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Reema L. Borkar,*® Chandra Lekha Putta,® Merlin Platto, ¢ Nitisha Beniwal,”
Bharathi Banoth,® Abhishesh Kumar Mehata,® Shanmugam Ramasamy @) *© and
Aravind Kumar Rengan () *°

Five new neutral heteroleptic complexes fac-[Re(CO)s(QN)(L-X)] (Re—F, Re—Cl, Re—Br, Re—Me, and Re-
Np) comprising the fac-[Re(CO)z]* core, 8-quinolinate (QN), and the 2-(4-pyridyl)-5,6-disubstituted ben-
zimidazole derivative (L-X = 2-(4-pyridyl)-5,6-difluorobenzimidazole (L-F) or 2-(4-pyridyl)-5,6-dichloro-
benzimidazole (L-Cl) or 2-(4-pyridyl)-5,6-dibromobenzimidazole (L-Br) or 2-(4-pyridyl)-5,6-dimethyl-
benzimidazole (L-Me)) or 2-(4-pyridyl)-naphthanoimidazole (L-Np) were prepared from Re,(CO)jq,
8-hydroxyquinoline (H-QN), and L-X via a one-pot approach. These complexes were characterized by
ATR-IR, ESI-TOF-MS, NMR, and elemental analysis. Molecular structures of these complexes were deter-
mined by single-crystal X-ray diffraction analysis. The cytotoxicity study of the synthesized complexes was
performed against cancer cell lines (murine mammary carcinoma 4T1, human lung adenocarcinoma
A549, and human cervical carcinoma Hela) and non-carcinogenic model cell lines (murine fibroblast
1929, mouse myoblast C2C12, murine fibroblasts NIH 3T3, and cardiomyoblast HOC2 cells). Notably,
complex Re-F, featuring a difluorobenzimidazole motif, exhibited potent anticancer activity with good
selectivity towards 4T1 cells, while complex Re—Br, with a dibromobenzimidazole motif, showed better
selectivity towards Hela cells. In vitro studies demonstrated that Re—F and Re—Br induced the generation
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of reactive oxygen species (ROS), exhibited antiproliferative effects, caused cellular morphological altera-
tions, triggered DNA damage, and induced apoptotic cell death. These complexes exhibited potent tumor
growth inhibition against multicellular tumor spheroids. Molecular docking and dynamics studies revealed

rsc.li/dalton good binding affinity and interactions of the complexes with B-DNA.

peutic potential, which encourages researchers to develop
new potential fac[Re(CO);]" core-based anti-cancer drug
molecules.>® Apart from the metal center, ligands play a

Introduction

Extensive research has been carried out to find new anti-

cancer drug candidates to overcome the drawbacks of conven-
tional platinum-based drugs.”” Among the other metal com-
plexes, fac-[Re(CO);]" core-based coordination complexes have
been emerging as among the leading candidates in this field.”
These complexes have many advantages, including kinetic
inertness, thermal stability, 3D geometry, and rich photo-
physical properties.>® Notably, few of the rhenium complexes
have entered clinical trials, highlighting their promising thera-
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pivotal role in tuning the therapeutic properties of the com-
plexes. Organic molecules such as 8-hydroxyquinoline (H-QN)
and its derivatives are also well-known in medicinal chemistry
for their antibacterial, antifungal, and anticancer properties.”
Several metal complexes of 8-quinolinate (QN) and its deriva-
tives are also known to exhibit significant potential appli-
cations in medicinal fields, especially as potent anticancer
agents.® Recently, rhenium complexes containing 8-quinoli-
nate and 1,3,5-triaza-7-phosphaadamantane were synthesized
and evaluated for their anticancer activity against cervical
(HeLa) cancer cell lines.*® Very recently, similar rhenium-qui-
nolinate complexes containing 3,5-dimethylpyrazole, 3-phenyl-
pyrazole, imidazole, 2-methylimidazole, and triphenyl-
phosphine were reported. These complexes showed anticancer
activities against leukemia (HL-60), ovarian (SKOV-3), prostate
(PC-3), and breast (MCF-7) cancer cell lines.?” This indicated
that tuning the neutral ligand motifs could also influence the
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anticancer properties of rhenium-quinolinate complexes.
Moreover, benzimidazole and its derivatives are well-established
pharmacophores in cancer research due to their ability to inter-
act with a variety of biological targets through n-rn stacking,
hydrogen bonding contacts, and coordination with metal ions.*°
However, reports on the synthesis and cytotoxicity evaluation of
fine new Re(1)-quinolinate complexes bearing a free benzimida-
zole unit are scarce. The presence of a free benzimidazole unit in
the complex is expected to enhance interactions with DNA.'%
We envision that tuning either the benzimidazole motif by sub-
stituting the 5™ and 6™ positions with functional atoms such as
halogen (F, Cl, Br) and a methyl group or extended r-conjugation
as a naphthanoimidazole motif may also be capable of interact-
ing with DNA, inducing cancer cell death. Herein, we have syn-
thesized five new rhenium(i) tricarbonyl mononuclear acyclic
complexes in combination with 5,6-disubstituted pyridylbenzimi-
dazole fac-[Re(CO);(QN)(L-X)] (Re-F, (X = F); Re-Cl, (X = Cl); Re-
Br, (X = Br); Re-Me, (X = Me)) and the pyridyl naphthanoimida-
zole motif (Re-Np) (Scheme 1) and studied their cytotoxicity
against cancer cell lines (murine mammary carcinoma 4T1,
human lung adenocarcinoma A549, and human cervical carci-
noma HeLa) and non-carcinogenic model cell lines (murine
fibroblast 1929, mouse myoblast C2C12, murine fibroblasts NIH
3T3, and cardiomyoblast H9C2 cells). In-depth studies of Re-F
on 4T1 cells and Re-Br on HeLa cells were conducted to investi-
gate their ability to generate ROS, exhibit antimetastatic pro-
perties, and induce nucleosomal fragmentation. The cytotoxic
efficacy of Re-Br and Re-F complexes was evaluated using 3D
spheroid models of the HeLa and 4T1 cell lines. The binding
affinity and interactions between the metal complexes and
various DNA sequences were investigated through molecular
docking studies. Molecular dynamics simulation of the metal
complexes was carried out for 600 ns to understand and
compare the interaction stability of the complexes with DNA.

Results and discussion

Synthesis and characterization of the complexes

2-(4-Pyridyl)-5,6-difluorobenzimidazole (L-F), 2-(4-pyridyl)-5,6-
dichlorobenzimidazole (L-Cl), 2-(4-pyridyl)-5,6-dibromobenzi-
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Scheme 1 Synthesis of complexes Re—F, Re—Cl, Re-Br, Re—-Me, and

Re—Np. L-X = 2-(4-pyridyl)-5,6-dihalobenzimidazole (or) 2-(4-pyridyl)-
5,6-dimethylbenzimidazole. L-Np = 2-(4-pyridyl)-naphthanoimidazole.
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midazole  (L-Br),  2-(4-pyridyl)-5,6-dimethylbenzimidazole
(L-Me), and 2-(4-pyridyl)-naphthanoimidazole (L-Np) were syn-
thesized by mixing 4,5-difluorobenzene-1,2-diamine/4,5-
dichlorobenzene-1,2-diamine/4,5-dibromobenzene-1,2-
diamine/4,5-dimethylbenzene-1,2-diamine/naphthalene-2,3-
diamine, 4-pyridine carboxaldehyde, and sodium bisulfite in
DMF. The content was heated to 80 °C for 5 h (SI).

The ligands were further utilized for the synthesis of five
mononuclear acyclic rhenium(i) complexes, Re-F, Re-Cl, Re-
Br, Re-Me, and Re-Np, which were obtained by treating
Re,(CO);o with 8-hydroxyquinoline, L-X (X = F/Cl/Br/Me) or
L-Np in toluene at 160 °C using a one-pot solvothermal
approach (Scheme 1). The complexes are air and moisture-
stable. The ATR-IR spectra of the complexes displayed three
strong bands in the range of 2015-1882 cm™", characteristic of
the fac{Re(CO);]" core (Fig. S1 in the SI).° ESI-MS spectra of
the complexes displayed molecular ion peaks (m/z 647.0557 for
[Re-F + H]', m/z 678.2133 for [Re-Cl + H]", m/z 768.8932 for
[Re-Br + H]", m/z 639.1037 for [Re-Me + H]" and m/z 661.0894
for [Re-Np + H]") (Fig. S2-S6 in the SI). The proton NMR
spectra for these complexes were recorded in DMSO-d (Fig. 1A
and Fig. S7-S11 in the SI). These complexes displayed well-
resolved splitting patterns in comparison with their corres-
ponding free ligands. The proton peaks of these complexes
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Fig. 1 (A) Partial *H NMR spectrum of Re—F indicating isomeric peaks in
red and blue; and (B and C) DOSY and *H-'H COSY spectra of Re~F in
deg-DMSO (* = toluene solvent peak).
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were assigned using the "H-"H COSY NMR spectra (Fig. S12-
S16 in the SI).

Since all the complexes differ only at the 5™ and 6™ posi-
tions of the benzimidazole motif, their corresponding spectra
display similar patterns. The spectra showed a 1:1 proton
ratio for both ligand motifs in the complexes. In all the com-
plexes, the H* proton exhibited a downfield shift relative to the
free N,O-chelating quinolinate ligand. This shift was attributed
to the loss of electron density upon Re metal coordination.
Moreover, the "H-NMR spectra of all complexes exhibited two
distinct resonances for each proton, indicating chemically
inequivalent environments and suggesting the presence of two
solution-phase isomers in varying ratios. These isomers likely
correspond to the monomeric and dimeric forms of the
complex. This assignment is supported by DOSY NMR
measurements, which display two distinct diffusion bands,
with coefficients of 1.68 x 107° m? s™* and 2.32 x 107° m* s7%,
confirming the coexistence of two species in solution
(Fig. $22)."* The faster diffusion coefficient (2.32 x 107*° m?
s~') was attributed to the monomeric species (red protons),
while the slower coefficient (1.68 x 107" m* s™") corresponded
to the larger dimeric species (blue protons). Furthermore, con-
centration-dependent "H-NMR experiments demonstrated a
dynamic equilibrium, with the dimeric species predominating
at higher concentrations (15.5 mM) and the monomeric
species favoured at lower concentrations (5.5 mM). The above
observation clearly reveals the stability of two isomers in the
solution. Furthermore, the time-dependent "H NMR spectra of
all complexes in DMSO-d; confirmed their solution-phase
stability for at least 48 hours (Fig. S17-521 in the SI).

Molecular structures of SCCs

Single crystals of the complexes suitable for X-ray diffraction
analysis were obtained directly from the solvothermal reaction
vessels upon cooling the reaction mixture.

ORTEP diagrams of all the complexes are shown in Fig. 2.
The crystallographic details, such as data collection, solution,
refinement, and selected bond lengths, are given in Tables S1
and S2 in the SI. Complexes Re-F, Re-Me and Re-Np crystallize
in the space group P1 while Re-Cl and Re-Br crystallize in P,/
¢. The asymmetric unit of Re-F, Re-Me, and Re-Np contains
one disordered toluene molecule. The complexes consist of
one fac{Re(CO);]" core, 8-quinolinate, and a 5,6-disubstituted
benzimidazole-pyridyl/naphthanoimidazole pyridyl motif. The
Re(1) center exhibits distorted octahedral geometry bound to
the nitrogen atom of the pyridylbenzimidazole monodentate
ligand, nitrogen and oxygen atoms of the quinolinate biden-
tate ligand, and three carbon atoms of three facially arranged
carbonyl (CO) ligands. Both ligand motifs in the complex are
arranged orthogonally to each other, forming an L-shaped
framework. The bonding parameters of Re-N4, Re-O4 and Re-
N3 are found within the expected range (Table S3 in the SI).®
All the complexes show out-of-plane bending of the neutral
pyridyl-benzimidazole motif from the plane through the Re-1,
N1, C13 and C17 with dihedral angles of ~3.5°, 14.7°, 17.2°,
17.3° and 20.9°, respectively. As the size of the substituents at

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 ORTEP diagrams of the molecular structures of the complexes
drawn at the 50% probability level. Solvent molecules were removed for
clarity.

the 5™ and 6" positions of the benzimidazole group increases,
the degree of bending exhibits a corresponding increase with
the following trend: Re-F > Re-Cl > Re-Br > Re-Me > Re-Np.
The crystal structures are stabilized by various intermolecular
non-covalent interactions. In complex Re-F, two benzimidazole
motifs are aligned anti-cofacially, exhibiting =---7 interactions
with a distance of 3.365 A. The fluorine atom interacts with
two CO molecules via intermolecular F---O contacts (2.88/
2.98 A).° Additionally, a C-H group of the pyridyl ring inter-
acts with an adjacent carbonyl unit (C-H---O: 2.67 A and 126°).
Displaced =---m interactions between two pyridyl units are also
observed. Furthermore, the oxygen atom of the quinolinate
interacts with the neighboring NH unit (N-H---O: 2.035 A and
166°). In complex Re-Cl, two neighbouring molecules contact
each other through lone pair--n contacts (Cl--Conypyriayi =
3.44/3.42 A). In addition, a strong hydrogen bonding inter-
action between NH, and the oxygen atom of quinolinate is
also present (N-H---O = 2.056 and 179°). A similar type of
dimeric structure was observed in the Re-Br complex.
However, in the dimeric structure of Re-Br, the bromine atom
contacts with the carbon atom of the pyridyl unit. No close
contacts were observed between Br and the QN motif. Nitrogen
and oxygen donor atoms of quinolinate form a five-membered
ring with rhenium and are in plane with two CO groups. This
leads to pyridylbenzimidazole and CO groups occupying axial
positions.
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https://doi.org/10.1039/d5dt01577d

Published on 30 October 2025. Downloaded on 6/8/2026 1:15:46 PM.

Paper

Biological studies

Lipophilicity. Lipophilicity of a drug molecule is a funda-
mental parameter to determine biological processes such as
membrane penetration capability, absorption, metabolism,
and distribution.”” The lipophilicity of the complexes was
assessed by calculating the octanol-water partition coefficient
(log Kojw) using the shake flask method. The log K., values for
Re-F and Re-Br were 0.70 and 1.50, respectively, indicating
their hydrophobic/lipophilic nature.

Biocompatibility. Prior to assessing in vitro anticancer
efficacy, the cytocompatibility of rhenium(i) tricarbonyl com-
plexes (Re-F, Re-Cl, Re-Br, Re-Me, and Re-Np) was systemati-
cally evaluated in non-cancerous cell lines: 1929 fibroblasts,
NIH 3T3 murine fibroblasts, H9C2 cardiomyoblasts, and
C2C12 myoblasts to establish preliminary therapeutic indices.
Cells were exposed to a concentration gradient of 1-250 uM (1,
2, 5, 10, 25, 50, 100, and 250) of each complex for 24 hours
under standard culture conditions. Dose-response analyses
revealed negligible cytotoxicity (cell viability >80%) at concen-
trations <25 puM across all cell types (Table 1 and Fig. S23 in
the SI), with ICs, values exceeding 50 uM, indicating favour-
able biocompatibility within therapeutically relevant dosage
ranges. This preliminary profiling in diverse normal cell
models supports the suitability of these complexes for sub-
sequent anticancer screening while highlighting their poten-
tial selectivity toward malignant versus non-malignant tissues.

Cytotoxicity. The cytotoxic profiles of rhenium-based com-
plexes Re-F, Re-Cl, Re-Br, Re-Me, and Re-Np were evaluated
against 4T1 (murine mammary carcinoma), A549 (human lung
adenocarcinoma), and HeLa (human cervical carcinoma) cell
lines via an MTT assay. Dose-dependent cytotoxicity analyses
revealed notable sensitivity differences: Re-Br exhibited the
highest ICs, potency in HeLa cells (12.27 + 1.23 pM), while Re-
F demonstrated optimal ICs, activity in 4T1 cells (16.25 =
1.63 pM) (Table 1). Untreated cells served as negative controls,
with viability normalized to 100%.

Selectivity indices (SI) were calculated to assess therapeutic
specificity using the formula: SI = (ICs, value in normal cells)/
(ICs0 value in cancer cells).”

Thresholds define SI as follows: SI < 1 (normal cell toxicity),
SI = 1 (equivalent toxicity), SI > 1 (cancer cell selectivity), and
SI > 1 (high specificity). At a threshold of SI > 4, Re-Br
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showed an SI of 4.88 in HeLa relative to H9C2 cardiomyo-
blasts, while Re-F achieved an SI of 4.3 in 4T1 compared to
C2C12 myoblasts (Table 2 and Fig. S24 in the SI). These values
indicate preferential cytotoxicity toward malignant -cells,
underscoring their potential as selective chemotherapeutic
agents with an expanded therapeutic window.

Live/dead assay

The anticancer efficacy of complexes Re-Br and Re-F was
qualitatively assessed via FDA/PI (fluorescein diacetate/propi-
dium iodide) dual staining, a fluorescence-based live/dead
assay. Following 24-hour exposure to ICs, concentrations,
HeLa and 4T1 cells were incubated with FDA (5 pg mL™") and
PI (2 pg mL™") for 15 minutes. FDA was hydrolyzed by viable
cells to emit green fluorescence (ex/em: 488/530 nm), indicat-
ing metabolic activity, while PI selectively stained the nuclei of
membrane-compromised cells with red fluorescence (ex/em:
535/617 nm).

Fluorescence microscopy revealed a pronounced increase in
PI-positive cells (bright red fluorescence) in Re-Br treated HeLa
and Re-F treated 4T1 cultures compared to untreated controls
and other treatment groups (Fig. 3). The untreated groups
exhibited predominantly green fluorescence, consistent with
>90% viability, whereas cisplatin (positive control) showed inter-

Table 2 Selectivity index values of the complexes determined using
the MTT assay towards cancer cell lines (4T1, A549 and Hela) and non-
cancer cell lines (L929, NIH 3T3, H9C2 and C2C12)

Selectivity index Re-Cl Re-Br Re-F Re-Me Re-Np
L929/4T1 1.63 1.3 1.84 2.185 1.97
L929/A549 1.9 2.3 1.3 2.12 1.53
L929/HeLa 1.83 2.4 1.2 2.1 1.44
NIH3T3/4T1 1.63 0.7 1.84 1.64 1.97
NIH3T3/A549 1.9 1.61 1.3 1.59 1.53
NIH3T3/HeLa 1.83 1.7 1.2 1.57 1.44
H9C2/4T1 2.17 2.6 3.07 2.73 2
H9C2/A549 2.53 4.63 2.17 2.66 2.04
H9C2/HeLa 2.45 4.88 2 2.63 1.93
C2C12/4T1 0.76 1.8 4.3 2.73 1.97
C2C12/A549 0.88 1.92 3.04 2.66 1.53
C2C12/HeLa 0.86 2.03 2.8 2.63 1.44

Table 1 ICs values of the complexes determined using the MTT assay towards cancer cell lines (4T1, A549, and Hela) and non-cancer cell lines

(L929, NIH 3T3, H9C2 and C2C12)

1Cs0 (},LM)

Cell lines Re-F Re-Cl Re-Br Re-Me Re-Np

4T1 16.25 £ 1.63 22.92 +2.29 23.01 +2.30 18.34 £1.83 18.59 £ 1.86
A549 23.30 £ 2.33 19.71 £ 1.97 12.87 £1.29 18.85 £ 1.88 24.50 +2.45
HeLa 25.01 + 2.50 20.40 + 2.04 12.27 £1.23 19.03 £ 1.90 26.04 + 2.60
L1929 30 37.5 30 40 37.5

NIH 3T3 30 37.5 21 30 37.5

H9C2 50 50 60 50 50

C2C12 70 17.5 25 50 37.5
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Fig. 3 Live—dead cell images and their quantification analysis of 4T1
cells treated with Re—F/cisplatin (A and B) and Hela cells treated with
Re—Br/cisplatin (C and D). Scale bar: 100 pm. Untreated cells (negative
control) and cisplatin (positive control). FDA (fluorescein diacetate) and
Pl (propidium iodide) dyes stain the live and dead cells, respectively.

mediate PI staining. These observations correlate with prior
cytotoxicity data, confirming the selective induction of cell
death by Re-Br and Re-F in a cell line-dependent manner.

Reactive oxygen species (ROS) generation

The intracellular ROS generation mediated by complexes Re-
Br and Re-F in HeLa and 4T1 cancer cells, respectively, was
quantified via the 2',7’-dichlorofluorescein diacetate (DCFDA)
assay, a widely employed fluorometric method for detecting
oxidative stress.'* Following 24-hour exposure to the com-
plexes, cells were incubated with 10 pM DCFDA in serum-free
medium, allowing the cell-permeable probe to undergo de-
esterification by intracellular esterases to non-fluorescent
DCFH, which is subsequently oxidized by ROS to fluorescent
dichlorofluorescein (DCF). Fluorescence microscopy revealed a
marked elevation in DCF-derived green fluorescence intensity
(ex/em: 488/530 nm) in treated cells compared to untreated
controls and other treatment groups (Fig. 4). HeLa cells treated
with Re-Br exhibited a prominent increase in fluorescence
signal relative to controls, while Re-F induced a bright green
fluorescence in 4T1 cells, indicating ROS accumulation in a
cell line- and complex-dependent manner. Untreated cells
demonstrated minimal fluorescence, consistent with basal
ROS levels maintained by endogenous antioxidant systems.
These findings validate the pro-oxidant efficacy of Re-Br and
Re-F in destabilizing redox homeostasis, correlating with their
observed cytotoxic effects.

Antimigration evaluation

The antimetastatic efficacy of complexes Re-F and Re-Br was
evaluated using an in vitro scratch assay to quantify migration

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Images showing ROS generation (green fluorescence) with (A)
4T1 cells treated with Re—F/cisplatin and (B) Hela cells treated with Re—
Br/cisplatin (scale bar: 100 um). Untreated cells (negative control) and
cisplatin (positive control).

inhibition in HeLa and 4T1 cells.*® Confluent monolayers were
established in 12-well plates, and uniform scratches were intro-
duced via mechanical disruption with a sterile pipette tip.
Cells were treated with ICs, concentrations of Re-Br (HeLa) or
Re-F (4T1), while untreated and cisplatin-treated groups
served as negative and positive controls. Phase-contrast
microscopy images captured at 0, 6, 12, and 24-hour intervals
revealed a complete closure of the scratch for the untreated
groups. Quantitative analysis demonstrated that only 10% of
the scratch area was repopulated by Re-Br and Re-F treated
cells after 24 hours, compared to 90-95% closure in untreated
controls (Fig. 5 and Fig. S25 in the SI). This 9-fold decrease in
migration aligns with prior studies showing that the rhenium
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Fig. 5 (A) Evaluation of the antimetastatic effects of Re—F on 4T1 cells
using the scratch assay, untreated cells (negative control), and cisplatin
(positive control) (scale bar: 100 pm). (B) Percentage of scratch closure
at 0, 6, 12 and 24 h of treatment.
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complexes disrupt cytoskeletal dynamics and extracellular
matrix remodeling through ROS-mediated pathways. The pro-
nounced attenuation of motility underscores the dose-depen-
dent antimetastatic potential of these complexes, likely
mediated by their interference with metalloproteinase activity.
These findings reveal that complexes Re-Br and Re-F act as
promising candidates for inhibiting cancer cell dissemination,
a critical target in overcoming therapeutic resistance.

Apoptosis detection

The pro-apoptotic effects of complexes Re-Br and Re-F in
HeLa and 4T1 cells were investigated via acridine orange/ethi-
dium bromide (AO/EtBr) dual fluorescence staining to delin-
eate ROS-mediated cell death mechanisms. Post-treatment
with ICs, concentrations, cells were co-stained with AO (2 pg
mL™") and EtBr (2 pg mL™") for 10 minutes, enabling differen-
tial visualization of nuclear morphology and membrane integ-
rity. Fluorescence microscopy revealed a significant increase in
apoptotic cells (EtBr+/AO+, orange-red nuclei with condensed
chromatin) in Re-Br treated HeLa (40 + 2.8%) and Re-F
treated 4T1 (14 + 1%) populations compared to untreated con-
trols (<5%) (Fig. 6). Untreated cells exhibited uniform green
fluorescence. Cisplatin, a positive control, showed intermedi-
ate apoptosis (~9%), corroborating the superior efficacy of
rhenium complexes in inducing ROS-dependent apoptotic cas-
cades. These findings align with prior DCFDA data, substan-
tiating the hypothesis that ROS overproduction underlies the
selective cytotoxicity of Re-Br and Re-F in malignant cells.
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Fig. 6 (A and D) Detection of apoptosis using acridine orange (AO) and
ethidium bromide (EtBr) on Hela cells in the presence of Re—Br and 4T1
cells in the presence of Re—F. Living cells are stained green, while apop-
totic cells are stained red. Cells without treatment were used as a nega-
tive control and cells treated with cisplatin served as a positive control.
Scale bar: 50 pm. Quantification data of the fluorescence intensity of AO
(B and E) and EtBr (C and F).

17536 | Dalton Trans., 2025, 54, 17531-17545

View Article Online

Dalton Transactions

DNA fragmentation assay

To evaluate the effects of Re-Br and Re-F on the nuclear
material, 4,6-diamidino-2-phenylindole (DAPI) staining was uti-
lized.'® DAPI, a fluorescent dye, specifically stains DNA in both
viable and non-viable cells; however, it exhibits diminished
fluorescence intensity and membrane permeability in viable
cells. Untreated HeLa and 4T1 cells (control) displayed pre-
served nuclear morphology, distinguished by a centrally
located blue-fluorescent nucleus. In comparison with the
control group, cells treated with Re-Br and Re-F demonstrated
higher fluorescence intensity and displayed lobular formations,
accompanied by the dispersion or leakage of nuclear frag-
ments, signifying DNA damage (Fig. 7 and Fig. S26 in the SI).

3D spheroid model

The 3D spheroid model experiment provides more accurate
mimics of architecture, microenvironment, and physiological
conditions of solid tumours compared to traditional two-
dimensional (2D) cell cultures."””® 3D spheroid replicates key
tumor features including cell-cell and cell-matrix interactions,
oxygen and nutrient gradients, and the presence of proliferat-
ing, quiescent, and necrotic cell populations, closely resem-
bling the complexity of in vivo tumors.'”” Thus, the 3D spher-
oid study reveals tumor biology, drug penetration, and resis-
tance mechanisms and provides predictive and clinically rele-
vant data for evaluating chemotherapeutic efficacy and toxicity.
As a result, 3D spheroid cultures serve as a valuable bridge
between conventional cell culture and animal models, enhan-
cing the reliability of preclinical drug screening and reducing
the need for animal testing.'”? Therefore, the cytotoxic efficacy
of Re-Br and Re-F complexes was evaluated using 3D spheroid
models of the HeLa and 4T1 cell lines. Following spheroid
maturation, the constructs were treated with the respective
complexes, and viability was assessed 24 hours post-treatment
through qualitative live/dead imaging utilizing FDA and PI
dual staining. This staining methodology enabled simul-
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Fig. 7 (A) Detection of DNA damage after being treated with Re—Br and
cisplatin. Control cells (untreated Hela cells) were used as a negative
control and cells treated with cisplatin were used as a positive control
(scale bar: 20 pm). (B) Quantification data of fluorescence intensity.
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taneous visualization of viable cells (fluorescein-positive) and
necrotic cellular regions (PI-positive nuclei) within the spher-
oid architecture. Qualitative analysis revealed significantly
reduced cellular viability in treated spheroids compared to
untreated controls and other control groups, as evidenced by
increased PI penetration and diminished fluorescein signal
intensity (Fig. 8). The observed cytotoxic response in 3D cul-
tures correlated with previous findings from 2D monolayer
assays, demonstrating consistent compound efficacy across
both experimental models. This concordance suggests pre-
served drug penetration capabilities and biological activity
within the spheroid microenvironment, despite the enhanced
physiological relevance of 3D systems compared to traditional
monolayer cultures.

Molecular docking

The DNA fragmentation assay suggests that the prepared metal
complexes cleave the DNA in a specific manner. To investigate
the interactions between DNA and the prepared metal com-
plexes, molecular docking simulations were performed. As
reported earlier, ligand and DNA can interact via grooving
(major or minor groove), inter-crossing, and intercalation.'®*
Hence, various DNA models such as 1BNA, 1BWG, 1 AU5,
3FT6, and 1Z3F were considered to assess the possible inter-
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Re-F

Brightfield
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Fig. 8 Cell images of (A) 3-D spheroids of 4T1 cells after 24 h of treat-
ment with 4T1 cells treated with Re—F and (B) Hela cells treated with
Re—Br. Untreated cells (negative control) and cisplatin (positive control).
FDA (fluorescein diacetate) and PI (propidium iodide) dyes stain the live
and dead cells, respectively. The merged image represents the co-local-
ization of live and dead cells. Scale bar: 100 pm.
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action with the metal complexes."®”* The metal complexes
favour minor groove binding with 1BNA and 1BWG and inter-
calate with 3FT6 and 1Z3F DNA models. The expected covalent
cross-linking in the 1 AU5 model, which did not occur as
expected, indicates the least binding stability of the metal com-
plexes with DNA. The binding energy of metal complexes with
DNA models is given in Table S5. The results show that metal
complexes prefer the minor groove and intercalation modes of
binding with DNA. For minor groove binding (1BNA) and inter-
calation (1Z3F), results are considered based on their higher
binding energies and interactions. The best binding confor-
mer positions of the complexes with 1BNA and 1Z3F are
shown in Fig. 9. All the complexes bind towards the continu-
ous part of the helix (minor groove) with 1BNA. In contrast,
the metal complexes are intercalated with 1Z3F in the CG
region, particularly the 5,6-disubstituted benzimidazole-
pyridyl/naphthanoimidazole pyridyl motif.

The individual metal complex-DNA interactions are
explored further, and the 2D interactions are presented in
Fig. 9. The 2D interaction representation shows hydrogen
bonding and other interactions between the DNA and the
metal complex. The T-shaped =---1 non-covalent interaction is
recorded in Re-F, Re-Cl, and Re-Br complexes. Re-Me exhibits
only an H-bond and Re-Np has =#---c interaction with 1BNA.
The more unfavourable acceptor-acceptor interaction made
between the complex (Re-F and Re-Np) and B-DNA becomes
repulsive, which can affect the binding affinity. The binding
energies of Re-F, Re-Cl, Re-Br, Re-Me, and Re-Np with 1BNA
are found to be —8.69 kcal mol™!, —9.75 kcal mol™?,
—10.21 keal mol™, —9.52 kecal mol™, and —10.50 kcal mol™?,
respectively. The interaction of metal complexes and
1Z3F-DNA is represented in Fig. 9. The 2D interaction diagram
reveals that the complexes form hydrogen bonding, n---n non-
covalent interaction, =n---m stacked interaction, and m---alkyl
interactions with DNA. The binding energies of Re-F, Re-Cl,
Re-Br, Re-Me, and Re-Np complexes are found to be
—7.17 kcal mol™, —8.30 kcal mol™', —8.44 kcal mol™,
—8.59 kcal mol™?, and —8.41 kcal mol™", respectively. This
indicates that the metal complexes exhibit a strong binding
affinity towards DNA. Molecular docking analyses indicated
that all rhenium complexes bind selectively to the minor
groove of B-DNA (1BNA), suggesting a capacity to interfere with
DNA integrity. This computational prediction is substantiated
by DAPI-based DNA fragmentation assays wherein DAPI prefer-
entially binds to the minor groove of A-T-rich regions in the
B-DNA. The results revealed lobular nuclear formations and
leakage of DNA fragments, characteristic of apoptotic cell death.
The close agreement between the structural binding data from
docking and the nuclear damage visualized experimentally
underscores that minor groove binding is the mechanistic
trigger driving the cytotoxic effects of these complexes.

MD simulations

Molecular dynamics simulation has been carried out to under-
stand and compare the binding stability of metal complexes
with DNA (1BNA and 1Z3F) over a period of 600 ns in a water
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Fig. 9 The best conformer of metal complexes into DNA is represented in 3D view and 2D interaction of complexes with 1BNA (black box) and
1Z3F (red box) DNA models. (A) Re—F, (B) Re—Cl, (C) Re—Br, (D) Re—Me, and (E) Re—Np complexes (DG — deoxyguanosine, DA — deoxyadenosine, DT
— deoxythymidine, and DC — deoxycytidine nucleotides). The metal complexes are colored in blue for better visualization in the 3D representation.
In 2D interactions, atom colors are as follows: grey — C, black — H, blue — N, red — O, cyan — Re, pale blue - F, green — Cl, and brown — Br. The inter-
action distance is specified in A units, and bond distances are in the range of their respective domain interactions.

environment.'>> The root mean square deviation (RMSD)
plot for 1BNA and 1Z3F is shown in Fig. 10 and Fig. S27,
respectively. The plot shows an unstable RMSD with signifi-
cant fluctuations during the simulation, which is attributed to
the metal complexes starting to move out of the intercalated
position with the DNA, suggesting that the interaction is
unstable over a period of time. This is not observed in the Re-
Cl complex; here, the DNA unwinds initially; however, the Re-
Cl complex binds to DNA with a weak binding energy com-
pared to minor groove binding. In contrast, the minor groove
binding mode in the metal complexes shows good stability for
a longer period (Fig. 10). The complexes, Re-F, Re-Cl, Re-Br,
and Re-Me, have a stable RMSD throughout the molecular
dynamics simulation, whereas Re-Np shows an RMSD with
more fluctuations due to the unstable minor groove binding of
the Re-Np complex with 1BNA, which leads to separation of

17538 | Dalton Trans., 2025, 54, 17531-17545

the metal complex and DNA. The other complexes bind well
with 1BNA and are stable for up to 600 ns in water. To
compare the binding stability of the complexes and the inter-
action of the complex with 1BNA (Table 3) and 1Z3F
(Table S6), the Gibbs free energy of binding (AG) is calculated
using the molecular mechanics Poisson-Boltzmann surface
area (MMPBSA) method after molecular dynamics simulations.
The complexes interact with 1BNA through strong van der
Waals interactions and have higher attractive electrostatic
energy. Re-Br is the most stable complex (—40.0 kcal mol™)
and Re-Np (—15.9 kcal mol™") is the least stable complex
under solvent conditions. From molecular dynamics simu-
lations, based on the binding energy, it is evident that the
metal complexes show stable binding with DNA models, par-
ticularly those with halogen-substituted metal complexes,
compared to metal complexes with Me and Np substitutions.
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Fig. 10 Time evolution of RMSD of metal complexes—1BNA (A) Re—F, (B) Re-Cl, (C) Re-Br, (D) Re—Me, and (E) Re—Np. The metal complexes are
colored in blue for better visualization in the 3D representation. The inserted snapshot in the plot is taken at 0 ns, 300 ns, and 600 ns, respectively.
The atoms’ colors are represented as follows: grey — C, black — H, blue — N, red — O, cyan — Re, pale blue - F, green — Cl, and brown — Br.

Table 3 MMPBSA calculations of Re—F, Re-Cl, Re-Br, Re—Me, and

Re—Np with 1BNA

Components Re-F Re-Cl Re-Br Re-Me Re-Np
VDWAALS —47.2 -51.3 -51.8 —47.7 —23.6
EEL —21.6 —19.4 —20.2 —18.5 -14.3
EGB 38.4 -36.1 36.2 35.8 23.9
ESURF —4.2 —4.2 —4.2 —4.1 -2.0
AG (gas) —68.8 -70.6 -72.0 —66.2 -37.8
AG (solv) 34.1 31.9 32.0 31.7 22.0
AG (binding) -34.7 -38.8 -40.0 -34.5 -15.9

All values are reported in keal mol ™.

This journal is © The Royal Society of Chemistry 2025

Compared to minor groove binding, the metal complex
intercalation shows the least negative binding energy. Based
on the MD simulation, minor groove binding is more stable
than the intercalation mode of binding with DNA models over
a period of 600 ns.

Conclusion

A series of five new Re(1)-quinolinate-pyridyl complexes featur-
ing 5,6-disubstituted benzimidazole or naphthanoimidazole
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motifs were synthesized and characterized. These complexes
exhibited anticancer properties against 4T1, A549, and HeLa
cell lines. Notably, Re-F (5,6-difluorobenzimidazole-based)
and Re-Br (5,6-dibromobenzimidazole-based) complexes dis-
played potent activity against 4T1 and HeLa cells, respectively.
The incorporation of fluorine and bromine atoms significantly
enhanced their anticancer activity. Both complexes demon-
strated antimigratory properties, induced ROS production, and
triggered  apoptosis via nucleosomal fragmentation.
Furthermore, they exhibited deep tumor tissue penetration in
3D spheroids. The complexes exhibited stable binding to
B-DNA primarily through minor grooves via non-covalent inter-
actions involving the 5,6-dihalobenzimidazole motif, with Re-
Br showing higher binding affinity. Molecular simulation
studies corroborated the in vitro findings, indicating stable
interactions of halogen-substituted complexes with B-DNA
over 600 ns. Collectively, these findings suggest that fluorine-
and bromine-substituted benzimidazole-based complexes hold
promise as anti-cancer agents for breast cancer and cervical
cancer, respectively. Notably, this pioneering study explores
the potential of fac-[Re(CO);]" core-based complexes with
halogen-substituted benzimidazole motifs, opening new
avenues for investigating their biological activity.

Experimental details
Materials and instruments

Re,(CO)40 was purchased from Sigma-Aldrich.
8-Hydroxyquinoline, 4-pyridine carboxaldehyde, 4,5-difluoro-
benzene-1,2-diamine, 4,5-dichlorobenzene-1,2-diamine, 4,5-
dibromobenzene-1,2-diamine, 4,5-dimethylbenzene-1,2-
diamine, and 2,3-diaminonaphthalene were procured from
BLD Pharma. Sodium bisulfite and DMF were obtained from
commercial sources and used as received. Hexane and toluene
were distilled using conventional procedures. All the com-
plexes analysed for anticancer activity were dissolved in di-
methylsulfoxide (DMSO, Merck). Elemental analysis was per-
formed on a Vario MICRO Superuser V4.0.14. ESI-TOF-MS
spectra were recorded on a Bruker maXis mass spectrometer.
ATR-IR spectra were recorded on a Nicolet iS5 ATR-spectro-
meter in the 400-4000 cm™" range. The 'H NMR spectra in
DMSO-d; were recorded on a Bruker Avance III 500 MHz
spectrometer. The NMR spectra were referenced to the internal
reference of tetramethylsilane.

Synthesis of fac-[Re(CO);(QN)(L-F)] = Re-F-(C;Hg)os. A
mixture of Re,(CO);0 (50.23 mg, 0.077 mmol), L-F (35.42 mg,
0.153 mmol), 8-hydroxyquinoline (22.3 mg, 0.154 mmol), and
toluene (5 mL) was sealed in a Teflon-lined stainless steel
bomb and heated at 160 °C for 24 h. Upon cooling the reaction
vessel to room temperature, yellow crystals were obtained. The
crystals were washed with hexane and air-dried. Yield: 77%
(78 mg). Anal. calcd for C,4,H;3F,N,0,Re-(C;Hg)o 5: C, 49.75; H,
2.48; N, 7.10. Found: C, 49.82; H, 2.01; N, 7.07. 'H NMR
(500 MHz, DMSO-d;): a mixture of two isomers with a 1:0.5
ratio without the solvent toluene molecule: § 9.18 (d, J = 4.69
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Hz, H%), 8.95 (d, J = 4.57 Hz, H%), 8.81 (d, J = 4.72 Hz, H’), 8.76
(d, J = 5.97 Hz, H°), 8.53 (d, J = 8.51 Hz, H), 8.45 (d, J = 8.10
Hz, HS), 8.15 (d, J = 5.13 Hz, H®), 8.04 (d, J = 5.85 Hz, H®),
7.77-7.68 (m, H*”), 7.65-7.60 (m, H"), 7.48 (t, ] = 7.92 Hz, H°),
7.39 (t, J = 8.06 Hz, H®), 7.09 (d, J = 8.06 Hz, H), 6.98 (d, J =
7.92 Hz, HY), 6.94 (d, J = 7.92 Hz, HY), 6.91 (d, J = 7.94 Hz, HY).
ESI (HR-MS). Caled for CpH,,F,N,O4Re [M + H]': m/z 647.054.
Found: m/z 647.0557. ATR-IR (cm™'): 2015 (C=O0), 1914
(C=0), and 1882 (C=0).

Synthesis of fac-[Re(CO);(QN)(L-Cl)] = Re-Cl. By following
the procedure similar to Re-F, yellow crystals were obtained
using a mixture of Re,(CO);o (51.04 mg, 0.078 mmol), L-Cl
(41.12 mg, 0.156 mmol), 8-hydroxyquinoline (22.43 mg,
0.154 mmol), and toluene (5 mL). The crystals were washed
with hexane and air-dried. Yield: 85% (89 mg). Anal. caled for
C,,H,5CL,N,O,Re: C, 45.49; H, 1.93; N, 8.26. Found: C, 45.02;
H, 1.33; N, 8.42. 'H NMR (500 MHz, DMSO-d,): a mixture of
two isomers with a 1:0.5 ratio without the solvent toluene
molecule § 9.18 (d, J = 5.01 Hz, H%), 8.95 (d, J = 4.77 Hz, HY),
8.41 (s, H%), 8.77 (d, J = 6.46 Hz, H’), 8.54 (d, J = 8.16 Hz, H°),
8.45 (d, J = 8.16 Hz, HF), 8.19 (d, J = 5.46 Hz, H®), 8.03 (d, ] =
6.56 Hz, H®), 7.95 (s, H*), 7.87 (s, H), 7.65-7.58 (m, H"), 7.47
(t,J = 7.81 Hz, H®), 7.38 (t, ] = 7.89 Hz, H®), 7.09 (d, J = 8.00 Hz,
H'), 6.98 (d, J = 8.00 Hz, H'), 6.94 (d, J = 7.92 Hz, H°), 6.91 (d, J
= 7.92 Hz, HY). ESI (HR-MS). Calcd for C,,H;,Cl,N,O,Re [M +
H]": m/z 678.9949. Found: m/z 678.2133. ATR-IR (cm™'): 2011
(C=0), 1899 (C=0), and 1880 (C=0).

Synthesis of fac-[Re(CO);(QN)(L-Br)] = Re-Br. By following
the procedure similar to Re-F, yellow crystals were obtained
using a mixture of Re,(CO);o (50.33 mg, 0.078 mmol), L-Br
(54.1 mg, 0.214 mmol), 8-hydroxyquinoline (22.12 mg,
0.152 mmol), and toluene (5 mL). The crystals were washed
with hexane and air-dried. Yield: 69% (81 mg). Anal. caled for
C,,H,3Br,N,O,Re: C, 39.56; H, 1.71; N, 7.30. Found: C, 39.71;
H, 1.18; N, 7.19. 'H NMR (500 MHz, DMSO-d): a mixture of
two isomers with a 1:0.5 ratio without the solvent toluene
molecule § 9.18 (d, J = 4.42 Hz, HY), 8.95 (d, J = 4.17 Hz, HY),
8.83 (s, HY), 8.77 (d, J = 6.49 Hz, H’), 8.54 (d, J = 8.40 Hz, H°),
8.45 (d, J = 8.21 Hz, H), 8.15 (d, J = 4.90 Hz, H®), 8.07 (s, H"),
8.04 (d,J = 8.02 Hz, H®), 8.00 (s, H’), 7.64-7.58 (m, H"), 7.47 (t,
J =7.92 Hz, H®), 7.38 (t, J = 8.02 Hz, H®), 7.09 (d, J = 8.02 Hz,
H°), 6.98 (d, ] = 7.92 Hz, H'), 6.94 (d, ] = 7.93 Hz, HY), 6.90 (d, J
= 7.88 Hz, Hd). ESI (HR-MS). Calcd for C,,H;,4Br,N,O4Re [M +
H]": m/z 768.8940. Found: m/z 768.8932. ATR-IR (cm™'): 2011
(C=0), 1901 (C=0), and 1880 (C=0).

Synthesis of fac-[Re(CO);(QN)(L-Me)]-(C;Hg) = Re-Me-(C,Hsg).
By following the procedure similar to Re-F, yellow crystals were
obtained wusing a mixture of Re,(CO);o (49.89 mg,
0.076 mmol), L-Me (34.56 mg, 0.153 mmol), 8-hydroxyquino-
line (22.30 mg, 0.154 mmol), and toluene (5 mL). The crystals
were washed with hexane and air-dried. Yield: 76% (74 mg).
Anal. caled for C33H,,N,O4Re: C, 54.31; H, 3.73; N, 7.68.
Found: C, 54.59; H, 3.67; N, 7.36. '"H NMR (500 MHz, DMSO-
de): a mixture of two isomers with a 1:0.5 ratio without the
solvent toluene molecule 5 9.18 (d, J = 4.78 Hz, H"), 8.95 (d, J =
4.72 Hz, H%), 8.73 (d, J = 6.07 Hz, H®), 8.70 (d, J = 6.68 Hz, H’),
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8.54 (d, J = 8.45 Hz, H®), 8.45 (d, J = 8.45 Hz, H), 8.06 (d, J =
6.12 Hz, H®), 8.00 (d, J = 6.73 Hz, H®), 7.64-7.59 (m, H®), 7.47
(t, J = 7.88 Hz, H®), 7.42-7.36 (m, H**7), 7.09 (d, J = 7.92 Hz,
H'), 6.98 (d, ] = 7.92 Hz, H'), 6.94 (d, J = 7.83 Hz, HY), 6.91 (d, J
= 7.83 Hz, HY), 2.34 (s, -CH,), 2.29 (s, —CH,). ESI (HR-MS).
Caled for CpgHyoN,O4Re [M + H]": m/z 639.1042. Found: m/z
639.1037. ATR-IR (cm™"): 2012 (C=0), 1905 (C=0), and 1882
(c=0).

Synthesis of fac-[Re(CO);(QN)(L-Np)]-(C;Hg) = Re-Np-(C,;Hg).
By following the procedure similar to Re-F, yellow crystals were
obtained wusing a of Re,(CO);p (50.28 myg,
0.077 mmol), L-Np (38.52 mg, 0.157 mmol), 8-hydroxyquino-
line (22.10 mg, 0.152 mmol), and toluene (5 mL). The crystals
were washed with hexane and air-dried. Yield: 85% (85 mg).
Anal. caled for C;5H,5N,O4Re: C, 55.92; H, 3.35; N, 7.45.
Found: C, 55.55; H, 3.32; N, 7.45. "H NMR (500 MHz, DMSO-
de): a mixture of two isomers with a 1:0.7 ratio without the
solvent toluene molecule 6 9.20 (d, J = 4.77 Hz, H?), 8.95 (d, J =
4.83 Hz, HY), 8.85 (d, J = 4.85 Hz, H'"), 8.81 (d, J = 6.66 Hz,
H'), 8.54 (d, J = 8.47 Hz, H), 8.46 (d, J = 8.31 Hz, HF), 8.23 (d,
J = 5.94 Hz, H), 8.20 (s, H’) 8.16 (d, J = 6.51 Hz, H"'),
8.05-8.03 (m, H®), 8.01-7.99 (m, H®), 7.66-7.63 (m, HP),
7.62-7.59 (m, H®), 7.47 (t, J = 8.01 Hz, Hf), 7.42-7.37 (m, H®")
7.09 (d, J = 7.97 Hz, H), 6.99 (d, J = 8.06 Hz, H'), 6.96 (d, J =
7.99 Hz, HY), 6.91 (d, J = 7.80 Hz, H?), ESI (HR-MS). Calcd for
C,sH15N,O4Re [M + H]": m/z 661.0881. Found: m/z 661.0894.
ATR-IR (cm™'): 2014 (C=0), 1907 (C=0), and 1883 (C=0).

mixture

Materials & methodology

Thiazolyl blue tetrazolium bromide (MTT) was purchased from
Sigma Aldrich, USA. Roswell Park Memorial Institute (RPMI),
Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal Bovine
Serum (FBS), Phosphate-Buffered Saline (PBS), and Pen/Strep
were purchased from HiMedia Chemicals, Mumbai, India.
Propidium iodide (PI), fluorescein diacetate (FDA), and 2',7"-
dichlorodihydrofluorescein ~ diacetate =~ (DCFH-DA)  were
obtained from Sigma Aldrich, USA. The reagents utilized in
the experiments were of analytical grade. For biological experi-
ments, the complexes were initially dissolved in 1% dimethyl
sulfoxide (DMSO) to prepare the primary stock solution. Prior
to experimental application, working concentrations were
further diluted in cell culture medium, ensuring the final
DMSO concentration remained below 0.5% to minimize poten-
tial cytotoxic effects.

Cell lines and maintenance

The mouse fibroblast cell line (L929), mouse embryonic fibro-
blast cell line (NIH 3T3), embryonic cardiac muscle cell line
(H9C2), mouse myoblast cell line (C2C12), murine mammary
carcinoma cell line (4T1), human lung adenocarcinoma cell
line (A549), and human cervical cancer cell line (HeLa) were
obtained from the National Centre for Cell Sciences (NCCS),
Pune, India. The cell lines were cultured in DMEM/RPMI
medium supplemented with 10% (v/v) fetal bovine serum
(FBS), 1% r-glutamine, and 100 U mL™" penicillin/streptomy-
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cin and were maintained at 37 °C under a humidified atmo-
sphere containing 5% CO, under sterile conditions.

Lipophilicity

A 0.1 mM stock solution of Re-F and Re-Br in DMSO was pre-
pared and diluted with 10 mL of 1:100 pH 7.4 PBS bulffer.
After recording the absorbance of this, 10 mL of octanol was
added to 10 mL of the above aqueous buffer solution. The two
layers were separated after the resulting solution was kept for
24 h on a mechanical stirrer. The aqueous layer was separated,
and the absorbance was recorded. The partition coefficient
was calculated using the formula Ky [{(4iDF; —
ADFg)-Viater ADFg Voeranot | in which A; and A¢ are the absor-
bances of the aqueous layer before and after extraction, Viater
and Vocanol are the volumes of the water and octanol phases,
and DF; and DF; are the dilution factors used to measure A4;
and Ay, respectively.

Biocompatibility studies

The biocompatibility of complexes (Re-F, Re-Cl, Re-Br, Re-
Me, and Re-Np) was evaluated using four murine cell models:
L929 mouse fibroblasts, NIH 3T3 mouse embryonic fibro-
blasts, H9C2 embryonic cardiac muscle cells, and
C2C12 mouse myoblasts.”®*” Cells were seeded in 96-well
plates at a density of 1 x 10* cells per well and allowed to
adhere during a 24-hour pre-incubation period under standard
culture conditions (37 °C, 5% CO,). Test compounds were seri-
ally diluted in complete growth medium to various concen-
trations (1, 2, 5, 10, 25, 50, 100, and 250 pM) and then incu-
bated with adherent cell monolayers for 24 hours. Post-treat-
ment viability was quantified using the MTT assay, where
mitochondrial dehydrogenase activity reduces tetrazolium
salts to formazan crystals proportional to metabolic activity.>”
This standardized protocol allows systematic comparison of
compound cytotoxicity across diverse cell types relevant to con-
nective tissue, cardiac, and musculoskeletal systems.26

Cytotoxicity studies

The cytotoxicity of rhenium-based metallic complexes was eval-
uated in vitro using the murine mammary carcinoma (4T1),
human lung adenocarcinoma (A549), and human cervical
cancer (HeLa) cell lines using the MTT assay. Cells were
seeded in 96-well plates at a density of 1 x 10* cells per well
and incubated at 37 °C with 5% CO, for 24 hours to promote
cell adhesion. Subsequently, the cells were treated with varying
concentrations (0.05, 0.5, 5, 50, and 250 pM) of the test com-
pounds (Re-F, Re-Cl, Re-Br, Re-Me, and Re-Np). Untreated
cells served as the negative control. After 24 hours of com-
pound exposure, the medium was replaced with fresh DMEM
or RPMI containing the MTT reagent (5 mg mL™'), and the
cells were incubated for an additional 3 hours to allow for for-
mazan crystal formation. The resulting crystals were dissolved
in DMSO, and absorbance was measured at 570 nm and
630 nm using a multimode plate reader to assess cell
viability.¢?”
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Live/dead assay

Cells (HeLa and 4T1) were pre-treated with complexes (Re-Br
and Re-F, respectively) and incubated for 24 hours. Following
the treatment, the cells were incubated with both FDA and PI,
typically by adding the dyes directly to the cell culture medium
and incubating for 10 minutes at room temperature, protected
from light. After incubation, the cells were immediately ana-
lyzed using a fluorescence microscope (Zoe Microscope). Live
cells fluoresce green, while dead cells fluoresce red, allowing
for clear two-color discrimination and qualitative or quantitat-
ive assessment of cell viability within the complexes.®

DCFDA analysis

The generation of ROS by rhenium-based metallic complexes
was assessed using the DCFDA (2',7'-dichlorodihydrofluores-
cein diacetate) staining assay. Following the seeding and
attachment of HeLa and 4T1 cells in well plates, the cells were
exposed to the synthesized complexes (Re-Br and Re-F,
respectively). After a 24-hour incubation period, 10 pM DCFDA
was introduced to each well, and fluorescence imaging was
performed using a fluorescence microscope. Untreated cells
served as the negative control, while cisplatin-treated cells
were included as a positive control for ROS generation
analysis.

Antimigration evaluation

The antimigratory effects of rhenium-based complexes (Re-Br
and Re-F) were evaluated using an in vitro scratch assay.'*?
Briefly, HeLa and 4T1 cells were seeded into 12-well plates at a
density of 1 x 10° cells per well and incubated for 24 hours
under standard culture conditions (5% CO,, 37 °C) to establish
confluent monolayers. Mechanical scratches were introduced
into the adherent cell layers using a sterile 200 pL pipette tip,
followed by gentle rinsing with PBS to remove dislodged cellu-
lar debris. The cells were subsequently exposed to ICs, concen-
trations of Re-Br and Re-F, derived from prior cytotoxicity
assays, to assess migration inhibition. Phase-contrast
microscopy images of the scratch regions were acquired
immediately post-scratch (0 hour) and at 6, 12, and 24-hour
intervals while maintaining incubation conditions. Scratch
closure percentages were calculated by quantifying the
reduction in the scratch area relative to the initial wound
width (¢ = 0 hour) using image analysis software, enabling
comparative evaluation of migration kinetics across treatment
groups.

Apoptosis determination assay

The apoptotic activity was evaluated through acridine orange/
ethidium bromide (AO/EtBr) dual fluorescence staining, a
method distinguishing viable and apoptotic cells based on
membrane integrity.”® HeLa and 4T1 cell lines (1 x 10* cells
per well) were plated in 96-well plates and allowed to adhere
under standard culture conditions. Following attachment, the
cells were exposed to the respective rhenium complexes for
12 hours, with untreated cultures serving as negative controls
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and cisplatin-treated cells as positive controls. Post-incubation,
the cells were stained with AO/EtBr (1:1 v/v), enabling differ-
ential fluorescence: AO intercalates into the DNA of viable cells
(green emission), while EtBr permeates membrane-compro-
mised apoptotic cells (red emission). Fluorescent micrographs
were acquired using a Zoe fluorescence microscope to quantify
apoptotic indices across treatment groups.

DNA fragmentation assay

Hela cells (5 x 10* cells per well) and 4T1 cells (5 x 10* cells
per well) were cultured in 6-well plates with coverslips and sub-
jected to treatment with 12.27 pM Re-Br for HeLa cells and
16.25 pM Re-F for 4T1 cells, together with cisplatin for
48 hours, followed by fixation with 4% paraformaldehyde for
10 minutes. The cells were rinsed with 1x PBS, subsequently
permeabilized with 0.1% Triton X-100 for 10 minutes, washed
again with 1x PBS, and stained with DAPI (4,6-diamidino-2-
phenylindole) for 5 minutes. The cells were assessed using a
fluorescence microscope (Olympus Corp., Tokyo, Japan).

3D spheroid model

3D spheroids of HeLa and 4T1 cells were generated using
ultra-low attachment (ULA) 96-well plates, which employ
hydrophilic, non-adhesive surfaces to enforce scaffold-free self-
assembly. Cells were seeded at densities of 3-4 x 10* cells per
well and incubated for 5 days under standard culture con-
ditions (5% CO,, 37 °C), enabling the formation of compact,
hypoxic-core spheroids that recapitulate solid tumor physi-
ology. Post-assembly, spheroids were treated for 24 hours with
rhenium(i) tricarbonyl complexes (Re-Br and Re-F), which
demonstrated antineoplastic activity in 3D models. The cell
viability was assessed 24 hours post-treatment via dual FDA/PI
staining. FDA (5 pg mL™") was hydrolysed by intracellular
esterases in viable cells to emit green fluorescence, indicating
metabolic activity, while PI (2 pg mL™") penetrated membrane-
compromised cells, binding nuclear DNA and emitting red
fluorescence. Fluorescence imaging was captured using a Zoe
microscope, and viability indices were quantified as the ratio
of FDA'/PI™ cells to total cells, normalized against untreated
controls. This methodology enabled evaluation of chemothera-
peutic efficacy while preserving spheroid structural integrity
throughout the assay.

Molecular docking and dynamics simulation

The metal complexes binding to DNA models are generated
using AutoDock.'® The DNA structures are acquired from the
Protein Data Bank.?"?? Initially, the undesirable water mole-
cules and ligands are eliminated from the structure and then
polar hydrogens are added to it. The complex-DNA interaction
was explored with a grid box (1BNA - 60 A x 58 A x 94 A, 1BWG
- 48 Ax50Ax90A, 1AU5 -40 A x 52 A x 40 A, 3FT6 - 40 A x
40 A x 50 A, and 1Z3F - 48 A x 44 A x 52 A) and 0.5 grid resolu-
tion. For Re-F docking with 1Z3F, a grid box of 52 A x 40 A x
46 A with 0.375 grid resolution is preferred to achieve the inter-
calation mode of binding. The complexes have two torsional
degrees of freedom, except for the Re-Me complex (torsion =
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1). Docking is analyzed with 500 conformers and a population
size of 1500. Genetic algorithms are preferred with parameters
such as the number of generations (27 000), the mutation rate
(0.02) and the crossover rate (0.8). Additionally, each calcu-
lation is repeated five times to verify the consistency of the
obtained results with the conformer. Finally, the best confor-
mer is selected based on the highest binding energy and the
total number of hydrogen bonds and the binding energy
values are given in Table S5. Furthermore, the BIOVIA
Discovery Studio Visualizer is used for visualizing the best
interactive conformer to the DNA.'® The MD simulations for
the complex with 1BNA and 1Z3F are executed in
Amber2022.>> The metal complex is parameterized by
easyPARM (S33). For DNA, hydrogens are added using web-
server H++. Then, the metal complex and DNA were added
together to obtain the topology and coordinate files using
tleap with the DNA.bsc1 force field.”® The TIP3P solvation
model (comparison of simple potential functions for simulat-
ing liquid water) induces water molecules around the complex
and DNA with a buffer distance of 10 A. To neutralize the
system, Na' ions are added. First, minimization calculation is
carried out under restrained constant volume periodic bound-
ary conditions with 10000 steps and a cut-off distance of
10.0 A. The system is fixed to have 500 kcal mol™ force con-
stant in the minimization calculation. Then, the second mini-
mization is calculated under unrestrained constant volume
periodic boundary conditions with 2500 steps with the same
cut off distance as previous minimization. Next, the system is
heated to 300 K over a period of 20 ps in 100 000 steps. Also,
the DNA and metal complex is restrained with constant
volume boundary conditions, 10 kcal mol ™" force constant and
a similar cut off distance. The MD simulation was performed
for all the complexes at 300 K, including Langevin damping of
1 ps~'. The simulation is carried out for 100 ps, 10 ns and
finally for 600 ns with 50000, 50 000000, and 300 000 000
steps respectively. The time step is set to be 2 fs without any
constraints. Trajectory is analyzed by Cpptraj (AMBER) and
Visual Molecular Dynamics software is used for visualization.>*
The binding of the metal complex with DNA has been assessed
using the MM-PBSA method in Amber22.>®

Crystallography

The single crystal X-ray structural study of Re-F, Re-Cl, Re-Br,
Re-Me, and Re-Np was performed on a Bruker D8 QUEST
diffractometer [A(Mo Ka) = 0.71073 A]. The molecular struc-
tures were refined using the SHELXL-2018/3 program (within
the WinGX program package) and solved by direct methods
using SHELXS-97 (Sheldrick 2008).*° All non-hydrogen atoms
were refined anisotropically (CCDC: 2451107-2451111).

Statistical analysis

The experiments were performed in triplicate and calculated
as mean + SD. A one-way ANOVA analysis was used to differen-
tiate between research groups (*p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001).
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