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Ru(in)arene(NAN bpy/phen)-based RAPTA
complexes for in vitro anti-tumour activity in
human glioblastoma cancer cell lines and in vivo
toxicity studies in a zebrafish modelf

*

Anuja P. K., Binoy Kar, & Nilmadhab Roy“ and Priyankar Paira

Herein, we have introduced a series of half-sandwich Ru(i)arene(NAN bpy/phen)-based RAPTA complexes
for brain cancer therapy. Among all the synthesized complexes, [(1®-p-cymene)Ru'(k?-N,N-4,7dimethyl
phenanthroline)(PTA)]-2PFg (4c) and [(n®-p-cymene)Ru'(x?-N,N-4,7diphenyl phenanthroline)(PTA)]-2PFg
(4d) showed outstanding potency against the T98G, LN229 and U87MG cancer The
antiproliferative activity of these complexes was reinforced by neurosphere, DNA intercalation, agarose

cells.

gel electrophoresis, cell cycle analysis and time-dependent ROS detection assays. The real-time reverse
transcription (RT)-polymerase chain reaction (PCR) study showed that complex 4c inhibited the TNF-a-
induced NF-kB phosphorylation in glioma cells. Moreover, the in vivo biodistribution of complex 4c¢ in
different organs and the morphological patterns of widely used zebrafish embryos due to toxic effects

rsc.li/rsc-advances have been evaluated.

Introduction

In the quest to find pertinent anticancer chemotherapeutics to
restrain the proliferation of malignant tumours, inorganic
metal complexes have ignited the light of hope to reveal
remarkable results as pharmaceuticals for healing the most
pernicious disease, cancer. The anticancer competencies of
metallo-therapeutics are due to their ability to hinder cancer
cell division and thereby accelerate the apoptosis of cancer
cells, triggering DNA damage as well as interrupting the repair
mechanism of DNA."? Glioblastoma (GBM) is the most
common and aggressive class of primary brain tumours, having
a dismal prognosis. Despite standard-of-care treatment, GBM is
among the most resistant cancers to radiation and cytotoxic
chemotherapy, thus remaining an extremely heterogeneous and
incurable disease, with an overall median survival of 15
months.*® Although many targeted pharmacological agents
have been developed to improve current therapies, a great
majority of these drugs have not achieved long-term remissions
when tested in animals or even in clinical trials, causing treat-
ment options to still be limited.® With the challenge of devel-
oping more effective therapeutic strategies, we are mostly
interested in metal complexes in our current models of study.
Furthermore, metal complexes serve as an important class of
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molecules in oncology, being well-suited for theranostic drugs
as well as diagnostic and therapeutic applications.” The
magnificence of metal complexes has captivated the minds of
researchers after the fortuitous discovery of cisplatin, cis-
[Pt(NH;3),Cl,], the currently most renowned platinum-based
anticancer metallodrug, which has enlightened the field of
research and development based on anticancer metallodrugs,
bringing about an immediate revolution in cancer therapy.®®
These systems have emerged as genotoxic for irreversibly
binding to DNA, and thus cisplatin has been very prominent in
creating platinated intrastrand-like lesions after being coordi-
nated to the contiguous G-sites, facilitating DNA repair mech-
anisms that lead to mitochondrial-mediated apoptosis in the
due course of time."* However, several harmful dose-limiting
side effects as well as tumour resistance are reducing the
popularity of cisplatin at the present time. In this regard,
ruthenium complexes have come into focus, being adorned
with prosperous anticancer activity, offering lower toxicity and
being effective against Pt-resistant tumours. The early success
of NAMI-A ((ImH)[trans-RuCl,(dmso-S)(Im)], Im = imidazole)
and KP1019/1339 (KP1019 = (IndH)[¢trans-RuCly(Ind),], Ind =
indazole; KP1339 = Na[trans-RuCl,(Ind),]), therefore, led to
extensive exploration of ruthenium compounds, confirming
their acceptance in the arena of cancer chemotherapy.'*?
Ruthenium complexes are considered a delightful choice for
cancer therapy due to several reasons: (a) they constitute ther-
modynamically stable coordination compounds with a low rate
of ligand exchange, enabling them to reach specific biological
targets without being altered; (b) they display variable oxidation
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states that are stable under physiological conditions; and (c)
they are capable of imitating iron for transportation after
binding with various biomolecules, affording low toxicities.™ In
2004, a new class of RAPTA (ruthenium(u)arene PTA) complexes
associated with phosphaadamantane as well as arene ligands
were developed, where PTA stands for 1,3,5-triaza-7-phosphaa-
damantane.* It can be shown that RAPTA-C can bring on
anticancer activities against Ehrlich ascites carcinoma (EAC)
through the action of p53-JNK creating mitochondrial
dysfunction.

RAPTA-T was developed to uncover the anti-invasive and
anti-metastatic activities toward breast cancer cells. In contrast
to classic phosphine ligands, RAPTA complexes are stable in air,
possessing remarkable thermodynamic stability and GSH
solubility along with significant aqueous solubility and
stability."> Therefore, the introduction of the PTA ligand in
ruthenium complexes can enhance the reactivity towards DNA
over the platinum complexes and therefore they can easily
induce DNA damage. However, at physiological pH or higher,
they remain almost nonreactive to the DNA of healthy cells but
they expose their activity at reduced pH (<7) and thereby
accomplish the damage of DNA." In spite of these remarkable
effects of ruthenium complexes, the thirst for new arene
ruthenium complexes with c-bonded aromatic ligands capable
of binding to DNA either by metal coordination or by the
intercalation of an appended aromatic ligand triggered the
development of ample Ru-arene complexes.'””*® In line with
this, it has also been seen in our earlier work that the presence
of pyridine and phenanthroline moieties can emphasize the
cancer-inhibiting efficiency of these complexes.” Therefore, we
have aspired to design RAPTA complexes of arene bipyridine
and phenanthroline by coordinating with Ru(ir) metal in order
to evaluate their bioimaging and in vivo cytotoxic efficiency

(Fig. 1).

Results and discussion
Synthesis and characterization

The synthesis of Ru(u)-arene PTA complexes (4a-h) is summa-
rized in Scheme 1. At the outset, bipyridine and phenanthroline
(2a-h) and [(n°p-cymene)RuCl(u-Cl)], were treated for 2 h in

water, followed by the addition of 1,3,5-triaza-7-
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Fig.1 Design of the [Ru'(n®-p-cymene)NAN bpy/phen(pta)l complex.
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phosphaadamantane (PTA) and stirring was continued for
another 2 h (Scheme 1). The counter chloride ion was
exchanged with ammonium hexafluorophosphate (NH,PFg).
The crude RAPTA complexes (4a-h) were recrystallized with
methanol-diethyl ether mixture via the vapor diffusion method
and crystalline products were obtained in high yields. These
complexes were analyzed by traditional spectroscopic tech-
niques. The "H NMR spectrum of complex 4a revealed the peaks
of 12 protons present in PTA ligands at  3.6-4.4 ppm. >*C NMR
spectra displayed all the peaks for the aliphatic carbons of p-
cymene as well as PTA in the range of 6 25-78 ppm. In the range
of § —31 to —34 ppm, the usual peaks of phosphorus present in
the PTA ligand were observed. Again, ESI-MS confirmed the
formation of complex 4a by the peak for [M-2PF¢|** at m/z: 302.7.

Photophysical study

The photophysical properties of RAPTA derivatives (4a-h) were
investigated in a DMSO-water (1:9, v/v) mixture. All these
complexes revealed the absorption band at 250-300 nm indi-
cating the m-m* transitions that occurred in bipyridine and
phenanthroline ligands. Moreover, a weak transition band in
the 300-400 nm region was observed in these complexes due to
metal-to-ligand charge transfer (MLCT). The emission spectra
were observed in the region of 325-500 nm, exhibiting very
negligible variation in intensity with the substitution of
different ligands. Complex 4a having the -OH substituted
phenanthroline ligand showed the highest emission intensity
along with the highest Ae,s in the range of 375-500 nm.
Complexes 4d and 4h exhibited the highest quantum yield
(0.018) among the complexes (Fig. S1 and Table S17).

Investigation of solubility, conductivity and lipophilicity

The tumour-preventing potential of metal complexes is
predominantly maintained through the equilibrium between
hydrophilicity and lipophilicity. It was seen that the prepared
RAPTA complexes (4a-h) showed excellent solubility in DMF,
DMSO, and MeOH. The solubility range of 5-10 mg ml~" was
observed for all these complexes in 10% DMEM-DMSO
medium. The lipophilicity of all these complexes was explored
by the shake-flask method, measuring the n-octanol/water
partition coefficient (log P,) to establish drug-like behaviour
and the values were obtained in the range of 0.3-1.4 (Table S17).
The highest partition coefficient value was identified for
complex 4e compared to the other complexes. The conductive
character of these complexes was measured in fresh DMSO as
well as in 10% aqueous DMSO. These RAPTA complexes
exhibited a similar range (71-78 S cm® mol™") of molar
conductance in fresh DMSO as well as in 10% aqueous DMSO
confirming their 1 : 2 electrolytic nature. Hence, the observed
conductivity was ascribed to the insignificant detachment of the
M-PTA or M-p-cymene bond, which endorses the stability of
these complexes in aqueous medium (Table S17).

DNA binding study

The DNA binding proficiency of RAPTA complexes was explored
by applying the concept of electronic absorption titration. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of the [Ru"(n®-p-cymene)(NAN)(pta)] complexes (4a—h).

binding propensity of the RAPTA complex, 4c with Ct-DNA, was
investigated using UV-visible studies. An absorption band in the
range of 260-290 nm was observed for well-ordered Ct-DNA
having the absorption maxima at 258 nm, indicating the m—
7* transitions in purine and pyrimidine base pairs. With the
complex 4c-DNA interaction, it exhibited a hyperchromic effect
in both Ru(d=)-dphen (7v*) (260-300 nm) and MLCT (350-500
nm) due to the denaturation of the DNA duplex and the complex
remained intact, with DNA allowing the absorption of more
light by the complex (Fig. S2). From the plot of [DNA]/(ea — &)
vs. [DNA] the intrinsic binding constant (K,) was recognized for
the specified 4c-DNA conjugate. The Kj, value for complex 4c¢
with DNA was found to be 1.38 & 0.28 x 10> M~ " (Table S21),
which was somewhat lower than the typical DNA intercalator,
EtBr (K = 7 x 10° M 1),

EtBr displacement assay

The fluorescence intensity of EtBr-bound DNA was found to be
substantially decreased with the gradual addition of complex
4c, which marked the intercalative nature of the complex
(Fig. S2t). RAPTA complex 4c showed emission in the range of
590-700 nm upon excitation at 485 nm. Therefore, significantly,
K,pp and K, of the selected complex were found to be 1.38 x 10°
M ! and 0.018 x 10* M, respectively, whereas the Ky, value
was found to be 1 x 10" M~ " from literature (Table S21).2°

Viscosity measurement

The hydrodynamic study of the viscosity was conducted to
screen the binding nature of the designated complexes 4c and
4d with Ct-DNA. The obtained results exposed a steady escala-
tion in the relative viscosity upon increasing the concentration
of 4d with respect to EtBr (Fig. S31). Interestingly, complex 4c
exhibited an abrupt increase in viscosity up to r; = 2 and
a moderate increase was observed beyond this. The results

© 2022 The Author(s). Published by the Royal Society of Chemistry

revealed that complex 4d exhibited a higher intercalation
propensity as compared to 4c (Fig. S31).

DNA-cleaving study

Agarose gel electrophoresis® was introduced to test the ability
of the RAPTA complex, 4c, to destroy DNA. The results revealed
that the total degradation of plasmid DNA (=10 kb) was
observed within 1.5 h (Fig. 2) on employing the selected
compound 4c. Hence, this complex was found to have DNA
degrading activity through the intercalation mode.

BSA binding study

The binding interaction of the complexes 4c and 4d with bovine
serum albumin (BSA) was investigated via the quenching of the
emission intensity of the tryptophan unit in BSA upon the
gradual treatment of these complexes and therefore the emis-
sion intensity of BSA was found to decrease progressively at
350 nm (Fig. S41). The Kgsa of the complexes was obtained from
Stern-Volmer plots by applying the well-known Stern-Volmer
equation (Fig. S41). On the other hand, the quenching constants
(kq) of 6.3 x 10" M " 57" and 1.8 x 10"* M " s~ arising from
biomolecular interactions were evaluated from Kgga and 7, (1 x

Fig. 2 DNA degradation study of complex 4c [lane 1 — 1 kb plasmid
DNA marker, lane 2 — plasmid DNA, lane 3-8 — plasmid DNA with
complex 4c at different concentrations (10-60 pM)].

RSC Adv, 2022, 12, 18911-18922 | 18913
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10~® s) for the complexes 4c and 4d, correspondingly (Table
S37). The analysis of the Scatchard plot gave the binding affinity
(K) of these complexes where we observed the higher binding
affinity (6.2 x 10* M~ ") of complex 4¢ as compared to 4d (5.25 x
10%) (Table S37).

Cytotoxic activity

The cytotoxic activity of prepared RAPTA complexes (4a-4h) was
evaluated by following the standard procedure of the MTT
experiment against a series of glioblastoma cells (LN 229, T98,
U87MGQG) in triplicate. In order to accomplish this study, cells
were maintained for 72 h with complexes of various concen-
trations ranging from 2-160 pM, taking cisplatin as a typical
positive control.>* All these complexes exhibited significant
potency against the aforementioned cell lines representing the
ICs, value comparable to cisplatin. Complexes 4c and 4d dis-
played the best potency against all the brain cancer cells (Fig. 3
and Table 1).

Cell cycle analysis

As per the results of the MTT assay, there was an inhibition of
cell proliferation that was further validated by determining the
cellular damage, DNA damage and oxidative stress. Therefore,
we went forward to investigate the DNA content by flow
cytometry. As shown in Fig. 4, the U87MG cells exhibited
a moderate P2 phase (~43.61%), P3 phase (29.04%), P4 phase
(24.36%) and low G0/G1, sub G1 (6.24%) in control conditions.
The treatment of complex 4d with U87MG cells resulted in an
increase in the G0/G1 phase to ~70.49%, which indicated G0/
G1 cell cycle arrest. We also observed a low S phase and M

View Article Online
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Table 1 MTT cytotoxicity screening of 4a—4h against human cancer
cell lines

Cell line? (IC5, uM)

Complex? LN229° T8 US7MG®

4a 1.80 + 0.04 1.95 + 0.04 1.69 + 0.04
b 2.19 + 0.16 1.91 + 0.08 1.91 + 0.08
4c 0.88 + 0.02 0.97 + 0.02 0.97 + 0.02
ad 0.96 + 0.02 0.94 + 0.02 0.93 + 0.02
4e 1.89 + 0.06 1.99 + 0.04 1.75 + 0.03
af 1.79 + 0.02 2.12 + 0.03 1.57 + 0.02
4g 1.69 + 0.02 1.70 + 0.03 1.70 + 0.03
4h 1.64 + 0.03 1.47 + 0.03 1.46 + 0.03
Cisplatin 1.4 4 0.05 1.36 + 0.05 1.37 + 0.04

@ 72 h incubation time.  IC5, 50% of cells that endure cell death at that
concentration. © Human glioblastoma cancer cell lines.

phase after the complex treatment (Fig. 4). Thus, we could
successfully elucidate the role of the 4d complex in mediating
a GO/G1 phase cell cycle arrest at the IC5, concentration of 0.93
uM.

Neurosphere assay

The neurosphere assay is one of the best methods for analysing
the stem cell capacity of isolated brain cells.”® The stem cell
media was used to grow T98G cells through single-cell division
within 3 days and subsequently the development of small-
diameter “neurosphere-like” tumour spheres within 7 days.
After 12-14 days of culture, a phase-contrast microscope was
used to take the image of the tumour spheres. To promote
differentiation, DMEM (containing 10% FBS) medium was
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Fig. 3 Cell viability (%) plot of complexes (4a—4h) and cisplatin against three human glioblastoma cancer cell lines [(a) LN229, (b) T98, (c)

U87MG]. Incubation time 72 h.
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Fig. 5 Neurosphere assay using different concentrations: (b) 20 uM,
(c) 80 uM and (d) 160 pM of complex 4c against the T98G cell line; (a)
pre-treatment (concentration of 4c = 0 uM).

added to the tumour spheres. Complete developmental neuro-
toxicity was observed with the complex 4c treatment (Fig. 5).

Time-dependent reactive oxygen species (ROS) generation
study

The oxidative stress was measured by the level of intracellular
ROS via 2/,7'-dichlorodihydrofluorescein diacetate (DCFH-DA)

2hr

Cisplatin

4c

4d

staining.** It was observed that the vigorous diffusion of
DCFH-DA into the cells and its deacetylation to a nonfluores-
cent compound by cellular esterases resulted in the formation
of the fluorescent 2/,7'-dichlorofluorescein by intracellular ROS
molecules. Herein, cells were treated with complexes 4¢ and 4d
with a concentration of 20 uM for 2, 6 and 10 h. We observed
a higher level of red fluorescence with the increase in the
incubation time because of ROS generation (Fig. 6). The average
DCF fluorescence intensity by complex 4¢ and 4d treatment
indicated a gradual increase with respect to the incubation time

(Fig. 7).

Real-time reverse transcription (RT)-polymerase chain
reaction (PCR)

It is known that the NF-kB pathway plays an important role in
the modulation of inflammatory and immune responses.*

6hr 10hr

Fig. 6 Assessment of the intracellular ROS study by DCFH-DA staining. (A—C) Cisplatin treated; (D—F) 4c treated; (G—1) 4d treated. Concentration

20 uM and incubation time 2-10 h.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Graphical representation of the average DCF fluorescence
intensity in the T98G cell line upon treatment with cisplatin and
complexes 4c and 4d. Incubation time: 2 h, 6 h and 10 h.

Under normal conditions, NF-kB is found in the cytoplasm as
the dimer complex p65/p50 with the kappa B inhibitor forming
the NF-kB-IkB complex which involves TNF-a. As expected, the
treatment with TNF-a induces IkB protein phosphorylation and
the NF-kB dimer p65/p50 is translocated into the nucleus.
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Fig. 8 The % of VEGF inhibition with the treatment of 4c and 4d in the
(a) T98G and (b) UB7MG cell lines.
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Inside the nucleus, the NF-kB dimer binds to its own DNA and
the kB site, initiating the transcription of many genes associ-
ated with proliferation as well as the invasion of cells, anti-
apoptosis along with drug resistivity (e.g., Bcl-2 family, Bel-XL,
cyclin D1, c-mye, interleukin-1 and 6 (IL-6), cyclooxygenase-2
(COX-2), inducible NO-synthase (iNOS)). Complex 4c reduced
TNF-a-induced NF-kB phosphorylation at 48 h. In summary,
complex 4c inhibited the TNF-a-induced NF-kB phosphoryla-
tion in glioma cells and NF-kB could be validated as a targeted
therapeutic molecule for tumour diseases (Fig. S51).

Immunoassay: VEGF Elisa test

The vascular endothelial growth factor (VEGF), formerly known
as the vascular permeability factor (VPF) is a signal protein
produced by many cells, which stimulates blood vessel forma-
tion. In hypoxic conditions when blood circulation is insuffi-
cient in the cells, VEGF restores the oxygen supply to tissues.>®
Proper blood supply is required for solid tumour proliferation
beyond a limited size; therefore, cancers that can express VEGF
are able to grow and metastasize. Two cancer cells, i.e. US7MG
and T98G were incubated with increased concentrations (1 to 20
uM) of 4c and 4d and the % of inhibition of VEGF was estimated
by an ELISA reader. A constant decrease in the VEGF concen-
tration with the increase in complex concentration was
observed (all P < 0.0001) (Fig. 8).

In vivo study

The zebrafish has become a widely used model organism in
modern drug discovery because of its fecundity, its morpho-
logical and physiological similarity to mammals, the existence
of many genomic tools and the ease with which large,
phenotype-based screens can be performed.” This study
investigated the effects of exposure of vertebrate systems to the
most potent complex 4c using the unique advantages of the

Sum

10um S0uM

_
Sum 10uM soum

100um

100uM

Fig. 9 In vivo treatment of complex 4c in the zebrafish model ((a—d)
5 h, (e-h) 10 h, complex concentration = 5-100 uM); ((i-j) 48 h,
complex concentration = 50 and 100 pM, (k) 72 h, complex concen-
tration = 100 uM).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The in vivo biodistribution of complex 4c in the zebrafish model using Evans blue dye as a control. Evans blue treatment of the (a) brain,
(c) heart, (e) kidney, (g) intestine and (i) notochord. Complex 4c treatment of the (b) brain, (d) heart, (f) kidney, (h) intestine and (i) notochord;

incubation time: 15 min.

embryonic zebrafish model. Screening level toxicological testing
was accomplished to determine in vivo responses to, and bio-
logical consequences of RAPTA exposure. Microinjections of 4¢
dispersions were administered to embryonic zebrafish to test
the effects of exposure via an injection route. To this end,
complex 4¢ with various concentrations was intraperitoneally
injected into the adult zebrafish and their mortality was fol-
lowed (Fig. 9). Morphological deformities provoked by aquatic
exposure to RAPTA complexes were mimicked by injection
exposures for complex 4¢. No significant morbidity or mortality
was observed when the embryos were exposed for 5 h to 100 pM
of complex 4c. It was also observed that complex 4c with 50 uM
concentration did not show any toxicity for up to 72 h, indi-
cating that RAPTA complexes are biocompatible for in vivo
studies (Fig. 9).>®

In vivo biodistribution study>**’

Biodistribution and sequestration studies of complex 4¢ were
conducted via the caudal vein injection into the zebrafish. After
15 minutes (25 pug g~ ') of exposure, the fish were sacrificed and
different organs (brain, heart, kidney, intestine, notochord and
digestive system) were dissected and the biodistribution of this
complex into these organs was measured by fluorescence
microscopy. A comparative study was performed with complex
4c and Evans blue dye and was analyzed by the confocal imaging
of the tissue sections. From this experiment, it was observed
that the sensitivity of zebrafish towards 4c was sequestered in
the brain, heart, kidney, intestine, notochord and digestive
system. As demonstrated in Fig. 10, the digestive system, kidney
and notochord exhibited maximum sequestration after 15
minutes. The same trends were exhibited in the heart, with
a broad distribution in the zebrafish model. In the brain,
accumulation was significant after 15 minutes of incubation,
thereby further confirming the therapeutic value of 4ec.
Furthermore, this fluorescence-based interaction could provide

© 2022 The Author(s). Published by the Royal Society of Chemistry

us with an idea of the uptake mechanism via crossing the
blood-brain barrier.

Experimental section
Materials and methods

E. Merck supplied all of the organic solvents (India). Sigma
Aldrich provided bipyridine derivatives, phenanthroline deriv-
atives, 1,3,5-triaza-7-phosphaadamantane (PTA), and ruth-
enium"(dichloro)(p-cymene) dimer. Methanol was employed as
the solvent system for thin-layer chromatography on pre-coated
silica gel 60 F254 aluminium sheets (E. Merck, Germany). Sigma
Aldrich Chemical Limited provided bovine serum albumin
(BSA) and cell lines. On a 400 MHz Advanced Bruker DPX
spectrometer, "H NMR, *C NMR, '’F NMR, and *'P NMR
spectra were obtained using tetramethylsilane (TMS) as an
internal standard. The chemical shifts (§) were measured in
parts per million (ppm). s, singlet; brs, broad singlet; d, doublet;
dd, double doublet; t, triplet; m, multiplet are examples of
abbreviations. On an Elchem Microprocessor-based DT equip-
ment, the melting points of the complexes were determined. A
TDS conductometer-307 was used to measure the conductivity
of these complexes. On a Shimadzu Affinity FT-IR spectrometer,
infrared spectra (IR) in the range of 4000-400 cm ' were
acquired. The mass spectra of the synthesised complexes were
acquired using methanol as the solvent on a Shimadzu ESI-MS-
4000 Mass Spectroscopic equipment with a 4000 triple quad-
rupole MS. A JASCO V-730 spectrophotometer with a 1 cm
quartz cell was used to obtain UV-visible spectra. A Hitachi
F7000 fluorescence spectrophotometer with a xenon lamp was
used to record the fluorescence spectra. The MTT assay was
performed using an Elisa reader with a 96-well plate. UPLC was
used to assess the purity of such complexes. NCCS (Pune)
provided the U87MG and LN229 human glioma cell lines, while
Christian Medical College, Vellore provided the T98G cell line.
These cell lines were grown in 5 percent CO, in Dulbecco's
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Modified Eagle's Medium (DMEM, Gibco) with heat-inactivated
foetal bovine serum (FBS, Himedia). When the cells reached
80% confluence, they were sent to the next step. Gibco provided
the low glucose medium, DMEM/F12 medium, basic fibroblast
growth factor (bFGF), epidermal growth factor (EGF), B27,
DMSO, and trypsin. Sigma provided the thiazole salt (MTT). An
Olympus fluorescence microscope (BX41) was utilised for the
fluorescence imaging study.

Synthesis and characterisation of RAPTA complexes (4a-h).
Briefly, bipyrdine/phenanthroline ligands (2a-h) and [(n°p-
cymene)Ru"Cl(p-Cl)], (1 : 0.5) were stirred for 2 h, followed by
the addition of 1 equivalent of 1,3,5-triaza-7-
phosphaadamantane (PTA) and the stirring was continued for
another 2 h. The counter chloride ion was exchanged via
treatment with ammonium hexafluorophosphate (NH,PF;) for
another 1 h. The progress of these reactions was monitored by
thin-layer chromatography (TLC) in methanol for the complexes
4a-h. A colour change was observed from deep yellow to dark
orange. The crude RAPTA complexes (4a-h) were recrystallized
with 10% methanol in a diethyl ether mixture following the
vapour diffusion technique, and crystalline products were
formed with great yields (93-95%).

[(m°-p-Cymene)Ru" (k*>-N,N-4, 7dihydroxyphenanthroline)(PTA)] -
2PF, [4a]. Yield: 93%; yellow solid, Mp: 207-209 °C; Ry (20%
EtOAc/methanol): 0.50; UPLC purity (99.9%, eluent: 50% H,O/
ACN, R: 0.435 min); IR (cm™'): » 825, 875, 958, 1026, 1116,
1226, 1305, 1327, 1404, 1421, 1583, 2968, 3325, 3622; '"H NMR
(DMSO-dg, 400 MHz): 6 0.88 (d, ] = 6.68 Hz, 3H, cymene iso-
propyl-CHz), 2.36 (s, 3H, cymene isopropyl-CHj3), 2.63-2.68 (m,
1H, cymene CH), 3.61 (m, 12H, PTA), 6.16 (d, J = 6.0 Hz, 2H,
cymene ArH), 6.34 (d, / = 5.2 Hz, 2H, cymene ArH), 6.54 (brs,
2H, OH), 7.08 (s, 1H, ArH), 8.02 (s, 1H, ArH), 8.66 (d,J = 5.2 Hz,
2H, ArH); *C NMR (DMSO-dg, 100 MHz): 6 18.7, 21.8, 30.8, 39.8,
53.2, 53.7, 70.6, 70.7, 83.8, 103.7, 104.1, 126.8, 127.9, 130.4,
139.2, 145.4, 148.9, 167.0; >'P NMR (DMSO-ds, 162 MHz):
6 —32.0 (PTA), —131.0 to —157.4 (PF); '°F NMR (DMSO-d,, 376
MHz): 6 —69.0, —70.9; ESI-MS (MeOH): m/z for C,sH;,N50,P5-
FioRu: 302.7 [M-2PF >,

[(n°-p-Cymene)Ru" (x*>-N,N-phenanthroline)(PTA)]- 2PFs  [4b].
Yield: 95%; yellow solid, Mp: 207-209 °C; R; (20% EtOAc/
methanol): 0.50; UPLC purity (97.2%, eluent: 50% H,0O/ACN,
R¢: 0.417 min); IR (cm™): » 823, 950, 1026, 1095, 1309, 1429,
1516; 'H NMR (DMSO-d;, 400 MHz): 6 0.82 (d, J = 6.84 Hz, 3H,
cymene isopropyl-CHs), 2.13 (s, 3H, cymene isopropyl-CHjs),
2.53-2.59 (m, 1H, cymene CH), 3.84-4.65 (m, 12H, PTA), 6.16 (d,
J = 6.0 Hz, 2H, cymene ArH), 5.99 (d, J = 6.12 Hz, 2H, cymene
ArH), 6.23 (d, J = 6.12 Hz, 2H, cymene ArH), 8.11 (m, 4H, ArH),
8.20 (s, 1H, ArH), 8.84 (d, J = 8.2 Hz, 2H, ArH), 9.81 (d, J =
5.2 Hz, 2H); ">*C NMR (DMSO-dg, 100 MHz): 6 18.7, 21.8, 30.8,
38.5, 53.2, 53.7, 70.6, 70.7, 83.3, 86.4, 103.7, 104.1, 126.8, 127.9,
130.4, 139.2, 145,4, 156.0; >'P NMR (DMSO-ds, 162 MHz):
6 —31.0 (PTA), —131.1 to —155.4 (PFy); °F NMR (DMSO-d, 376
MHz): 6 —69.0, —70.9; ESI-MS (MeOH): m/z for C,gH;3,N5P3F;,-
Ru: 286.6 [M-2PF*".

[(n®-p-Cymene)Ru" (x*-N,N-4,7dimethyl phenanthroline)(PTA)]-
2PF, [4c]. Yield: 95%; yellow solid, Mp: 202-204 °C; R; (20%
EtOAc/methanol): 0.48; UPLC purity (95.4%, eluent: 50% H,O/
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ACN, R 0.422 min); IR (em™1): » 831, 950, 979, 1026, 1095,
1197, 1246, 1307, 1409, 1519, 1658, 2970; "H NMR (DMSO-d,,
400 MHz): 6 0.86 (d, J = 7.2 Hz, 3H, cymene isopropyl-CHj), 2.16
(s, 3H, cymene isopropyl-CH3), 2.56-2.60 (m, 1H, cymene CH),
2.95 (s, 6H, CH3), 3.95-3.97 (m, 6H, PTA), 4.33 (d, J = 12.4 Hz,
3H, PTA), 4.43 (d, ] = 12.4 Hz, 3H, PTA), 6.03 (d, ] = 6.4 Hz, 2H,
cymene ArH), 6.27 (d, J = 6.0 Hz, 2H, cymene ArH), 7.99 (d, ] =
5.2 Hz, 2H, ArH), 8.34 (s, 2H, ArH), 9.73 (d, J = 5.6 Hz, 2H); °C
NMR (DMSO-dg, 100 MHz): 6 18.7, 22.1, 30.8, 46.3, 46.6, 54.2,
71.0, 83.9, 86.3, 103.2, 124.5, 127.2, 129.8, 132.3, 145.3, 149.6,
155.7; *'P NMR (DMSO-d, 162 MHz): 6 —32.0 (PTA), —131.1 to
—155.4 (PFg); '°F NMR (DMSO-d,, 376 MHz): 6 —69.0, —71.0;
ESI-MS (MeOH): m/z for C3oH3sNsP;F1,Ru: 300.1 [M-2PFg]*".

[(n®-p-Cymene)Ru"(k*-N,N-4,7diphenyl phenanthroline)(PTA)]-
2PF; [4d]. Yield: 93%; orange solid, Mp: 200-202 °C; R¢ (20%
EtOAc/methanol): 0.49; UPLC purity (96.2%, eluent: 50% H,O/
ACN, R 0.418 min); IR (em™1): » 831, 950, 979, 1026, 1095,
1197, 1246, 1307, 1409, 1519, 1658, 2970; "H NMR (DMSO-d,,
400 MHz): 6 0.93 (d, J = 6.8 Hz, 6H, cymene isopropyl-CHj), 2.10
(s, 3H, cymene isopropyl-CHj3), 2.59-2.66 (m, 1H, cymene CH),
3.66-4.84 (m, 12H, PTA), 4.43 (d,J = 12.4 Hz, 3H, PTA), 6.08 (d, ]
= 6.4 Hz, 2H, cymene ArH), 6.30 (d, J = 6.4 Hz, 2H, cymene
ArH), 7.56-7.66 (m, 10H, ArH), 8.04 (s, 4H, ArH), 9.91 (d, J =
5.6 Hz, 2H); >’C NMR (DMSO-dg, 100 MHz): 6 18.7, 22.1, 30.8,
46.3, 46.6, 54.2, 71.0, 84.0, 86.3,103.2, 104.1, 120.1, 124.5, 127.2,
129.8, 132.3, 140.4, 145.3, 149.6, 155.8; >'P NMR (DMSO-d, 162
MHz): § —32.4 (PTA), —131.1 to —157.4 (PF,); "°F NMR (DMSO-
ds, 376 MHz): 6 —69.0, —71.0; ESI-MS (MeOH): m/z for C,oH,,-
NsP;F;,Ru: 363.4 [M-2PF¢*".

[(n®-p-Cymene)Ru"(i*-N,N-bipyridine)(PTA)]-2PFs [4e]. Yield:
94%; yellow solid, Mp: 205-207 °C; R¢ (20% EtOAc/methanol):
0.46; UPLC purity (97.2%, eluent: 50% H,O/ACN, Ry 0.430
min); IR (cm™'): » 829, 877, 977, 1026, 1168, 1230, 1307, 1446,
1519, 1577, 2966; "H NMR (DMSO-d,, 400 MHz): 6 0.78 (d, J =
6.8 Hz, 3H, cymene isopropyl-CHj3), 0.86 (d, J = 6.8 Hz, 3H,
cymene isopropyl-CH3), 2.12 (s, 3H, cymene isopropyl-CHj3),
3.14 (m, 1H, cymene CH), 3.89-3.97 (m, 12H, PTA), 5.80 (d, ] =
6.0 Hz, 2H, cymene ArH), 5.89 (d, J = 6.4 Hz, 2H, cymene ArH),
6.06 (d, J = 6.4 Hz, 2H, cymene ArH), 6.13 (d, J = 6.0 Hz, 2H,
cymene ArH), 7.70 (d, J = 6.0 Hz, 2H, ArH), 7.89 (d, J = 5.6 Hz,
1H, ArH), 8.17 (t,] = 8.0 Hz, 1H, ArH), 8.27 (s, 1H, ArH), 8.42 (d,J
= 8.4 Hz, 1H, ArH), 9.37 (d, J = 5.6 Hz, 1H, ArH); "*C NMR
(DMSO-d,, 100 MHz): 6 18.6, 21.8, 30.8, 70.5, 71.2, 83.9, 87.2,
124.0, 128.0, 130.0, 140.5, 155.8; >'P NMR (DMSO-d;, 162 MHz):
6 —32.0 (PTA), —131.1 to —157.4 (PFs); '°F NMR (DMSO-ds, 376
MHz): 6 —69.0, —71.0; ESI-MS (MeOH): m/z for C,sH3,N5P5F;,-
Ru: 274.6 [M-2PF]*".

[(n®-p-Cymene)Ru"(k*-N,N-4,4' dicarboxylic acid
bipyridine)(PTA)]-2PF [4f]. Yield: 95%; yellow solid, Mp: 204-
206 °C; Ry (20% EtOAc/methanol): 0.44; UPLC purity (96.5%,
eluent: 50% H,O/ACN, R;: 0.436 min); IR (cm™'): v 831, 914,
1012, 1068, 1141, 1238, 1265, 1288, 1365, 1406, 1458, 1552,
1602, 1710, 2411, 2974; "H NMR (DMSO-dg, 400 MHz): 6 1.14 (d,
J = 6.8 Hz, 3H, cymene isopropyl-CH3), 2.22 (s, 3H, cymene
isopropyl-CH3), 2.55-2.58 (m, 1H, cymene CH), 4.15-4.30 (m,
12H, PTA), 4.80 (d, J = 6.0 Hz, 2H, cymene ArH), 5.97 (d, J =
6.4 Hz, 1H, cymene ArH), 6.23 (d, /] = 6.4 Hz, 1H, cymene ArH),
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7.88-8.21 (m, 4H, ArH), 8.81 (s, 1H), 9.12 (d, J = 6.0 Hz, 1H,
ArH), 9.54 (s, 1H, ArH), 9.61 (s, 1H); ">C NMR (DMSO-d,, 100
MHz): 6 18.7, 21.9, 30.7, 38.7, 40.0, 82.6, 85.5, 110.9, 120.0,
122.7,126.5, 147.2, 155.9, 164.8; >'P NMR (DMSO-d;, 162 MHz):
4 —59.0 (PTA), —131.1 to —157.4 (PF); '°F NMR (DMSO-ds, 376
MHz): 6 —69.0, —71.0; ESI-MS (MeOH): m/z for C,gH34N504P5-
Fi,Ru: 318.2 [M-2PF¢[*".

[(n°-p-Cymene)Ru"(k*-N,N-4,4' dimethylbipyridine)(PTA)]- 2PF¢
[4g]. Yield: 94%; yellow solid, Mp: 206-207 °C; R¢ (20% EtOAc/
methanol): 0.45; UPLC purity (98.2%, eluent: 50% H,O/ACN,
R¢ 0.432 min); IR (cm™"): » 819, 950, 1024, 1166, 1294, 1423,
1633, 3321; 'H NMR (DMSO-d,, 400 MHz): 6 0.86 (d, J = 8.8 Hz,
6H, cymene isopropyl-CHj3), 2.12 (s, 3H, cymene isopropyl-CHj),
2.54-2.58 (m, 1H, cymene CH), 2.94 (s, 3H, Me), 3.77-4.45 (m,
12H, PTA), 6.06 (t, ] = 6.0 Hz, 2H, cymene ArH), 6.27 (brs, 2H,
cymene ArH), 8.0 (d, J = 5.6 Hz, 1H, ArH), 8.11-8.13 (m, 1H,
ArH), 8.28 (d, J = 9.2 Hz, 1H, ArH), 8.33 (d, J = 8.4 Hz, 1H, ArH),
8.90 (d,J = 8.4 Hz, 1H, ArH), 9.74 (d, ] = 5.6 Hz, 1H, ArH), 9.88
(d,J = 5.2 Hz, 1H, ArH); ">C NMR (DMSO-ds, 100 MHz): 6 18.8,
20.7, 21.9, 30.5, 46.7, 52.9, 53.6, 70.3, 71.4, 83.8, 86.5, 127.3,
128.2, 140.3, 154.8, 157.7; *'P NMR (DMSO-ds, 162 MHz):
0 —31.7 (PTA), —131.1 to —157.4 (PF,);'°’F NMR (DMSO-dq, 376
MHz): 6 —69.0, —70.9; ESI-MS (MeOH): m/z for C,,;H3gN5P;F;,-
Ru: 281.3 [M-2PF¢]*".

[(n®-p-Cymene)Ru"(x>-N,N-4,4'  dinonylbipyridine)(PTA)]- 2PF
[4h]. Yield: 94%; yellow solid, Mp: 206-207 °C; R¢ (20% EtOAc/
methanol): 0.45; UPLC purity (98.2%, eluent: 50% H,0O/ACN,
Re 0.432 min); IR (em™%): » 819, 950, 1024, 1166, 1294, 1423,
1633, 3321; '"H NMR (DMSO-d,, 400 MHz): 6 0.81-0.88 (m, 6H,
cymene isopropyl-CHj3), 0.90 (m, 6H, alkyl group), 1.21-1.29 (m,
24H, alkyl group), 1.66 (brs, 4H, alkyl group), 2.14 (s, 3H, cym-
ene isopropyl-CHj), 2.51-2.55 (m, 1H, cymene CH), 2.77-2.81
(m, 4H, alkyl group), 3.68-4.63 (m, 12H, PTA), 5.92 (d, J =
6.0 Hz, 2H, cymene ArH), 6.16 (d, J = 6.0 Hz, 2H, cymene ArH),
7.60 (d, J = 5.6 Hz, 2H, ArH), 8.51 (s, 2H, ArH), 9.34 (d, J =
6.0 Hz, 1H, ArH); *C NMR (DMSO-dg, 100 MHz): 6 15.2, 18.7,
21.8, 22.9, 28.0, 29.7, 30.8, 32.2, 33.4, 39.8, 53.2, 53.7, 70.6, 70.7,
83.8, 86.4, 123.6, 125.8, 130.4, 145.4, 147.4, 150.3, 151.1; >'P
NMR (DMSO-dg, 162 MHz): 6 —31.8 (PTA), —131.1 to —157.4
(PFe);"°F NMR (DMSO-ds, 376 MHz): 6 —69.0, —71.0; ESI-MS
(MeOH): m/z for C44H,oN5PsF;,Ru: 400.5 [M-2PF¢]*".

Biological study

In vitro cytotoxic activities (MTT assay).>*> RAPTA complexes
were dissolved in 1% DMSO, and 0.9% NaCl aqueous solution
was used to dissolve cisplatin. A cell suspension was prepared
and the number of cells taken was 2.5 x 10* mL™". The cells
were seeded in 96-well plates (200 pL per well) and allowed 80%
confluence prior to treatment. The cells were formerly treated
with various concentrations (2.5-160 pM) of complex 4a-h while
the control group was treated with PBS for 24 h. After the 72
hours of incubation, 0.5% MTT solution was added to each well
(20 pL) and further incubated for 4 hours at room temperature.
The formazan crystals that were formed were dissolved in 150
puL DMSO and then the OD was measured by a microplate reader
at 540 nm. The % growth inhibition of the control and treated
cells were calculated and represented as the growth inhibition
percentage as explained below.
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% growth inhibition = 100 — [(AD x 100)/AB]

where AD is the absorbance measured in wells containing the
treated and control samples and AB is the measured absorbance
for the wells with media and a vehicle that served as the blank.
ICs5o was calculated using Graphpad Prism (version 6.0) where
% cell viability was plotted against drug concentration.

Neurosphere assay.**** Serum-free DMEM/F-12 (1:1), B27
(1:50), EGF (20 pg L"), bFGF (20 pg L"), antibiotic (Gibco)
were added to stem cell media. The cells were grown in a tissue
culture incubator with 5% CO, at room temperature. Serum-
free media were changed twice a week.

DCFDA staining for the assessment of reactive oxygen species
(ROS)>* Brain cancer cells were stained with 2/,7'-dichloro-
fluorescein diacetate (DCFDA) to measure the reactive oxygen
species (ROS) and subsequent oxidative stress generated from
RAPTA complexes. They were restained by the red fluorescence
intensity generated from oxidized DCFDA. The cancer cells were
cultured in a 24-well plate till 70% confluency and treatment
was carried out with the aforesaid complex for 24 hours. The
ROS generation mediated by the complex was evaluated using
DCFDA-2',7'-dichlorofluorescein diacetate (25 pM) staining for
30 min. The cells were washed with PBS, followed by fresh
media replenishment. The images were captured under the
EVOS M5000 fluorescent live cell imager (Thermo Fisher
Scientific, USA).

Real-time reverse transcription (RT)-polymerase chain reaction
(PCR)”* Cultured cells U87MG and T98G were treated with
various concentrations of 4c¢ (20-160 uM) for 48 h. Total RNA
was extracted and complementary DNA (cDNA) was transcribed
using Qiazol reagent and Thermo Scientific Revert Aid First
Strand ¢cDNA Synthesis Kit. Real-time PCR was performed using
a Rotor gene Q Real-Time PCR System and Master SYBR Green
was provided with the kit. Primers for both sense and antisense
for 9 mouse gene and GAPDH mRNA were purchased from
Eurofins and from Scientific Revert Aid First Strand, respec-
tively, and these were used for this study. The amplified prod-
ucts were analyzed by a melting curve analysis.

Immunoassay: VEGF Elisa test”® The capture antibody was
diluted to the working concentration in PBS without the carrier
protein for coating the 96-well plate. The plate was sealed and
incubated overnight at room temperature. It was then aspirated
and washed three times with wash buffer and blocked by adding
300 pL of reagent diluent to each well and then incubating at
room temperature for a minimum of 1 h. This aspiration was
repeated again and then the plate was ready for sample
addition.

Assay procedure. The cells (U87MG and T98G) were treated for
48 h and the supernatants were collected; 100 pL of these
samples were added per well and incubated for 2 h at room
temperature. Then, 100 pL of the antibody was added to each
well and incubated for 2 h at room temperature, followed by
washing. Next, 100 uL of streptavidin-HRP was added to each
well. The whole system was incubated for another 20 min at
room temperature in dark conditions and the aspiration was
repeated. Then, 100 puL of substrate solution was added to each
well and incubated for 20 min at room temperature in dark
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conditions. Stop solution (50 pL) was added to each well and
mixed thoroughly. The optical density of each well was
measured immediately by an Elisa reader (Aex. = 450 nm).

Zebrafish model.*”*® Zebrafish were purchased from Zebrafish
CRO, Pentagrit Discovery, Chennai 600100. All the procedures
were conducted with reference to the guidelines of OECD 203
(OECD 203, 1992).*° The local wild-type zebrafish strain weigh-
ing approximately 500-600 mg (2-3 months old) were main-
tained under standard laboratory conditions at 28 °C under
a 14 :10 h light/dark cycle with the conductivity of the water
being 350 pS, maintained at pH 7.2-7.4. All the animal experi-
ments including surgical procedures were conducted according
to the procedures of the Committee for the Purpose of Control
and Supervision of Experiments on Animals (CPCSEA), Govt. of
India, as instructed by Institutional Animal ethical guidelines
(VIT/IAEC/2019/16/Aug10/15), VIT University.”® All animal
procedures were performed in accordance with the Guidelines
for Care and Use of Laboratory Animals of “VIT” University and
approved by the Animal Ethics Committee of “VIT”.

In vivo toxicity study. Freshly laid eggs [<1 h post-fertilisation
(hpf)] were transferred to 50 ml crystallising dishes filled with
the respective test solutions. After the successful control of
fertilisation, the eggs were separately transferred to 24-well
plates with 2 ml of test solution per well. All test vessels were
pre-incubated (saturated) with the test solutions for at least
24 h. The well plates were then sealed with self-adhesive foil
(SealPlate™ by EXCEL Scientific, Dunn, Asbach, Germany) and
placed in an incubator at 26.0 £+ 1.0 °C under a 10/14 h dark/
light regime. The test medium was rehabilitated each day and
all developmental alterations of the embryos were documented
at 5-72 hpf. The embryos were analysed under an Olympus
CKX41 inverted microscope (Olympus, Hamburg, Germany).

In vivo biodistribution study.®**' Zebrafish were anesthetized
with 2-phenoxyethanol and injected with complex 4c via intra-
peritoneal injection. After injection at different times, the fish
were sacrificed and the organs were collected and fixed with 4%
paraformaldehyde and 4% glutaraldehyde, followed by dehy-
dration with the gradient increase of ethanol (75%, 95%, 100%)
for 20 min each, further with xylene for 1 h and then fixed in
Paraplast. Blocks were stored at —10 °C for 12 h before
proceeding to sectioning. Here, 10 um thicknesses of sections
were cut and the sections were collected on PLL-coated glass
plates. The sections were washed with xylene to remove the
excess Paraplast. After drying, the sections were fixed with
mounting media. Sequestration of complex 4c¢ in different
organs was investigated by confocal fluorescence microscopy
using a CLSM (Zeiss LSM 710) microscope. The excitation
wavelength was fixed at 450 nm and the detection wavelength
was 510 nm and 25x objective systems were used to image the
digestive system sections.

Conclusion

In summary, we have been able to assess the anticancer
propensity of the series of synthesized Ru(u)-arene PTA
complexes (4a-h). In light of experimental evidence, it is
comprehensible that complex 4c is superior to all other
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complexes with respect to displaying remarkable fluorescence
properties with the highest quantum yield, good DNA binding
ability, BSA binding affinity, along with significant DNA
cleavage activity. Interestingly, a closer look at the cytotoxic
profile of all these complexes revealed that complex 4d is the
most potent towards T98 and U87MG and complex 4c is the
most potent against the LN229 cancer cell line among all the
complexes. The antiproliferative activity of these complexes was
demonstrated by DNA cleavage, oxidative stress, neurotoxic
behaviour and the VEGF downregulation in hypoxic conditions.
We successfully elucidated the role of complex 4d in mediating
a G0/G1 phase cell cycle arrest at the ICs, concentration. Real-
time reverse transcription (RT)-polymerase chain reaction
(PCR) studies revealed that complex 4c inhibited the TNF-o-
induced NF-kB phosphorylation in glioma cells. It was also
observed that complex 4¢ with 50 uM concentration does not
show any toxicity for up to 72 h, which indicates that RAPTA
complexes are biocompatible for in vivo studies. In vivo bio-
distribution studies showed the selective accumulation of
ruthenium complexes via crossing the blood-brain barrier in
glioblastoma cells. It can be concluded that all the complexes
will be very efficient as anticancer complexes in the impending
days.

Conflicts of interest

“There are no conflicts to declare”.

Acknowledgements

Authors are grateful to Department of Science and Technology,
Government of India for supporting the work through the DST-
SERB CRG project grant (CRG/2021/002267). The authors are
grateful to VIT University for providing VIT SEED funding. We
acknowledge DST, New Delhi, India for DST-FIST project.

Notes and references

1 C. G. Hartinger and P. ]J. Dyson, Bioorganometallic
chemistry-from teaching paradigms to medicinal
applications, Chem. Soc. Rev., 2009, 38, 391-401.

2 R. J. McQuitty, Metal-based drugs, Sci. Prog., 2014, 97, 1-19.

3 L. H. Hurley, DNA and its associated processes as targets for
cancer therapy, Nat. Rev. Cancer, 2002, 2, 188-200.

4 T. F. Cloughesy, W. K. Cavenee and P. S. Mischel,
Glioblastoma from molecular pathology to targeted
treatment, Annu. Rev. Pathol.: Mech. Dis., 2014, 9, 1-25.

5 A. P. Patel, I. Tirosh, J. ]J. Trombetta, A. K. Shalek,
S. M. Gillespie, H. Wakimoto, D. P. Cahill, B. V. Nahed,
W. T. Curry, R. L. Martuza, D. N. Louis, O. Rozenblatt-
Rosen and M. L. Suva, Single-cell RNA-seq highlights
intratumoral heterogeneity in primary glioblastoma,
Science, 2014, 344, 1396-1401.

6 J. Polivka, L. Holubec, T. Kubikova, V. Priban, O. Hes,
K. Pivovarcikova and I. Treskova, Advances in experimental
targeted therapy and immunotherapy for patients with
glioblastoma multiforme, Anticancer Res., 2017, 37, 21-33.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra02677e

Open Access Article. Published on 29 June 2022. Downloaded on 6/18/2026 5:46:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

7 S. Thota, D. A. Rodrigues, D. C. Crans and E. J. Barreiro,
Ru(1I) Compounds: Next-Generation Anticancer
Metallotherapeutics?, J. Med. Chem., 2018, 61, 5805-5821.

8 U. Schatzschneider and N. Metzler-Nolte, New Principles in
Medicinal Organometallic Chemistry, Angew. Chem., Int.
Ed., 2006, 45, 1504-1507.

9 U. Das, B. Kar, S. Pete and P. Paira, Ru(Il), Ir(III), Re(I) and
Rh(III) based complexes as next generation anticancer
metallopharmaceuticals, Dalton Trans., 2021, 50, 11259-
11290.

10 P. J. Jarman, F. Noakes, S. Fairbanks, K. Smitten,
I. K. Griffiths, H. K. Saeed, ]J. A. Thomas and C. Smythe,
Exploring the Cytotoxicity, Uptake, Cellular Response, and
Proteomics of Mono- and Dinuclear DNA Light-Switch
Complexes, J. Am. Chem. Soc., 2019, 141, 2925-2937.

11 A. Bergamo, C. Pelillo, A. Chambery and G. Sava, Influence of
components of tumour microenvironment on the response
of HCT-116 colorectal cancer to the ruthenium-based drug
NAMI-A, J. Inorg. Biochem., 2017, 168, 90-97.

12 S. Pete, N. Roy, B. Kar and P. Paira, Construction of homo
and heteronuclear Ru(II), Ir(IlI) and Re(I) complexes for
target specific cancer therapy, Coord. Chem. Rev., 2022,
460, 214462.

13 B. Pefia, S. Saha, R. Barhoumi, R. C. Burghardt and
K. R. Dunbar, Ruthenium(II)-Polypyridyl Compounds with
m-Extended Nitrogen Donor Ligands Induce Apoptosis in
Human Lung Adenocarcinoma (A549) Cells by Triggering
Caspase-3/7 Pathway, Inorg. Chem., 2018, 57, 12777-12786.

14 P. Mandal, B. K. Kundu, K. Vyas, V. Sabu, A. Helen,
S. S. Dhankhar, C. M. Nagaraja, D. Bhattacherjee,
K. P. Bhabak and S. Mukhopadhyay, Ruthenium(II) arene
NSAID complexes: inhibition of cyclooxygenase and
antiproliferative activity against cancer cell lines, Dalton
Trans., 2018, 47, 517-527

15 W. D. J. Tremlett, K. K. H. Tong, T. R. Steel, S. Movassaghi,
M. Hanif, S. M. F. Jamieson, T. So6hnel and
C. G. Hartinger, Hydroxyquinoline-derived anticancer
organometallics: Introduction of amphiphilic PTA as an
ancillary ligand increases their aqueous solubility, J. Inorg.
Biochem., 2019, 199, 110768.

16 B.Kar, N. Roy, S. Pete, P. Moharana and P. Paira, Ruthenium
and iridium based mononuclear and multinuclear
complexes: A Breakthrough of Next-Generation anticancer
metallopharmaceuticals, Inorg. Chim. Acta, 2020, 512,
119858.

17 H. K. Liu and P. ]J. Sadler, Metal Complexes as DNA
Intercalators, Acc. Chem. Res., 2011, 44, 349-359.

18 W. M. Motswainyana and P. A. Ajibade, Anticancer Activities
of Mononuclear Ruthenium (II) Coordination Complexes,
Adv. Chem., 2015, 859730

19 A. P. Kumaran and P. Paira, Luminescent anticancer Ru (II)-
arenebipyridine and phenanthroline complexes: Synthesis,
characterization, DFT studies, biological interactions and
cellular imaging application, J. Inorg. Biochem., 2020, 208,
111099.

20 N. Roy, U. Sen, P. Moharana, L. T. Babu, B. Kar, S. Vardhan,
S. K. Sahoo, B. Bose and P. Paira, 2,2"-Bipyrimidine-based

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

luminescent Ru(II)/Ir(Ill)-arene monometallic and homo-
and hetero-bimetallic complexes for therapy against MDA-
MB-468 and caco-2 cells, Dalton Trans., 2021, 50, 11725-
11729.

21 X.-B. Fu, D.-D. Liu, Y. Lin, W. Hu, Z.-W. Mao and X. Y. Le,
Water-soluble DNA minor groove binders as potential
chemotherapeutic agents: synthesis, characterization, DNA
binding and cleavage, antioxidation, cytotoxicity and HSA
interactions, Dalton Trans., 2014, 43, 8721.

22 M. S. Shakil, S. Parveen, Z. Rana, F. Walsh, S. Movassaghi,
T. Sohnel, M. Azam, M. A. Shaheen, S. M. F. Jamieson,
M. Hanif, R. J. Rosengren and C. G. Hartinger, High
Antiproliferative Activity of Hydroxythiopyridones over
Hydroxypyridones and Their Organoruthenium Complexes,
Biomedicines, 2021, 9, 123.

23 L. Sansalone, E. A. Veliz, N. G. Myrthil, V. Stathias,
W. Walters, I. I. Torrens, S. C. Schiirer, S. Vanni,
R. M. Leblanc and R. M. Graham, Novel Curcumin
Inspired Bis-Chalcone Promotes Endoplasmic Reticulum
Stress and Glioblastoma Neurosphere Cell Death, Cancers,
2019, 11, 357.

24 (a) C. Evans, G. Malin, G. P. Mills and W. H. Wilson, VIRAL
Infection of Emiliania Huxleyi (Prymnesiophyceae) Leads to
elevated production of reactive oxygen species, J. Phycol.,
2006, 42, 1040-1047; (b) S. Parveen, M. Hanif, E. Leung,
K. K. H. Tong, A. Yang, J. Astin, G. H. De Zoysa, T. R. Steel,
D. Goodman, S. Movassaghi, T. Sohnel, V. Sarojini,
S. M. F. Jamieson and C. G. Hartinger, Anticancer
organorhodium and -iridium complexes with low toxicity
in vivo but high potency in vitro: DNA damage, reactive
oxygen species formation, and haemolytic activity, Chem.
Commun., 2019, 55, 12016.

25 M. Mostafizar, C. Cortes-Pérez, W. Snow, J. Djordjevic,
A. Adlimoghaddam and B. C. Albensi, Challenges with
Methods for Detecting and Studying the Transcription
Factor Nuclear Factor Kappa B (NF-kB) in the Central
Nervous System, Cells, 2021, 10, 1335.

26 M. Quaranta, A. Daniele, M. Coviello, M. T. Venneri,
I. Abbate, M. E. Caringella, S. D. Tardo, R. Divella,
P. Trerotoli, M. D. Gennaro, F. Schittulli, E. Fransvea and
G. Giannelli, MMP-2, MMP-9, VEGF and CA 15.3 in Breast
Cancer, Anticancer Res., 2007, 27, 3593-3600.

27 M. Hanif, J. Arshad, J. W. Astin, Z. Rana, A. Zafar,
S. Movassaghi, E. Leung, K. Patel, T. Schnel, J. Reynisson,
V. Sarojini, R. ]J. Rosengren, S. M. F. Jamieson and
C. G. Hartinger, A  Multitargeted  Approach:
Organorhodium Anticancer Agent Based on Vorinostat as
a Potent Histone Deacetylase Inhibitor, Angew. Chem., Int.
Ed., 2020, 59, 14609-14614.

28 R. V. Hellfeld, K. Brotzmann, L. Baumann, R. Strecker and
T. Braunbeck, Adverse effects in the fish embryo acute
toxicity (FET) test: a catalogue of unspecific morphological
changes versus more specific effects in zebrafish (Danio
rerio) embryos, Environ. Sci. Eur., 2020, 32(122), 1-18.

29 (a) OECD, Fish Acute Toxicity Test, Organization for
Economic Cooperation and Development, Paris, 1992; (b)
T. Anju, R. Preetha, R. Shunmugam, S. R. Mane,

RSC Adv, 2022, 12, 18911-18922 | 18921


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra02677e

Open Access Article. Published on 29 June 2022. Downloaded on 6/18/2026 5:46:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

J. Arockiaraj and V. Kumaresan, Norbornene derived
nanocarrier reduces isoniazid mediated liver toxicity:
assessment in HepG2 cell line and zebrafish model, RSC
Adv., 2016, 6, 114927.

30 S. Sangabathuni, R. V. Murthy, P. M. Chaudhary,
B. Subramani, S. Toraskar and R. Kikkeri, Sci. Rep., 2017,
7, 4239.

18922 | RSC Adv, 2022, 12, 18911-18922

View Article Online

Paper

31 A. Plavuvalapil Kumaran, N. Roy, U. Das, S. Varddhan,
S. K. Sahoo and P. Paira, [Ru(n®p-cymene)(N*O 8-
hydroxyquinoline)(PTA)] complexes as rising stars in
medicinal chemistry: synthesis, properties, biomolecular
interactions, in vitro anti-tumor activity toward human
brain carcinomas, and in vivo biodistribution and toxicity
in a zebrafish model, Dalton Trans., 2022, 51, 8497-8509.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra02677e

	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...

	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...

	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...
	Ru(ii)arene(N^N bpy/phen)-based RAPTA complexes for in vitro anti-tumour activity in human glioblastoma cancer cell lines and in vivo toxicity...


