak), 124.67 (CH peak),
12598 (CH peak), 131.81 (CH peak), 13591 (C peak),
136.95 (C peak), 152.08 (C peak), 156.31 (C peak), 162.87
(C peak); ESI-MS (MeOH): m/z = 428.4 [M + H]*.

5.2.1.9. Synthesis of the 2-(2-(4-(4-(Pyridin-2-yl)-1H-1,2,3-
triazol-1-yl)butoxy)phenyl)benzo[d]thiazole-Ruthenium (ll)
Arene Complex (7a). Accurately, 1S mg of ligand 6 (0.03S
mmol, 1 equiv) was dissolved in methanol (10 mL). Then, 10
mg of [Ru'(#%p-cym)(Cl),], (0.017 mmol, 0.5 equiv) was
added to the same solution, and the reaction mixture was
continuously stirred at room temperature for 2 h. After
completion of the reaction, as confirmed by TLC, the solvent
was evaporated, yielding a brown-colored crude mass, which
was washed several times with hexane and diethyl ether. The
crude product was purified by crystallization from a diethyl
ether/methanol (1:1) solvent system, which yielded an 84%
pure crystalline product of complex 7a.

5.2.1.10. [(#%-p-Cymene)Ru"(CI) (K*-N,N-(2-(4-(4-(pyridin-2-
yl)-1H-1,2,3-triazol-1-yl)butoxy)phenyl)benzo[d]thiazole-
Ruthenium)]Cl (7a). 20 mg (0.027 mmol); yield: 84%; color:
brown; Mp: 170—172 °C; R; [100% methanol]: 0.22; FT-IR
(em™): C=N peak (1627), CH; (C-H) asymmetric stretch
(2958), symmetric stretch (2852), CH; (C-H) asymmetric
bend (1442); 'H NMR (400 MHz, DMSO-d,): 6 0.86 (d, J =
6.8 Hz, 3H, p-cymene CHj), 0.94 (d, ] = 6.8 Hz, 3H, p-cymene
CHj,), 2.29 (s, 3H, p-cymene CHj;), 2.78—2.86 (m, p-cymene
CH), 437 (brs, 2H, CH,), 4.83 (brs, 2H, CH,), 5.75—5.94
(m, 4H, CH,), 6.06 (d, ] = 6 Hz, 1H, p-cymene CH), 6.07—
6.10 (m, 3H, p-cymene CH), 7.17 (t, ] = 7.2 Hz, 1H, ArH),
731 (d, J = 8.4 Hz, 1H, ArH), 7.40 (t, ] = 7.6 Hz, 1H, ArH),

7.50-7.57 (m, 2H, ArH), 7.68 (t, ] = 6 Hz, 1H, ArH), 8.03—
8.06 (m, 2H, ArH), 8.15—8.24 (m, 2H, ArH), 8.44 (d, ] = 7.6
Hz, 1H, ArH), 929 (s, 1H, ArH), 9.45 (d, J = 5.2 Hz, 1H,
ArH); C NMR (100 MHz, DMSO-d,): 6 18.60 (CH), 21.5
(CH,), 22.3 (CH,), 26.0 (CH,), 26.9 (CH,), 30.8 (CH), 52.2
(CH,), 68.7 (CH,) 83.3 (C), 83.8 (C), 85.1 (C), 86.2 (C),
102.8 (C), 104.0 (C), 113.7 (CH), 121.6 (CH), 122.3 (CH),
122.7 (CH), 122.8 (CH), 125.4 (CH), 126.1 (CH), 126.4
(CH), 127.8 (CH), 1329 (CH), 135.8 (C), 140.7 (CH),
146.4 (C), 148.3 (C), 152.0 (C), 156.2 (C), 156.6 (CH); ESI-
MS (MeOH): m/z = 698.13 [M — ClI]*; HRMS (MeOH): m/
z: 698.1294 (calculated), 698.1315 (found) [M — CI]*.

5.2.1.11. Synthesis of the 2-(2-(4-(4-(Pyridin-2-yl)-1H-
1,2,3-triazol-1-yl)butoxy)phenyl)benzo[d]thiazole—Iridium
(Il) Chloride Complex (7b). Exactly, 15 mg of ligand 6 (0.035
mmol, 1 equiv) was dissolved in methanol (10 mL). Then, 14
mg of [Ir'"(cp*)(Cl),], (0.017 mmol, 0.5 equiv) was added to
the same solution, and the reaction mixture was continuously
stirred at room temperature for 2 h. Finally, the solvent was
evaporated and the obtained crude product was further
crystallized from a diethyl ether/methanol (1:1) solvent
system, which yielded an 88% pure crystalline product of
complex 7b.

5.2.1.12. [(*-Cp*)Ir"CI(K*-N,N-2(2-(4-(4-(Pyridin-2-yl)-1H-
1,2,3-triazol-1-yl)butoxy)phenyl)benzo[d]thiazole)]Cl (7b).
22 mg (0.025 mmol); yield: 88%; color: dark red; Mp:
174—176 °C; R; [100% methanol]: 0.24; FT-IR (cm™): 1632
(C=N peak), 257 (CH; (C-H) asymmetric stretch), 2851
(CH; (C-H) symmetric stretch), 1448 (CH; (C-H)
asymmetric bend); 'H NMR (400 MHz, DMSO-d): 6 1.63
(s, 15H, Cp*), 2.06 (t, 2H, ] = 6.8 Hz, CH,), 2.31 (, 2H, ] =
6.8 Hz, CH,), 4.39 (brs, 2H, CH,), 4.87 (t, 2H, | = 6.4 Hz,
CH,), 7.16 (t, 1H, ] = 7.2 Hz, ArH), 7.32 (t, 1H, ] = 8.4 Hz,
ArH), 7.39 (t, 1H, ] = 7.6 Hz, 1H), 7.50—7.55 (m, 2H, ArH),
7.73 (t, 2H, ] = 6.4 Hz, ArH), 8.00—8.06 (m, 2H, ArH), 8.30
(d, 1H, J = 7.6 Hz, ArH), 8.36 (d, 1H, J = 7.6 Hz, ArH), 8.45
(d, 1H, J = 7.6 Hz, ArH), 8.93 (d, 1H, ] = 5.2 Hz, ArH), 945
(s, 1H, ArH); *C NMR (100 MHz, DMSO-d): § 8.7
(3xCH;,), 9.8 (2xCHj;), 26.1 (CH,), 26.8 (CH,), 52.2 (CH,),
68.7 (CH,), 89.1 (C), 89.2 (CH), 113.7 (CH), 121.5 (C),
121.6 (CH), 122.7 (CH), 122.9 (CH), 125.3 (CH), 126.8
(CH), 127.8 (CH), 129.2 (CH), 132.9 (CH), 135.7 (C),
141.1 (CH), 141.7 (C), 148.4 (C), 151.9 (C), 152.8 (CH),
156.6 (C), 162.61 (C); ESI-MS (MeOH): m/z = 790.2 [M —
Cl]*; HRMS (MeOH): m/z: 790.1958 (calculated), 790.2019
(found) [M — CI]*.

5.2.1.13. Synthesis of the 2-(2-(4-(4-(Pyridin-2-yl)-1H-
1,2,3-triazol-1-yl)butoxy)phenyl)benzo[d]thiazole-Rhenium
Tricarbonyl Complex (7c). Initially, 15 mg of ligand 6 (0.035
mmol, 1 equiv) was dissolved in acetonitrile, and an equivalent
amount of Re'(CO);Cl (0.035 mmol, 1 equiv) was added to it.
Then, the reaction mixture was refluxed for 24 h. After
completion of the reaction, the solvent was evaporated to
obtain the crude complex, which was further crystallized from a
diethyl ether/methanol (1:1) solvent system, which yielded a
90% pure crystalline product of complex 7c.

5.2.1.14. [Re!(CO);CI(K?-N,N-2-(2-(4-(4-(Pyridin-2-yl)-1H-
1,2,3-triazol-1-yl)butoxy)phenyl)benzo[d]thiazole)] (7c). 28
mg (0.038 mmol); yield: 90%; color: brown; Mp: 181—183
°C; R; [100% methanol]: 0.52; FT-IR (cm™): C=N (1594),
CO stretch (2025, 1874). CH, (C-H) asymmetric stretch
(2959), symmetric stretch (2855); 'H NMR (400 MHz,
DMSO-dy): 6 9.27 (s, 1H), 1.97—2.00 (m, 2H, CH,), 2.19—
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2.25 (m, 2H, CH,), 4.29 (t, ] = 6 Hz, 2H, CH,), 474 (t, ] =
6.8 Hz, 2H, CH,), 7.09 (t, ] = 7.2 Hz, 1H, ArH), 7.23 (d, ] =
8.4 Hz, 1H, ArH), 7.33 (t, ] = 8 Hz, 1H, ArH), 7.43—7.49 (m,
2H, ArH), 7.58—7.60 (m,1H, ArH), 7.98 (d, ] = 8.4 Hz, 2H,
ArH), 8.17-8.24 (m, 2H, ArH), 8.38 (dd, J = 1.60, 8.00 Hz,
1H, ArH), 891 (d, J = 5.6 Hz, 1H, ArH), 9.27 (s, 1H, ArH);
BC NMR (100 MHz, DMSO-dy): § 19721 (2C, C=0),
192.28 (1C, C=0) 135.78 (1C), 156.66 (1C), 162.64 (1C),
262 (CH,), 26.7 (CH,), 51.8 (CH,), 67.5 (CH,), 113.7
(CH), 121.5 (CH), 122.3 (CH), 122.8 (CH), 123.1 (CH),
125.3 (CH), 1263 (CH), 126.7 (CH), 1269 (CH), 129.2
(CH), 1329 (CH), 148.7 (CH), 153.5 (CH); ESI-MS
(MeOH): m/z = 7344 [M + H]*; HRMS (MeOH): m/z:
734.1340 (calculated), 734.0625 (found) [M + H]*.

5.3. UV/Fluorescence Study. Absorption and emission
behaviors of all of these complexes were examined by a
spectrofluorometric method in 10% DMSO solution.** The
quantum yield (®) of all complexes was determined by the
comparative William’s method. Quinine sulfate was used as the
reference fluorophore with excitation at 350 nm and emission
at 452 nm; quantum yield (®R) = 0.50 in 1IN H,SO,. The data
attained and quantum yield value were determined according
to eqi

1) = ASample (Abs)Reference
Sample — " Reference Ab
Reference ( S)Sample
2
nSampIe
x 2
MReference (1)

where ¢ is the quantum yield, A is the peak area, Abs is the
absorbance at 4, n is the refractive index of the reference and
sample, respectively. Quinine sulfate was applied as a standard.
0.5 M H,SO, and water were used as solvents for the standard
and synthesized compounds, respectively.

5.4. Lipophilicity Study Using the n-Octanol-Water
Partition Coefficient (log P,,) by a UV Spectroscopic
Method.?® The hydrophobicity test was performed for the
synthesized complexes employing the “shake-flask” method
and the octanol—water phase partition coeflicient. The
complex was dissolved in a mixture of water and octanol,
followed by shaking for 24 h. The mixture was then allowed to
settle for over 30 min or centrifuged at 5000 rpm for 20 min.
The resulting two phases were collected separately without
cross-contamination of one solvent layer into another. The
concentration of the complex in each phase was determined by
UV-—visible absorption spectroscopy at room temperature. The
results given are the mean values obtained from three
independent experiments. The concentration of the sample
solution was used to calculate log P, . Partition coefficients for
all complexes were calculated using eq ii.

[complex in octane phase]

log B, ,,, = log
[complex in aqueous phase] (ii)

5.5. Conductivity Measurement.”* The conductivities of
the complexes were determined using a conductivity-TDS
meter-307 (Systronics, India) and a cell constant of 1.0 cm™
due to the confirmed interaction of the complexes with DMSO
and aqueous DMSO solution. For this experiment, we used a
complex concentration of 3 X 107> M.

5.6. Biology. 5.6.1. Ct-DNA-Binding Assay.”* The UV
absorbance titration study was accompanied by the successive

addition of Ct-DNA from a fixed stock solution to a fixed
complex concentration of 20 M. Ct-DNA was dissolved in
Tris-HCL buffer (5 mM Tris-HCl/50 mM NaCl in water, pH
7.4), and its absorbance was measured. The intrinsic binding
constant (K,) of the synthesized complexes was calculated
from the equation given below (eq iii).

[DNA] _ [DNA] 1
(Ea — &) (Sb — &) Kb(ga — &) (i)

where [DNA] is the concentration of base pairs in Ct-DNA in
the prepared stock solution, €, and €, are extinction
coeflicients of the apparently free complexes and fully bound
complexes to Ct-DNA, respectively. The data were used to
obtain [DNA]/(e, — &) vs [DNA] linear plots in Origin Pro
8.5. The intrinsic binding constant (K;) was calculated from
the linear fit by the ratio of the slope to the intercept. The
percentage of hypochromic cells (% H) was calculated by eq ii

F % 100
A, (iv)

Ay is the absorption of the complex in the absence of Ct-DNA
and Ag is the final value of absorption when there are no
further changes in the absorption value with the addition of Ct-
DNA to the complex.

5.6.2. Ethidium Bromide (EtBr) Displacement Assay.**
EtBr, a well-known DNA intercalator, in its free form, is less
fluorescent and its fluorescence intensity is enhanced when it
binds to Ct-DNA. The binding capacity of these complexes
toward Ct-DNA is calculated by quenching its fluorescence
intensity. From the Stern—Volmer eq v, the Stern—Volmer
quenching constant (Kgy) was calculated. The Stern—Volmer
graph was obtained using I/ vs [complex], where I, and I are
the emission intensities of EtBr—Ct-DNA in the absence and
presence of a complex of concentration [Q], respectively, given
the quenching constant (Kgy) using Origin Pro 8.5 software.
Linear fit of the data was achieved by using the following
equation.

Ay — A
%H="2_"*%

o1 kglQ)
I v )
The apparent binding constant (K,,,) of the synthesized
complexes to Ct-DNA was calculated by plotting the
fluorescence intensity versus complex concentration by using
the following equation

K,pp X [compound]s, = Ky, X [EtBr] (vi)

where K., is the apparent binding constant of the complex,
[Complexﬁ50 is the concentration of the compound at which
50% of the DNA-EtBr has been quenched, Kgg, is the binding
constant of EtBr (Kgg, = 1.0 X 10’7 M™'), and [EtBr] is the
concentration of ethidium bromide used in the EtBr
displacement assay (8 uM).

5.6.3. Protein-Binding Studies. With the help of a
tryptophan emission-quenching experiment, we detected the
interaction of the complexes with protein BSA.** Initially, 2
X 1075 M BSA solution was prepared in Tris-HCl/NaCl buffer.
Then, aqueous solutions of the complexes were added to BSA
solution with a regular increase in their concentrations. After
each addition, the solutions were shaken slowly for $ min, and
the fluorescence at a wavelength of 295 nm (4., = 295 nm) was
recorded. A decrease in the fluorescence intensity of BSA at 4
= 340 nm was observed upon increasing the concentration of
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the complex due to the interaction between the complex and
BSA. With the help of the Stern—Volmer eq vii, we
quantitatively determine the quenching constant (Kggy). We
obtained a linear plot of Iy/I vs [complex] using eq vii with the
help of Origin Lab, version 8.5.

I

T =1+ KalQl =1+ kzlQ] -
where I is the fluorescence intensity of BSA in the absence of
the complex, I is the fluorescence intensity of BSA in the
presence of a complex of concentration [Q], 7, is the lifetime
of tryptophan in BSA (found as 1 x 107°), and kg is the
quenching constant. Equation viii gives the binding properties
of the complexes.

)
log =log K + n log[Q ]

I (viii)
where K is the binding constant and 7 is the number of binding
sites.

5.6.4. Cytotoxicity Studies. The cells were cultured using
DMEM (Himedia) media containing 10% FBS (Sigma-
Aldrich), 1% nonessential amino acids (Himedia), and 1%
antibiotic and antimitotic solution (Gibco). Cells were
developed and incubated at 37 °C, with 95% relative humidity,
in a CO, incubator in a T25 flask and monitored continuously
using an inverted Olympus microscope. When 80% confluenc
was achieved, it was trypsinized and used for the MTT assay.”
For the MTT assay, 24-well plates were reserved and seeded
with 1 X 10* cells per well and incubated in a CO, incubator.
After 24 h of incubation, the cells were treated with different
drug concentrations of 6.25, 12.5, 25, 50, 100, and 150 uM.
They were incubated for 24 h, and the cell viability was
determined using MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide. Then, the resultant suspension was
kept on a microvibrator for 10 min, and the absorbance was
recorded at 4 = 570 nm in an ELISA plate reader. The
experiment was also performed in triplicate. Data were
represented as the growth inhibition percentage, i.e., % growth
inhibition = 100 — [(AD X 100)/AB], where AD is the
measured absorbance in wells that contain samples and AB is
the measured absorbance for blank wells (cells with the
medium and the vehicle).

5.6.5. Cellular Localization Study. The colocalization of
compound 7a in US7MG cells was carried out using nucleus
tracking dye DAPI and visualized for imaging studies via a
confocal laser scanning microscope (CLSM S510, Zeiss,
Oberkochen, Germany). U87MG cells were incubated with
the ICs, value of complex 7a for 4 h. After 4 h incubation, the
cells were fixed with 4% formalin and lysed with 0.1 Triton X
100.

5.6.6. Scratch Wound Assay. An in vitro scratch wound
assay was performed to determine the consequence of the
synthesized complexes and untreated sample on migration. 24-
well plates were taken, and 1 X 10* of HeLa cells were seeded
in each well and cultured; they were sporadically scrutinized
using an inverted microscope. When a monolayer of cells was
formed, a sterile 100 uL tip was taken and scratched to create a
gap in the 24-well plates. The culture media was removed and
replaced with fresh media. 25 yM Complex was added to 24-
well plates and monitored randomly at different time intervals
of 0, 6, 12, 24, and 48 h to determine whether the gap created
was either closed or inhibited by the complex.

5.6.7. ROS Generation by the DCFDA Staining Assay.”
To verify the reactive oxygen species (ROS)-generating
potential and following oxidative stress caused by complex
7a, MCF-7 cells were stained with 2’,7’-dichlorofluorescein
diacetate (DCFDA). The DCFDA oxidized by ROS exhibits a
red fluorescence with excitation/emission at 485 nm/535 nm,
respectively. Complex 7a in a quantity equivalent to its ICq,
value was added to MCF-7 cells and incubated at 37 °C,
followed by the addition of 10 uM DCFH-DA and incubation
for 2 h in a dark humidified atmosphere. The cells were again
washed with 1 X PBS to remove excess dye and observed
under an Olympus fluorescence microscope.

5.6.8. Cell Cycle Analysis.*® Flow cytometry was performed
to measure the DNA content in cells. This analysis is based on
the ability to stain cellular DNA in a stoichiometric manner.
Various dyes are available to serve this function, all of which
have high binding affinities for DNA. The location where these
dyes bind on the DNA molecule varies with the type of dye
used. The DNA-binding dye used in this study was the most
commonly used blue-excited dye propidium iodide. PI is an
intercalating dye that binds to DNA and double-stranded RNA
(and is thus almost always used in conjunction with RNaseA to
remove RNA). When diploid cells stained with a dye that
stoichiometrically binds to DNA are analyzed by flow
cytometry, a “narrow” distribution of fluorescent intensities is
obtained. 1 X 10° MCF-7 cells were seeded and cultured for 24
h in a 6-well plate containing 2 mL of media. Cells were then
treated with desired concentrations of given samples prepared
in media and incubated for another 24 h. Cells were then
harvested and centrifuged at 2000 rpm for S min at room
temperature, and the supernatant was discarded, carefully
retaining the cell pellet. Next, the cell pellet was washed by
suspending it in 2 mL of 1X PBS. The washing was repeated
under the same conditions. The supernatant was discarded,
retaining the pellet. Cells were fixed by suspending in 300 L
of sheath fluid, followed by adding 1 mL of chilled 70% EtOH
drop by drop with continuous gentle shaking, and another 1
mL of chilled 70% EtOH was added at once. The cells were
then stored at 4 °C overnight. After fixing, the cells were
centrifuged at 2000 rpm for S min. The cell pellet was washed
twice with 2 mL of cold 1X PBS. The cell pellet was then
resuspended in 450 uL of sheath fluid containing 0.05 mg/ml
PI and 0.05 mg/ml RNaseA and incubated for 15 min in the
dark. The Beckmann Coulter flow cytometry was performed to
determine the percentage of cells in various cell cycle stages in
complex-treated and untreated populations. Data analysis was
performed using FCS Express Version S software.

5.6.9. Apoptosis in MCF-7 Cells and the Annexin FITC/PI
Assay. A day before the induction of apoptosis, 1 X 10® MCE-
7 cells were seeded per well in a 6-well plate using a DMEM
cell culture medium. After 24 h incubation, the media was
replaced with a new culture medium to the original volume.
The cells were treated with a potent complex to induce
apoptosis with samples at two different concentrations and
incubated for 24 h. Later, the collected cell culture medium
was collected into Ria vials. Using a scrapper, the cells were
detached from the dish, 1 mL of medium was added to each
well, and the contents were transferred to identical Ria vials.
The supernatant was separated by centrifugation and
discarded. The cells were washed twice with cold PBS and
then resuspended in 1 mL 1X binding buffer at a concentration
of 1 X 10° cells/mL. 500 uL of cell suspension was aliquoted
and 10 uL of propidium iodide and S uL of Annexin V were
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added. The suspension was incubated for 15 min at room
temperature under dark conditions. After incubation, the cells
were analyzed by flow cytometry as soon as possible (within 1
h).

5.6.10. Statistical Analysis. As the study had more than one
group, one-way ANOVA was used for statistical analysis. A p-
value <0.05 was considered significant.
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