Volume 55
Number 2

13 January 2026
Pages 525-994

Dalton
Transactions

An international journal of inorganic chemistry

rsc.li/dalton

ISSN 1477-9226

ROYAL SOCIETY PAPER

Ligia C. Gomes-da-Silva, Andreia Valente et al.
O F C H E M I ST RY Lysosome-targeted Ru(i)-cyclopentadienyl organometallic

anticancer complexes




Published on 29 October 2025. Downloaded on 4/5/2026 12:13:12 AM.

Dalton

Transactions

¥ ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

‘ '.) Check for updates

Cite this: Dalton Trans., 2026, 55,
594

Received 19th August 2025,
Accepted 24th October 2025

DOI: 10.1039/d5dt01975¢

rsc.li/dalton

Introduction

Lysosome-targeted Ru(i)—cyclopentadienyl
organometallic anticancer complexes

Ricardo G. Teixeira, 2 2 Livia Stenico,® Xavier Fontrodona,® Isabel Romero, ()
Radostaw Starosta, 2 #@ Maria Jodo Moreno,”® Ana Isabel Tomaz,®
Ligia C. Gomes-da-Silva*®© and Andreia Valente () *?

Cancer continues to pose a significant global health burden, prompting ongoing exploration of innovative
therapeutic strategies. Ruthenium-based complexes have emerged as promising alternatives to platinum
drugs due to their generally favorable pharmacological profiles. In this work, we report the synthesis and
characterization of a novel series of fluorescent Ru(i)—-cyclopentadienyl organometallic complexes of
general formula [Ru(n®-CsHs)(NN)(Ph,P-CH,-pip-NBD)I[PFe] (1-5), where NN represents a bipyridine or
phenanthroline-based ligand and Ph,P-CH,-pip-NBD is a 4-nitrobenzo-2-oxa-1,3-diazole (NBD)-
derived fluorescent phosphane conjugate. Structural characterization confirmed their piano-stool geo-
metry via NMR, FTIR, UV-Vis, fluorescence spectroscopy, and X-ray crystallography (for 1, 3 and 5). The
complexes exhibit notable stability in both organic and aqueous media. Cytotoxicity screening across
three cancer cell lines (4T1 murine epithelial breast cancer, CT26 murine colon carcinoma, U20S human
osteosarcoma) and one non-cancerous line (3T3 murine embryonic fibroblasts) revealed that complexes
1, 3, and 5 display potent anticancer activity, particularly against U20S. Fluorescence-based uptake and
confocal microscopy demonstrated efficient internalization, primarily through caveolin-mediated endo-
cytosis, and preferential accumulation in lysosomes. Enhanced fluorescence in acidic environments and
co-localization with lysosomal markers confirm lysosomal tropism, highlighting the dual role of the NBD
fluorophore for traceability and subcellular targeting. Additional mechanistic studies revealed that com-
plexes 1, 3, and 5 induce oxidative stress and trigger apoptosis, suggesting that ROS generation contrib-
utes to their cytotoxic activity. These findings establish this class of compounds as promising lysosome-
targeting agents.

World Health Organization (WHO) indicate that these
numbers are estimated to increase by almost 60% in the next

Cancer is a global health problem with an enormous world-
wide impact, with more than 19 million new cases and nearly
10 million deaths worldwide in 2022." Statistics from the
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two decades.” Over the last few decades, many examples of
compounds involving transition metal ions emerged as
efficient anticancer agents due to their variable oxidation
states, superior stability, and selectivity towards cancer cells.>*
Cisplatin was the first anticancer metallodrug approved by the
Food and Drug Administration (FDA) and is used to treat testi-
cular and ovarian cancer.’ Besides cisplatin, carboplatin and
oxaliplatin have also been used to treat cancer worldwide,
despite limitations such as poor aqueous solubility, low
selectivity, drug resistance, and high in vivo toxicity that
hamper their therapeutic capacity.®

Over time, ruthenium complexes have consistently shown
encouraging results as the next prominent class of metal-
based anticancer therapeutics.” Until now, special interest in
the preparation of ruthenium-based compounds has been sup-
ported by their excellent antitumor properties and good
pharmacological profile both in vitro and in vivo,® " including
their cytotoxicity in platinum-resistant cells'> and ability to

This journal is © The Royal Society of Chemistry 2026
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reduce the formation of metastasis.’>'* However, and despite
their promising anticancer properties, only three Ru(m) com-
pounds (namely NAMI-A™ ([ImH][trans-Ru(Cl),(Im)(DMSO)];
Im = imidazole and DMSO = dimethylsulfoxide), KP1019"* and
its soluble salt NKP1339'® (KP1019 = [IndH][¢trans-RuCl,(Ind),],
Ind = indazole; NKP1339 = [Na][trans-RuCly(Ind),])), together
with a Ru(u) photosensitizer compound (TLD1433, [Ru
(Me,bipy),(IP-3T)][Cl], (Me,bipy = 4,4-dimethyl-2,2"-bipyri-
dine; IP = imidazo[4,5 f][1,10]phenanthroline; 3T =
a-terthienyl'”)) have entered clinical trials.

Other classes of ruthenium anticancer agents, mostly based
on the ruthenium-arene motif, have been developed. The Ru
(u) arene scaffold has proven to be a very useful structure for
the development of anticancer drugs due to its stability, solu-
bility, and lipophilicity.'® Ru(u) arene complexes have an octa-
hedral geometry, in which the arene ligand occupies three
coordination positions and other ligands can bind to the three
remaining coordination sites, giving a three-legged piano-stool
type of structure. The combination of the ruthenium ion with
arene ligands confers more hydrophobic character to the
metal-based scaffold, promoting passive diffusion across the
cell membrane and enhancing their cellular accumulation.®
In addition, the nature of the arene ligands assists in the cell
uptake and the interaction with potential targets.>’

In this frame, our research group has developed a library of
organometallic compounds by exploring the chemistry of the
ruthenium-(n>-cyclopentadienyl) (‘RuCp’) scaffold within the
therapeutic context. We have focused on the general structure
[Ru(Cp)(NN)(P)]" (Cp = n’-cyclopentadienyl or Cp-derivatized;
NN = N,N-heteroaromatic bidentate ligand (e.g., 2,2"-bipiridine
or its derivatives); P = triphenylphosphane or its derivatives),
which has shown remarkable anticancer activity against
several human cancer cell lines, especially against resistant
and more aggressive cancer cells.>' Yet, up to now, we have not
explored the incorporation of a fluorescent label for traceabil-
ity purposes. In this context, the 4-nitrobenzo-2-oxa-1,3-diazole
(NBD) fluorophore emerges as a promising candidate, as it has
already been employed in the derivatization of various thera-
peutic agents, including platinum-based complexes,*>** as
well as other small molecules. These studies demonstrate that
NBD can be used to monitor cellular uptake, efflux, and intra-
cellular distribution without significantly altering the biologi-
cal activity of the parent compound. Notably, some of us have
previously reported the synthesis of a phosphane derivative,
7-nitro-4-(4-(diphenylphosphinomethyl)piperazin-1-y1)-2,1,3-
benzoxadiazole (Ph,P-CH,-pip-NBD), which has shown poten-
tial as a molecular probe for imaging living cells.** This com-
pound could conveniently replace triphenylphosphane in our
complexes as exemplified by Florindo et al., who described
half-sandwich ‘RuCp’ complexes bearing NBD-derived 2-pyri-
dine and phosphane ligands with antimalarial activity.”®
Beyond enabling traceability, this substitution facilitates lyso-
some targeting due to the preferential accumulation of such
probes in acidic organelles. Moreover, targeting the endo-
somal/lysosomal pathway has emerged as a key target in
cancer treatment strategies by promoting lysosomal membrane
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permeabilization, disrupting autophagy, and exploiting the
acidic environment to enhance drug activation.”® Lysosomes
contain a variety of hydrolases capable of degrading both
intra- and extracellular components. Upon release into the
cytosol, these enzymes can contribute to the breakdown of
apoptotic proteins, ultimately triggering the mitochondrial
apoptotic pathway and/or other cell death modalities.”” Such a
mechanism of action has been observed for certain lysosome-
targeting Ru(m) coordination compounds,®® as well as for
some half-sandwich Ru(u)(n°-arene) complexes,”** with con-
focal microscopy playing a key role in confirming organelle-
specific localization. However, no such reports exist for half-
sandwich Ru(u)(n’>-Cp) complexes, likely due to the absence of
suitable conjugate structures — and thus the lack of intrinsic
fluorescence - required for effective imaging.

In this study, we present the synthesis of a novel family of
fluorescent ‘RuCp’ organometallic complexes with the general
formula  [Ru(n’-CsH;s)(NN)(Ph,P-CH,-pip-NBD)][PFs]  (1-5,
Fig. 1) where Ph,P-CH,-pip-NBD is 7-nitro-4-(4-(diphenylpho-
sphinomethyl-piperazin-1-yl)-2,1,3-benzoxadiazole) and NN
represents a N,N-donor (bipyridine or phenanthroline).
Ligands of type 4,4’-R-2,2"-bipyridine (R = CH3, OCH;, CH,OH,
CH,Biotin) were selected for this study as an extension of our
previous work, which indicated the possible role of some of
them in surmounting multidrug resistance (MDR).>*~’

Results and discussion

Synthesis and characterization

Reaction of [Ru(n’-CsH;)(NCCHj,);][PF,] with 1 mol equivalent
of the corresponding N,N-heteroaromatic bidentate and 1 mol
equivalent of Ph,P-CH,-pip-NBD afforded the complexes [Ru
(n°-CsH;)(NN)(Ph,P-CH,-pip-NBD)][PF4] (1-5, where Ph,P-CH,-
pip-NBD = 7-nitro-4-(4-(diphenylphosphinomethyl-piperazin-1-
yl1)-2,1,3-benzoxadiazole) and NN = 4,4"-dimethyl-2,2"-bipridine
(1); 4,4-bis(hydroxymethyl)-2,2"-bipridine (2); 4,4'-dimethoxy-
2,2"-bipridine (3); 2,2"-bipy-4,4'-dibiotin ester (4); 1,10-phenan-
throline (5)) in very good yields (Scheme S1 of the SI). Complex
4 was first prepared via direct reaction with 2,2'-bipy-4,4’-dibio-
tin ester. However, this strategy proved unsuccessful, and we
were only able to detect small amounts of 4 using this route.
Based on our previous work applying the “chemistry-on-the-
complex” concept to organometallic complexes,***” we then
proceeded with the direct conjugation reaction of biotin, using
complex 2 as a platform, N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride as coupling agent, and DMAP as
the catalyst (Scheme S1 of the SI). The complexes were isolated
as dark red crystalline solids and were characterized by FTIR,
UV-Vis, fluorescence, and NMR spectroscopies. Elemental ana-
lysis and electron spray ionization mass spectrometry (ESI-MS)
supported the proposed formulation for all compounds. In
addition, single-crystal X-ray diffraction studies were possible
for compounds 1, 3 and 5, which corroborate the proposed
structures.

Dalton Trans., 2026, 55, 594-610 | 595
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Fig. 1 Chemical structures of compounds 1-5, including the numbering scheme for spectral assignments. All complexes were isolated as hex-

afluorophosphate salts.

Solid state infrared spectra (KBr pellets) of the new com-
plexes presented the characteristic stretching bands of the
cyclopentadienyl (vC-H ~3050 cm™') and the phenyl aromatic
rings (vC-H and vC=C at ~3050-3100 cm™"' and ~1430 cm™*,
respectively) and the typical vibrational bands for PFs~ anion
(stretching vPF, at 843 cm™ " and symmetric bending §PF, at
558 ¢cm™', respectively). The successful introduction of the
bidentate diimines and Ph,P-CH,-pip-NBD ligands into the
coordination sphere of the metal was confirmed by the com-
plete disappearance of the stretching band of the acetonitrile
ligands (VC=N ~2280 cm™') present at the starting material
[Ru(n’-CsHs)(NCCH;);][PFs] and is fully supported by NMR
data as well (Fig. S1-S15 of the SI). The overall analysis of the
"H and *"P{'"H} NMR spectra of complexes 1-5 indicate the dis-
placement of the three acetonitrile ligands in [Ru(n’>-CsHs)
(NCCH3;);]" by the chosen N,N-heteroaromatic and phosphane
co-ligands. In all cases, the resonances expected for the cyclo-
pentadienyl, alkyl diphenylphosphane, and bipyridine/phe-
nanthroline protons are observed in a 1:1:1 ratio, confirming
the stoichiometry of the ligands in the final complex. The
assignment of all resonances observed in 'H,"*C{'"H}-APT NMR
(atom numbering is shown in Fig. 1) was supported by analysis
of 2D NMR experiments (‘"H-'H COSY, 'H-"*C HMQC and
HMBC).

In short, the "H NMR spectra of complexes 1-5 show dis-
crete resonances attributed to the cyclopentadienyl ring in the
typical range for cationic ‘RuCp’ compounds (~&
5.00-5.30 ppm in acetone-d¢). Upon coordination of the N,N-
bidentate, all the aromatic protons show a significant
deshielding, especially the protons next to the coordinated
nitrogen (Aé ~ 0.7 ppm), and a shielding on the H3 protons of

596 | Dalton Trans., 2026, 55, 594-610

the 2,2-bipyridine derivative (AH3 ~ —0.5 ppm). This proves
the successful o-coordination of the diimine ligand to the
ruthenium center.>*>” The *'P{'H} NMR spectrum of com-
plexes 1-5 is characterized by the presence of a sharp reso-
nance at § ~45 ppm (acetone-ds), which is a significant
deshielding of the phosphorous nuclei resonance is observed
(A6 up to 72 ppm), indicating the successful coordination of
the alkyl-diphenylphosphane to the metal center. Detailed **C
{'"H}-APT NMR data are described in the experimental section
and follow the effects discussed with the "H NMR results.
Complexes 1-5 are soluble in organic solvents such as di-
chloromethane, methanol, acetone, acetonitrile, and dimethyl-
sulfoxide, and insoluble in water, n-hexane, and diethyl ether.
The optical absorption and emission spectra of all compounds
were recorded using up to 10~ to 107° M solutions in aceto-
nitrile and dimethylsulfoxide at room temperature. Fig. S16 (SI)
shows the electronic absorption spectra recorded in acetonitrile
for complex 1 as a representative example. All complexes
showed absorption bands in the UV region (4 = 200-325 nm)
that are ascribed to electronic transitions occurring in the
organometallic fragment ({[Ru(n’-CsH;)(Ph,P-CH,-pip-NBD)]'})
and the coordinated N,N-ligand. In addition to these bands,
this series of organometallics shows a common feature related
to the presence of the fluorophore in their structure: the usual
metal-to-ligand charge transfer (MLCT) band, frequently
observed for this type of organometallic complexes (at A
~450 nm), is masked by the absorption of the NBD-derived
probe. The fluorescent unit on the organometallic structure,
which aims to probe the cellular uptake and distribution of the
compounds, was further studied by fluorescence spectroscopy.
The luminescence quantum yields (Table S1 of the SI) of the

This journal is © The Royal Society of Chemistry 2026
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Ph,P-CH,-pip-NBD coordinated complexes (®r 1: 0.3%, 2:
0.1%, 3: 0.2%, 4: 0.2%, 5: 0.2%) were found to be significantly
lower than that of the Ph,P-CH,-pip-NBD free ligand (®F:
1.0%). Fig. S17 (SI) shows the absorption and emission spectra
of all (non-protonated) complexes in dimethylsulfoxide.

X-ray crystallography

The crystal structures of compounds 1, 3, and 5 were con-
firmed by single-crystal X-ray diffraction analysis. ORTEP dia-
grams of their molecular structures are shown in Fig. 2, and
the main crystallographic data are described in the
Experimental section. Selected lengths and angles are pre-
sented in Table 1.

1 and 3 crystallize in the triclinic system (centrosymmetric
space group P1) whereas 5 crystallize in the monoclinic system
(space group P1 21/c1). All the compounds displayed racemic
crystals, with the presence of the two enantiomers. Each asym-
metric unit includes a cationic organometallic ‘RuCp’ complex
and a hexafluorophosphate anion. The asymmetric unit for 1
contains one acetone molecule. All complexes feature a six-

A
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Table 1 Selected bon lengths (A) and angles (°) for cations 1, 3, and 5

1 3 5
Bond lengths (A)
Rul-P (21or 23) 2.300(2) 2.3031(13)  2.3098(9)
Rul-N7 2.090(7) 2.080(4) 2.098(3)
Rul-N18 2.101(6) 2.095(4) 2.089(3)
Ru1-Cp (centroid) 1.842(4) 1.829(2) 1.826(2)
Angles (°)
N18-Rul1-N7 76.5(3) 76.04(16)  78.06(10)
N18-Ruil-P (21or 23) 89.49(17)  88.39(11)  88.50(7)
N7-Rui-P (21or 23) 87.73(19)  89.17(11)  88.32(7)
Cp(centroid)-Ru1-N18 127.6 (2) 128.84(15)  128.40(9)
Cp(centroid)-Ru1l-N7 133.2(3) 131.15(15)  130.73(9)
Cp(centroid)-Rul-P (21 or 23)  124.98(15) 126.82(9)  126.95(6)

coordinate Ru(u) center with a pseudo-octahedral piano-stool
geometry. The ruthenium ion is coordinated by an n°-cyclopen-
tadienyl ring in a n-bonded fashion, one disubstituted bipyri-
dyl ligand (1, -CH3; and 3, -OCH3) or a phenanthroline ligand
(5), and the remaining coordination site is occupied by the
phosphine ligand Ph,P-CH,-pip-NBD.

B

Fig. 2 ORTEP plots and labeling schemes for the cations of complexes 1 (A), 3 (B), and 5 (C).

This journal is © The Royal Society of Chemistry 2026
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The distances between the ruthenium centers and the cen-
troids of the cyclopentadienyl rings range from 1.826(2) to
1.842(4) A, consistent with values reported for similar com-
pounds in the literature.>®>” A similar trend is observed for
the Ru-P bond lengths, which fall within the range of 2.300
(2)-2.3098(9) A. Notably, for the compounds containing bipyri-
dyl ligands (1, 3), the Ru-N bond distances remain largely
unaffected by the nature of the substituents on the bipyridyl
ring. However, in compound 5, which features a phenanthro-
line ligand, a slight increase in Ru-N bond lengths is observed
compared to the previous two complexes (see Table 1). All com-
pounds exhibit weak intramolecular hydrogen bonding inter-
actions between the nitrogen atoms of the piperazine substitu-
ent (adjacent to the phosphorus atoms) and two hydrogen
atoms from the cyclopentadienyl rings.

These values range from 2.737(15) to 3.127(11) A, and an
example of this type of interaction is illustrated in Fig. S18 of
the SI.

The bond angles between donor atoms around the Ru
center are comparable to those reported for other cyclopenta-
dienyl-based complexes in the literature.*® In general, the Cp
(centroid)-Ru-N angles are larger than the Cp(centroid)-Ru-P
angles, likely due to the steric constraints imposed by the sub-
stituents on the phosphine ligand. For all complexes, the N-
Ru-N angles reflect the geometric constraints inherent to the
bipyridyl and phenanthroline ligands.

The packing structures of the compounds are shown in
Fig. S19-S21 of the SI. Interestingly, the unit cells of all the
described compounds exhibit a centre of inversion, which
plays a significant role in determining the molecular packing.
In compound 1, the packing along the ag-axis reveals molecular
chains in which all the molecules adopt the same orientation
along the chain. However, alternating orientation is observed
between adjacent chains (Fig. S19 of the SI). This intra-chain
arrangement appears to be influenced by intermolecular
hydrogen bonding, both between neighbouring molecules and
between molecules and PFs~ anions, which, along with solvent
molecules, are located between the chains. These inter-
molecular interactions involve hydrogen atoms from phenyl
and methylene groups of the phosphane substituents forming
hydrogen bonds with oxygen atoms from the NO, group of
neighbouring molecules (H22D-040 A = 2.555(11) A; H46-
040 A = 2.613(12) A). Additional hydrogen bonds are observed
between PFs~ counterions and hydrogens from the phenyl and
bipyridyl rings of two adjacent molecules of two different
chains (H50-F3S = 2.546(12) A; H16A-F4S = 2.558(12) A)
(Fig. S19B of the SI). A similar intra-chain arrangement is
observed in the packing of compound 3 along the a-axis
(Fig. S20 of the SI), consistent with the presence of analogous
intermolecular interactions in both complexes, as seen in com-
pound 1. The molecular packing of 5 along the a-, b-, and
c-axes is shown in Fig. S21 of the SI.

Stability of the complexes

Studies in organic and aqueous relevant media with the new
‘RuCp’ complexes bearing bipyridine-based ligands were per-

598 | Dalton Trans., 2026, 55, 594-610
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formed before in vitro evaluation to assess their stability in
solution. The stability of all NDB-labelled ‘RuCp’ complexes
was examined via both NMR and UV-Vis spectroscopy. A series
of 'H and *'P{'"H} NMR spectra were recorded in DMSO-d,
solution throughout 24 h. No variation of the chemical shift
values of the characteristic peaks of complexes 1-5 was
noticed, meaning that these complexes are highly stable in
DMSO-d, (Fig. S22 of the SI). This was further confirmed by
UV-Vis spectroscopy (under shaded conditions), which
remained unchanged over 24 hours (data not shown).

The stability of the cationic complexes was also evaluated in
aqueous cell culture medium DMEM without phenol red.
Complexes 1-5 were first solubilized in DMSO and then
diluted to 5% DMSO with DMEM. Changes in shape or inten-
sity are negligible over 24 h (absorbance variations below 10%,
Fig. S23 of the SI). Overall, this set of compounds is robust
regarding ligand exchange, maintaining the original structure
over time, which is a highly desirable feature in this context.

Anticancer activity of the compounds on cancer and non-
cancerous cell lines

To assess the anticancer activity of the new Ru(i) compounds,
their cytotoxicity was evaluated in three cancer cell lines of
different histological origins, selected for being among the
most commonly used models in the screening of new candi-
dates: 4T1 (murine epithelial breast cancer), CT26 (murine
colon carcinoma), and U20S (human osteosarcoma) — as well
as in one normal cell line, 3T3 (murine embryonic
fibroblasts).>®

Cells were incubated with complexes 1-5, Ph,P-CH,-pip-
NBD and cisplatin (CDDP), and cell viability was assessed after
a 48 h period, and their cytotoxicity (ICs, values) was deter-
mined using the Alamar blue assay. The cytotoxicity analysis
revealed distinct variations in the toxicity of the tested com-
pounds across the different cell lines. Complex 1 exhibited the
highest cytotoxic effects in all cell lines tested, with low ICs,
values, particularly in 4T1 (7.42 + 0.63 pM) and U20S (3.73 +
0.28 pM). Complexes 2 and 5 also demonstrated significant
toxicity, particularly in U20S (ICso = 4.57 + 0.46 and ICs, = 6.94
+ 1.70 pM, respectively). 3T3 fibroblast also demonstrated
moderate sensitivity to these compounds, with ICs, values for
complexes 1 and 3 (ICso = 7.58 + 0.16 pM and ICs, = 13.00 +
0.67 uM, respectively) comparable to those observed in cancer
cells, thus suggesting potential off-target effects. On the other
hand, 2 and 4 did not display significant toxicity, with ICs,
values exceeding 100 pM in all tested cell lines (Table 2 and
Fig. S24-S27 of the SI). This indicates that the incorporation of
hydroxyl or biotin substituents on the bipyridine ligand has a
detrimental impact on cytotoxic activity within this compound
family. A similar trend has been previously reported for related
systems.>>?”

The most unexpected observation was the response of CT26
cells to the organometallic complexes, as they exhibited mark-
edly higher resistance, with ICs, values exceeding 100 pM for
all tested compounds, except for complex 1, which showed a
comparatively high ICs, of 23.21 + 0.17 pM relative to its

This journal is © The Royal Society of Chemistry 2026
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Table 2 ICsq values (uM) of complexes 1-5, Ph,P-CH,-pip-NBD, and cisplatin (CDDP) measured after 48 h incubation with increasing concen-
trations (0—100 pM) of each compound in murine epithelial breast cancer (4T1), murine colon carcinoma (CT26), human osteosarcoma (U20S), and
murine embryonic fibroblasts (3T3) cell lines, using the Alamar blue assay. Data are means + standard error of the mean (SEM) (n = 3)

4T1 CT26 U20S 3T3

1 7.42 + 0.63 23.21+0.17 3.73 +£0.28 7.58 +£0.16
2 >100 >100 >100 >100

3 11.14 £ 2.08 >100 4.57 £ 0.46 13.00 = 0.67
4 >100 >100 >100 >100

5 12.14 £1.23 >100 6.94 +1.70 19.59 £3.73
Ph,P-CH,-pip-NBD 43.06 + 3.7 15.61 = 0.56 48.83 +3.29 14.49 £ 0.79
CDDP 8.68 + 0.90 15.46 + 4.96 16.86 + 5.07 9.94 £ 0.38

effects on other cancer cell lines. These observations may be
explained by the high mutational load of CT26 cells.*® Overall,
1, 3, and 5 demonstrated significantly higher cytotoxicity than
the Ph,P-CH,-pip-NBD fluorescent ligand (except for CT26
cells), highlighting these candidates as the most promising
compounds. Additionally, these compounds showed similar
cytotoxicity to cisplatin (with the exception of CT26 cells),
being particularly more cytotoxic in the human osteosarcoma
U20S cell line.

Cellular uptake studies

Next, we investigated the cellular internalization of the com-
pounds to determine whether their cytotoxicity was linked to
differences in their ability to be internalized by target cells.
Cell uptake was measured by flow cytometry, taking advantage
of the compounds’ intrinsic fluorescence. Since all complexes
share similar absorption and emission spectra, with maximum
absorption at Amax ~490 nm and peak emission at Aem
~550 nm in DMSO (Fig. S17 of the SI), as well as comparable
fluorescence quantum yields (Table S1 of the SI), we were able
to directly compare cell uptake of the complexes by measuring
their fluorescence associated with the cells. However, it is
important to note that, while all organometallic complexes
exhibit very low fluorescence quantum yields, the precursor
Ph,P-CH,-pip-NBD shows the highest @ This suggests that
the presence of the ‘RuCp’ scaffold reduced the overall fluo-
rescence signal.

Cells were incubated with complexes 1-5 at concentrations
of 6.25 pM and 12.5 uM for 25 h and, after a washing step,
immediately analyzed by flow cytometry (Fig. 3A and B). The
gating and fluorescence histograms obtaining by flow cytome-
try are shown in Fig. S28-S35 of the SI. Complexes 1, 3, and 5
exhibited the highest cell uptake across all cell lines, whereas
complexes 2 and 4 demonstrated the lowest levels of internaliz-
ation. This trend in cell uptake correlates well with the com-
pounds’ cytotoxicity. Notably, U20S, the most sensitive cell
line to complexes 1, 3, and 5 (cell uptake could not be recorded
for complexes 1 and 3 at 12.5 pM due to high toxicity), showed
the highest internalization of these complexes. However, it
should be noted that the correlation between cell uptake and
cytotoxicity was not observed in CT26 cells. In these cells, cell
uptake was similar to that in other cell lines, but no significant
toxicity (except for complex 1) was detected. Overall, a strong

This journal is © The Royal Society of Chemistry 2026

correlation between cell uptake and cytotoxicity was observed
in 4T1, U20S, and 3T3 cells, but not in CT26 cells, suggesting
that these cells may possess more robust defense mechanisms
against cell death mediated by the complexes. To confirm that
all complexes were internalized rather than merely associated
with the cell membrane, fluorescent microscopy was used to
image cells incubated with the compounds for 6 h. The
acquired images reveal that the compounds localize within the
cells, accumulating in cytoplasmic dots and with some dis-
persed signal throughout the cytoplasm (Fig. 3C).

Given the observed intracellular accumulation of the fluo-
rescent complexes as distinct punctate dots, the most likely
internalization mechanism is endocytosis — a process by which
the cell membrane engulfs the compound, forming small vesi-
cles (endosomes) that transport it into the cell. In order to
confirm endocytosis as the primary internalization route, we
evaluated the cellular uptake of the compounds in the pres-
ence of inhibitors of specific endocytic pathways, namely,
chloroquine (a clathrin-mediated endocytosis inhibitor) and
genistein (a caveolin-mediated endocytosis inhibitor). Flow
cytometry and fluorescence microscopy experiments demon-
strated that co-incubation of complexes 1-5 with chloroquine
induced a slight, though not statistically significant, increase
in the uptake of the compounds. This modest increase in
intracellular accumulation may be explained by chloroquine’s
interference with the maturation of early endosomes into late
endosomes and their subsequent fusion with lysosomes. By
disrupting this trafficking pathway, chloroquine may lead to
the accumulation of endosomes, thereby reducing compound
degradation and contributing to increased intracellular reten-
tion (Fig. 4A and C). In contrast, genistein significantly inhib-
ited their internalization, with a more pronounced effect
observed for 1, 3, and Ph,P-CH,-pip-NBD. These results
suggest that complexes 1-5 are primarily internalized via endo-
cytosis, namely caveolin-mediated endocytosis (Fig. 4B and C).

These findings are consistent with the lack of correlation
between the partition coefficients (Kp) for lipid membranes of
POPC:POPS (LUVs diameter 117.5 + 1.1 nm; zeta potential —
10.3 + 0.8 mV) and cell uptake. Kp values were determined for
the Ph,P-CH,-pip-NBD free ligand (Kp = 3.47 x 10% logKp =
2.54 + 0.23), complex 1 (Kp = 5.80 x 107, log Kp = 2.76 = 0.26),
one of the compounds with higher uptake and cytotoxicity,
and complex 2 (Kp = 2.64 x 10%, log Kp = 3.42 + 0.41), which
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Fig. 3 Intracellular accumulation of complexes 1-5. Cell uptake of complexes 1-5 at (A) 6.25 uM or (B) 12.5 uM through the detection of their flu-
orescence in 4T1, CT26, U20S and 3T3 cells after an incubation of 25 hours. Bars indicate the mean + standard error of the mean (SEM) of three
independent experiments. In B, data for complexes 1 and 3 in U20S cells are not shown, as all cells died after 25 hours of treatment. (C)
Representative images of 4T1 cells taken 6 h after incubation with (i) Ph,P-CH,-pip-NBD, (ii) 1, (iii) 2, (iv) 3, (v) 4, and (vi) 5. *p < 0.05, **p < 0.01,

***%p < 0.0001 vs. ctrl (-).

exhibited one of the lowest uptake and cytotoxicity levels. The
Ph,P-CH,-pip-NBD and complex 1 showed lower Kp values,
indicating a weaker affinity for lipid membranes, while
complex 2 had the highest Kp, indicating greater membrane
affinity (Fig. S36 of the SI). However, these values did not corre-
late with the observed cellular internalization trends, as
complex 1 was more efficiently internalized than complex 2
(Fig. 3). This discrepancy can be explained by the fact that Kp
is expected to correlate with internalization via passive
diffusion (which involves direct passage through the phospho-
lipid bilayer), but not via endocytosis (which involves vesicular
uptake). In fact, the results observed indicate an inverse corre-
lation between the compound toxicity and its membrane
affinity. The higher Kp observed for complex 2 in comparison
with complex 1 is also unexpected given that the only struc-
tural difference is the presence of two CH,OH groups in
complex 2 instead of two CH; groups in complex 1. It was also
observed that while the fluorescence quantum yield in DMSO
is only slightly higher for complex 1 (Table S1), the fluo-
rescence increase observed upon association with the lipid
membranes is 5-fold higher for this complex. This suggests

600 | Dalton Trans., 2026, 55, 594-610

that complex 2 interacts mostly with the polar lipid head-
groups and thus, its higher value of Kp is not expected to lead
to a higher passive permeability.>*™*' Those results further
reinforce that cell uptake of these complexes occurs mostly by
endocytosis.

Intracellular localization studies

Having confirmed that the primary mechanism of cellular
internalization of the new complexes is caveolin-mediated
endocytosis, and considering their punctate intracellular dis-
tribution, their lysosomal tropism was further validated by
confocal microscopy using Lysotracker Red as a lysosomal
marker. As expected, strong colocalization between the com-
plexes and Lysotracker Red was observed, with compounds 1
and 3 also being detected in the cytoplasm (Fig. 5).

Although the fluorescence quantum yields of the complexes
were very low in DMSO (0.001 to 0.0027, Table S1 of the SI),
relatively strong intracellular fluorescence was observed in our
experiments using flow cytometry and fluorescence microscopy
(Fig. 3-5). This was particularly evident when the compounds
were localized in endosomes and/or lysosomes, which are

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Fluorescent Ru(i)—cyclopentadienyl complexes are internalized by caveolin-mediated endocytosis. Cell uptake of fluorescent compounds by
4T1 cells in the presence of (A) chloroquine (50 pM); [1-5 and Ph,P-CH,-pip-NBD = 12.5 pM] or (B) genistein (100 uM); [1-5 and Ph,P-CH,-pip-
NBD = 9 pM], assessed by flow cytometry after 6—7 h of incubation. Bars represent the mean + standard error of the mean (SEM) of two (or three)
independent experiments. (C) Representative images of 4T1 cells taken 6 h after incubation with 1, 3, and 4 in presence of chloroquine (50 pM) or
genistein (100 pM). *p < 0.05, ***p < 0.001 vs. ctrl.
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Lysotracker RuCp-PNBD

Ph,P-CH,-pip-NBD

Fig. 5 Ru(i)-cyclopentadienyl complexes (in green) mainly accumulate in lysosomes (in red). Representative images of 4T1 cells taken 6 h after
incubation with complexes 1-5 and Ph,P-CH,-pip-NBD.

acidic compartments. These findings suggest that, like the free conducted at different pH values (2, 6, and 7.4) revealed a sig-
Ph,P-CH,-pip-NBD ligand, complexes 1-5 may exhibit nificant increase in the fluorescence of 1 and 2 at pH 2, but
enhanced fluorescence at acidic pH.>* Indeed, a kinetic study not at pH 6 or 7.4. The fluorescence of Ph,P-CH,-pip-NBD was
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much higher at pH 2, even at small times after incubation at
this pH, with a more moderate and slower increase at pH 6
(Fig. S37 of the SI). A very strong fluorescence increase was
observed for complex 1 when at pH 2, occurring over 7 hours
and stabilizing at the fluorescence intensity observed for
Ph,P-CH,-pip-NBD, while no variation was observed at pH 6 or
7.4. A similar behavior was observed for complex 2, although
with slower kinetics. The enhanced fluorescence at acidic pH
may be due to the protonation of the amino groups in the
complexes. Additionally, one cannot neglect the possibility of
Ph,P-CH,-pip-NBD release from the ruthenium complex
within the lysosomes, leading to increased fluorescence, as the
quantum yield of Ph,P-CH,-pip-NBD is 5 to 10 times higher
than that of the Ru complexes.

ROS detection and morphological indicators of apoptosis

To gain further insight into the mechanism of action of the
most cytotoxic compounds, the overall level of oxidative stress
was indirectly assessed using the CellROX™ Deep Red reagent,
which becomes fluorescent upon oxidation. A significant
increase in oxidative stress was observed in cells treated with
compounds 1, 3 and 5 (Fig. S38 of the SI), suggesting that
these compounds may promote the production of reactive
oxygen species (ROS), as reported for several families of ruthe-
nium complexes.””** This enhanced oxidative stress is
expected to contribute to cell death, whose mechanism was
further investigated in 4T1 cells by microscopy. Hallmarks of
apoptosis, including cell shrinkage, formation of apoptotic
bodies, and chromatin condensation and fragmentation, were
evident after 6 h of incubation and became more pronounced
after 24 and 48 h, particularly for compounds 1 and 3, indicat-
ing that apoptosis is the main mechanism of cell death
induced by this class of compounds (Fig. S39 of the SI).

Conclusions

In this study, we successfully synthesized and characterized a
new family of luminescent ruthenium(i)-cyclopentadienyl
complexes incorporating an NBD-functionalized phosphane
ligand. The introduction of the Ph,P-CH,-pip-NBD unit con-
ferred intrinsic fluorescence as desired and enabled subcellular
tracking without compromising the structural integrity or cyto-
toxic properties of the organometallic scaffold. Detailed spec-
troscopic and crystallographic analyses confirmed the expected
coordination geometry, while stability assays demonstrated the
robustness of the complexes under mimetic physiological con-
ditions. Biological evaluation revealed that complexes 1, 3, and
5 possess significant anticancer activity, particularly against the
U20S cell line, with cytotoxicity profiles that correlate with
their cellular uptake. Mechanistic insights indicated that
internalization proceeds primarily via caveolin-mediated endo-
cytosis, and colocalization studies confirmed selective lysoso-
mal accumulation. Furthermore, the pH-dependent enhance-
ment of fluorescence suggests a lysosome-activated imaging
capability, reinforcing their potential as lysosome-targeted

This journal is © The Royal Society of Chemistry 2026
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agents. ROS generation and apoptosis seem also to be key con-
tributors to the cytotoxic activity of this compounds’ family.
Taken together, these results highlight the potential of this
fluorescent ‘RuCp’ platform as a promising hit for the develop-
ment of traceable, organelle-targeted anticancer metallodrugs.

Methods

Materials

All chemicals were purchased from commercial sources and
used without further purification (unless otherwise stated).
[Ru(n’-CsH;5)(NCCH,);][PFs] was purchased from Sigma-
Aldrich and used without further purification. Ph,P-CH,-pip-
NBD ligands was prepared according to published methods.**

Instrumentation and methods
(experimental section)
General procedures

All reactions and purification of compounds were performed
under nitrogen atmosphere wusing Schlenk techniques.
Dichloromethane, THF and n-hexane were dried using an
MBRAUN solvent purification system (MB SPS-800, M Braun
Inertgas-Systeme GmbH, Garching, Germany). NMR spectra
were recorded on a Bruker Avance 400 spectrometer at probe
temperature (298 K) using commercially available deuterated
acetone and dimethylsulfoxide. Chemical shifts (6) are
reported in parts per million (ppm) referenced to tetramethyl-
silane (6 0.00 ppm) using the residual proton solvent peaks as
internal standards. The multiplicity of the peaks is abbreviated
as follows: s (singlet), d (doublet), t (triplet), m (multiplet).
Coupling constants (/) are reported in Hertz (Hz). All assign-
ments were attributed using COSY, HMBC, and HMQC bidi-
mensional-NMR techniques. Infrared spectra were recorded on
KBr pellets using a Mattson Satellite FT-IR spectrophotometer.
Only considered relevant bands were cited in the text.
Electronic spectra were recorded at room temperature on a
Jasco V-660 spectrometer from solutions of 107*-107® M in
quartz cuvettes (1 cm optical path), under air and at room
temperature. Elemental analyses were performed at
Laboratorio de Andlises, at Instituto Superior Técnico, using a
Fisons Instruments EA1 108 system. ESI-MS data acquisition,
integration and handling were performed using a PC with the
software package EAGER-200 (Carlo Erba Instruments).

Synthesis of the ruthenium complexes

Compounds of general formula [Ru(n’-CsHs)(NN)(Ph,P-CH,-
NBD)][PF¢] (1-5) were obtained by addition of 4,4’-dimethyl-
2,2"-bipyridine (for 1; 32 mg, 0.17 mmol), 4,4"-bis(hydroxy-
methyl)-2,2"-bipyridine (for 2; 37 mg, 0.17 mmol), 4,4"-
dimethoxy-2,2"-bipyridine (for 3; 37 mg, 0.17 mmol), 2,2"-bipy-
4,4'-dibiotin ester (for 4; 116 mg, 0.17 mmol) or 1,10-phenan-
throline (for 5; 31 mg, 0.17 mmol) to a stirred solution of the

cationic complex [Ru(n’-CsHs)(NCCH,);][PF] (75 mg,
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0.17 mmol) in dichloromethane (10 mL) cooled with ice/water
bath (0 ©°C). Afterwards, Ph,P-CH,-pip-NBD (78-80 myg,
0.17-0.18 mmol) was added, and the solution was warmed up
to room temperature slowly and stirred for 4 h while protected
from light exposure. Compounds 3 and 5 separate from the
mixture as orange solids as the reaction goes on. After evapor-
ation of the solvent, the dark-reddish residue was recrystallized
from slow diffusion of n-hexane into dichloromethane (for 1
and 3) or THF (for 2) solutions of from diffusion of diethyl
ether into acetonitrile solution (for 5), affording dark red or
orange crystalline solids.

Optimized synthesis of complex 4

[Ru(n’-CsH;)(4,4'-CH,OH-2,2"-bipy)(Ph,P-CH,-pip-NBD)][PF¢]
(2; 80 mg, 0.08 mmol) was combined with 5-[(3a$,45,6aR)-2-
oxohexahydro-1H-thieno[3,4-d]imidazol-4-ylJpentanoic acid
(Biotin; 50 mg, 0.2 mmol), 4-dimethylaminopyridine (DMAP;
6 mg; 0.05 mmol) and EDC-CI (39 mg, 0.2 mmol) in a Schlenk
and dimethylformamide (DMF; 5 mL) was added. The orange
mixture was stirred for 14 h at room temperature. On the next
day, the solvent was removed under vacuum and the residue
obtained washed with water (10 mL x 3) and diethyl ether
(10 mL x 3), to yield an orangish red solid.

[Ru(n’-CsH;)(phen)(Ph,P-CH,-pip-NBD)|[PFs] (1). Single
crystals were obtained from slow evaporation of an acetone
solution.

Yield: 93%. "HNMR [(CD3),CO, Me,Si] § (ppm): 9.22 (d, 2H,
3JHH =6, ﬂGbipy), 8.43 (d, 1H, 3]HH =9, IiSIPPhZ—CHZ-pip-NBD), 7.90
(S, 2H, IiSbipy), 7.37 (m’ 2H, 3]HH =7, I;IpamPPhZ—CHZ-pip—NBD),
7.21 (m, 6H, Hypyg” "> CH2PIPNED o H5PiPY) 17 09 (t, 4H, Jyy =
8, HorthoPPhZ-CHZ-pip—NBD)’ 6.57 (d, 1H, 3]HH = o9,
HePPh>CH2PIPNBD) 541 (5, 5H, CsH;), 4.00 (m, 4H,
H3PPh2 -CH2-pip-NBD HSPPhZ-CHZ-pip-NBD)’ 3.79 [S, 2H, PPhZ-CIjz-
pip-NBD), 2.62 (t, 4H, *[yy = 5, H2PPP¥CH2PIPNED
HEPhFCH2PIPNED) 5 45 (s, 6H, CH;"'P). APT-'*C{'H} NMR
[(CD;),CO] & (ppm): 156.3 (ceb‘PY), 156.0 (C2"'P), 149.0,
(C4P'P), 1461 (C1PPPPCHEPIPNBD) 4460  +  145.8
(CzlPhZP CH2-pip-NBD + C3 /Ph2P-CH2-pip- NBD) 136.3
(CS,thp CH2-pip- NBD) 133.5 (d ]CP =11, CHorthoPmP CH2-pip- NBD)
131.8 (d, Yop = 38, Cpsp' 25 CHPIP- NBD), 130.6 (d, Yep = 2,
ngamPhZP-CHZ-pip—NBD)’ 129.1 d, 3 Jop _ 10,
CH g 2P CH2PIPNED) = 197 1 (C5°Y), 124.7 (C3°PY), 104.2
(Ce'Ph2PCH2PIPNED) 77 6 (d, *Jcp = 2, CsHs), 60.9 (d, Ycp = 38
ClPhZP CH2-pip- NBD) 55.7 (d ](,P — 9 CZPhZP CH2-pip-NBD and
C6Ph2P CH2-pip- NBD) 50.1 (CSP]’IZP CH2-pip-NBD and
C5PR2PCHZPIPNED) | 50 ¢ (CH,). *'P{'H} NMR [(CD,),CO] &
(ppm): 45.5 (s, Ph,P-CH,-pip-NBD), —144.3 (sept, ‘Jpr = 708,
PF,). FTIR [KBr, cm™']: 3053 (vC-H aromatic rings), 2921-2852
(vC-H alkanes), 1617 and 1436 (vC=C aromatic rings), 843
and 557 (VPF, counterion). UV-Vis [NCCHj, Apa/nm (e x 10%/
M~! em™): 238 (sh), 290 (4.3), 340 (2.9), 481 (5.8). Elemental
analysis calc. for C4oH39FsN,;O3P,Ru (942.79): C, 50.96, H, 4.17;
N, 10.40. Found: C 51.1; H, 4.2; N, 10.2. ESI-MS: [1-PF4]" calc.
for [C40H3oN;0;PRu]": 797.83. Found: 797.98.

[Ru(n’-C5H;)(bipy(CH,OH),)(Ph,P-CH,-pip-NBD)|[PFs]|  (2).
Yield: 81%. "H NMR [(CD;),CO, Me,Si] § (ppm): 9.34 (d, 2H,
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SJHH =6, Ii6bipy), 8.43 [d, 1H, 3]HH =9, IiS;PhZP-CHZ-pip-NBD)’ 7.98
(s, 2H, Iijipy), 7.37 (m, 4H, 3]HH =7, HpumPPhZ—CHZ-pip—NBD +
H5"PY), 7.21 (m, 4H, Hyper” "2 CH2PIPNED) 15 09 (t, 4H, *Jupy =
8, HorthoPPhZ-CHZ—pip-NBD)’ 6.57 [d, 1H, 3.]HH = 9,
HeP2PCH2PIPNBD) - 5 45 (5 5H, CsHs), 4.77 (m, 6H,
CH,OH"™),  4.01 (m, 4H, H3'POH2PPNED
H5PP2PCH2PIPNBD) 3 76 (¢ o Ph,,-CH,-pip-NBD), 2.62 (t, 4H,
JHH — 5’ IiZPhZP CH2-pip-NBD + §6Ph2P -CH2-pip- NBD). APT- 130{1H}
NMR [(CD3),CO] & (ppm): 156.4 (d, YJcp = 2, C6"'P), 156.1
(C4"'PY), 153.4 (C6"'PY), 146.1 (C1'PN2PCH2PIPNED) 1146 0 + 145.8
(CZrPhZP CH2-pip-NBD n CS:PhZP CH2-pip- NBD] 136.3
(CS,PhZP CH2-pip- NBD) 133.4 (d ]CP =11, CHorthaPhZP CH2-pip- NBD)
131.6 (d, Yop = 38, Cipsp' 25 CHPIP" NBD), 130.7 (d, Yep = 2,
ngamPhZP—CHZ-pip-NBD), 129.1 d, 3 Jor _ 10,
CH e "2P CH2PIPNED) = 153 5 (C5°PY), 120.9 (C3°™), 104.2
(Ce'Ph2PCH2PIPNED) 77 7 (d, 2Jop = 2, CsH;), 62.5 (CH2"PY),
59.8 (d, 1‘]Cp = 38, ClPhZP-CHZ—pip-NBD)’ 55.7 (d, 3]CP = 9,
CZPhZP—CHZ-pip-NBD and C6Ph2P-CHZ-pip-NBD)’ 50‘1
(C3Ph2P-CH2—p1'p-NBD and CSPh 2P-CH2-pip—NBD). 31P{1 H} NMR
[(CD3),CO] 6 (ppm): 45.5 ppm (s, PPh,-CH,-pip-NBD), —144.3
(sept, Jpr = 708, PF¢). FTIR [KBr, cm™']: 3444 (vO-H),
3078-3058 (vC-H aromatic rings), 2925-2854 (vC-H alkanes),
1612 and 1436 (vC=C aromatic rings), 1332 (vN-O), 1132 (vC-
0), 847 and 558 (VPF counterion). UV-Vis [NCCH3, Apa/nm (e
x 10*)M™" em™)]: 238 (sh), 290 (4.1), 339 (2.6), 480 (5.1).
Elemental analysis calc. for C,yHzoF¢N,OsP,Ru (974.79): C,
49.29, H, 4.03; N, 10.06. Found: C, 49.5; H, 4.2; N, 10.0.
ESI-MS: [2-PF¢]" cale. for [C4oH3oN;O5PRu]™: 829.83. Found:
829.98.

[Ru(n’-C5sH;)(MeO,bipy)(Ph,P-CH,-pip-NBD)][PF¢] (3). Single
crystals were obtained from slow diffusion of n-hexane into di-
chloromethane solution. Yield: 90%.

'H NMR [(CD;),CO, Me,Si] § (ppm): 9.13 (d, 2H, */yy = 6,
H6"™), 8.43 (d, 1H, Yy = 9, H5""2FCHZPIPNED) 15 65 (s, 2H,
H3"'P), 7.39 (m, 2H, Juu = 7, Hpard ¥ 2 PIPNER) 7 23(m,4H,
IimemPhZP-CHZ-pip-NBD)’ 713 (t, 4H, SJHH — 8,
Hyrino 25 CHZPIPNED) 15 00 (dd, 2H, H5"P), 6.57 (d, 1H, Yy =
9, HeTM2PCHZPIPNED) " 505 (5, 5H, CsHs), 4.01 (m, 4H,
H3Ph2P -CH2-pip-NBD + H5PhZP -CH2-pip- NBD) 3.97 (S, 6H OCH blpy)’
3.78 (s, 2H, Ph,P-CH,-pip-NBD), 2.62 (t, 4H, *Juy = 5,
aZPhZP CH2-pip-NBD + E6Ph2P-CH2-pip-NBD).

APT-"*C{'"H} NMR [(CD3),CO] & (ppm): 166.2 (C2"'7), 156.8
(g4bipy)’ 156.7 (d, 3.]CP =2, C6b1'py) 145.3 [Cl,PhZP-CHz-pip-NBD)
145.1 + 145.0 (CZrPhZP CH2-pip-NBD n C3rPh2P(,H2 pip- NBD) 135.4
(CS,PhZP CH2-pip- NBD) 132.7 (d ]CP =11, CHorthaPhZP CH2-pip- NBD)
131.4 (d, Yop = 38, Cipsp' 25 CHZPIP: NBD), 129.7 (d, Yep = 2,
ngamPhZP—CHZ-pip-NBD), 128.3 , 3 Jor _ 10,
CH e 2P CH2PIPNED) = 199 5 (C5°PY), 109.2 (C3"™Y), 103.3
(CE™Ph2P-CH2PIPNED) 76 0 (d, %], = 2, CsH;), 60.9 (d, Jep = 38,
glPhZP—CHZ-pip—NBD)’ 59.0 (d, 1\]CP = 38, glPhZP-CHZ-pip—NBD)’ 56.0
(OgHs), 54.9 (d, 3JCP = o QZPhZP-CHZ-pip-NBD and
96Ph2P—CH2-pip—NBD]’ 492 (93 PhZP-CHZ—pl'p-NBD and
C5Ph2P-CH2PIPNED) S1pfigl NMR [(CD;),CO] & (ppm): 46.2 ppm
(s, Ph,P-CH,-pip-NBD), —144.3 (sept, ‘Jpr = 708, PF;). FTIR
[KBr, em™"]: 3086-3052 (vC-H aromatic rings), 2939-2805 (vC-
H alkanes), 1614 and 1436 (vC=C aromatic rings), 1129 (vC-
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0), 842 and 557 (vPF counterion). UV-Vis [NCCH3, Ama/nm (&
x 10°/M™" em™)]: 236 (sh), 291 (4.7), 340 (2.7), 480 (5.6).
Elemental analysis calc. for C,oH3oF¢N;OsP,Ru (974.79): C,
49.29, H, 4.03; N, 10.06. Found: C, 49.4; H, 4.1; N, 10.1.
ESI-MS: [3-PF¢]" calc. for [C4H3oN,O5PRu]™: 829.83. Found:
829.96.
[Ru(n’-CsH;)(bipy(CH,Biotin),)(Ph,P-CH,-pip-NBD)]|[PF]
(4). Yield: 77%. 'H NMR [(CDs)ZCO Me,Si] 6 (ppm): 9.42 (m,
2H, H6"'P), 8.43 (d, 1H, *Juy = 9, H5PM2FCHZPIPNED) 1g 9 (g,
2H, H3"'P), 7.40 (m, 4H, ijm"h” CH2-pip-NBD | Hsb'mj 7.22 (t,
4H, 3]HH =7, Iimempth CH2-pip- NBD)’ 7.08 (t, 4H, ]HH = 8,
IiorthaPhZP-CHz-pip-NBD)’ 6.58 (d, 1H, 3]HH =9, Ii6,Ph2P—CH2-pip—NBD)’
6.06 (d, 2H, NH"°""), 5.87 (br d, 2H, NH”*""), 5.26 (m, 4H,
CH,™°"™), 5.19 (s, 5H, CsHs), 4.49 (m, 2H, SCH,CH"°""), 4.32
(1’1’1, 2H, CHBiotin)’ 4.01 (m’ 4H, ESPh2P-CH2-pip-NBD +
H5Ph2PCH2PIPNED) "3 g5 (s, 2H, Ph,P-CH,-pip-NBD), 3.22 (2H,
S_CHBiotin)’ 2.63 (t, 4H, 3]HH = 5, IizPhZP-CHz-pip-NBD +
He""2PCH2PIPNED) 5 50 (m, 4H, SCH,Biotin), 1.78-1.49 (m,
12H, CH,CH,CH,CH,Biotin). APT-"*C{"H} NMR [(CD;),CO] &
(ppm): 173.6 (CO, bipy(CH,Biotin), ester), 164.2 (CO, bipy
(CH,Biotin), urea), 156.9 (br, C6"'P), 156.0 (C2"'P), 147.1
(C4PP), 1461 (C1PPPPCHEPIPNBD) q459  + 145.8
(CzlPhZP CH2-pip-NBD + CSrPhZP CH2-pip- NBD) 136.5
(CS,thp CH2-pip- NBD) 133.3 (d ]CP =11, CHorthoPmP CH2-pip- NBD)
131.2 (d, Yop = 38, Cpsp' 25 CHPIP- NBD), 130.7 (d, Yep = 2,
ngamPhZP-CHZ-pip—NBD)’ 129.2 , 3 Jop _ 10,
CH g 2P CH2PIPNED) = 104 5 (C5°PY), 122.3 (C3"PY), 104.2
(Ce'Ph2PCH2PIPNED) 57 g (d, %Jp = 2, CsHs), 64.1 (CH,'™), 62.4
(CH®°") 60.7 (SCH,-CHBiotin), 59.7 (d, Yep = 38,
C1Ph2PCH2PIPNBD) - 56 5 (SCHBiotin), 59.7 (d, Yep = 38,
ClPhZP(,HZ pip- NBD) 55 7 (d JCP — 9 CZPhZP CH2-pip-NBD and
C6Ph2P CH2-pip- NBD) 50.0 (CSPhZP CH2-pip-NBD and
C5PR2PCHZPIPNED) | 10 g (SCH,PMM) 341 + 202% + 25
(CHZCHZCHZCHZB'OU“) under the solvent peak. *'P{'H} NMR
[(CD;),CO] 6 (ppm): 45.31 ppm (s, Ph,P-CH,-pip-NBD), —144.3
(sept, “Jpr = 708, PF,). FTIR [KBr, cm™']: 3388-3263 (vN-H),
3077 (vC-H aromatic rings), 2928-2859 (vC-H alkanes),
1732-1698 (1C=O0 urea, ester), 1434 (vC=C aromatic rings),
1440 (vC=C aromatic rings), 843 and 557 (vPFs counterion).
UV-Vis [NCCHj3, A/nm (e x 10*/M ™" em™")]: 240 (sh), 290 (4.2),
340 (1.9), 480 (5.1). Elemental analysis calc. for
CeoHe7FsN1,0oP,RUS, (1427.38): C, 50.49, H, 4.73; N, 10.79; S,
4.49. Found: C, 50.3; H, 4.6; N, 10.6; S, 4.1. ESI MS: [4-PF]"
calc. for [CeoHg;N1;00PRUS,]": 1282.42. Found: 1281.99.
[Ru(n’-C;sH;)(phen)(Ph,P-CH,-pip-NBD)|[PFs] (5). Single
crystals were obtained from slow diffusion of diethyl ether into
acetonitrile solution. Yield: 87%. "H NMR [(CD;),CO, Me,Si] 6
(ppm): 9.75 (d, 2H, *Juy = 6, H2P"™), 8.47 (d, 2H, *Juy = 6,
H4P"™)| 8.43 (d, 1H, *Juy = 9, H5T 2P OH2PIPNED) 17 95 (s, 2H,
H6P™), 7.77 (m, 2H, H3P""), 7.16 (t, 2H, Juy = 7
IipamPPhZ-CHZ-pip-NBD), 6.97 [t, 4H, SJHH _ 7,
Iimetapphz-CHz-pip-NBD), 6.90 [t, 4H, 3 e _ 8
IiorthoPhZP-CHZ—pip-NBD) 6.57 (d, 1H, ]HH 9, H6'Ph2P-CH2-pip- NBD,
527 (s, 5H, CsHs), 3.99 (m, 4H, Ha"h”’ "CH2pIp-NBD
H5Ph2PCH2PIPNED) © 3 87 (5, 2H, PPh,-CH,-pip-NBD), 2.62 (t,
4H, 3]HH — 5’ EZPhZP-CHZ-pip-NBD + §6PhZP-CH2-pip-NBD). APT_13C

’
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{"H} NMR [(CD5),CO] 6 (ppm): 156.8 (C2P"*"), 147.6 (C5P"™),
145.8 (CllPhZP CH2-pip- NBD) 145.6 + 145.5 (gerhZP—CHZ-pip—NBD ¥
CS,PhZP -CH2-pip- NBD)’ 136.0 (CS,PPhZ -CH2-pip- NBD]’ 135.2 (C4phen ,
132.5 (d, %Jcp = 11, CHyppo 25 CHZPIPNED) 1130.8 (d, YJep = 38,
CipsoPhZP-CHZ pip- NBD)’ 130.1 (d, Yep = 2, o pamPhZP CH2-pip- NBD)’
128.3 (d, YJep = 10, CH e 2P CH2PIPNED) 1157 6 (C6P™™), 125.1
(g‘gphen)y 103.8 (QG;PhZP—CHZ-pip—NBD)’ 77.2 [d, Z]CP =2, QSHS)y
59.29 (d, Yep = 38, glPhZP-CHZ-pip-NBD)’ 55.4 (d, ep = 6,
QZPhZP—CHZ-pip-NBD and QGPhZP-CHZ-pip-NBD)’ 49.7
(93 Ph2P-CH2-pip-NBD and 95 Ph ZP-CHZ-pip—NBD). 31P{1 H} NMR
[(CD;),CO] 6 (ppm): 46.1 (s, Ph,P-CH,-pip-NBD), —144.2 (sept,
Ypp = 708, PF). FTIR [KBr, cm™']: 3077 (C-H aromatic rings),
2928-2859 (vC-H alkanes), 1434 (1C=C aromatic rings), 840
and 558 (vPF6 counterion). UV-Vis [NCCHj3, 4/nm (& x 10°/M ™"
em™]: 239 (sh), 290 (4.3), 339 (2.9), 482 (5.6). Elemental ana-
lysis calc. for C,oH35FsN;O3P,Ru (938.76): C, 51.18, H, 3.76; N,
10.44. Found: C, 51.2; H, 3.8; N, 10.7. ESI-MS: [5-PF¢]" calc. for
[C40H;35N,05PRu]’: 794.16. Found: 794.11.

Single crystal X-ray diffraction

The experimental data were measured on a Bruker D8 QUEST
ECO triple-circle diffractometer system equipped with a
ceramic X-ray tube (Mo Ka, 4 = 0.71076 A) and a Bruker
Triumph doubly curved silicon crystal monochromator.
Images were integrated using the Bruker SAINT software
package (version 8.40A) with a narrow-frame algorithm. The
data were corrected for absorption effects using the multi-scan
method (SADABS). All structure were solved and refined using
the Bruker SHELXTL Software Package (v6.14). CCDC 2476799
(for 1), 2476798 (for 3) and 2476797 (for 5) contain the sup-
plementary crystallographic data for this paper.

[Ru(n’-C;H5)(Me,bipy)(Ph,P-CH,-pip-NBD)][PFs]  (1). An
orange, plate-like specimen of 2(C4oH39N;O3PRu), 2(FeP), 4.5
(C3H¢O), approximate dimensions 0.030 mm x 0.120 mm x
0.170 mm, was used for the X-ray crystallographic analysis. A
total of 1437 frames were collected. The integration of the data
using a triclinic unit cell yielded a total of 184 432 reflections
to a maximum @ angle of 26.57° (0.79 A resolution), of which
18 801 were independent (average redundancy 9.810, comple-
teness = 99.0%, Rine = 11.95%, Rz = 6.63%) and 13670
(72.71%) were greater than 26(F*). The final cell constants of a
=11.8493(15) A, b = 19.432(3) A, ¢ = 20.703(3) A, a = 78.293(4)°,
B = 77.765(5)°, y = 84.304(5)°, volume = 4553.9(10) A%, are
based upon the refinement of the XYZ-centroids of 9881 reflec-
tions above 20 o(I) with 5.350° < 26 < 52.33°. The ratio of
minimum to maximum apparent transmission was 0.950. The
calculated minimum and maximum transmission coefficients
(based on crystal size) are 0.9220 and 0.9860.

The structure was solved and refined using the space group
Pi, with 2z = 2 for  the formula  unit,
Co3.50H105F12N14010.50PsRU,. The final anisotropic full-matrix
least-squares refinement on F> with 1099 variables converged
at R; = 10.17%, for the observed data and wR, = 26.16% for all
data. The goodness-of-fit was 1.054. The largest peak in the
final difference electron density synthesis was 2.007 e~ A™®
and the largest hole was —1.957 e”A™® with an RMS deviation
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of 0.178 e~ A3, On the basis of the final model, the calculated
density was 1.566 g cm > and F(000), 2208e .

The crystal lattice contained a large amount of diffuse elec-
tron density that could not be appropriately modelled. The
SQUEEZE routine within PLATON was employed to resolve this
problem, resulting in void electrons count per cell of 215 that
was assigned to seven solvent acetone molecules. The collected
data was of moderate quality, primarily due to the crystal’s
mosaicity. This resulted in a mixture of well-defined diffraction
spots and others that were significantly broadened and poorly
resolved, so the R factors are slightly higher than expected.

[Ru(n’-C;5H;5)(MeO,bipy)(Ph,P-CH,-pip-NBD)][PFs] (3). An
orange block-like specimen of C4,H,43Cl,FsN;OsP,Ru, approxi-
mate dimensions 0.100 mm x 0.170 mm x 0.200 mm, was used
for the X-ray crystallographic analysis. A total of 665 frames
were collected. The integration of the data using a triclinic
unit cell yielded a total of 176 238 reflections to a maximum 6
angle of 28.43° (0.75 A resolution), of which 23 334 were inde-
pendent (average redundancy 7.553, completeness = 99.3%,
Rine = 6.22%, Rgy = 4.33%) and 17 730 (75.98%) were greater
than 26(F?). The final cell constants of a = 11.8831(7) A, b =
19.9377(11) A, ¢ = 20.9074(12) A, a = 70.752(2)°, = 85.908(2)°,
y = 88.956(2)°, volume = 4664.5(5) A®, are based upon the
refinement of the XYZ-centroids of 9848 reflections above 20
o(I) with 5.559° < 20 < 56.03°. The ratio of minimum to
maximum apparent transmission was 0.908. The calculated
minimum and maximum transmission coefficients (based on
crystal size) are 0.8710 and 0.9320.

The structure was solved and refined using the space group
P1, with Z = 4 for the formula unit, C,,H,3Cl,F¢N;OsP,Ru. The
final anisotropic full-matrix least-squares refinement on F>
with 1294 variables converged at R, = 7.15%, for the observed
data and wR, = 17.81% for all data. The goodness-of-fit was
1.136. The largest peak in the final difference electron density
synthesis was 1.760 e~ A~ and the largest hole was —1.669 e~
A~* with an RMS deviation of 0.126 e~ A=, On the basis of the
final model, the calculated density was 1.630 g cm™> and
F(000), 2320e™. The Fluorines of one of the PF6— anions was
disordered and modelled with the PART command with occu-
pancies close to 50% over two sites. One of the solvent
CH2CI2 molecules was disordered and modelled with the
PART command with occupancies of 60% and 40% over two
sites. The phenyl ring C30-C35 was disordered and modelled
with the PART command with occupancies of 70% and 30%
over two sites. The phenyl ring C24a-C29a was disordered and
modelled with the PART command with occupancies of 60%
and 40% over two sites. One of the CH2-Piperazine moiety,
atoms c36A, N37A, C38A, C39A, N40A, C41A and C42A was dis-
ordered and modelled with the PART command with occu-
pancies of 50% over two sites.

[Ru(n’-C;sH;)(phen)(Ph,P-CH,-pip-NBD)|[PF¢] (5). A red,
needle-like specimen of 4(C4H35N;03PRu), 4(F¢P), H,O,
approximate dimensions 0.110 mm X 0.110 mm x 0.400 mm,
was used for the X-ray crystallographic analysis. A total of 994
frames were collected. The integration of the data using a
monoclinic unit cell yielded a total of 42 107 reflections to a
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maximum 6 angle of 27.55° (0.77 A resolution), of which 8902
were independent (average redundancy 4.730, completeness =
99.3%, Rint = 7.96%, Rgg = 6.28%) and 6595 (74.08%) were
greater than 20(F*). The final cell constants of a = 18.1160(10)
A, b =13.1312(8) A, ¢ = 16.5005(11) A, § = 98.267(2)°, volume =
3884.4(4) A’ are based upon the refinement of the XYZ-cen-
troids of 9918 reflections above 20 o(I) with 5.176° < 20 <
54.68°. The ratio of minimum to maximum apparent trans-
mission was 0.744. The calculated minimum and maximum
transmission coefficients (based on crystal size) are 0.8050 and
0.9400.

The structure was solved and refined using the space group
Pt 21/c1l, with Z = 1 for the formula unit,
Ci60H142F24N»5013PgRu,. The final anisotropic full-matrix
least-squares refinement on F* with 539 variables converged at
R, = 4.81%, for the observed data and wR, = 9.10% for all data.
The goodness-of-fit was 1.077. The largest peak in the final
difference electron density synthesis was 0.75 e~ A~ and the
largest hole was —0.850 e~ A~* with an RMS deviation of 0.103
e~ A™. On the basis of the final model, the calculated density
was 1.613 g cm > and F(000), 1914e".

Cell lines

In vitro studies were conducted in CT26 (murine colon cancer),
4T1 (murine triple negative breast cancer) and U20S (human
osteosarcoma), as well as in a murine fibroblast cell line, 3T3.
The cells were purchased from ATCC (CRL-2638™,
CRL-2539™, and CRL-1658™) whereas U20S were provided by
the Laboratory of Prof. Guido Kroemer. Cells were cultured in
Dulbecco’s Modified Eagle’s medium (DMEM, Sigma) sup-
plemented with 10% (v/v) heat-inactivated fetal bovine serum
and 1% of a mixture penicillin/streptomycin and maintained
in 75 em? flasks at 37 °C in humidified atmosphere with 5%
CO,.

Viability assays

4T1, CT26 (5 x 10% per well), U20S-WT (6 x 10° per well) and
3T3 (3 x 10® per well) cells were seeded in 96-well plates. After
24 hours, cells were treated with cisplatin, Ph,P-CH,-pip-NBD,
and complexes 1-5, at concentrations ranging from 0.78 to
100 pM, for 48 h. Cell viability was evaluated using the Alamar
blue assay, which contains resazurin, a non-fluorescent blue
dye that is metabolized by cells into resorufin, a pink and
highly fluorescent compound. Then, the fluorescence of
untreated cells (ctrl) was assumed to correspond to 100% of
viability. Fluorescence was measured using a Synergy HT
Multi-Mode Microplate Reader (BioTek) with excitation using a
528/20 nm filter and emission collected using a 590/35 nm
filter.

Fluorescence quantum yield

The fluorescence quantum yield (@) was determined using a
relative method, as described in the literature.*” Solutions of
the ruthenium compounds, as along with Rose Bengal as a
reference compound with a known fluorescence quantum
yield,*® were prepared in dimethylsulfoxide at concentrations
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ensuring absorbance values below 0.1 at 345 nm. Complexes
1-5, Ph,P-CH,-pip-NBD, and Rose Bengal, were excited at A =
345 nm, and their emission spectra were recorded over the
480-750 nm range using a Horiba-Jovin-Yvon Spex Fluorog
3-2.2 spectrophotometer. The fluorescence intensities were
obtained by integrating the area under the emission curves,
and the fluorescence quantum yields were calculated as
described in.*®

Cell uptake

4T1, 3T3 (4 x 10" per well), CT26 and U20S (5 x 10* per well)
cells were seeded in 24-well plates and let to adapt for
24 hours. Afterwards, cells were incubated with complexes 1-5
(6.25 and 12.5 pM) for 25 h at 37 °C. In parallel experiments,
the impact of endocytosis inhibition in the internalization of
the ruthenium compounds was also evaluated. For this, an
additional step of pre-incubation of 30 minutes with an inhibi-
tor of caveolin-mediated endocytosis (Genistein at 200 pM), or
with an inhibitor of clathrin-mediated endocytosis
(Chloroquine at 100 pM), was performed. Afterwards, com-
plexes 1-5 and Ph,P-CH,-pip-NBD, were added to the cells, for
an incubation of 6-7 hours.

In both protocols, at the indicated time points, cells were
washed once with PBS, detached with trypsin-EDTA and centri-
fuged for 5 minutes at 2000 rpm. Cells were then resuspended
in PBS and immediately analysed by flow cytometry (Agilent,
Novocyte® 3000). The fluorescence associated to the Ru(u)
compounds was measured upon excitation with the 488 nm
laser, and detection was performed using the 530/30 nm filter.
An average of 15000 events were collected, and the data are
presented as the mean fluorescence normalized to the mean
fluorescence of untreated cells.

Intracellular localization evaluated by confocal microscopy

4T1 cancer cells (10 000 cells per well) were seeded in an 8-well
iBidi plate. After 24 hours, complexes 1-5, and Ph,P-CH,-pip-
NBD, were added to the cells at concentrations of 9 uM, fol-
lowed by an incubation period of 6 hours. Afterwards, 150 nM
Lysotracker Red (Life Technologies) was added to the cells and
let for 2.5 hours. Cells were then washed twice with PBS and
images were acquired.

In a parallel experiment, cells were incubated for
30 minutes with chloroquine (100 uM) or genistein (200 uM),
followed by the addition of complexes 1, 3, and 4 at a final con-
centration of 9 uM.

In both experiments, imaging was performed using a Carl
Zeiss LSM 980 confocal microscope with excitation lasers set
to 488 and 561 nm for complexes 1-5 and Lysotracker Red,
respectively.

Partition coefficients of compounds between the aqueous
phase and POPC:POPS bilayers

A lipid film of 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and 1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho-i-serine
(POPS) was prepared by evaporating a mixture of POPC and
POPS, at a molar ratio of 9:1, dissolved in an azeotropic
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chloroform/methanol solution (87 : 13 v/v), with previous equi-
libration of the mixture for 30 minutes at room temperature.
Large multilamellar vesicles (MLVs) were prepared by
hydration of the lipid film with PBS (10 mM sodium phos-
phate at pH = 7.4 with 150 mM NaCl) to a total lipid concen-
tration of 10 mM, followed by 3 cycles of freeze/taw (in liquid
nitrogen and at 30 °C, respectively). For the preparation of
large unilamelar vesicles (LUVs), the MLVs were first subject to
3 cycles of extrusion through two-staked polycarbonate 100 nm
pore-size filters (Nucleopore) using a water-jacketed extruder
(Lipex Biomembranes, Vancouver, British Columbia, Canada)
with freeze/taw between the extrusions, followed by 10
additional extrusion steps.*” The size and surface potential of
the LUVs was characterized by dynamic light scattering and
zeta potential measurements (Zetasizer Nano ZS, Malvern,
UK).

The partition coefficients of the compounds were character-
ized by addition of the compounds dissolved in dimethyl-
sulfoxide to LUVs solutions pre-warmed at 37 °C and 10
different lipid concentrations, with a final concentration of the
compounds of 5 or 15 pM and 1% DMSO. The solutions were
allowed to equilibrate for 5 minutes at 37 °C, and their fluo-
rescence at Aey. = 440 nm/Aey, = 590 nm was measured using a
plate reader (SpectraMax iD5, Molecular Devices, Berkshire,
UK). Blank LUVs solutions containing 1% DMSO were also pre-
pared and the signal subtracted from that of the test solutions.
Titrations with a maximum lipid concentration of 5 mM were
performed with 100 pL solution in 96 well black/clear bottom
plates (ThermoFisher Scientific Inc., Walthem, MA, USA),
while for a maximum lipid concentration of 10 mM a spectra-
drop micro-volume microplate with a light path of 0.5 mm
(Molecular Devices, Berkshire, UK) was used to decrease poss-
ible artifacts due to high light scattering from the LUVs. The
partition coefficient (Kp) was obtained from the best fit of eqn
(1) for the variation of the fluorescence intensity (I) with the
lipid concentration ([L]), which assumes simple partition,
additivity in the fluorescence from the compound in the
aqueous phase (Ly) and associated with the LUVs (), and
considering a molar lipid volume (V) equal to 0.76 dm®
mol .8

Iy + IuKp Vi [L]
1+ KV

(1)

Detection of ROS with CellROX™ ROS reagent

4T1 cells (50 000 cells per well) were seeded in 24-well plates.
After 24 hours, compounds 1, 3, and 5 (15 and 25 pM) were
added to the cells and incubated for 6 hours. Then, cells were
stained with 5 pM of CellROX® Deep Red reagent (Thermo
Fisher Scientific, Inc.) for 30 minutes, washed three times with
PBS, detached using trypsin-EDTA, and centrifuged for
5 minutes at 2000 rpm. Afterwards, the cells were resuspended
in PBS and immediately analyzed by flow cytometry (Agilent,
NovoCyte® 3000). The fluorescence associated with the
CellROX® red reagent was measured upon excitation with the
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640 nm laser, and detection was performed using the 675/
30 nm filter. An average of 12 000 events were collected, and
the data are presented as the mean fluorescence normalized to
the mean fluorescence of untreated cells.

Morphological changes evaluated by microscopy

4T1 cancer cells (20 000 cells per well) were seeded in 24-well
plates. After 24 hours, compounds 1, 3, and 5 (15 and 25 pM)
were added to the cells. Morphological changes were analyzed
after 6, 24, and 48 hours of incubation using optical and fluo-
rescence microscopy. For this, 1 pL of Hoechst 33342 (10 mg
mL™", Thermo Fisher Scientific) was added to each well
20 minutes prior to imaging. Subsequently, cell images were
immediately acquired using a ZEISS Axiovert 5 microscope
equipped with an HXP 120 V fluorescence system and a 20x
objective.
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