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This article provides an overview of the application of diruthenium(i,in) paddlewheel complexes for anti-
cancer purposes. The use of this coordinative construct is indeed attractive because it provides an excel-
lent opportunity to combine the pharmacological properties of the dimetallic ruthenium center with
those derived from the specific choice of ligands bearing a carboxylic function capable of coordination
towards the Ru—Ru core. Indeed, the combination of carboxylate ligands with specific anticancer pro-
perties and the dimetallic center permits the production of new entities endowed with improved biologi-
cal profiles. Additionally, these systems allow the simultaneous multiple deliveries of a drug to the target
site. Nevertheless, in order to obtain the desired effects, it is mandatory to consider some relevant
chemico-physical aspects such as the steric hindrance of the ligands or the possibility of their release
under specific biological conditions that should be taken into account in the design of effective com-
plexes. Accordingly, through various examples from the literature, the key features of this family of uncon-
ventional compounds are summarized here, also providing useful hints for the design of improved dir-
uthenium(i,i) paddlewheel complexes.

Introduction
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Nowadays metallodrugs are important competitors of the con-
ventional purely organic agents due to several important
inherent advantages, such as structural diversity, accessible
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redox states, a broad spectrum of coordination numbers and
geometries, and the possibility to fine-tune both the thermo-
dynamics and kinetics of ligand substitution."* Since the dis-
covery of the remarkable anticancer properties of cisplatin,’®
huge efforts have been devoted to the identification of
improved anticancer metallodrugs. In this context, beyond
platinum, several other transition metals have been exploited
for the synthesis of complexes characterized by a variety of geo-
metries and oxidation states in an attempt to (1) design metal
compounds with enhanced pharmacokinetic and pharmaco-
dynamic profiles, and (2) overcome limitations of platinum-
based chemotherapy such as heavy side effects and resistance.”
Several strategies have been developed and applied to the dis-
covery of novel compounds endowed with improved pharmaco-
logical profiles,” including the assembly of active ligands with
metal scaffolds to obtain dual drugs. Such an approach is
often applied to induce a multifaceted optimization of the
drug delivery by effectively stabilizing nonconventional geome-
tries of the compound, which can serve various purposes, such
as peculiar ways of action, improved permeation of cell mem-
branes, augmented solubility, or modified redox behaviour.®’
On the other hand, the disassembling of the dual drug struc-
ture is also exploited to trigger two active mechanisms in the
target tissue to achieve a potentiated pharmacological
response.

In this context, paddlewheel complexes composed of a Ru
(m)Ru(u) bimetallic moiety and biologically active carboxylate
ligands have been identified as novel dual anticancer drugs.
The general structure of these active metal complexes is shown
in Fig. 1. The four carboxylate ligands play a twofold role, by
carrying and protecting the bimetallic moiety, thus favoring
tissue targeting, and by exerting their own biological activity in
parallel and/or synergizing with the activity of the bimetallic
core. Therefore, the axial ligands on the Ru(u)Ru(in) unit may

Sabrina Taliani graduated in
Chemistry and Pharmaceutical
Technology (1994) and gained a
Ph.D. degree in Medicinal
Chemistry ~ (1998) at  the
University of Pisa. Since 2015,
she has been an associate pro-
fessor in Medicinal Chemistry at
the Department of Pharmacy,
University of Pisa. Her research
interests focus on the develop-
ment of heteropolycyclic aro-
matic derivatives appropriately
decorated to interact with several
targets including the central benzodiazepine receptor, adenosine
receptors, translocator protein, as well as DNA intercalators,
topoisomerase, and enzyme inhibitors. She is an author of more
than 125 papers in high-impact international journals and holds
two patents.

Sabrina Taliani

This journal is © the Partner Organisations 2023

View Article Online

Review
Q
R l
* A
O/ /O/
O0=|” O
|27
L'—7Ru(l|)/—Ru(III)<—L"
9) | @) |
) 0
)/o/\
R
R
Fig. 1 General structure of Ru()Ru(mn) paddlewheel complexes.

R-COO™ = carboxylate ligand; L', L" = chloro, aquo, hydroxo ligand, and
total charge Q.

act as additional modulators of their target selectivity, thus
enhancing the versatility of these metal drugs.

Since the synthesis of the first diruthenium paddlewheel
complex [Ru,Cl(0,CC3H,)4] in 1969,° this dimetal scaffold has
demonstrated overall oxidation states varying from IV to VI
The most stable form has been found to be Ru,(i,m), whereas
both the complexes Ru,(u,u) and Ru,(u,m) were found to be
much less stable, with the latter one especially unstable. On
the one hand, the Ru,(u,m) scaffold was found to be well stabil-
ized by four carboxylate bridging ligands (Fig. 1); in contrast,
the axial chloro ligands are the ones that form the polymeric
structure with dimetal units in the solid state. In solution, on
the other hand, the axial chloro ligand is substituted by a
water molecule; thus, Ru, may exist in either a cationic (aquo)
or neutral (hydroxo) form, depending on the pH of the milieu.
The three unpaired electrons in these d°-d® bimetallic moi-
eties (quadruplet ground state) yield exceptional magnetic fea-
tures as they display high magnetic moments of 3.8-4.4 B.M.
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per diruthenium unit. These complexes demonstrate reduction
potentials of 0.30 to 0.50 V (versus normal hydrogen electrode),
which means biological attainability.’

2. Experimental observations

A wide variety of paddlewheel complexes of the diruthenium(i,m)
unit have been prepared since 1969, with the synthesis of the
Ru,Cl(0,CC;H;), complex by Cotton et al.® These complexes have
been then recognized to be usable in the preparation of other
paddlewheel complexes, thus increasing the structural variety in
these compounds, ranging from steric effects to charge modu-
lation, e.g. the preparation of the [Ru,(CO;),]*~ anion."

The electronic structure of the [Ru,(p-O,CR)4]" complexes
has been theoretically characterized by Norman et al,'™* and
later on confirmed by much experimental evidence.*'* The cal-
culations performed on the [Ru,(p-0,CH)4]" species have shown
a o’n"8°n**5*! configuration, in which two degenerate n* and
one &* orbitals were semioccupied, i.e. possessing spin S = 3/2.
The close energy proximity of the n* and one &* orbitals in these
complexes has been mainly ascribed to the combinations invol-
ving the orbitals of p-bridged carboxylates, whereas the axial
ligands have a smaller impact on the electronic configuration.™

In the search for functionally improved metallodrugs, a
myriad of diruthenium paddlewheel complexes has been
developed with various axial and equatorial or bridging carbox-
ylate ligands (Table 1), among which the most ubiquitous is
the complex with four carboxylate ligands with the general
formula [Ru,(O,CR),X], where R may be an alkyl, aryl, or
alkoxy group, or a metallocene moiety, whereas X is usually a
Lewis base or a halide. Three groups of diruthenium paddle-
wheel carboxylate complexes are described in the following
subsections.
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2.1 Diruthenium(u,m) tetraacetates

Diruthenium tetraacetates [Ru,(CH3CO,),X] are a new emer-
ging scaffold for antitumor prodrugs. It is well demonstrated
by several studies presented below that many therapeutically
active agents bearing a carboxylate motif R-COO™ can be uti-
lized as bridging ligands in these paddlewheel complexes."® By
fine-tuning the complex interplay of steric and electronic fea-
tures of its ligands, it is possible to formulate a prodrug for
dual action, derived from the presence of the diruthenium
core accompanied by the chance of simultaneous delivery of
up to four units of therapeutically active ligand per molecule
of complex. The role of the diruthenium center had been
studied before in 1989 when it was shown that diruthenium
tetraacetate is active against the P388 leukemia system, reach-
ing T/C values of 125% (T/C value represents the median survi-
val time/tumor weight of treated (= T) animals versus the
median survival time/tumor weight of control (= C) animals x
100).”* Indeed, it was recently demonstrated that this com-
pound, at a mean concentration between 120 and 950 micro-
mol per dm?®, killed 50% of P388 leukemia cell lines.””
Nevertheless, it was concluded that the low solubility of these
complexes hampered their cytotoxic activity substantially.
Additionally, it was shown that the HeLa cancer cells were 5
times less susceptible to drug-induced death than CoLo cells.

Based on the body of studies available on diruthenium(ir,m)
tetraacetate complexes, we assumed these compounds as
typical to analyse the effects of the axial ligands on the biologi-
cal activity of these metal complexes.

2.1.1 Axial chloro ligand. Many studies have focused on
the interactions of [Ru,(CH3CO,),Cl] with various bio-
molecules. For example, its reactions with adenine and adeno-
sine were studied in aqueous solutions, and it was found that
they yield the adducts of this metal scaffold with adenine
(1:1) and adenosine (1:2).'® The metalation of adenine pro-
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Table 1 Synthesized diruthenum(i,in) tetraacetate complexes and their tissue or molecular targets
Axial ligand Axial ligand Charge
(19] ) (Q) Anion Target Ref.
Cl — 0 — Leukemia P 388 15
Cl — 0 — Leukemia P 388; Asp, Arg, Cys, His, Lys, Sec 16-20
H,0 H,O0 +1 PFg~ HeLa and multidrug resistant CoLo; glutathione, ascorbic acid, side chains 9 and 19-22
Im Im +1 PFg~ HeLa and multidrug resistant CoLo 9, 22 and 23
§ N
) )
N N
1-Mim 1-Mim +1 PFs~  HeLa and multidrug resistant CoLo 9 and 22
G G
N N
<) )
N N
4-Apy 4-Apy +1 PF,~  Nodata 24
NH, NH,
X X
L. L.
N N
7-Azlnd 7-Azlnd +1 PFs,~  Nodata 23
= A a | A
NS N ~
H NT N
caffeine caffeine +1 PFg~ No data 23
O CHy O cHs
H3C\ N H3C\ N
N N
ALY A
[o) 'Tl N le) ’T‘ N
CHs CH;,

duced the polymeric structure in which the diruthenium tetra-
acetate monomeric units are bridged by adenine, linking their
axial vacancies through adenine’s N3 and N9. On the other
hand, the metalation of adenosine occurred via N(7). Despite
the finding that the metalation of these two molecules formed
the DNA building blocks, the experiment showed that the
complex [Ru,(CH;CO,),Cl] exhibits a lower toxicity in compari-
son with monometallic ruthenium complexes. Nevertheless,
the observed metalation of adenine and adenosine is a signifi-
cant indication of the potential of the diruthenium(u,m) com-
plexes as agents targeting DNA."°

The versatility of Ru,(CH3CO,),Cl in the synthesis of novel
paddlewheel scaffolds with improved features has been shown
by the preparation of mono-substituted diruthenium
complexes.”®*” This synthetic methodology has been later
adapted to prepare either mono-substituted complexes such as
Ru,(APy)(CH3CO,);Cl, with APy representing variably deco-
rated aniline-pyridine ligands,*® or the so-called open paddle-
wheel diruthenium complexes in which one p-bridged position
is replaced by two chloro ligands.>®

2.1.2 Axial pyridyl ligands. Axial coordination of the dir-
uthenium complex with imidazole, 7-azaindole, and caffeine
was studied via the synthesis and the subsequent analysis of
the complexes with the general formula [Ru,(p-O,CCHjz),L;]
(PFg), where L are neutral, axial ligands.>® The characteristics

This journal is © the Partner Organisations 2023

of the coordination of axial ligands, as well as hydrogen-
bonding, both intra- and intermolecular, were investigated by
X-ray crystallography in order to shed light on the possible
interactions occurring between this metallic scaffold and DNA.
Substantial interaction with the counterion PFy~ was detected
in all complexes, whereas intramolecular hydrogen bonds were
formed between axial 7-azaindole or caffeine and the bridging
acetate oxygens. Furthermore, all three compounds demon-
strated the formation of n—x stacking interactions between aro-
matic rings of axial ligands on neighboring diadduct units.”?
In another study,”* the authors substituted the axial water in
the complex [Ruy(Ac),(H,0),]" by the drug 4-aminopyridine
(4Apy). This organic compound, which is approved by FDA, is
used for treating some symptoms of multiple sclerosis. To the
best of our knowledge, the medicinal activity of the
[Ru,(Ac)4(4Apy),]" complex has not been studied.”*

2.1.3 Axial aquo ligands. Reactions of the diaqua-Ru,
complex with ascorbic acid and glutathione were studied kine-
tically and mechanistically showing that, in the presence of
reducing agents, this complex initially undergoes a ligand
exchange at its axial position, in which the water molecule
leaves and the reducing agent enters.”" Afterwards, by means
of a ligand-to-metal electron transfer in the complex, the
dimetal Ru,”"
dation of the reducing agent. The more pronounced donor

core yields Ru,**, concomitantly with the oxi-

Inorg. Chem. Front., 2023,10, 2226-2238 | 2229
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nature of the thiol results in a faster reaction of the diruthenium
complex with glutathione than with ascorbic acid. Furthermore,
the occurrence of electron transfer from glutathione, a strong
reducing agent, results in the cleavage of the paddlewheel
complex whereas ascorbic acid does not cause any fragmentation.
The ligand substitution takes place via a dissociative interchange
mechanism, involving the axial water molecules in the diaqua-
Ru, complex, the lability of which is enhanced by the influence
of the strong Ru-Ru bond. Moreover, the presence of chloride
delays the reaction with ascorbic acid due to the competitive re-
placement of water in the axial position by free chloride, which
has a greater nucleophilicity than ascorbate.*'

The investigation of thermodynamics of the axial substi-
tution of water by chloride in the complex
[Ru,(CH5C00),(H,0)]" and kinetic studies on its reactions
with cysteine, glycine, histidine, and tryptophan corroborated
the conservation of the [Ru,(RCOO),]" paddlewheel structure
in water and in the presence of amino acids.'® The diaqua-Ru,
species formed from the dissolution of the [Ru,(CH;CO0),Cl]
complex in water may be subjected to the substitution of its
axial ligands on both sides. Computed reaction parameters
AH®, AS°, and AV® demonstrated that the consecutive axial
ligand exchange of water by chloride is thermodynamically
favourable. It was revealed that this diruthenium complex
easily undergoes the axial replacement of the first water mole-
cule by amino acids in the following order of reaction rate:
cysteine > tryptophan ~ glycine. Nevertheless, the deconvolu-
tion of the UV-Vis absorption spectra demonstrated that a con-
siderable quantity of the initial diaqua-Ru, complexes is none-
theless preserved in the solutions."®

2.1.4 Binding to proteins and nucleobases. Recently, a
study of the reaction between the complex [Ru,(p-O,CCH;),Cl]
and the model protein hen egg-white lysozyme (HEWL)
yielded the formation of a stable metal-protein adduct, with
the preserved diruthenium core and several bridging acetates
detached. It was discovered that the diruthenium moieties
attacked aspartates Asp101 and Asp119 of HEWL, with the
complementary detachment of two acetate ligands from each
dimetal core."” More recently, Merlino et al.>® have investigated
in depth how the substitution of one acetate ligand may
impact the reactivity of this scaffold versus proteins. In particu-
lar, they have found that the adducts yielded by the reaction of
[Ru,Cl(p-p-FPhF)(0,CCHj3);] [p-p-FPhF = N,N'-bis(4-fluorophe-
nyl)formamidinate] with HEWL resulted from the replacement
of two acetate ligands by Asp side chains, while Lys or Arg side
chains or backbone carbonyl groups have been found to be
axially coordinated.?® Interestingly, this adduct retains the
catalytic activity that is typical of the original compound
[Ru,(p-0,CCH3),Cl]. Indeed, this latter complex allows the
preparation of nitrones through the aerobic oxidation of the
corresponding N,N-disubstituted hydroxylamines. Remarkably,
the new artificial metalloenzyme conferred complete chemo-
selectivity to the oxidation of cyclic hydroxylamines, in con-
trast to the diruthenium catalyst.>® The possible reaction of
diruthenium(u,m) paddlewheel complexes with nucleobases
has been postulated based on their resemblance with the dir-
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hodium(m,u) scaffolds,®" although, to our knowledge, no direct
evidence of this reaction between [Ru,(p-O,CCHj;),Cl] and
nucleobases has been reported.

2.2 Diruthenium(u,m) complexed with NSAIDs

Non-steroidal anti-inflammatory drugs (NSAIDs) are anti-
inflammatory, anti-fever, and pain-killing drugs and their main
target is cyclooxygenase, the enzyme producing inflammation-
inducing prostaglandin.®* Nevertheless, the side effects may be
serious, even lethal.*® Recent studies discovered the anti-cancer
activity of aspirin and other NSAIDs; in particular, the use of
these agents diminished greatly the likelihood of gastrointestinal,
prostate, breast, skin, and lung tumors.>*** However, the anti-
cancer efficacy of NSAIDs lasts only as long as the drugs are
taken, and once they are stopped, the tumours recrudesce. The
most probable source of their anti-cancer activity is their targeting
of the cyclooxygenase (COX) enzyme, especially isoform COX-2
that is overexpressed in many types of cancers.>

Numerous studies have profited from the availability of the
carboxylic acid moiety COOH in NSAIDs in order to utilize this
functional group as the bridging ligand in diruthenium pad-
dlewheel complexes.”” These investigations have obtained
metal complexes with  promising  pharmacological
properties.”*® Indeed, as demonstrated in a review,*® NSAIDs
coordinated to metal ions have clear medicinal effects superior
to those of uncomplexed NSAID molecules; moreover, their
properties differ greatly from those of their parent drugs. It
was shown that the stability of the diruthenium-NSAID
complex in the biological milieu is the reason for this
advantage.

It is noteworthy that the recently synthesized p-oxo-diruthe-
nium(i,ur)-ibuprofen-(4-aminopyridine) chloride derivative of
the Ru, paddlewheel complex (Fig. 2) has shown antiprolifera-
tive effects (at 5-50 umol L") and cytotoxicity (>20 pmol L)
against cells of U87MG human glioblastoma, indicating that
this novel scaffold as a promising choice for innovative treat-
ment of gliomas.>*

In the following sections, the anticancer activity of diruthe-
nium-NSAID complexes bearing different axial ligands (2.2.1
and 2.2.2) or formulated in specialized drug delivery systems
(2.2.3) has been examined.

2.2.1 Axial aquo ligands. There are many studies dedicated
to the interaction of diruthenium complexes bearing axial
aquo ligands with NSAIDs playing the role of bridging ligands.
For example, in a study published in 2008,*° aspirinate,
ibuprofenate, indomethacinate, and naproxenate were used as
bridging ligands (Fig. 3). The obtained paddlewheel complexes
did not exhibit any major impact on the T24/83 human
bladder or Hep2 human larynx tumours; in contrast, the com-
plexes with ibuprofenate and naproxenate inhibited the pro-
liferation of C6 rat glioma with a greater potency than the
parent organic NSAIDs, whereas the aspirinato and indo-
methacinato analogues produced only weak effects.*® Another
study focused on investigation of the anticancer effects of Ru,-
NSAID complexes against the human colon carcinoma cells
HT-29 and Caco-2 with high and low levels of COX-2, respect-

This journal is © the Partner Organisations 2023
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ively.' The complexes with ketoprofenate, ibuprofenate, and
naproxenate exhibited only moderate anti-proliferative effects.
Nevertheless, the aspects other than cell mitosis inhibition are
crucial in preventing colon cancer development, for example,
metastasis and invasion. Given this, it was discovered that the
diruthenium-NSAID derivatives affect to some extent the pro-
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duction/activity of MMP-2 and MMP-9 of HT-29 cells. This
indicates that COX-2 inhibition by NSAID-based diruthenium
complexes is implicated only partially in their biomedical
activity.**

2.2.2 Axial chloro ligand. The first demonstration of the
possible therapeutic use of ibuprofenato-containing diruthe-
nium complexes was reported by de Oliveira Silva et al. who
have also shown how the presence of the chloro axial ligand
determined the potentiation of antiproliferative activity.*?

Therefore, it was also found that the inhibition of
C6 glioma cell proliferation by [Ru,(Ibp),Cl] is remarkably
more potent than by free ibuprofen.”* An in-depth study has
been directed at the effects of [Ru,(Ibp),Cl] upon C6 cell reac-
tive species generation, mitochondrial membrane potential,
cycle distribution, and mRNA as well as protein expression of
E2F1, cyclin D1, c-myc, pRb, p21, p27, p53, Ku70, Ku80, Bax,
Bcl2, COX1 and COX2.

The titled protein targets have been selected based on their
pivotal role in cellular pathways potentially implicated in anti-
cancer response. For example, the transcription factor
E2F1 may bind to the retinoblastoma protein (pRb) to form a
complex that blocks cell cycle progression; similarly, p53-p21-
pRb signalling also induces a tumour suppressor response.**

The overexpression of cyclin D1 and c-myc has been
detected in tumours, thus suggesting their oncogenic role and
their targeting as a valuable anticancer strategy.*>*°

Ku70 and Ku80 are DNA-binding proteins involved in the
mechanisms of DNA repair, and, in particular, in repairing
double-strand breaks that are markers of cellular aging.?” The
Bax/Bcl2 heterodimers are onco-suppressors that activate the
mitochondrial apoptotic pathway through their interaction
with the mitochondrial voltage-dependent anion channel and
the concomitant release of cytochrome c.*®

Both isoforms COX1 and COX2 of the cyclooxygenase
enzyme are implicated in the biosynthesis of prostaglandins,
e.g. the most important mediators of inflammation. A body of
evidence is available to show the upregulation of these
enzymes in several cancer tissues, wherein a “prostaglandin
storm” is typically induced.*’

The increase of the cyclin-dependent kinase inhibitors p21
and p27 indicated the crucial alterations in mRNA and protein
expression, which were also accompanied by the major decline in
mitochondrial membrane potential and in anti-apoptotic Bcl2
expression, as well as a modest increase in apoptosis and in pro-
apoptotic Bax expression. The drop in prostaglandin E2 pro-
duction coupled with the augmented COX1 expression were
attributed to the effects of ibuprofen. It could be inferred that the
inhibition of C6 rat glioma proliferation by [Ru,Cl(Ibp),] depends
on changes in the mitochondrial membrane potential, expression
of proteins p21, p27, and the Bax/Bcl2 ratio.*® In another study, it
was shown that [Ru,(Ibp),Cl] achieved a 41% inhibition of
tumour area without significant toxic effects in a rat model,
coupled with a decline in blood lymphocytes and an increase in
blood monocytes and neutrophils. Moreover, the direct injection
of the metallodrug resulted in 45% improved tumour inhibition
without side effects.>
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The role of axial ligands in the diruthenium(u,m)-ibuprofe-
nato complexes was meticulously studied in another recent
study, in which these metal scaffolds were used for inhibition
of the US7MG and A172 human glioma cell proliferation.*>
The axial ligands were added to the [Ru,(Ibp),]" scaffold, pro-
ducing Ru,(Ibp),(CF3S0;) and [Ru,(Ibp),(EtOH),]", and their
cytotoxic activity was compared with that of conventional
Ru,(Ibp),Cl. It was concluded that the chloride ligand plays a
crucial role, since its presence confers the highest antiproli-
ferative activity, ie., effects on U87MG and A172 human
glioma cell proliferation, apoptosis, mitosis, and cell migration
in vitro. Nevertheless, all three studied complexes exhibited
good cell permeation, caused apoptosis of a substantial
number of cells, and decreased the fraction of mitotic cells.
Moreover, evidence was obtained for the inhibition of cell
migration by the diruthenium-ibuprofenato complexes in
both human glioma cell lines, leading to the conclusion that
these drugs have potent inhibition activity against cell mitosis
and cell migration, thus providing a therapeutic response on
two crucial chemotherapeutic objectives in high grade
gliomas.”?

Another study compared the anti-inflammatory activity of
the diruthenium(u,m)-ibuprofen complex with the activity of
the copper(u)-ibuprofenato complex.>" Both complexes, tested
in vivo for their anti-inflammatory activity, were orally adminis-
tered and resulted in the inhibition of advancement of the car-
rageenan-induced edema in rats, even though their efficiency
was comparable to that of free ibuprofen. Nevertheless, the
side effects, especially associated with the gastric damage,
were less acute than in the case of ibuprofen. It was found out
that the diruthenium-ibuprofenato scaffold produced a defen-
sive influence in the case of light ulceration, whereas in the
case of more severe ulceration, the efficacy of the copper-ibu-
profenato complex was higher.**

2.2.3 Encapsulation. A viable pathway for the improved tar-
geting of cancer targets by diruthenium paddlewheel metallo-
drugs is the use of encapsulation. For instance, the use of the
diruthenium(u,r) NSAID (ibuprofenate and naproxenate) com-
plexes encapsulated into biocompatible terpolymer-lipid
nanoparticles (TPLNs) permitted the enhanced targeting of
glioblastoma cancer.’> The authors succeeded in preparing
colloidally stable and nearly spherical TPLNs with 10%
loading of [Ru,(NSAID),] dimetal scaffolds with a size of
~130 nm, in which the structure of the [Ru,(NSAID),]" frame-
works was preserved, as confirmed by spectroscopy and mass
spectrometry. The comparison of the [Ru,(NSAID),]-loaded
and NSAID-loaded TPLNs provided crucial results on the
importance of the dimetal core for the biological action of
these scaffolds. Indeed, the nanoparticles with encapsulated
diruthenium ibuprofenate and naproxenate metallodrug dis-
played augmented antiproliferative effects in U87MG cells,
whereas the ibuprofenato diruthenium scaffold was found to
exhibit excellent potency against cisplatin chemoresistant
T98G cancer cells as well. In contrast, the NSAID-TPLNs lacked
efficacy against both types of tested cancer cells; this is clear
evidence of the major role played by the diruthenium core in
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the anticancer activity of these metal complexes. However, it
was observed that the cellular uptake of the blank-TPLNs and
metallodrug-loaded-TPLNs into U87MG cell cytoplasm is 6
and 24 h, respectively, probably related to their respective
molecular weights. Nevertheless, the cellular uptake of the
encapsulated metal complex was found to be faster than that
of a non-encapsulated complex. The design and synthesis of
stable nanoparticles loaded with a metallodrug are appropriate
for intravenous administration; moreover, the enhanced cellu-
lar uptake is another advantage displayed by the TPLNs loaded
with diruthenium(u,u)-NSAID metallodrugs which improves
the therapeutic efficacy against glioblastoma.>

In a recent study, the augmented efficacy of diruthenium(,m)
complexes with ibuprofenato or naproxenato bridging ligands
encapsulated in intravenously injectable solid polymer-lipid
nanoparticles (SPLNs) against prostate and breast cancer cells
was studied.> The Ru,(NSAID)-SPLNs were developed with a
round shape and an average size of 120 nm. The nanoparticles
were loaded 17-18% with metal complexes and demonstrated
excellent colloidal stability in serum at the physiological temp-
erature. The reported results describe the new Ru,(NSAID)-
SPLN nanoformulations as exceptionally promising for
medical use. Primarily, these complexes displayed adequate
biodistribution and high accretion in tumors after being intra-
venously administered in an orthotopic breast tumor model.
Moreover, the Ru,(NSAID)-SPLNs revealed appreciable cyto-
toxicity (ICso = 60-100 pmol L™'), comparable with that of the
unencapsulated Ru,(NSAID) complexes, as revealed by in vitro
investigations in prostate DU145 and breast EMT6 and
MDA-MB-231 cancer cells. Clearly, the nanoparticle stability
and their appropriateness for intravenous administration
coupled with the augmented anticancer properties are the
reasons behind the active progress in this direction.>?

2.3 Diruthenium(u,m) complexed with other bridging ligands

Various research groups have synthesized diruthenium paddle-
wheel complexes using diverse bridging ligands. For example,
a propionate bridge was used in one of the earlier studies in
this field, showing substantial activity against P388 leukemia
cells.”

In the following subsections, we examine the structure and
anticancer activity of paddlewheel complexes of the diruthe-
nium(i,m) scaffold bearing p-bridged carboxylate ligands that
present either steric or charge/electronic peculiarities.

2.3.1 p-Bridging peptides. Recently, new derivatives of
Ru,(1,m) have been developed in which indolylglyoxylyl dipep-
tides (Fig. 3) play the role of bridging ligands; these complexes
were specifically synthesized as dual active agents modulating
concomitantly the translocator protein (TSPO) and p53.>*>° It
was shown previously that indolylglyoxylyl dipeptides possess
biological activity in vitro against a glioblastoma multiform
cell line (GBM) in which they cause a robust inhibition of cell
viability in the low pM range, due to the simultaneous modu-
lation of TSPO and p53. In these studies, the authors tested
two different indolylglyoxylyl dipeptide isomers (EB106 and
EB776) coordinated at the diruthenium scaffold. Surprisingly,
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experimental data showed no antiproliferative activity in the
case of EB106 but robust activity in the case of EB776. This
was explained by computational modelling studies demon-
strating that the different reactivity profiles originated from
the diverse steric influence of the bulky side chain dipeptide
bound to the indolylglyoxylyl core. Indeed, the major key to
the difference was found to be in the position of the phenyl
substituent which is in the o position with respect to the car-
boxylate in EB106, exerting substantial steric shielding on Ru,,
thus, hampering nucleophilic attacks of biomolecules on this
bimetal structure. On the other hand, the metal centers in the
ligand EB776 are more sterically accessible and, thus, prone to
the attack of either a protein side chain or a substrate (water).
Moreover, the availability of hydrophilic regions in the proxi-
mity of the carboxylate moieties in the case of EB776, in con-
trast to EB106, also explained well its higher reactivity.>*>"

2.3.2 p-Bridging fatty acids. Another prospective prodrug
formulation which has shown anti-proliferative properties on
tumour morphology is a novel diruthenium-GLA (gamma-lino-
lenic acid) complex (Ru,GLA), which used GLA (Fig. 3), known
for its antitumor effects as the bridging ligand in the
paddlewheel.*®%°” This scaffold exhibited inhibition of C6 rat
glioma cell proliferation at 100 pM in vitro, whereas a higher
concentration of 2 mM was found to be effective in vivo.
Moreover, this complex caused alterations in tumour mor-
phology, related to both effective intracellular absorption and
collagen fiber-binding in the extracellular matrix. The
unchanged cell viability demonstrated that the mode of action
of Ru,GLA does not likely encompass cytotoxic pathways, but
rather indicated that this antitumor metallodrug is well toler-
ated and induces minimal side effects.*®>%>”

2.3.3 p-Bridging carboxylates bearing charged substitu-
ents. A series of diruthenium tetracarboxylates which used a
myriad of various carboxylate-containing moieties as the brid-
ging ligands, [p-SO;CeH,COOJ*~, [m-SO3C¢H,4SO;CO0J*", Fe-
CH=CH-COO™, Fc-COO~ (Fig. 3), was examined for cyto-
toxicity against HeLa and multidrug resistant CoLo 320DM
human cancer cell lines.?” All the tested complexes demon-
strated weak antineoplastic action versus P388 leukemia cell
lines. Nevertheless, the antineoplastic activity of the highly
water-soluble m-C¢H,SO5;-COO™ derivative was found to be the
most robust, whereas other complexes lacked cytotoxicity due
to the limited solubility in water. Another observed effect was
that these metal complexes caused cell death of CoLo 320DM
cancer cells 5 times more efficiently than of HeLa cells.

2.4 pH- and time-dependent release

In the field of biomedical applications of prodrugs, the con-
trolled detachment of the therapeutically active molecules is
crucial; thus, the efficiency of the prodrugs is dependent on
the occurrence of the conditions for the release.”® Usually,
metallodrugs are developed in such a way that the conditions
of the biological circumambience, including pH, determine
that the release of the biologically active moiety takes place
right in the target tissue. For instance, the augmented pro-
duction of lactic acid and low rates of its diffusion are the
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Fig. 4 The pH-dependent release of the auxin ligand (u-R'COO, R’ is
either indole-3-acetate (IAA), 2,4-dichlorophenoxyacetate (2,4-D), or
1-naphthaleneacetate (NAA) from the Ru(n)Ru(i) complexes of N,N’'-
diphenylformamidinates (RCNN).

reasons behind the extracellular acidosis displayed by solid
tumours, i.e., pH values in the range 6.5-7.1 or even lower,
whereas healthy tissues demonstrate a pH of ~7.4.°°7° The
lower pH of tumour tissue can be the circumambience con-
dition to be exploited in the activation of anticancer prodrugs.
In order to study the dependence of the release of bridging
ligands in diruthenium(u,m) scaffolds, three metal complexes
were synthesized, each comprising three bridging N,N'-diphenyl-
formamidinates (DPhF) and one auxin-related hormone, either
indole-3-acetate (IAA), 2,4-dichlorophenoxyacetate (2,4-D), or
1-naphthaleneacetate (NAA) (Fig. 4).°* The produced com-
plexes [Ru,Cl(u-DPhF);(p-IAA)], [Ru,Cl(p-DPhF);(p-2,4-D)], and
[Ru,Cl(p-DPhF);(p-NAA)] were tested for their capability to
detach the bound hormone at various pH values, via a very
sensitive assay prepared on the basis of Arabidopsis thaliana
plants; results demonstrated that the auxin ligands were
released more rapidly at acidic and neutral pH than in slightly
alkaline media. Indeed, as the auxins were found to be mostly
in their anionic forms in solutions, their release from the dir-
uthenium(u,m) scaffold necessitates a protonation step, thus
being favored in acidic pH.®

3. Computational points of view

Density functional theory (DFT) provides for an accurate and
robust computational paradigm, widely used in bioinorganic
and organometallic chemistry,®**® including in the compu-
tational design of metallodrugs as well as analysis of their
modus operandi.®”®® Furthermore, DFT is known to yield accu-
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rate geometries and reaction profiles for transition-metal-con-
taining  scaffolds®®’® and the Ru-based anticancer
compounds.”"”?

The investigation of diruthenium paddlewheel complexes
by means of quantum chemistry approaches is expectedly
quite interesting. Indeed, their stability is determined by both
p-bridges and axial ligands that cooperate to influence the
electronic/electrostatic nature of the bimetallic moiety and
modulate the strength of the metal-carboxylate bonds. As a
matter of fact, the X-ray structure representing the HEWL
protein metalated by diRh scaffolds suggested that paddle-
wheel dimetallic complexes may tend to break into two mono-
metallic fragments upon binding to protein residues."”

The impact of binding nucleophilic protein side chains at
the axial positions of the complexes Rh,(pu-O,CCHj3),(H,O)
and Ru,(p-O,CCH3),Cl has been analysed using DFT
calculations.®*°

These computations revealed a weakening of the metal-
metal bonds in both Rh- and Ru-based complexes upon the
axial binding to Sec™ and His. Interestingly, it was demon-
strated that the coordination at the soft protein residue side
chains caused a marginal weakening of the p-coordination of
acetates, which was the major effect was detected in [Ru,(p-
0,CCH3;),CIX] complexes. This means that diruthenium com-
plexes are probably more prone to cleave into two monometal-
lic fragments, thus facilitating the decomplexation of the brid-
ging carboxylates.

The investigation of the thermodynamic rationale behind
the axial ligand exchange reactions (Fig. 5) evidenced that the
main targets of both diRh and diRu scaffolds in physiological
conditions are Asp™, C-term™, His, and Sec™.

On the other hand, the DFT study of the kinetics of the
reaction of both paddlewheel complexes with protein nucleo-
philic sites®® allowed determination of the most reactive
protein side chains towards the paddlewheel scaffolds (Fig. 5).
It was found that the acidic environment favours the reactions
involving the exchange of axial water (reactions (a) and (b))
and brings them under thermodynamic control, selectively tar-
geting Arg, Cys™, and Sec™. On the other hand, the presence of
an axial hydroxide, following water coordination, makes chlor-
ide substitution possible (reaction (d)), but only at high pH
that favors the hydroxo over the aquo form.>°

y’ J
e
HaC | 0 />——CH3 + X —— ch—<
o—
IS

L CH3
(8) M' = Rh(ll), M" = Rh(ll}, L' = H,0, L" = H,0
(b) M= Ru(Il), M" = Ru(lll), L' =CI~, L" = H,0O
(©) M = Ru(ll), M" = Ru(lll), L' = Hy0, L" = CF
(d) M = Rull), M" = Ru(lll, L' = OH, L" = CI-

Fig. 5 The substitution reactions (a)—(d) between the studied com-
plexes [Rhy(u-O,CCH3)4(H,0),] (reaction (a)), [Rux(u-O,CCH3)4(H,O)CL]
(b and c), [Ru,(u-O,CCH3)4(OH)CI]™ (d), and protein side chains (X).
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Moreover, the calculated geometries of the transition states
for the axial ligand substitution yielded the structural basis to
elucidate how the hindrance of the paddlewheel complexes
may also contribute to the chemoselectivity toward the ana-
lyzed protein residue side chains.>® From a structural point of
view, the earliness or lateness of a transition state has a major
effect on the degree of steric hindrance that can be possibly
exerted by a bridging ligand. For instance, the early transition
states feature the approaching ligand, ie., a protein residue,
farther from the bimetallic core, so the p-ligands are located
farther from the attacking nucleophile, and thus their effect is
minimal (reactions (a) and (b)). Contrarily, the protein residue
is located closer to the metal centers in an intermediate or late
transition state, thus, it is more likely to sterically clash with
the bulky bridging ligands (reactions (c) and (d)).

The highest structural control of the chemoselectivity of
these paddlewheel complexes can be possibly combined
when the operative conditions favor reaction (d) and yielding
(1) higher selectivity of the complex [Ru,(u-O,CR),(OH)CI]™
toward the Lys, Cys, and Sec” residues, and (2) an
inherent propensity to form early TS structures in the reaction
with protein residues, and due to the steric hindrance exerted
by the bulky bridging ligands. Such an amalgamation of
effects may eventuate in increased selectivity of these bi-
metallic agents toward typical anticancer targets, for example,
thioredoxin reductase of cancer cells, although only at high
pPH.

Further computational exploration of the effects of the
richly decorated bridging acetate-based ligands is required as
the steric and electronic effects of these bridging moieties may
substantially alter the pharmacodynamics of these bimetallic
scaffolds.

4. A biological insight

The described structural and reactive features of diruthenium
paddlewheel complexes evidenced how these chemical struc-
tures are characterised by a multifaceted response to stimuli
exerted in the biological milieu. The cationic nature of diruthe-
nium(i,m) tetracarboxylate complexes ensures high solubility
in body fluids and, therefore, an efficient perfusion of vascu-
larized tissues, such as neoplastic formations.

Santos et al.”® have also shown that diruthenium NSAID
complexes can form adducts with human serum proteins,
mostly via non-covalent interactions, thus corroborating the
good distribution of these complexes via blood circulation.

Therefore, we hypothesize that the organic pendants of the
carboxylate ligands may enable good permeation of the bio-
logical membranes, which favours these complexes entering
the target cells. An evaluation of either membrane permeation
or, more generally, log P values of diruthenium tetracarboxy-
late paddlewheel complexes could provide for a preliminary
insight of the tissue-targeting features of these species,
although, to the best of our knowledge, these data have not
been reported yet.
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Different responsiveness to the various biological compart-
ments may also be expected for these diruthenium complexes.
Indeed, the composition of the biological medium in a specific
compartment may affect the ligand coordination at the axial
positions, modulating the overall stability of the paddlewheel
complex. For example, chloride ions are characterized by a
15-fold higher concentration in the extracellular compartment
than in the intracellular compartment, so that the axial chloro
species of diruthenium paddlewheel complexes are expectedly
more stable in the cytosol.

The possible articulation of the Ru(u)/Ru(m) states in the
structure of bimetallic paddlewheel complexes is based on
their redox responsiveness. Highly oxidative biological com-
partments can be found in peroxisomes or in conditions of
upregulated production of radical species, especially in the
mitochondrial compartments. In this case, the bimetallic
scaffold is oxidized to the less stable Ru(u)Ru(ui) species, and
the release of carboxylate ligands is expected to be accelerated.
Thus, we envision that the targeting of highly oxidative com-
partments may lead to a biological response that is mainly
attributable to the carboxylate ligand activity.

On the other hand, highly reductive environments can be
commonly encountered in the cancer tissues overproducing
glutathione. For example, cisplatin-resistant cancer cells often
develop overexpression of detoxifying mechanisms such as the
overproduction of reduced GSH.”* In this context, the diruthe-
nium Ru(u)Ru(m) tetracarboxylate complexes may be reduced
to the corresponding Ru(u)Ru(u) forms, characterized by a low
rate of decomplexation and increased hydrophobicity, thus
prompting their reaction with protein targets.

Several cancerous tissues have shown responsiveness to dir-
uthenium(u,m) tetracarboxylate scaffolds. Both the complexes
with either acetate or carboxylate bearing charged groups have
been found active on cell lines modelling either liquid or solid
tumours (Table 1), probably based on the high water solubility
of these complexes. On the other hand, the diruthenium pad-
dlewheel complexes bearing NSAID p-bridging ligands have
been found majorly active against tumour cell lines of the
nervous system, in particular, gliomas and glioblastomas. We
envision that lipophilicity of the p-bridged carboxylate ligands
may represent the most important structural modulator of the
biological activity. Indeed, even within the subclass of NSAID-
based diruthenium complexes, the most lipophilic
[Ru,(0,1b),]" scaffold has been found to be overall the most
active.”®

Although the activity of these complexes have been so far
studied mostly in vitro, we hypothesize that bearing p-bridged
ligands with an optimal balance between water solubility and
lipophilicity may improve the perfusion in the target tissues,
and, eventually, enhance the therapeutic response.

5. Conclusions

In this review, we described the potential application of dir-
uthenium(u,m) paddlewheel complexes as valuable dual metal-
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lodrugs. The coordination of the dimetallic ruthenium center
on protein targets can be exploited to release carboxylate active
ligands, thus adding further advantageous pharmacological
responses. Experimental and theoretical studies have evi-
denced that diruthenium(u,m) paddlewheel complexes can be
structurally and functionally modulated to enhance the
pharmacological profile. The choice of labile axial ligands can
influence the target selectivity of these diruthenium com-
plexes, thus favoring the binding of specific protein sites. On
the other hand, the steric hindrance exerted by the equatorial
carboxylic ligands softens the reactivity of these paddlewheel
complexes with biological targets, especially providing for the
kinetic stabilization of the bimetallic scaffold. Therefore, com-
putational studies have evidenced that these two structural
aspects, ie. the lability of axial ligands and hindrance of the
“paddle” ligands, do cooperate to draw the reactive and target
profiles of these complexes in the biological milieu.

Hence, we envision that diruthenium paddlewheel com-
plexes will receive increasing interest in the field of bio-
inorganic chemistry, by representing valuable examples of
metallodrugs in which the coordination-activity relationships
play a prominent role.
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