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Abstract

Four bipyridine-type ligands variably derivatized with two bioactive groups (taken from ethacrynic acid,
flurbiprofen, biotin and benzylpenicillin) were prepared via sequential esterification steps from
commercial 2,2'-bipyridine-4,4'-dicarboxylic acid and subsequently coordinated to ruthenium(Il) p-
cymene and iridium(IIT) pentamethylcyclopentadienyl scaffolds. The resulting complexes were isolated
as nitrate salts in high yields and fully characterized by analytical and spectroscopic methods. NMR and
MS studies in aqueous solution and in cell culture medium highlighted a substantial stability of ligand
coordination and a slow release of the bioactive fragments in the latter case. The complexes were assessed
for their antiproliferative activity on four cancer cell lines, showing cytotoxicity to the low micromolar
level (equipotent to cisplatin). Additional biological experiments revealed a multimodal mechanism of
action of the investigated compounds, involving DNA metalation as well as enzyme inhibition by the
organic fragments released following cellular uptake. Synergic effects provided by specific combinations
of metal and bioactive fragments were identified, pointing towards an optimal ethacrynic

acid/flurbiprofen combination for both Ru(Il) and Ir(IIT) complexes.

Keywords: bioorganometallic chemistry, ruthenium(Il) arene, iridium(III) cyclopentadienyl, bioactive

ligand, cytotoxicity, anticancer metal compounds; enzyme inhibition.



Introduction

Conjugation of biologically-active metal scaffolds and organic molecules is a well-documented strategy
to enhance the therapeutic effects of the resulting compound, and is widely applied to cytotoxic metal
complexes investigated as potential anticancer agents.! In general, ‘bioactive molecules’ are both those
possessing a pharmacological function on their own (providing a multi-action compound) and those
behaving as ‘vectors’ for increasing the localization of a drug (providing a targeted compound). This
approach to combine bioactive molecules with metal complexes met with success in several cases where
considerable synergic effects have been observed for the bioconjugates with respect to non-
functionalized metal complexes and/or co-administration of the two individual components.> The
mechanism of action of such derivatives is likely multimodal and often largely unknown, with respect to
the interplay of the metal center and the bioactive ligands.

In this regard, the incorporation of multiple bioactive molecules on a monometallic structure is expected
to further improve anticancer activity, particularly if the former are endowed with different
(complementary) modes of action and cellular targets.> In the last few years, several platinum(IV)
compounds of this kind have been prepared, featuring various combinations of fragments targeting
specific enzymes, receptors, cellular compartments as well as organic antineoplastic agents.* From a
synthetic standpoint, these complexes are obtained by sequential derivatization of trans (axial) Pt—OH
groups with ester or carbamate linkages from common Pt(IV) precursors (Scheme 1a). The anticancer
activity of such multi-targeted/multi-action derivatives has been extensively investigated; some of these
were able to outperform reference platinum drugs in terms of cancer cell cytotoxicity, also in 3D cell
cultures, and activity against primary tumors in vivo.*>-¢h

Inspired by the same principle, we recently reported a series of platinum(Il) complexes containing

(hetero)bis-functionalized bipyridine ligands (Scheme 1b).> Complexes carrying ethacrynic acid and/or



flurbiprofen (vide infra) displayed marked cytotoxicity with respect to cisplatin in retinoblastoma and
ovarian cancer cell lines, along with improved cancer cell selectivity.

In the light of these promising results, we decided to coordinate the bis-functionalized bipyridines to
Ru(Il) p-cymene and Ir(Ill) pentamethylcyclopentadienyl structures, which have been widely
investigated for their anticancer potential.® Note that double functionalization with two different bio-
fragments is quite rare for these metal scaffolds.” Four bioactive carboxylic acids were selected for the
present work: ethacrynic acid (E-CO2RH), flurbiprofen (F-CO:2H), biotin (B-CO2H) and benzylpenicillin
(P-CO2H) (Scheme 1c). Ethacrynic acid is an inhibitor of glutathione S-transferases (GST), enzymes
that are implicated in resistance mechanism in various cancer cell lines.?*® Ruthenium arene complexes
derivatized with ethacrynic acid typically are cytotoxic also in cisplatin-resistant cell lines’ whereas
iridium-ethacrynic acid conjugates have not been reported yet. Cyclooxygenase enzymes (COX,
especially COX-2) represent another important drug target as they are upregulated in several human
cancers.'? Thus a variety of nonsteroidal anti-inflammatory drugs — not including flurbiprofen — has been
tethered to half sandwich ruthenium and iridium complexes (mostly Ru) to investigate their anticancer
activity.!! Biotin (vitamin B12) has been frequently introduced in the structure of metal complexes aiming
to assist their cellular uptake, taking advantage of the overexpression of vitamin receptors.”®!? In this
regard, several biotinylated Ir(n>-Cp*) derivatives have been investigated within the field of artificial
metalloenzymes, but not in view of their possible anticancer activity.'?

Benzylpenicillin was considered with a view to expand the panel of bioactive fragments of interest in the
design of anticancer metal complexes. As a matter of fact, transition metal conjugates with pB-lactam
antibiotics (ampicillin, penicillin and related species) are sparse and have been mostly studied for their
antibacterial activity.'*

The cytotoxicity of herein reported hetero(bis)conjugated Ru and Ir complexes was investigated against
ovarian, breast and cervical cancer cell lines, these cancers being currently treated using combination

chemotherapy involving platinum and/or organic drugs.'’
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Scheme 1. General structure of platinum(lV) (a) and platinum(ll) (b) complexes conjugated with two different

bioactive molecules reported in the literature; bioactive carboxylic acids employed in this work (c).

Results and discussion
1. Synthesis and characterization

Derivatization of 2,2'-bipyridine-4,4'-dicarboxylic acid with ethylene glycol followed by Steglich
esterification/silica chromatography steps afforded the hetero-functionalized ligands containing
ethacrynic acid and flurbiprofen (LEF) or biotin (L£2), according to the recently reported procedure
(Scheme 2a).> A different strategy was adopted for the functionalization with benzylpenicillin, since a
clean conversion of the commercially available potassium salt into the carboxylic acid was not effective.
Thus, the bipyridine diacid was first converted into its 2-chloroethyl diester and then the latter was
allowed to react with an excess of potassium benzylpenicillin in DMF at 85 °C, to afford the desired
compound (L*?; Scheme 2b). Subsequently, treatment of [RuCla(n-p-cymene)]z or [IrCla(n’-CsMes)]a
with AgNOs in MeCN followed by reaction with the appropriate bipyridine ligand at reflux afforded
complexes [RuCl(n°-p-cymene)(k*N-L)]" and [IrCl(n’-CsMes)(k2N-L)]", respectively (LEF: [1-2]"; LE5:
[3-4]"; LPP: [5]", Scheme 2c¢). The reaction of bipyridine ligands (L£¥, L£®) with the iridium dimer in
chloroform under reflux and subsequent CI'/NOs;~ exchange was also effective (Scheme 2d).
Dimethyl[2,2'-bipyridine]-4,4'-dicarboxylate (LM¢M¢) was synthesized according to a literature method'®
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and used to obtain [6-7]" as reference compounds. All reactions were carried out under stoichiometric
conditions, and the Ru/Ir complexes were isolated as their nitrate salts in 83-95 % yield, without the
needing for purification. The air- and moisture- stable ochre yellow (Ru) and orange (Ir) solids are soluble
in polar organic solvents (e.g. DMSO, MeCN, CH>Cl,) but poorly soluble in water. To the best of our
knowledge, the series of complexes [1-5]" includes the first cases of iridium and ruthenium compounds
derivatized with flurbiprofen or benzylpenicillin'” and also the first iridium-ethacrynic acid conjugate.
The novel compounds were characterized by analytical (CNH analysis), spectroscopic (solid-state IR,
multinuclear and bidimensional NMR) and high-resolution MS spectrometry techniques (see Figures S1-
S33 in the Supporting Information). In addition, the crystal structure of [6]BF4 (obtained by [6]NO3 +
NaBF, metathesis) was confirmed by X-ray diffraction (see Figure S34/Table S1).!8

The IR spectra of [1-5]NO; (in the solid state) display strong bands in the region 1760-1730 cm’
accounting for the ester groups, along with other nearby C=O stretching absorptions. For instance, the
bis-penicillin ester LP? and the corresponding Ru(II) derivative [S]NO3 show an additional intense band
at 1780 cm! due to the B-lactam ring. The NMR spectra of [1-4]NOs contain two sets of signals, often
overlapping; this effect is especially noticeable for 'H/!*C NMR signals related to the bipyridine rings as
well as in "F NMR spectra of [1-2]NOs. Indeed, the asymmetry of bipyridine ligands L8 and LEF results
in a chiral metal center and therefore complexes [1-2]" were obtained as a (racemic) mixture of
diastereomers. On the other hand, [S]NOs3 exists as a single diastereomer, in which doubling of NMR
signals is due to diastereotopic atoms (e.g. the CH protons of the p-cymene ligand). Accordingly, [6-
7INO; display symmetric, achiral bipyridine ligands giving rise to a single set of signals. The nitrate
anion in [1-7]NO; manifests itself with a strong IR absorption around 1330 cm™ and a "N NMR

resonance occurring in the -1.5-3.5 ppm range.
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Scheme 2. Structures and synthetic routes for bipyridine ligands derivatized with ethacrynic acid (E-COzH),
flurbiprofen (F-COzH), biotin (B-CO2H), benzylpenicillin (P-CO2H) and the respective ruthenium(ll) p-cymene and
iridium(lll) pentamethylcyclopentadienyl complexes.

2. Behavior in aqueous solution and cell culture medium.

A preliminary assessment of the stability of ruthenium and iridium complexes in an aqueous medium'’
was carried out on 10 mM solutions in DMSO-d¢/D,O 5:1 v/v at 37 °C by 'H NMR. Under these
conditions, all compounds were completely inert over 72 hours (> 96% stability; Figures S35-S39).
Release of organic fragments, resulting from ligand dissociation and/or ester hydrolysis, was ruled out

by comparison with the respective 'H NMR spectra. Next, in order to check for metal-chloride solvolysis,



a stoichiometric amount of Ag(CF3SO3) was added to [6]" and [7]". Partial or complete conversion of
the starting material required heating at 50 °C for 3-5 hours (Figures S40-S41); spectral comparison
before and after reaction with Ag(CF3S03) allowed unambiguous assignment of the set of signals to the
parent chloro ([6]*, [7]*) and solvato ([65]**, [75]*") complexes (Scheme S1). Nevertheless, hydrolysis of
M-CI bonds on half-sandwich Ru(Il) and Ir(IIl) 2,2’-bipyridine complexes should be facilitated on
increasing dilution and water content of the medium.?’

In contrast, transesterification processes are triggered upon dissolution in methanol at room temperature,
as ascertained by NMR spectroscopy and MS spectrometry (see Experimental and Supporting
Information). Such reactivity was previously observed for the bipyridines LE¥ and LE® and their Pt(II)
complexes.’ In the case of [1-4]", methanolysis occurs predominantly at the bipyridine-bound carboxyl,
leading to the release of 2-hydroxyethyl esters of the bioactive acids (i.e. ethacrynic acid, flurbiprofen,
biotin). For comparison, the LM¢M¢ derivatives [6-7]" are much more inert, indicating that the steric bulk
of bioconjugated 2,2’-bipyridine ligands favors ester cleavage.

Next, the stability of ruthenium and iridium complexes under physiologically relevant conditions was
investigated. Therefore 40 uM solutions of [1-5]NO; in RPMI cell culture medium (1 % DMSO; pH =
7.4) were incubated at 37 ° C for a variable time (0 / 24 / 48 h) then analyzed by HPLC-MS. The parent
organometallic cation was recognized in solution in each case, along with fragments derived from
hydrolysis of ester bonds. In this respect, the release of benzylpenicillin and the four 2-hydroxyethyl
esters could not be quantified, due to matrix effects that have not been clarified. Conversely, the %
amount of ethacrynic acid, biotin and flurbiprofen (carboxylates) released over time is reported in Table
1. Complexes [1]" and [2]" readily produce a minor amount (6-12 %) of ethacrynic acid, which decreases
after 48 hours, possibly due to its degradation. No flurbiprofen was found in solution above the
quantitation limit (0.4 uM) at any incubation time. A consistent amount of ethacrynic acid quickly
detaches from both [3]" and [4]" (35-40 %) and more than a half of biotin was found in solution after 48

h. The aforementioned 2-hydroxyethyl esters might be biologically active themselves (e.g. in terms of
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enzyme inhibition or anticancer activity?'), or undergo a subsequent hydrolysis to release the bioactive
carboxylate.

In conclusion, the stability experiments highlighted that Ru(Il) and Ir(IIT) complexes [1-5]" possess a
robust ligand set around the metal center, but are susceptible to ester hydrolysis in cell culture medium,
leading to the progressive release of their bioactive organic cargo (in the form of carboxylates or 2-
hydroxyethyl esters), thus behaving as pro-drugs. The timing of ester cleavage may affect their biological

activity (vide infra).

Table 1. Percentage of ethacrynic acid, biotin and flurbiprofen carboxylates released from solutions of [1-4]* in
RPMI cell culture medium (ca. 40 uM, 1 % DMSO, pH = 7.4) at 37 °C for different incubation times (0 — 48 h).

% E-CO2H released [ % F-CO2H or B-CO:zH released [2ll]
Compound
0Oh 24 h 48 h Oh 24 h 48 h
[1]NOs 6 4 3 0 0 0
[2]NOs 12 14 8 0 0 0
[3INOs 34 33 28 9 29 51
[4]NO3 39 28 26 10 40 64

[a] Starting concentrations of the complexes were in the range 33-41 yuM. The analytical blank did not contain any relevant
amount of the analytes. CV% was below 10%. [b] % F-CO2zH for [1-2]*; % B-CO:zH for [3-4]".

3. Cytotoxicity, cellular uptake, DNA metalation and enzyme inhibition.

The antiproliferative activity of complexes [1-7]" was determined in four human cancer cell lines
(A2780, A2780cisR ovarian + cisplatin-resistant, MCF-7 breast and HeLa cervical) and non-tumorigenic
human embryonic kidney cells (HEK293), following 72 h incubation. ICso data are compiled in Table 2
with cisplatin, RAPTA-C, bipyridine ligands (LEF, LZ8, LPP) and the bioactive carboxylic acids as
reference compounds. Ethacrynic acid-derivatized compounds [1-4]" are potent cytotoxic agents in the
panel of cell lines, with ICso values ranging from 2.8 to 40 uM. The compounds are particularly effective

on MCF-7 cells (compared to cisplatin) and on the cisplatin-resistant A2780cisR cell line, with resistance



factors below 2.2 (vs. 7 for cisplatin). Conversely, benzylpenicillin conjugates [S]NOs and L*? are
essentially non-toxic in all cell lines.

Interestingly, some cytotoxicity trends on varying the nature of the metal center (Ru/Ir) and the organic
fragments can be delineated. First, each iridium complex ([2]*/[4]7/[6]") is slightly more cytotoxic than
the respective ruthenium analogue ([1]*/[3]7/[7]"). Second, flurbiprofen/ethacrynic acid conjugates ([1-
2]") are more cytotoxic than their biotin/ethacrynic acid counterparts ([3-4]"), while the opposite behavior
is observed for the bipyridine ligands (LEF being substantially non-cytotoxic while LF8 showing ICsos
comparable to the complexes). Third, cancer cell selectivity (i.e., ICso found for non-tumorigenic
HEK293/ICs found for the cancer cell line) increases on going from [3]7/[4]" to [1]"/[2]", peaking at ca.
4 for [2]NOs3 in A2780 cells. These trends hold for all the tested cell lines, remarking that the cytotoxic
effect of [1-4]" is heavily influenced by the selection of metal center and bioactive fragments, and
evidencing iridium/ethacrynic acid/flurbiprofen as the best combination. Notably, ruthenium and iridium
bipyridine with simple methyl esters on the bipyridine ligand ([6]"/[7]") are considerably less cytotoxic
than the bis-conjugated derivatives [1-4]", suggesting that synergic effects are responsible for the
biological activity of the latter. Note that incubation of a 1:1:1 mixture of flurbiprofen, ethacrynic acid
and the Ru/Ir complex lacking bioactive fragments ([6]" and [7]") resulted in a 5- to 12-fold lower
cytotoxicity with respect to the administration of a single compound ([1]" and [2]"). The overall better
performance of flurbiprofen/ethacrynic acid derivatives [1-2]", with respect to biotin/ethacrynic acid
analogues [3-4]", may be in part related to a more controlled ester hydrolysis in the cellular environment
(see above). It is noteworthy that biotinylated derivatives were not particularly effective also among bis-

functionalized platinum(IV) complexes (Scheme 1a).*®#

Table 2. ICso values (uM) on human ovarian (A2780 and A2780cisR), breast (MCF-7) and cervical (HeLa) cancer
cells, and human embryonic kidney (HEK-293) cells after 72 hours incubation. Values are given as the mean %
SD.

Compound(s) Metal / bioactive fragments A2780 A2780cisR MCF-7 HelLa HEK293
[1]NOs Ru / ethacrynic acid / flurbiprofen 5.6 + 0.6 8.0+0.7 10.6 £ 0.8 28+4 7.3+09
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[2]NOs Ir | ethacrynic acid / flurbiprofen ~ 2.8+04  64+05 80+09 171+06 103%

0.6

[3INOs3 Ru / ethacrynic acid / biotin 11+3 1112 22 +1 40+6 9+4

[4INO3 Ir / ethacrynic acid / biotin 70+0.8 85+05 9+1 24 +5 1%581

[5INOs Ru / benzylpenicillin (x2) > 200 > 200 270 + 30 190 £ 10 > 200

[6INOs Ir/ - >100 636 140 £ 30 190+ 9 > 100

[7INOs Ru /- >100 >100 310+ 40 220 + 20 > 100

LEF - [ ethacrynic acid / flurbiprofen > 200 > 200 > 200 > 200 > 200

LEB - / ethacrynic acid / biotin 121 16 £ 1 17 £2 14 +2 25+2

LPP - / benzylpenicillin (x2) > 200 > 200 > 200 > 200 > 200

ethacrynic acid P! 403 53+5 47 4 56+ 9 39+ 1

flurbiprofen > 200 > 200 190 £ 30 200 + 50 > 200

benzylpenicillin ©! > 200 > 200 > 200 > 200 > 200

[Glfgfgo‘f;f&“ Ir / ethacrynic acid / flurbiprofen 34+2 35+2 - - 37+3

mf?__fgof;_fgm Ru / ethacrynic acid / flurbiprofen 27+ 3 393 - - 362
cisplatin 21+04 15+ 1 14.8+0.9 15+3 5.3+0.7

RAPTA-C M > 200 > 200 - - > 200

[a] Data for A2780/A2780cisR and HEK293 taken from ref. 8c. [b] as K* salt. [c] Co-administration of the compounds in a 1:1:1
molar ratio. [d] [RuClz2(n®-p-cymene)(kP-1,3,5-triaza-7-phosphaadamantane)].

In order to gain insights into the mode of action of the compounds, A2780 cells were incubated with 10
uM of [1-7]" for 8 and 24 h and 5 uM of [1-7]" for 24 h, and the metal content was determined by ICP-
MS following established protocols (Table 3).2* Cellular uptake for all tested compounds increases with
incubation time and with concentration. Treatment with ethacrynic acid/flurbiprofen conjugates [1-2]"
resulted in a substantially higher metal accumulation with respect to the non-functionalized reference
complexes [6-7]". In contrast, biotin-functionalized complexes [3-4]" showed only a modest increase in
cellular internalization, and the ruthenium content determined for the bis-penicillin [5]" or the bis-methyl
[7]" esters was not significantly different. The DNA metalation level, following incubation with 10 uM
of [1-7]" for 24 h, decreases in the sequence [1]" >> [3]" = [5]" = [7]" and [2]" >> [4]" > [6]" for Ru and
Ir complexes, respectively, reflecting the amount of compound taken up by the cells in an almost linear
fashion (Figure S45). Overall, these data correlate well with A2780 cytotoxicity, which is highest for

compounds better internalized by the cells (i.e. [1]" and [2]").
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Table 3. Cellular uptake of Ru or Ir from the investigated compounds in A2780 cells treated with 5 or 10 uM of [1-
7]NOs for 8 or 24 h and DNA metalation in A2780 cells treated with 10 uM of [1-7]NOs for 24 h.

. . cellular uptake [pmol Ru(Ir)/10° cells] DNA metalation
Compound Metal / bioactive ; /
fragments 10 pM/8h  5puM/24h 10 pM/24h m°'§§£’) Mg
[MjNO;  Ru/ethacrynicacid/ — gq, 7 65+9 1309  52+9(21+7)l
flurbiprofen
[2JN0;  '"/ethacynicacid/ g4, 5 46+ 6 100+10  36+3(16+3)H
flurbiprofen
BNOs  RY/ ethacrynic acid I gsq 742 13+4 50 0.9
iotin
Ir / ethacrynic acid /
[4]NOs3 biotin 112 8+2 174 12+2
Ru / benzylpenicillin
[5]INOs3 (x2) 46+0.9 3.2+09 71 48+0.6
[6]NO3 Ir/ - 5+1 5+1 9.0+£0.7 82
[7INOs Ru /- 21+03 4+1 6.4+09 42+07

[a] In parentheses: DNA metalation with 5 uM [1]NO3 and [2]JNOs for 24 h.

To further explore whether DNA metalation plays a role in the cell-killing effect of the investigated
compounds, we measured their antiproliferative activity in a pair of Chinese hamster ovary cell lines,
CHO-K1 (wild-type) and its mutant cell line MMC-2. The latter is deficient in the DNA nucleotide
excision repair (NER), thus the DNA damage in MMC-2 cells is more harmful than in the NER-proficient
CHO-KI cells. The degree of DNA damage involvement in the mechanism of action can be estimated
from factor F, defined as the ratio of ICso values estimated for CHO-K1 and MMC-2 cells. The four Ru/Ir
bioconjugated complexes [1-4]" are slightly more efficient in the NER-deficient cell line MMC-2 than
in the wild-type CHO-K1; this effect being more pronounced for the biotin derivatives [3-4]" than the
flurbiprofen ones [1-2]" (Table 4 and Figure S46). The prominent involvement of DNA damage in cells

treated with cisplatin is apparent, the compound being 9 times more active in the NER-deficient cells.

Table 4. Antiproliferative data (ICso / uM)lel for CHO-K1 (wild-type) and MMC-2 (NER-deficient) cells treated with
[1-4]NOs and cisplatin. Values are given as mean * SD.

Compound CHO-K1 MMC-2 F [b]

12



[1]NOs 2314 12.9+0.3 1.8

[2]NOs 18.9+0.6 10.1+£0.2 1.9
[3]NOs3 29.0 +2 9.1+0.7 3.2
[4INO3 257+0.8 8.9+0.2 29
cisplatin 29+ 1 3.3+01 8.8

[a] Determined by MTT assay after 72 h treatment. [b] Defined as ICso (NER efficient)/ICso (NER deficient)

Next, we performed cell viability studies of [1-4]" and cisplatin in A2780 cells using the MTT assay with
variable treatment time (24/48/72 h; Table 5). The effect of DNA metalation resulting in DNA damage
is usually related to inhibition of DNA replication or transcription, which only becomes apparent after a
longer time of the treatment (after at least one cell cycle is completed). Cisplatin is a typical example of
this behavior, whose mechanism of action is primarily related to its ability to modify DNA and its
cytotoxicity is strongly time-dependent. Indeed, the ICso values obtained for cisplatin after 24 h were
markedly higher (9 times) than those determined after 72 h treatment. Conversely, we observed almost
no variation of the ICso values along the treatment time (except for [3]NOs at 24 h). Thus, it seems
reasonable to suggest that the cytotoxic effects of [1-4]" might contribute to the overall cell growth
inhibition more than their antiproliferative effects. In accordance with the antiproliferative activity in cell
lines proficient and deficient in NER (Table 4), these results support the view that DNA metalation might
be involved in the mechanism of action of [1-4]", although other routes are likely to play a more

significant role.

Table 5. Time-dependent cytotoxicity expressed in ICso (uM) of four active compounds in A2780 cells. The values
are given as mean * SD.

ICs0 / uM
24 h 48 h 72 h
[1INOs 6.7+0.2 6.1+0.3 56+0.3
[2]INO3 3.0+£041 29+041 28+0.1
[3INOs 202 12.7+£0.2 11.1+£04
[4]NOs 81 7608 7.0+0.8
cisplatin 34+4 49+0.9 3.6+0.7

Compound
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In this respect, we performed experiments to assess whether the ethacrynic acid/flurbiprofen derivatized
complexes [1-2]" are able to affect glutathione S-transferase (GST) and cyclooxygenase (COX) activity.
Thus, lysates of the HeLa cells treated for 18 h with [1]NO3 and [2]NOs at concentrations corresponding
to their respective ICso values (determined with MTT after 72 h; Table 2), were prepared and analyzed
with either Glutathione S-Transferase Fluorescent Activity Kit (Invitrogen™) or Cyclooxygenase
Activity Kit (Fluorimetric) (Abcam). Similarly, combinations of the non-functionalized complexes
[6]17/[7]" with the reference enzyme inhibitors (F-CO2H / E-CO:2H) or the bipyridine ligand LEF at
identical concentrations were tested. Results are shown in Figures 1 and S47, showing that GST activity
was significantly reduced in the cells treated with both ethacrynic acid carrying compounds [1]NOs and
[2]NOs3, as well as in the cells treated with the mixtures containing E-CO:2H. Nevertheless, [1]NO3 and
[2]NO3 caused a stronger inhibition, reducing the enzyme activity to 68 and 62 %, respectively. No

significant inhibition of COX activity was observed, except for [2]NOs.
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Figure 1. The effect of the tested compounds on GST (A) and COX (B) activity in HeLa cells. The cells were
incubated with [1]NOsz and [2]NOs at the concentrations corresponding to their respective ICso values (72 h; MTT)
for 18 h. For comparison, the cells were also treated with combinations of [7]NOs or [6]NOs with E-CO2H (A) and
F-CO;H (B) or with LEF at concentrations identical to [1]NOs or [2]NOs, respectively. The enzyme activities are
expressed in % of enzyme activities in non-treated control cells. The GST activity was determined with Glutathione

S-Transferase Fluorescent Activity Kit (Invitrogen™). The COX activity was determined with Cyclooxygenase
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Activity Assay Kit (Fluorimetric) (Abcam). Statistical analysis was performed using Student’s t-test. Statistically
significant differences from non-treated control are shown above individual bars; statistically, significant differences

between samples are given above the brackets (*p<0.05; **p<0.01 and ***p<0.001).

In conclusion, the mechanism of action of the investigated compounds [1-4]" is likely multimodal,
involving DNA metalation as well as enzyme inhibition. However, the cytotoxic effects associated to the
enzyme inhibition activity possibly outweigh the effects caused by DNA metalation.

Enzyme inhibition by [1]" and [2]" could be enacted by metal-based species (e.g. the organometallic
cations) or by the bioactive organic fragments that are released upon entering the cell. Judging from the
stability studies in cell culture medium and the metal uptake experiments (see above), it is apparent that
both the internalization of the compounds as well as the release of the bioactive groups from the
respective Ir or Ru complexes are time-dependent. Nevertheless, the fact that cytotoxicity does not
increase from 24 to 72 h (Table 5) points out that these compounds mostly exert their biological activity

within the first 24 h of the treatment.

Conclusions

Ruthenium(I) arene and iridium(IIl) cyclopentadienyl complexes are amongst the most investigated
transition metal compounds in the landscape of the development of new anticancer drugs able to
overcome the limitations associated with the use of platinum chemotherapeutics. In addition, the
conjugation with suitable bioactive fragments is an intriguing and well-established strategy aimed to
improve the anticancer activity of a metal complex. Remarkably, the bis-functionalization of metal
complexes with two different bioactive molecules appears to be an even more promising approach which
has been successfully investigated on platinum(IV) complexes, but its applicability to other metal
structures remains undeveloped, possibly due to the lack of adequate synthetic routes. Here, we have

employed a commercial bipyridine as a convenient starting material to obtain new half sandwich Ru(II)
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and Ir(IIT) complexes doubly functionalized with different bioactive carboxylic acids, including hetero-
functionalized derivatives. The complexes manifest a stable coordination environment and a variable
tendency to release the bioactive molecules in aqueous media. Biological experiments on ovarian, breast
and cervical cancer cell lines revealed an improved cytotoxicity profile for both Ru(Il) and Ir(III)
complexes, with ethacrynic acid / flurbiprofen as the most effective combination. The activity of the
compounds is associated to an increased cellular uptake, DNA metalation, and COX/GST enzyme
inhibition. The latter is possibly related to the bioactive carboxylic acids (or their derivatives) that are
released by hydrolysis. Synergic effects on cytotoxicity and enzyme inhibition were clearly observed by
control combination experiments. The efficacy of the proposed method strongly encourages further
studies aimed to identify other combinations of bioactive molecules and may be easily extended to other

metal scaffolds investigated for pharmacological activity.

Experimental

1. General experimental details

RuCl3-xH20 (41.9 % Ru; Chimet S.p.A), IrCl3-xH2O (59.9 % Ir; Merck) and other chemicals (> 99%
purity) were purchased from Alfa Aesar, Merck, Apollo Scientific or TCI Chemicals. Ethacrynic acid
(E-COz2H),% flurbiprofen (F-CO:2H),? biotin (B-CO:H),? potassium benzylpenicillin (K[P-COz2]),*
2,2'-bipyridine-4,4'-dicarboxylic acid and ethyl(diisopropylamino)carboxydiimide hydrochloride
(EDCI-HCI; at — 20 °C) were stored under N as received. Ethylene glycol was dried under high vacuum
over P2Os and stored under N2. Column chromatography was carried out with silica gel (70-230 mesh).
[RuCl(n®-p-cymene)]2,2* [IrCla(n’-CsMes) 12,2 and bipyridine ligands® LEF and LEB were synthesized
according to literature methods. All operations were carried out in air with common laboratory glassware,
except the syntheses of bioconjugated bipyridine ligands, [2]Cl and [4]CI that were carried out under N>
using standard Schlenk techniques and solvents distilled from appropriate drying agents (DMF from

BaO, THF from CaH,, CH2Cl, and CHCI3 from P>Os). Once isolated, organic bipyridine esters were
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stored at 4 °C; all Ru and Ir compounds were air- and moisture-stable in the solid state at room
temperature. NMR spectra were recorded at 25 °C on a Bruker Avance II DRX400 instrument equipped
with a BBFO broadband probe. Chemical shifts (in ppm) are referenced to the residual solvent peaks®
('H, 13C) or to external standards®’ (14N to CH3NO, !°F to CFCls, **Cl to 1 M NaCl in D,0). 'H and *C
spectra were assigned with the aid of 3C DEPT 135, 'H-'H COSY, 'H-!3C gs-HSQC and 'H-'3C gs-
HMBC experiments.? CDCl; for NMR analysis was stored in the dark over NaCOs. IR spectra (650-
4000 cm™!) were recorded on a Perkin Elmer Spectrum One FT-IR spectrometer, equipped with a UATR
sampling accessory and processed with Spectragryph software.?” CHNS analyses were performed on a
Vario MICRO cube instrument (Elementar). ESI-Q/ToF flow injection analyses (FIA) were conducted
on a 1200 Infinity HPLC coupled to a Jet Stream ESI interface with a Quadrupole-Time of Flight tandem
mass spectrometer 6530 Infinity Q-TOF (Agilent Technologies, USA). HPLC-MS grade acetonitrile was
used as mobile phase (Carlo Erba, Italy). The flow rate was 0.2 mL/min (total run time 3 min), the
injection volume 3 pL. ESI operating conditions: drying gas (N2, purity > 98%), 350 °C and 10 L/min;
capillary voltage 4.5 KV; nozzle voltage: 1 KV; nebuliser gas 35 psig; sheath gas (N2, purity > 98%):
375 °C and 11 L/min. The fragmentor was kept at 50 V, the skimmer at 65 V and the OCT 1 RF at 750
V. High resolution MS and MS/MS spectra were achieved in positive mode in the range 100-1700 m/z;
the mass axis was routinely calibrated using the tuning mix HP0321 (Agilent Technologies) prepared in
acetonitrile and water. Prior to injection, each sample was properly diluted to c.a. 20 pg/g. Analytical,

spectroscopic and spectrometric characterization of compounds is given in the Supporting Information.

2. Synthesis of compounds

Bis(2-chloroethyl)[2,2'-bipyridine|-4,4'-dicarboxylate (Chart 1).

In a 50-mL Schlenk tube under N», 2,2"-bipyridine-4,4'-dicarboxylic acid (529 mg, 2.17 mmol), DMAP
(65 mg, 0.57 mmol), EDCI-HCI (992 mg, 5.17 mmol), THF (12 mL) and 2-chloroethanol (0.30 mL, 4.47

mmol) were introduced in this order. The milky colourless suspension was stirred at room temperature
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overnight, affording a colourless solution and a pink solid. Volatiles were removed under vacuum; the
residue was suspended in CH>Cl, and moved on top of a silica column (h 4, d 3.5 cm). Impurities were
eluted with CH>Cl, (40 mL) and the title compound was eluted with a CH>Cly>/hexane/acetone 10:5:2
v/v/v mixture (85 mL). Following removal of the volatiles under vacuum (40 °C), the resulting colourless

solid was dried under vacuum (RT over P20s) then stored under Nz. Yield: 465 mg, 58 %.

Chart 1. Structure of bis(2-chloroethyl)[2,2'-bipyridine]-4,4'-dicarboxylate.
= |N (o)
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Bis(2-benzylpenicillinyloxyethyl)[2,2'-bipyridine]-4,4'-dicarboxylate, L*? (Chart 2).

In a 50-mL Schlenk tube under N», bis(2-chloroethyl)[2,2'-bipyridine]-4,4'-dicarboxylate (202 mg, 0.546
mmol), K[P-CO2] (544 mg, 1.46 mmol) and DMF (8 mL) were introduced. The suspension (colourless
solution + solid) was stirred at 85 °C for 18 h. The conversion was checked by 'H NMR (CDCls) then
the brown suspension was cooled to room temperature and volatiles were removed under vacuum. The
residue was suspended in acetone and filtered over a short silica pad. The filtrate was taken to dryness
under vacuum; the residue was dissolved in CH2Cl> and moved on top of a silica column (h 6, d 2.5 cm).
Impurities were eluted with CH>Cl> and the title compound was eluted with CH>Cly/acetone (7:1 to 3:1
v/v gradient). Following removal of the volatiles under vacuum, the resulting pale yellow foamy solid

was dried under vacuum (RT over P,Os) then stored at 4 °C. Yield: 201 mg, 37 %.

Chart 2. Structure of LPP.
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Synthesis of Ru and Ir compounds
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Method A. A solution of [RuCly(n®-p-cymene)], or [IrCla(n-CsMes)]2 (20-50 mg) in MeCN (2 mL) was
treated with AgNO3 (2.0 equivalents) and stirred at room temperature in the dark. After 1 h, the
suspension (yellow/orange solution + colourless solid) was filtered over a celite pad. The selected
bipyridine ligand (2.0 equivalents) was added to the filtrate and the mixure was stirred at reflux for 1-2
h. Next, the conversion was checked by NMR (‘H CDCls) and volatiles were removed under vacuum.
The residue was dissolved in CH2Cl» and the solution was filtered through celite. The filtrate was dried
under vacuum,; the resulting ochre yellow (Ru) or orange (Ir) solid was washed with Et,O and dried under
vacuum (40 °C).

Method B (Ir compounds). In a 25 mL Schlenk tube, a solution of [IrCla(n’-CsMes)]z (ca. 25 mg) and
the selected bipyridine (2.0 equivalents) in CHCls (8 mL) was stirred at reflux for 14 h. The resulting
orange solution was taken to dryness under vacuum and the residue was triturated in Et;O. The
suspension was filtered; the orange solid, namely [IrCl(n’-CsMes)(bipyridine)]Cl, was washed with Et;O
and dried under vacuum (40 °C). Subsequently, a fraction of the Ir compound (ca. 60 mg) was dissolved
in MeCN (2 mL) and treated with AgNO3 (1.0 equivalent). The suspension was stirred at room
temperature in the dark for 4 h. Next, the mixture (orange solution + colourless solid) was filtered over
a celite pad and the filtrate was taken to dryness under vacuum. The residue was dissolved in CH>Cl, and
filtered again through celite. The filtrate was dried under vacuum; the resulting orange solid was washed
with Et,0 and dried under vacuum (40 °C).

Note: the use of methanol as an alternative solvent for the synthesis and/or workup is NOT recommended,

due to transesterification processes (vide infra).>

[RuCl(n°-p-cymene)(k2N-LEF)[NO3, [1]NO3 (Chart 3). Prepared using [RuClL(n®-p-cymene)]> (30 mg,
0.05 mmol), AgNOs (17 mg, 0.10 mmol) and LEF (86 mg, 0.10 mmol), according to method A. Yield:

102 mg, 88 %.

Chart 3. Structure of [1]*.
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[IrCl(n3-CsMes)(k2N-LEF)]*, [2]* (Chart 4). [2]CL. Prepared using [IrClo(n’-CsMes)]z (26 mg, 0.033

mmol), and LEF (58 mg, 0.069 mmol), according to method B. Yield: 79 mg, 98 %. [2]NQOas. Prepared
using [IrCla(n’-CsMes)]z (35 mg, 0.045 mmol), AgNO; (15 mg, 0.088 mmol) and LEF (76 mg, 0.089
mmol), according to method A. Yield: 104 mg, 93 %. Alternative preparation from [2]CI (79 mg, 0.064

mmol) and AgNO3 (11 mg, 0.064 mmol), following method B. Yield: 67 mg, 83 %.

Chart 4. Structure of [2]*.
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[RuCl(n°-p-cymene)(k2N-LEE)|NO3, [3]NO3 (Chart 5). Prepared using [RuClL(n®-p-cymene)]> (30 mg,
0.05 mmol), AgNOs (17 mg, 0.10 mmol) and L8 (84 mg, 0.10 mmol), according to method A. Yield:

109 mg, 95 %.

Chart 5. Structure of [3]* .
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[IrCl(n3-CsMes)(k2N-LEB)|*, [4]* (Chart 6). [4]ClL. Prepared using [IrCla(n°-CsMes)]» (27 mg, 0.034

mmol), and L8 (58 mg, 0.067 mmol), according to method B. Yield: 78 mg, 94 %. [4]NQOa. Prepared

using [IrClo(n’-CsMes)]z> (36 mg, 0.045 mmol), AgNO; (16 mg, 0.091 mmol) and LZ8 (77 mg, 0.091

mmol), according to method A. Yield: 110 mg, 95 %. Alternative preparation from [4]CI (60 mg, 0.048

mmol) and AgNO3 (9 mg, 0.053 mmol), following method B. Yield: 51 mg, 83 %.

Chart 6. Structure of [4]*.

[RuCl(n°-p-cymene)(k2N-L"?)|NO3s, [SINO3 (Chart 7). Prepared using [RuClx(n®-p-cymene)]> (17 mg,

0.028 mmol), AgNOs (10 mg, 0.059 mmol) and L?? (55 mg, 0.057 mmol), according to method A. Yield:

68 mg, 94 %.

Chart 7. Structure of [5]* .
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Dimethyl[2,2'-bipyridine]-4,4'-dicarboxylate, LM*¥¢ (Chart 8). The title compound was prepared

according to a modified literature procedure.'¢ In a 100 mL round bottom flask, 98% H2SO4 (1.6 mL, 30

mmol) was added dropwise to a suspension of 2,2'-bipyridine-4,4'-dicarboxylic acid (502 mg, 2.06

mmol) in MeOH (30 mL). The mixture was stirred at reflux for 29 h. The resulting pink solution was
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cooled to room temperature and NaOH (1 M in water, 30 mL, 30 mmol) was added dropwise.
Subsequently, MeOH was removed under reduced pressure and the mixture (pink aqueous solution +
colourless precipitate) was extracted with CH2Cl> (3 x 40 mL). The combined organic extracts were
filtered through a celite pad and dried under vacuum. The resulting colourless solid was washed with

Et20 and dried under vacuum (40°C). Yield: 509 mg, 91 %.

Chart 8. Structure of LMeMe
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[IrCl(n3-CsMes)(k2N-LMeM¢)|X, [6]X (X = NOs, BF4) (Chart 9). Synthesis of the related compound
[6]C1 from [IrCla(n’-CsMes)]o/LMeMe was previously reported.'® [6]NOs. Prepared using [IrCla(n’-
CsMes)]2 (36 mg, 0.069 mmol), AgNOs (24 mg, 0.14 mmol) and LMeMe¢ (38 mg, 0.14 mmol), according
to method A. Yield: 85 mg, 83 %. [6]BFs. Compound [6]NOs (51 mg, 0.073 mmol) was dissolved in
acetone (5 mL) and treated with NaBF4 (11 mg, 0.10 mmol). The mixture was heated at reflux for 4 h
then taken to dryness under vacuum. The residue was suspended in CH>Cl; and filtered through a celite
pad, in order to remove NaNOQs. The filtrate was taken to dryness under vacuum and dissolved in MeOH
(ca. 3 mL). The solution was heated to reflux then allowed to cool down to room temperature. The
resulting bright orange crystalline solid was collected by filtration, washed with Et;O and dried under
vacuum (40 °C). Yield: 47 mg, 89 %. X-ray quality crystals of [6]BF4 were obtained from a MeCN

solution layered with Et;O and settled aside at — 20 °C (Table S1, Figure S34).

Chart 9. Structure of [6]* .
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[RuCl(n®-p-cymene)(k2N-LMM¢)[NO3, [7]NO3 (Chart 10). Prepared using [RuClo(n®-p-cymene)]» (57
mg, 0.093 mmol), AgNO3 (32 mg, 0.19 mmol) and LMM¢ (51 mg, 0.19 mmol), according to method A.

Yield: 107 mg, 96 %.

Chart 10. Structure of [7]*.
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3. X-Ray crystallography

XRD experiments were performed using Mo—Ka radiation on a Bruker APEX II diffractometer equipped
with a PHOTON2 detector. Data were corrected for Lorentz polarization and absorption effects
(empirical absorption correction SADABS).?! The structure was solved by direct methods and refined by
full-matrix least-squares based on all data using F2.3> H atoms were fixed at calculated positions and
refined by a riding model. Non hydrogen atoms were refined with anisotropic displacement parameters.

Crystal data and collection details for [6]BF4 are reported in Table S1.

4. Solution stability studies

Stability in DMSO/water. The selected Ru or Ir compound (1.0-102 M for [1-5]NO3; 2:10 M for [6-
7INO3) was dissolved in a DMSO-ds/D>O 5:1 v/v solution (0.6 mL) containing dimethyl sulfone
(Me2S02, 5:10° M) as internal standard for '"H NMR?? (§ = 2.96 ppm (s, 6H) in DMSO-d¢/D,0 5:1). A
single set of 'H and ""F{'H} NMR signals was observed for the freshly-prepared yellow (Ir) or orange
(Ru) solution, attributed to the starting material. Next, the solution was heated at 37 °C for 72 h and NMR

analyses were repeated (Figures S35-S41). The % amount of starting material in solution with respect to
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the initial spectrum, falling in the 96-98 % range for all compounds, was calculated by 'H NMR
integration with respect to Me2SO; as internal standard. NMR data for the tested compounds are reported
in the SI (DMSO-de/D20 5:1 v/v solutions); chemical shifts are referenced to the residual peak as in pure
DMSO-ds (6/ppm = 2.50).

Chloride/solvent exchange in DMSQO/water. The DMSO-ds/D20 5:1 v/v solution of [6]NO3 or [7]NOs
(0.5 mL; 2102 M) was maintained at 37 °C up to 86 h, then analyzed by N and **C1 NMR (2000
scans).** Subsequently, Ag(CF3SO3) was added (0.10 mL of a 0.12 M solution in DMSO-des/D20 2:1 v/v;
1.2 equivalents) and the NMR tube was kept in the dark at 50 °C for 5 h, affording an orange (Ru) or
yellow (Ir) solution and a colourless precipitate (AgCl). The solid was separated and 'H, '*N and °F {'H}
NMR spectra were recorded. Complete ([6]") or partial ([7]7, = 50%) conversion of the starting material
was observed in the '"H NMR spectrum (Figure S40-S41). The new set of signals, low-field shifted with
respect to the starting metal-chlorido species, was attributed to the solvato-species [Ir(n’-
CsMes)(LMeMe)(solv)]**, [65]*" and [Ru(n®-p-cymene)(LMeMe)(solv)]*", [7S]*" (solv = D20, DMSO-d;
Scheme S1). No solvolysis of metal-chloride bonds occurred before Ag(CF3SO3) addition, as indicated
by the absence of a **Cl NMR signal and comparison with '"H NMR data for the solvato-species [65]*"
and [75]*".

Stability in methanol. A freshly-prepared solution of the selected compound in CD3;0D (0.6 mL; 5-10
3 M) was analyzed by 'H and "F{!H} NMR. Next the orange (Ru) or yellow/orange (Ir) solution was
maintained at room temperature (= 25 °C) and periodically analysed by 'H and "’F{'H} NMR. Once
equilibrium was reached (no further change observed in NMR spectra), 1D and 2D NMR experiments
('H, BC, F, N, 1*C-DEPT 135, 'H-'H COSY, 'H-13C gs-HSQC, 'H-3C gs-HMBC) were performed
for a complete spectral assignment. The identity of compounds in solution (Schemes S2-S7) was checked
by comparison with NMR data of pure compounds and by ESI-MS(+) spectrometry on CH3OH solutions

in the case of [3]" and [4]". The (%) relative amount of compounds in solution was calculated by 'H

24



NMR integration. Experimental details, MS and NMR data (CH3;OH and CD;0D, respectively) for the
tested compounds are reported in the SI (Figures S42-S44; Tables S2-S4).

Stability in the cell culture medium. A stock solution of the selected Ru/Ir compound (ca. 3-1073
mmol/g) was prepared in DMSO and stored at room temperature. RPMI 1640 cell culture medium
(Sigma Aldrich) was treated with NaH2PO4 / NaxHPO4 (cpos = 190 mM, pH = 7.35) then stored at 4 °C
under N». In three 2 mL vials, the stock solution (20 pL) was added to the cell culture medium (2.0 mL)
and the final mixtures (Ru/Ir ca. 45 umol/g, 1 % DMSO) were heated at 37 °C for different times (0 / 24
/ 48 h) under stirring. A fourth reference solution was prepared by adding the stock solution (20 pL) to
HPLC water (2.0 mL). Next, the solutions were filtered on PTFE syringe filters, 0.45 um, and analyzed
by HPLC/ESI(+)-MS. LC separation was conducted on an analytical reversed-phase Poroshell 120 EC-
C18 column (3.0 x 75 mm, particle size 2.7 um; Agilent Technologies) with a Zorbax pre-column (4.6 x
12.5 mm, particle size 5 um; Agilent Technologies) at 30 °C. The separation was achieved using a
gradient of formic acid (FA) 0.1 % v/v in H20 (eluent A) and FA 0.1% v/v in CH3CN (eluent B), both
LC-MS grade; the flow rate was 0.4 mL/min and the injection volume was 4 uL. The elution program
started from 95% A, hold for 2.6 minutes, then linear gradient to 50% B in 13 minutes, then to 70% B in
5 minutes and then to 100% B in 6 minutes, held for 5 minutes. Re-equilibration took 5 minutes. ESI
operating conditions: drying gas (N2, purity >98%): 350 °C and 10 L/min; capillary voltage 4.5 KV;
nozzle voltage: 1 KV; nebuliser gas 35 psig; sheath gas (N2, purity >98%): 375 °C and 11 L/min. The
fragmentor was at 175 V, the skimmer at 65 V and the OCT 1 RF at 750 V. High resolution MS spectra
were achieved from 5 minutes to 30 minutes in positive mode in the range 100-1700 m/z; the mass axis
was calibrated daily using the Agilent tuning mix HP0321 (Agilent Technologies) prepared in acetonitrile
and water. Calibration curves for E-CO2H, B-CO:H and F-CO:H were derived in the 0.4-10 uM range
from stock solutions containing the three analytes ca. 80 umol/g in water, appropriately diluted in HPLC

grade water.
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5. Biological studies

Cytotoxicity. Human ovarian carcinoma (A2780 and A2780cisR) cell lines were obtained from the
European Collection of Cell Cultures. The human embryonic kidney (HEK-293) cell line was obtained
from ATCC (Merck, Buchs, Switzerland). The human cervical carcinoma HeLa cells and human breast
cancer MCF-7 cells were purchased from the European Collection of Authenticated Cell Cultures
(ECACC) (Salisbury, UK). Chinese hamster ovary CHO-K1 cell line (wild type) and its derivative
MMC-2 carrying the ERCC3/XPB mutation (NER-deficient) cell line were kindly supplied by Dr. M.
Pirsel, Cancer Research Institute, Slovak Academy of Sciences, Bratislava (Slovakia). Penicillin
streptomycin, RPMI 1640 GlutaMAX (where RPMI = Roswell Park Memorial Institute), and DMEM
GlutaMAX media (where DMEM = Dulbecco’s modified Eagle medium) were obtained from Life
Technologies, and fetal bovine serum (FBS) was obtained from Merck. The cells were cultured in RPMI
1640 GlutaMAX (A2780, A2780cisR and Y79) and DMEM GlutaMAX (HEK-293) media containing
10% heat-inactivated FBS and 1% penicillin streptomycin at 37 °C and COz (5%). The A2780cisR cell
line was routinely treated with cisplatin (2 uM) in the media to maintain cisplatin resistance. The
cytotoxicity was determined using the 3-(4,5-dimethyl 2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay.® Cells were seeded in flat-bottomed 96-well plates as a suspension in a prepared
medium (100 pL aliquots and approximately 4300 cells/well) and preincubated for 24 h. Stock solutions
of compounds were prepared in DMSO and were diluted in the medium. The solutions were sequentially
diluted to give a final DMSO concentration of 0.5% and a final compound concentration range (0—200
uM). Cisplatin and RAPTA-C were tested as positive (0—100 uM) and negative (200 uM) controls
respectively. The compounds were added to the preincubated 96-well plates in 100 pL aliquots, and the
plates were incubated for a further 72 h. MTT (20 puL, 5 mg/mL in Dulbecco’s phosphate buffered saline)
was added to the cells, and the plates were incubated for a further 4 h. The culture medium was aspirated
and the purple formazan crystals, formed by the mitochondrial dehydrogenase activity of vital cells, were

dissolved in DMSO (100 pL/well). The absorbance of the resulting solutions, directly proportional to the
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number of surviving cells, was quantified at 590 nm using a SpectroMax M5e multimode microplate
reader (using SoftMax Pro software, version 6.2.2). The percentage of surviving cells was calculated
from the absorbance of wells corresponding to the untreated control cells. The reported ICso values are
based on the means from two independent experiments, each comprising four tests per concentration
level.

Cellular uptake. A2780 cells were seeded at a density of 2x10° cells/Petri dish and incubated overnight.
The cells were treated with the tested compounds at the concentrations and times given in the respective
table. Following the treatment, the cells were harvested (trypsin), washed and pelleted. The pellets were
digested with HCI using a microwave digestion system (CEM Mars). The Ru/Ir amount was determined
with ICP-MS.

DNA metalation. After the treatment (see above), the cells were lyzed using DNAzol (DNAzol, MRC)
reagent and following the manufacturer’'s protocol. The DNA content was determined
spectrophotometrically; the samples were lyzed in 30% hydrochloric acid (Suprapur, Merck Millipore)
and the metal content was quantified by ICP-MS.

Enzyme inhibition assays. Preparation of cell lysates for analysis of enzyme activities. HeLa cells were
seeded at a density of 3 x 10° cells/dish and incubated at 37 °C. The next day, the cells were treated with
the investigated compounds or mixtures of their respective components at concentrations corresponding
to the compounds” ICso values determined previously with MTT assay after 72 h. Following a further
18-h treatment, the cells were scraped, washed with PBS and counted. Identical cell counts were pelleted
and lyzed in PBS-based lysis buffer (1% NP40, 1 mM PMSF, cocktail of protease inhibitors) on ice for
15 min. The supernatant was cleared and immediately subjected to enzyme activity analysis.

Analysis of glutathione S-transferase activity. The enzyme activity was evaluated with Glutathione S-
Transferase Fluorescent Activity Kit (Invitrogen™) following the manufacturer’s protocol. Briefly, the
cell lysates were plated in several dilutions in the Assay Buffer. Master mix containing Detection Reagent

and Glutathione was added to the wells. The fluorescence was read in a kinetic mode at 460 nm with
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excitation at 390 nm. After blank subtraction, the data were plotted as ARFU in the initial 5 min of the
reaction. Data from 3-5 measurements were normalized to data of non-treated control cells.

Analysis of cyclooxygenase (COX) activity. The enzyme activity was evaluated with Cyclooxygenase
Activity Assay Kit (Fluorometric) (Abcam) following the manufacturer’s protocol. Briefly, the cell
lysates were plated in several dilutions in Assay Buffer. Then the Reaction Mix containing COX Probe
and COX Cofactor was added to each well. The reaction was initiated with the addition of Arachidonic
Acid/NaOH Solution. The fluorescence was read in a kinetic mode at 587 nm with excitation at 535 nm.
After blank subtraction, the data were plotted as ARFU in the initial 5 min of the reaction. Data from 3-

5 measurements were normalized to data of non-treated control cells.
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Table of Contents graphic and synopsis

Synergic effects on cytotoxicity, metal uptake and enzyme inhibition on cancer cells are provided by the
association of two different bioactive organic molecules (ethacrynic acid and flurbiprofen) to Ru(II)-p-

cymene and Ir(IIT) pentamethylcyclopentadienyl complexes, via a robust 2,2’-bipyridine ligand.
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