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Exploring the effect of Ru(i) arene complexes on
cytotoxicity upon co-ligand variation and loading

7449 on amine-functionalized silica nanoparticlest
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To overcome the undesirable side effects and acquired resistance associated with platinum-based che-

motherapeutics, scientists are searching for alternative strategies involving novel metal-based compounds

with improved pharmacological properties. Ruthenium complexes have emerged as prospective candi-

dates to combat side effects and improve the selectivity of anticancer agents. In this work, a benzimida-
zole-based chelating ligand, HL (4-(1H-naphth[2,3-dlimidazol-2-yl)-1,3-benzenediol) with O and N
donor atoms, was synthesized and used for complexation with ruthenium to obtain three Ru(i) arene

complexes represented by [Ru(n®-p-cym)(L)Cl, [Rum®-p-cym)(L)(PPh3)l* and [Ru(n®-p-cym)(L)(PTA)

]+

(where p-cym = p-cymene, PPhz = triphenylphosphine and PTA = 1,3,5-triaza-7-phosphaadamantane).

The synthesized complexes were characterized using spectroscopic techniques. UV-Vis absorption spec-
troscopy and LC-MS were used to study the stability of the complexes in biological medium. Their lipo-
philicity was studied by calculating the partition coefficient in n-octanol and water. The complexes

showed significant binding with biomolecules like albumin proteins and nucleic acids. All the complexes
were found to be cytotoxic, with complex [Ru(n®-p-cym)(L)PPhslPFs exhibiting the highest anticancer
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1. Introduction

The discovery of cisplatin in the 1960s was a breakthrough in
medicinal chemistry and cancer therapy. Cisplatin binds to N7
of guanine of DNA, causing inhibition of the cell division
process and ultimately leading to apoptosis. Despite being
effective against various cancers, it suffers from several side
effects like nephrotoxicity, ototoxicity, and nausea, which
occur because of lack of selectivity. The problems of toxicity
and selectivity can be resolved using nanotechnology, but the
problem of resistance acquired by cancer cells toward plati-
num-based drugs requires a novel solution. Thus, switching to
alternative metal ions with different mechanistic pathways,
greater target specificity and fewer side effects has become an
urgent need. Ruthenium(i) complexes because of their
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activity. The mechanism of anticancer activity was attributed to the ability of the complexes to induce
apoptosis and generate reactive oxygen species (ROS). The complexes also exhibited antimetastatic pro-
perties. Furthermore, complex [Run®-p-cym)(L)PPhs]PFs was loaded onto amine-functionalized meso-
porous silica nanoparticles which led to an increase in its cytotoxic activity.

similar ligand exchange kinetics to platinum(u) complexes
(similar to the cell division rate) and lesser toxicity seem to be
promising candidates.” Also, since ruthenium can mimic iron
in binding to biomolecules, it can be selectively transferred to
cancer cells having overexpressed transferrin proteins on their
membranes.® A few ruthenium(ur) drugs, namely NAMI-A (imi-
dazolium ¢rans-[tetrachloro(dimethylsulfoxide)(1H-imidazole)
ruthenium(m)]), KP1019 (indazolium trans-[tetrachlorobis(1H-
indazole)ruthenium(im)]), and NKP-1339, the sodium salt of
KP1019, have attracted a lot of attention as promising anti-
cancer drugs but these drugs are not very stable and can
undergo facile chemical transformations. These complexes are
reduced to ruthenium(u) in the hypoxic acidic environment of
tumor cells.®”

RAPTA complexes, which stand for ruthenium arene PTA
complexes, have gained significant attention over the last few
years.® The hydrophobic arene ring facilitates the transpor-
tation of the drug molecule through the hydrophobic lipid
bilayer of the cell membrane, and PTA (1,3,5-triaza-7-phos-
phaadamantane), a water-soluble ligand, enhances the
aqueous solubility of the complex.’ Also, by varying the other
ligands, one can modulate the overall reactivity of the
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complex. In addition to binding to DNA, these piano-stool
complexes can also bind to serum proteins involved in trans-
porting the drug molecules to the desired targets. They can
also act as multitargeted drugs by targeting certain enzymes
and peptides that are overexpressed in cancer cells.'® The
choice of ligand plays a major role in designing anticancer
drugs. The dicarboxylate chelating ligand in carboplatin
confers greater stability to the complex, resulting in fewer side
effects than cisplatin.'* Thus, the biological properties of
ruthenium complexes can be modulated through appropriate
choice of ligands."” The imine group in Schiff bases can form
intermolecular hydrogen bonds with intracellular active com-
ponents, resulting in various pharmacological applications.
Ligands with extensive n-conjugation like phenanthroline,
anthracene, naphthalene, and pyrene derivatives render fluo-
rescent nature to the complexes, making them suitable for
monitoring the probable mechanism of anticancer activity and
cellular distribution.”® Furthermore, benzimidazole deriva-
tives, due to their similarity in structure to natural molecules,
are known to possess several biological activities, such as anti-
microbial, antifungal, and anticancer activities."* To increase
the therapeutic performance of drugs, various nanocarrier-
based delivery systems have been developed, which are known
for targeted delivery and stimuli active nature. Mesoporous
silica nanoparticles (MSNs), because of their several properties
like tunable pore size, large surface area, biocompatibility,
high stability, facile synthesis, and functionalization, prove to
be an excellent candidate for delivering drugs."” Their ability
to transport insoluble hydrophobic antitumor drugs and
enable sustained release make them an efficient vehicle for
drug delivery.'® In particular, amine-functionalized MSNs
(A-MSN5s) are known to have higher loading capacity due to the
formation of weak intermolecular forces between the amine
group and the polar groups present in the drug molecule."”
They are also known for improved cellular uptake of cationic
ruthenium complexes arising due to the strong interaction
between the positively charged surface of A-MSNs and the
negatively charged phospholipids of the cell membrane.® The
efficacy of anticancer platinum-based drugs is also known to
improve upon using MSNs."?

This work involves the synthesis of a benzimidazole-based
fluorescent ligand (HL) possessing inherent biological activity
followed by its complexation with ruthenium to yield three
ruthenium(u) arene complexes with p-cymene as the arene
group. The objective of this work is to investigate the effect of
co-ligands on anticancer activity and study the structure-
activity relationship. Thus, the co-ligands have been varied
between chloride (a good labile group that should facilitate the
ligand exchange reactions as in cisplatin), triphenylphosphine
(a hydrophobic group expected to facilitate the transportation
of the ruthenium complex through the hydrophobic lipid
bilayer of the cell membrane) and PTA (a water-soluble ligand
which increases the overall water solubility of the complex). All
the complexes were studied for their cytotoxicity on HeLa and
DU145 cells, and the complex possessing the highest anti-
cancer activity was further loaded on amine-functionalized
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MSNs (A-MSNs) to explore if its therapeutic potential gets
enhanced upon incorporation into a drug delivery system.

2. Results and discussion
2.1 Synthesis and characterization

Three piano-stool Ru(u) arene complexes have been syn-
thesized and characterized. The complexes have pseudo-octa-
hedral geometry, with the arene moiety occupying three
coordination sites and the bidentate chelating ligand L occu-
pying two other coordination sites. N and O act as the donor
sites for the chelating ligand. p-Cymene was chosen as the
arene group because of its better structure-activity relationship
(SAR) arising from its increased solubility.”® The benzimida-
zole-based chelating ligand HL was chosen because of its
inherent biological activity attributed to its structural simi-
larity to the purine bases of DNA and the ability of its imine
bond to form intermolecular H-bonds with intracellular com-
ponents."* An additional phenyl ring was added to increase
n-conjugation in the system rendering inherent fluorescence to
the complex and a hydroxy group was introduced with the
expectation of H-bonding interactions with the amine groups
on A-MSNs.'® HL was designed as a chelating ligand as chelat-
ing ligands are known to confer better chemical stability and
thus lower toxicity."" The co-ligands were varied between chlor-
ide (CI7), PPh3, and PTA. CI™ was chosen because of its good
leaving group nature which allows easy dissociation followed
by coordination of the metal ion with biomolecules, thereby
enhancing its structure-activity relationship (SAR).>° PPh; was
chosen because of its hydrophobic nature which is expected to
facilitate the transportation of the drug through the cell mem-
brane. In contrast, PTA, because of its water-soluble property,
is expected to increase the aqueous solubility of the drug. The
effect of global charge on the Ru(un) complex was also investi-
gated by involving a neutral Ru(u) complex (C1) and two cat-
ionic Ru(m) complexes (C2 and C3) in the study. For the cat-
ionic complexes, hexafluorophosphate was employed as a
counterion, and NH,PF, was utilized as the precursor. C1 was
synthesized by the reaction of the Ru p-cymene dimer and the
ligand (HL). The chloride ligand was substituted with PPh; or
PTA, followed by the addition of the necessary counter anions
to obtain complexes C2 and C3, respectively (Scheme 1). MSN
was synthesized using the surfactant CTAB (cetyltrimethyl
ammonium bromide) and the silica precursor TEOS (tetraethyl
orthosilicate). APTES ((3-aminopropyl)triethoxysilane) was
used to functionalize the surface of MSN with NH, groups and
complex C2 was loaded onto it. The synthetic procedures
along with the reaction schemes are provided in the ESL{

All the synthesized complexes were characterized using
ESI-MS spectra. The ligand HL shows a base peak corres-
ponding to [H,L]", while for complex C1, the peak is obtained
due to the [RuL(p-cym)]" fragment after losing one chloride
ion. Complexes C2 and C3 show peaks corresponding to the
cationic complex part. The NMR data matched well with the
predicted structures. The 'H NMR peaks in the &

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Structures of the synthesized Ru(i) complexes C1, C2, C3.

5.25-6.05 ppm region correspond to the p-cymene aromatic
protons, while the aromatic proton peaks of the ligand (L)
appear at § 8.27-6.45 ppm. The peaks at § 2.8, 1.7-2.09, and
0.9-1.2 ppm are attributed to the methyl and isopropyl groups
of the p-cymene ring. The highly deshielded broad peaks
beyond 10 ppm correspond to OH and NH protons.>* The PTA
protons are observed in the region & 4.73-4.26 ppm, and the
peaks for the PPh; aromatic ring protons appear in the region
§ 7.44-7.15 ppm (merging with the aromatic range of ligand
L).’
The FTIR spectra of complexes C1, C2, and C3, and the
ligand (Fig. S97) exhibited a band at around 1600 cm™" corres-
ponding to the C=N functionality.>> The bands for N-H and
O-H stretching frequencies were found to overlap in the region
of 3200-3460 cm™". The band at 1230-1240 cm™" corresponds
to the aromatic C-O stretching frequency. The presence of
characteristic bands at 526 and 540 cm™" in the IR spectra of
C2 and C3 corresponds to the Ru-P stretching frequency, sig-
nifying successful complexation with ruthenium.>® Bands at
831 and 821 cm™ " in case of complexes C2 and C3 arise due to
the P-F stretching frequency of the counter anion.**

MSN, A-MSN, and drug-loaded A-MSN (C2@A-MSNs) were
characterized using IR spectroscopy, FE-SEM, TGA, and BET.
The FT-IR spectra of MSN, A-MSN, and C2@A-MSNs show
bands at 1072 cm™", 794 cm ™', and 456 cm™" corresponding to
the silanol groups (Si-O bond). The bare silanol groups on the
surface of pristine MSN can be confirmed by bands at
3364 cm™" and 1642 cm™' corresponding to the deformation
vibration of interlayer water and the OH stretching vibration of
the silanol groups, respectively.”” The amine functionalization
of MSN was confirmed by the bending vibration mode of N-H
which appeared at 1560 cm™".'® The loading of complex C2 on
A-MSNs was confirmed by the imine band which appeared at
1604 cm ™. The shift of the broad band corresponding to the
O-H stretching frequency from 3300 cm™" (free complex) to
3029 cm™" (C2@A-MSNs) represents H-bonding interactions
that may occur between the NH, groups of A-MSNs and the
free OH group present in complex C2 (Fig. S101)."”

The mesoporous nature of the MSNs and A-MSNs was
characterized using N, adsorption-desorption analysis
(Fig. S121). The decrease in BET surface area from 752.617 m>
27" t0 68.326 m> g~ and in pore diameter from 1.49202 nm to
1.32461 nm indicates the successful introduction of amine
groups on the MSN surface. The surface area further decreased
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to 47.093 m> g~' in C2@A-MSNs as C2 was loaded onto the
nanoparticles. This was further confirmed by the decrease in
pore volume from 2.807 x 107" cc g”* (MSNs) to 1.951 x 1072
cc g7' (A-MSNs) to 1.923 x 107> cc g~ ' (C2@A-MSNs).'® As
observed from the TGA analysis, the drug-loaded system is
thermally stable up to 200 °C as there is no significant weight
loss except for the removal of water molecules and other sol-
vents adsorbed on the surface (Fig. S117).>°"*° The amorphous
nature of the nanoparticles was confirmed by SEM images
(Fig. S137). The loading of complex C2 onto A-MSNs causes
the surface to appear rough. The powder X-ray diffraction
pattern shows peaks corresponding to the hexagonal meso-
porous pattern in MSN and A-MSNs."” The broad nature of the
peaks also justifies the amorphous nature of the silica nano-
particles (Fig. S147).

The absorption and emission spectra of all the complexes
and the ligand were recorded in DMSO. In the UV-Vis spectra,
two bands were observed for all the complexes and the ligand.
The band at around 275-280 nm corresponded to the = — ©*
transition, and the one at 340-360 nm corresponded to the n
— m* transition. An additional band was also observed only in
the case of metal complexes in the range of 390-400 nm,
which corresponds to the MLCT transition (Fig. S15at).%°

It is important to note that all the synthesized complexes
and the ligand were found to be fluorescent. Their fluo-
rescence spectra were recorded by exciting at a wavelength of
360 nm. Complex C1 exhibited the highest fluorescence inten-
sity, followed by complex C2 and complex C3 (Fig. S16}). The
bands corresponding to the free C2 complex were observed
when the absorbance spectrum of C2@A-MSNs was recorded,
indicating the successful loading of the drug onto amine-func-
tionalized MSNs. The shift of the n — =n* transition to a lower
wavelength in the case of C2@A-MSNs further confirmed the
involvement of H-bonding interactions between A-MSNs and
the polar groups of C2 (Fig. S15bt).>' SEM-EDX for the drug-
loaded nanoparticles was also recorded, indicating the pres-
ence of Ru in C2@A-MSNs, which confirmed the successful
loading of C2 onto A-MSNs (Fig. S17a-ct).

2.2 Stability study

The stability of the complexes in biological medium was
explored for the prospective application of the compounds as
anticancer drugs. The complexes were dissolved in a 1%
DMSO/PBS solution mixture, and the UV-Vis spectra were

Dalton Trans., 2025, 54, 7449-7457 | 7451
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recorded at 0, 6, 12, and 24 hours. The spectra showed no sig-
nificant change or shift in band positions, indicating that the
complexes are stable in the biological medium. Additionally,
LC-MS data were recorded over a period of 48 hours and the
main peak remained unaltered, confirming the integrity of the
molecule in the biological medium (Fig. S19a-ct).

Since the tumor microenvironment is acidic in nature and
the drug release study is performed at an acidic pH, it is
crucial to check whether complex C2 can maintain its integrity
at a lower pH. Thus, the stability of complex C2 at an acidic
pH of 5.4 was monitored over 0, 24, 48, and 72 hours using
absorption spectroscopy. No shift in the absorbance band indi-
cated that the complex does not degrade in an acidic pH for
up to 72 hours (Fig. S187).

2.3 Lipophilicity study

Lipophilicity refers to the ability of a compound to pass
through the lipid bilayer of the cell membrane and enter the
cell. It is an important parameter regulating the cellular
uptake of drugs. The lipophilicity of the synthesized and
loaded complexes was determined from the partition coeffi-
cient Po,w in n-octanol and water by the shake-flask method.
UV-Vis spectroscopy was used to determine the concentration
of the complex in n-octanol (organic phase) and water
(aqueous phase), and the partition coefficient was calculated.
Complex C2 and C2@A-MSNs with the triphenylphosphine
group was found to have the highest partition coefficient
values, making them the most lipophilic among all the tested
complexes. This was probably due to the presence of the
hydrophobic phenyl rings, which facilitate interaction in the
non-polar medium.** Table S27 lists the partition coefficient
values for the three complexes.

2.4 Protein binding study

2.4.1 Fluorometric titration. Serum albumin proteins are
responsible for transporting drug molecules to the desired
target through the enhanced permeability and retention (EPR)
effect. This effect, which is a unique characteristic of tumors,
allows for the accumulation of drugs in the tumor tissue.*?
Thus, it is important to know whether the synthesized com-
plexes can bind with these proteins. Human serum albumin
(HSA) and bovine serum albumin (BSA) which are inherently
fluorescent in nature due to the presence of tryptophan amino
acid residues were used to study the interaction between the
metal complexes and protein. The environment of tryptophan
is highly sensitive and presence of any external agents can
alter the fluorescence intensity.” Fluorometric titration was
performed where to a fixed concentration of BSA/HSA (10 pM)
increasing amounts of metal complexes (0 pM-50 pM) were
added and the change in fluorescence intensity was moni-
tored. With increasing concentration of metal complexes, the
fluorescence intensity at 335 nm corresponding to BSA/HSA
decreased and a new peak emerged at around 445 nm when
excited at 280 nm. The quenching of fluorescence intensity
was attributed to the interaction of the complexes with the
albumin protein while the increase in fluorescence intensity at
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a slightly higher wavelength was attributed to the inherent
fluorescent nature of the complexes (Fig. 1 and S207).

The binding parameters were calculated using the Stern-
Volmer equation and the Scatchard equation (Fig. S21 and
S2271). All the complexes exhibited significant interactions with
proteins. The bimolecular quenching constants for all the
complexes and the ligand are on the order of 10"%, indicating
static quenching of fluorescence (Table S21)."* Complex C1
shows a higher Kgy value because of the presence of a chloride
ligand, which dissociates easily, leading to subsequent
binding of other biomolecules to Ru.

2.5 Nucleic acid binding study

2.5.1 Absorption spectroscopy. Binding of complexes with
nucleic acids like DNA and RNA can cause conformational
changes, resulting in alterations of DNA/RNA-based pro-
cesses.”® Using UV-Vis spectroscopy, one can investigate the
mode of interaction between the nucleic acids and the syn-
thesized complexes. Hypochromism or a decrease in absor-
bance indicates intercalative interaction, whereas hyperchro-
mism or an increase in absorbance signifies groove binding or
other electrostatic interactions. When a fixed amount of the
synthesized complexes or ligand was titrated with increasing
amounts of nucleic acid, the absorbance decreased, indicating
the intercalation of the planar aromatic rings between the
DNA base pairs through n-n stacking (Fig. $231).>® Although
nucleic acid binding studies were performed, it is noteworthy
to mention here that these studies do not confirm that the
complexes target the DNA or the nucleus. These studies were
performed to get a perspective about the mode of interaction
that these complexes can have if they can target the nucleic
acids.

2.5.2 Emission spectroscopy. To further confirm the mode
of interaction of the complexes with nucleic acids, a competi-
tive fluorometric displacement assay was performed using
ethidium bromide (EtBr). EtBr is a fluorescent tag that interca-
lates between the adjacent base pairs of nucleic acids. A
decrease in fluorescence intensity was observed when an
increasing amount of ruthenium complexes was added to a
fixed concentration of the DNA-EtBr solution (Fig. S247}). The
ruthenium complex displaces EtBr and gets intercalated
between the base pairs, causing lowering of fluorescence inten-
sity due to EtBr. This intercalation may lead to unwinding of
the helical structure of DNA resulting in the inhibition of DNA
replication process in cancer cells.*® This assay was also per-
formed with RNA, and a similar mode of binding was observed
(Fig. S25t). The binding parameters were further calculated
using the Stern-Volmer and Scatchard equation, which
suggests significant binding of all the complexes with nucleic
acids (Fig. S26, S27, and Table S47).

2.6 Drug loading and pH-stimulated release study

Mesoporous silica nanoparticles (MSNs) because of their
tunable properties have emerged as an efficient way of loading
drugs and selectively delivering them to the desired target.
Cytotoxicity of cisplatin was enhanced when it was loaded on

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Fluorometric titration spectra of BSA (10 pM) with (a) ligand (HL), (b) complex C1, (c) complex C2, and (d) complex C3 at 298 K.

mesoporous silica materials (MCM-41 and SBA-15)."°
Doxorubicin when loaded on MSNs coated with polydopamine
(PDA) and polyethylene glycol (PEG) exhibited higher cellular
uptake and improved anticancer efficacy compared to the free
drug.** The antibiotic drug rifampicin when encapsulated by
MSNs resulted in better treatment efficiency than the free drug
due to greater uptake by macrophages.>® Since loading of
drugs on MSNs significantly improves their efficiency com-
pared to the free drug, the next target was to load the Ru(n)
complex C2 and see if there is any enhancement in anticancer
activity. Determining the drug loading capacity of nanoparticles
is crucial to study the drug activity and release. The loading
capacity was found to be 40.4% (40 mg/100 mg) for C2@A-MSNs
which was calculated using the weight % method (eqn (1)1).%°
Cancer cells have a hypoxic and acidic environment compared to
normal cells. Thus, PBS buffers of acidic pH (5.4) and neutral pH
(7.4) were used to investigate the selective release of drugs, specifi-
cally in cancer cells and normal cells. The drug release profile
shows that in the case of neutral pH, after 4 hours, no detectable
amount of the drug is released, and after 96 hours, only 30% of
the drug is released. However, at acidic pH, a small amount of
the drug is released in the initial hours, and 65% is released after
96 hours (Fig. 2). The greater amount of drug release in acidic pH
may be attributed to the protonation of amine groups, causing
the cleavage of H-bonding interactions between A-MSNs and the
complex (Fig. 3).'%%°

The integrity of the released drug C2 was characterized by
mass spectrometry. The appearance of a peak corresponding
to the free complex C2 in the mass spectrum after 96 hours at
acidic pH confirmed the identity of the released complex
(Fig. S287).

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Drug release profile of C2@A-MSNs at acidic and neutral pH.

2.7. Cell viability assay

An in vitro MTT assay was performed to determine whether the
synthesized complexes were cytotoxic against cancer cells.
MTT is a tetrazolium yellow-coloured salt that is reduced to
formazan - a purple-coloured insoluble product in the pres-
ence of NADPH, an enzyme present only in live cells. Cancer
cell lines HeLa and DU145 were treated with different concen-
trations (0-100 pM) of the synthesized Ru(i) complexes, and
their ICs, values were calculated using the cell viability curve.
All the complexes had potent cytotoxic activity against the
above cell lines, and they were more responsive to HeLa cells
(Fig. 4). Among the three complexes, complex C2 was found to
have the lowest ICs, value (17.78 pM in the case of HeLa and

Dalton Trans., 2025, 54, 7449-7457 | 7453
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Fig. 4 Histogram representing the ICsq values (uM) of the ligand, three complexes and C2@A-MSNs for cancer cell lines (a) Hela, (b) DU145 and (c)

normal HEK 293 cells.

27.42 pM in the case of DU145) and, hence, the highest cyto-
toxicity which was attributed to the hydrophobic triphenyl-
phosphine group which leads to enhanced hydrophobic inter-
actions with biomolecules. These data are also in accordance
with the results obtained from the lipophilicity study, which
indicated the highest cellular uptake in case of complex C2. It is
noteworthy to mention that all the complexes are active against
cisplatin-resistant DU145 cells. The ICs, value further decreased
upon loading complex C2 on A-MSNs, indicating an enhance-
ment in the cytotoxic profile. This was probably due to better
cellular internalization occurring due to the interaction between
negatively charged phospholipids and the positively charged
surface of A-MSNs.'® Also, the free ligand has a higher ICs,
value than the ruthenium complexes indicating the advantage
of the metal complexes over the free ligand. The complexes were
also tested on normal cell lines HEK 293 and slight selectivity
was observed for HeLa cell lines. Complex C2 and C2@A-MSNs
exhibited decent selectivity for the cancer cell lines over HEK
293 (Fig. 4 and $29%). The ICs, values for all the complexes and
drug-loaded A-MSNs are listed in Table 1.

2.8 Apoptosis study using a dual staining method

Since, C2 and C2@A_MSNs were found to be the most potent
among all the candidates, they were further studied for apopto-
sis, ROS generation and metastasis inhibition activity. The

7454 | Dalton Trans., 2025, 54, 7449-7457

Table 1 ICso values (pM) of the ligand, three complexes and
C2@A-MSNs for cancer cell lines HeLa and DU145 and normal HEK 293
cells

IC5 values (in uM)

Compounds HeLa DU145 HEK 293

Ligand HL 30.79 + 0.56 41.13 + 0.53 32.28 + 0.45
Complex C1 19.21 £ 0.43 30.11 + 0.83 33.73 £0.51
Complex C2 17.78 £ 0.48 27.42 + 0.58 34.59 + 0.59
Complex C3 20.26 + 0.36 31.46 + 0.74 36.21 + 0.44
C2@A-MSNs 14.01 + 0.43 19.83 £ 0.75 31.83 +0.39
Cisplatin 17.40 £ 0.38 40.22 + 0.59 23.18 +0.28

dual staining assay was performed using two DNA-binding
dyes to study whether the complexes are potent of inducing
apoptosis and to investigate the morphological changes associ-
ated with it. Acridine orange (AO) is a membrane-permeable
dye capable of staining both viable and non-viable cells, and
ethidium bromide (EtBr) is a membrane-impermeable dye,
thereby capable of staining only non-viable cells with ruptured
membranes. Upon binding to DNA, AO emits bright green
fluorescence, while EtBr emits bright red fluorescence.’” The
confocal images show that C2 and C2@A-MSNs are capable of
inducing apoptosis. Morphological changes like ruptured cell

This journal is © The Royal Society of Chemistry 2025
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Bright Field AO

C2@A-MSNs Complex 'C2

Fig. 5 Confocal images of Hela cells stained with AO and EtBr after
treatment with complex C2 and C2@A-MSNs.

membranes and fragmented nuclei were observed, which are
characteristic of apoptosis (Fig. 5). The apoptosis results for
C1 and C3 are shown in Fig. S30.}

2.9 ROS generation: DCFH DA staining

The generation of reactive oxygen species (ROS) is an efficient
way of killing cancer cells by producing oxidative stress inside
the cells, which causes damage to intracellular substances.
The generation of ROS in quantities greater than what can be
scavenged by cellular enzymes like superoxide dismutase
(SOD) causes oxidative damage to the cells. Additionally,
because of the rapidly multiplying nature of cancer cells, they
require a greater amount of oxygen than normal cells. Thus,
converting oxygen into reactive oxygen species like superoxide
anion, hydrogen peroxide, and OH" can hamper cell division,
thereby causing cell death.’® Thus, the synthesized complexes
were investigated for their ability to generate ROS using the
DCFH-DA staining method. DCFH-DA (dichloro-dihydro-fluor-
escein diacetate) is a dye that, in the presence of ROS, gets oxi-
dized to DCF, which emits green fluorescence.*® Thus, it can
be used for the detection of ROS. The microscope images
clearly show green fluorescence only in the case of treated cells

Control

DCFH-DA

Fig. 6 ROS generation using the DCFH-DA assay for C2 and C2@A-MSNs.

This journal is © The Royal Society of Chemistry 2025
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and not in the control, suggesting that C2 and C2@A-MSNs
can generate ROS, which are responsible for the green fluo-
rescence (Fig. 6). Furthermore, from the fluorescence intensity
graph (Fig. S31f), it is noticed that complex C2 and
C2@A-MSNs can generate ROS to a greater extent.

2.10 Metastasis inhibition

Metastasis refers to the spread of primary cancer cells to sur-
rounding tissues and distant organs. The ability of cancer cells
to migrate to non-malignant parts of the body and proliferate
there makes it difficult to control the disease, making meta-
stasis a dominant reason for mortality.*® Thus, inhibiting the
migration of malignant cells plays a major role in anticancer
activity. To investigate the ability of the complexes to inhibit
the cell migration process, a wound-healing assay was per-
formed on HeLa cell lines. The cells were treated with the com-
plexes at their IC5, values and the wound coverage was moni-
tored for 24 hours. Compared to the control, where no drug
was used, C2 and C2@A-MSNs exhibited decreased wound cov-
erage, indicating lesser cell migration to the scratched wound
region (Fig. 7). Among the three free complexes, C2 exhibited

Control C2

C2@A-MSNs
» 0 hour

» 24 hours

Fig. 7 Wound healing motility assay of HelLa untreated and treated cell
with free complex C2 and C2@A-MSNs. Images were taken at 0 and
24 h.

C2@A-MSNs
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the maximum potential in inhibiting cell migration with a
wound closure ratio of 35% and the antimetastatic property
was further enhanced upon treatment with C2@A-MSNs
(Fig. S32 and S33+).

3. Conclusion

Three ruthenium(u) arene complexes with p-cymene as the
arene group and a bidentate benzimidazole-based chelating
ligand with N and O as donor sites have been synthesized.
The co-ligands have been varied between chloride, PPh; (tri-
phenylphosphine) and PTA (1,3,5-triaza-7-phosphaadaman-
tane). The complexes were characterized using several spec-
troscopic techniques like ESI-MS, IR, NMR and UV-Vis
spectroscopy and their molecular formulas are found to be
[Ru(n®p-cym)(L)Cl], [Ru(n®-p-cym)(L)PPh;]PF,, and [Ru(n®p-
cym)(L)PTA]PFs. Both the ligand and the complexes were
found to be fluorescent in nature. The complexes were
studied for their lipophilic behaviour and complex C2 was
found to be the most lipophilic due to the increased hydro-
phobicity of the phenyl rings. All the complexes are stable in
biological medium for up to 48 hours. Tryptophan quenching
experiments suggested that the complexes significantly bind
to albumin proteins like BSA and HSA. As is evident from
absorption and emission spectroscopy, the complexes also
show potent binding to CT-DNA and RNA and the mode of
binding was found to be intercalation. However, this does not
provide any evidence of DNA being the target molecule for
exhibiting cytotoxicity. A cytotoxicity study was performed on
HeLa and DU145 cells and all the complexes showed anti-
cancer activity with better results on HeLa cells. Among all
the three complexes, complex C2 exhibited the lowest ICs,
value and the highest anticancer activity due to the presence
of the hydrophobic triphenylphosphine group which led to
better interaction with the biomolecules as compared to
chloride or PTA. The hydrophobic nature of the phenyl rings
also increased the lipophilicity of the complex. The overall
cationic charge of the complex also enhanced the solubility
of the complex when compared to its neutral counterpart C1.
Since complex C2 was the most potent anticancer drug
among the three complexes, it was loaded on amine-functio-
nalized mesoporous silica nanoparticles to see whether these
drug delivery nanocarriers can enhance its therapeutic per-
formance. As observed from the cytotoxicity study, the anti-
cancer activity was improved upon loading and their selecti-
vity for cancer cells also increased. The enhancement in their
therapeutic performance was attributed to the interactions
between the negatively charged phospholipids and the posi-
tively charged surface of the nanoparticles which led to better
cellular internalization. Complex C2 and C2@A-MSNs were
also capable of inducing apoptosis, generating ROS and exhi-
biting anti-metastatic activity on HeLa cell lines. In con-
clusion, the above synthesized complexes can act as potent
anticancer agents and further studies can be conducted with
in vivo tumor models.
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Data availability

Synthetic procedures and experimental details of the in vitro
biological study, detailed characterisation of the complexes
and materials, and spectroscopic data can be found in the
ESL
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