Open Access Article. Published on 08 May 2024. Downloaded on 10/20/2025 11:41:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

INORGANIC CHEMISTRY

CHINESE

.
CHEMICAL ROYAL SOCIETY

CCS

FRONTIERS

RESEARCH ARTICLE

Cite this: /norg. Chem. Front., 2024,
11, 3855

Received 21st March 2024,
Accepted 8th May 2024

DOI: 10.1039/d4qi00732h

rsc.li/frontiers-inorganic

Introduction

PELFES

SOCIETY ~OF CHEMISTRY

View Article Online

View Journal | View Issue

New cyclometalated Ru(i) polypyridyl
photosensitizers trigger oncosis in cancer cells by
inducing damage to cellular membranes+

Jakub Cervinka,
Lenka Markova,

Jana Kasparkova,
José Ruiz (2 *¢

3P Alba Hernandez-Garcia, 1€ Delia Bautista,®
® Hana Kostrhunova, (2 ® Jaroslav Malina, (2 ®

b€ M. Dolores Santana, () ¢ Viktor Brabec () *®€ and

A new generation series of cyclometalated Ru(i) polypyridyl complexes of the type [Ru(CAN)(NAN),I™,
Rul-Ru4, were rationally designed and synthesized, where NAN = 2,2'-bipyridine (bpy) and dipyridol[3,2-
d:2',3'-flquinoxaline (dpg) and CAN = deprotonated methyl 1-butyl-2-aryl-benzimidazolecarboxylate
with p-CF3CgH4 or p-Me,NCgH,4 substituents in the Rz position of the phenyl ring. The photophysical
properties of Rul—-Ru4 revealed absorption maxima around 560 nm with an absorption up to 700 nm.
The new Ru complexes were able to generate singlet oxygen (*O,) upon green light irradiation in aceto-
nitrile, with complexes containing the CFs group, Rul and Ru3, being the best performers. Furthermore,
Rul and Ru3 were also able to photogenerate hydroxyl radicals OH". By having PSs capable of undergoing
both type | and type Il mechanisms, a broader range of cytotoxic effects is achieved. Rul-Ru4 accumu-
lated in membrane-rich compartments, including the cytoplasmic membrane, mitochondria, and endo-
plasmic reticulum in Hela cells. Upon irradiation of Rul with green light, all these compartments were
damaged in treated cells. Based on in vitro experiments, we deduced that the compound Rul under
irradiation has the capability to disrupt phospholipid membranes directly. Additionally, differential scan-
ning calorimetry of living cells also indicated damage of cytoplasmic/membrane proteins, ultimately
leading to cell death via oncosis.

ruthenium complexes offer a compelling avenue for developing
novel photosensitizers (PSs) for PDT, demonstrating a promis-

Ruthenium complexes have gained significant attention
recently for their potential application in photodynamic
cancer therapy (PDT)." PDT is a promising treatment modality
that utilizes photosensitizing agents to selectively target and
destroy cancer cells upon exposure to light.>* With their
unique chemical properties and tunable electronic structures,
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ing treatment modality for oncology.>”’

The versatile nature of ruthenium(u) polypyridine com-
plexes allows for the fine-tuning of their chemical and physical
properties. Through systematic research, it is possible to tailor
the complexes to optimize their photophysical characteristics,
such as absorption and emission wavelengths and stability, to
achieve maximum therapeutic efficacy. It is also worth noting
that understanding the mechanism of action is crucial for suc-
cessfully implementing any therapeutic approach. Research in
this area can show how ruthenium(u) polypyridine complexes
interact with cancer cells during PDT.® This knowledge is
essential for refining the design of future complexes, predict-
ing their behavior in biological systems, and optimizing treat-
ment protocols. It is important to highlight that one of these
compounds, namely TLD-1433, is currently being studied as a
PS for PDT in phase 2 clinical trials for treating non-muscle
invasive bladder cancer.’*°

It is also interesting that investigating the biocompatibility
and potential toxicity of new ruthenium complexes is pivotal
for their clinical translation. Understanding how these
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complexes interact with biological systems, their pharmaco-
kinetics, and potential side effects is essential for ensuring
the safety of patients undergoing PDT. It is also important
to consider that cancer cells can develop resistance to con-
ventional treatments. Ruthenium complexes may offer a
novel approach to such resistance
mechanisms."?

The exploration of new ruthenium(u) polypyridine com-
plexes for PDT and the study of their mechanisms of
action hold immense potential for advancing cancer
therapy.'*'® The development of more efficient, selective,
and safe photosensitizers could significantly contribute to
the ongoing efforts to enhance the arsenal of cancer treat-
ment options.

On the other hand, cyclometalated Ru(u) compounds have
been reported to have anticancer efficacy.'® Cyclometalation
lowers the energy of the triplet metal-to-ligand charge transfer
state (*MLCT) and shortens the excited state lifetime of com-
plexes as RuA (Chart 1)."” Furthermore, the anionic character
of the ligand causes a bathochromic shift of the MLCT absorp-
tion band of the Ru(u) cyclometalated complex.'® McFarland
et al. studied the cytotoxic and photocytotoxic activities of a
series of ruthenium(u) complexes bearing cyclometalated
n-expansive ligands such as RuB (Chart 1), and they found that
the extent of the mn-conjugation plays a crucial role,"® whereas
Gaiddon et al recently reported light activation of RuC.*
Gasser and co-workers have recently reported the near-IR
absorbing ruthenium() PS RuD.>* On the other hand, some
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Ru(n) benzimidazole-based complexes (RuE, RuF and RuG)
have been previously reported by some of us.?*”>* Interestingly,
those compounds containing dipyrido[3,2-d:2',3"-f]quinoxaline
(dpq) or dipyrido[3,2-a:2',3"-c]phenazine (dppz) ligands are
active in hypoxic conditions with high phototoxicity. Notably,
in addition the Ru(n)-coumarin conjugate, RuG, is a near-IR
light-activatable PS.

In this work we dealt with the synthesis, chemical charac-
terization, and antiproliferative activity in cancer cells of a
new generation of photoactivatable benzimidazole-based
cyclometalated ruthenium(u) octahedral complexes with bpy
or dpq as ancillary ligands (Scheme 1), that are also effective
against hypoxic cancers via green light activation. The incor-
poration of an electron-withdrawing substituent (CF;) or an
electron-donating group (NMe,) in the R; position of the
phenyl ring of the cyclometalating ligand was conducted to
explore the influence on the absorption properties of the
complexes and on their photobiological activities. The photo-
physical properties of Rul-Ru4 revealed absorption maxima
around 560 nm with an absorption tail up to 700 nm. The
generation of singlet oxygen ("O,) upon light irradiation was
confirmed with a 'O, quantum yield up to 0.15 in aceto-
nitrile. In contrast to the closely related panchromatic
osmium complex OsA (Chart 1),>° the involvement of ROS in
the mechanism of phototoxicity of the new Ru(u) complexes
is demonstrated, together with their ability to induce the
denaturation of cytoplasmic and membrane proteins in
cancer cells and oncosis. It is important to note that Ru(u)-

RuD

Gaiddon 2020 Gasser 2023

RuG
Marchan & Gasser 2023

OsA

Brabec 2023 N—

Chart 1 Chemical structures of representative organo-ruthenium(i) and organo-osmium(i) complexes closely related to this work.
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Scheme 1 Synthesis of ruthenium complexes Rul—Ru4 investigated in this work.

based PSs with oncosis-inducing ability have not been pre-

viously reported.>®*”

Results and discussion

Synthesis and characterization of ruthenium complexes (Rul-
Ru4)

Proligands and dpq were obtained following a synthetic three-
step procedure (Schemes S1 and S2) recently reported by
some of us.*® Dark red solids Rul-Ru4 (Scheme 1) were
obtained via two-step synthesis following an optimized pro-
cedure adapted from the literature.> First, cyclometallation is
carried out by a reaction between the ruthenium dimeric pre-
cursor [(n®p-cymene)RuCl(p-Cl)], and the corresponding proli-
gand HC”N. Then, the corresponding unstable ruthenium
intermediate is reacted with bpy or dpq for 7 h in refluxing
methanol, obtaining the ruthenium cyclometalated complex.
Ruthenium cyclometalated complexes were isolated as tri-
flate salts and purified by column chromatography (1:1
CH3CN:DCM) in a 25-30% yield fully characterized by
elemental analysis and multinuclear NMR spectroscopy
(Fig. S1-S18t) and mass spectrometry. The purities of the new
Ru complexes were higher than 95% as shown by RP-HPLC/MS
in ACN/H,O (Fig. S19 and S20%1). ESI-MS spectra from
HPLC-MS displayed [M — OTf]" with the expected isotopic dis-
tribution. The "H NMR spectra were recorded in DMSO-d, or
CD;CN, and in every case they show aromatic hydrogen peaks
between 6 and 9.5 ppm. Aliphatic signals corresponding to the

This journal is © the Partner Organisations 2024

butyl group (4.9, 1.95, 1.3 and 0.9 ppm) and the ester group
(3.6 ppm) of the benzimidazole-based ligands were also
observed, whereas the characteristic signal of the NMe, group
of the C”N ligand in complexes Ru2 and Ru4 appeared around
2.9 ppm. The stacked 'H NMR (aromatic region) are shown in
Fig. 1. Due to the asymmetry of the C*N ligands, the 'H-NMR
spectra of complexes Rul and Ru2 showed 16 signals for the
diastereomeric protons of the two nonequivalent bpy moieties
(Fig. 1). A similar situation is observed for the protons of the
two dpq ligands of Ru3 and Ru4, although some overlapping
of signals occurred. Proton 1, adjacent to the nitrogen of the
benzimidazole core, and proton 9, adjacent to the o-bound C
donor atom of the C”N ligand and shielded due to the shor-
tened Ru—C bond distance, were attributed to all the com-
plexes. Their resonances appear as a singlet and a doublet,
respectively, and are the most shielded (6.3-6.7 ppm) of the
aromatic protons. Other characteristic resonances of com-
plexes are due to protons 12 + 13 and 14 + 15 and occurred as
doublets. Their frequencies depend on the substituent (-R3) of
the phenyl ring, giving rise to lower frequencies in the case of
Ru2 and Ru4 (containing a NMe, group) than the other ruthe-
nium complexes, Rul and Ru3 (containing a CF; group). This
is due to the electron-donor nature of the substituent, which
also affects the shift of the resonances of protons 9, 10, and
11, identified by "H-"H COSY and 'H-'H NOESY-NMR experi-
ments (Fig. S7-S10 and S11-S147). In the same manner, we
have also identified the aromatic hydrogen peaks in the Ru3
and Ru4 complexes (Fig. 1 and Fig. S7-S187). It is important to
note that protons H;y (in Rul and Ru2) and H;; (in Ru3 and

Inorg. Chem. Front,, 2024, 1, 3855-3876 | 3857
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Fig. 1 'H NMR stacking spectra (aromatic region) for compounds Rul—Ru4 in DMSO-dg along with proton assignment.

Ru4) exhibit the highest degree of deshielding due to the trans
influence of the carbon atom.

Crystal structure by X-ray diffraction

Suitable single crystals of Ru2 for X-ray diffraction analysis
were obtained by slow diffusion of diethyl ether into a satu-
rated dichloromethane solution at room temperature for
3 days. The crystal structure of Ru2 is shown in Fig. 2A.
Crystallographic data are given in Table S2.f The crystal-
line structure confirmed the predicted geometry. The Ru
complex presents an octahedral geometry around the metal

atom with the four nitrogen atoms of the two bpy ligands
(N1-N4) and the remaining positions occupied by the C"N
ligand. The Ru-Ny,,, bond distances (2.035-2.138 A) and Ru-
C15 (2.039(3) A) are within the range reported for cyclometa-
lated ruthenium.***® The trans influence of the c-bound C

donor atom is reflected in longer Ru-N3 distance of 2.138(3)
A. Apart from the important cation-anion Coulomb inter-
actions, the packing in the structure of Ru2 is held together
by intermolecular interactions C-H-:--O giving rise to double
chains parallel to the direction (1,-1,0) (Table S3f and
Fig. 2B).

Fig. 2

(A) ORTEP plot of the cation of complex Ru2. Hydrogen atoms, counterions and solvent molecules (DCM, diethylether, and H,O) are

omitted for clarity. Ellipsoids have been represented at 50% probability. (B) Intermolecular hydrogen bond interactions in the crystal structure of Ru2
give rise to double chains parallel to the direction (1,—1,0). Selected bond lengths (A) and angles (deg) for Ru2: Ru—N1: 2.040(3), Ru-N2: 2.035(3),
Ru—-N3: 2.139(3), Ru—N4: 2.059(3), Ru—N5: 2.076(3), Ru—C15: 2.039(3), C15-Ru—N5: 77.90(12), N3—Ru—N4: 77.42(11), N1-Ru-N2: 78.80(12). CCDC

reference number for Ru2-CH,Cl,-1/2Et,0-1.75H,0: 2332906.1

3858 | /Inorg. Chem. Front., 2024, 11, 3855-3876
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Photophysical characterization of the compounds

The UV/vis absorption spectra of complexes Rul-Ru4 (10 pM)
were recorded in water (1% dimethylsulfoxide, DMSO) and
acetonitrile (Fig. 3 and Fig. S21A and Table S47) at room temp-
erature. As can be observed in Fig. 3, all the UV/vis absorption
spectra of the cyclometalated ruthenium complexes show
intense sharp bands between 260 and 340 nm that can be
assigned to spin-allowed n-n* transitions involving the N*N
and C”N ligands, and other less intense broad bands between
360 and 560 are also observed, which can be attributed to
metal-ligand charge transfer transitions (MLCT). As previously
described, the lower energy MLCT band can be related to the
Ru — N”N charge transfer and the higher energy MLCT band
to the Ru — C”N charge transfer.”>*® These charge transitions
are characterized by extinction coefficients between 16 000 and
10000 M~' em™, the highest values corresponding to com-
plexes Ru3 and Ru4 that contain the dpq ligand. It should be
noted that the observed molar absorption coefficient values in
the visible region are suitable for green light-driven appli-
cations. The emission spectra of the Ru(u) complexes were
recorded in acetonitrile (Fig. S21B%), although none of them
were found to be good emitters.

Stability and photostability studies of Rul-Ru4. Dark and
light stabilities are essential for good photosensitizers. For
that reason, the stabilities of complexes Rul-Ru4 in the dark
were studied both in DMSO-d¢ at room temperature by
"H-NMR and in Dulbecco’s modified Eagle’s medium (DMEM)
cell culture medium (5% DMSO) with 10% FBS (fetal bovine
serum) at 37 °C by HPLC-MS when using acetonitrile : water as
a mobile phase in gradient mode (Fig. 4A and C for Rul and
Fig. S22-524 and Fig. S27-529t for Ru2-Ru4). No changes were
observed in DMSO-de. In addition, as shown in Fig. 4C, only
one single peak was observed in the chromatogram of complex
Rul (UV detection at 280 nm), the mass spectra of this peak
extracted from the chromatogram indicating that compound
Rul remains intact (Fig. S261) and suggesting that the
complex is not labile in these conditions. On the other hand,
photostabilities in DMSO for the investigated complexes were
tested under green light irradiation (4 = 520 nm, 2 mW cm™>).
As shown in Fig. 4B (for Rul) and in Fig. S251 (for Ru2-Ru4),

1.5x10%

PN 1.0x10% 1.0410¢ f\

g — Ru1
& { 4 5.ox1o“<‘ Ru2
s —

< 5040 o] : : . ; s
w 400 500 600 700 800 Ru4

sl/‘—*_/——-\'\
400 600
A (nm)

1
800

Fig. 3 UV/vis absorption spectra of Rul-Ru4 in water (1% DMSO) at
room temperature.
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their absorption spectra remained unchanged after light
exposure for 2 h.

Study of fluorescence quenching of HSA by complexes Rul-
Ru4. HSA is the most abundant protein in blood serum and
plays a decisive role in the transport of a wide variety of com-
pounds (such as metal ions or drugs), and in maintaining the
colloidal osmotic pressure of the blood.* HSA gives rise to an
emission maximum of 350 nm when irradiated at 4 = 295 nm.
The protein is able to bind to almost all known drugs, and the
maximum may decrease due to its binding to small mole-
cules.*® Therefore, the decrease in serum albumin emission
upon the addition of increasing amounts of ruthenium com-
plexes (Fig. S301) clearly indicates the binding of complexes to
the protein. To analyze the fluorescence quenching mecha-
nism induced by Rul-Ru4 complexes, Stern-Volmer and
Lineweaver-Burk equations are applied (Fig. S317).

The Stern-Volmer equation describes dynamic quenching:

Fo
— =1+ Kgy|C
7 + Ksv[C]

where F,, and F are the fluorescence intensities in the absence
and presence of the drug, [C] is the drug concentration and
Kgy is the Stern-Volmer constant.

In contrast, the Lineweaver-Burk equation is used to
describe static quenching:**

11 1 1
Fo—F Fy Ky-Fy [C]

where Ki 5 is the static quenching constant (M), F, and F are
the fluorescence intensities in the absence and presence of the
drug and [C] is the drug concentration.

As shown in Fig. S31,} the plot of Fy/F versus [C] did not
show linearity at the concentrations tested (0-25 pM), whereas
the plot of 1/(F, — F) versus 1/[C] showed good linearity for all
complexes. In this way, we can confirm that the ruthenium
complexes respond to a static quenching mechanism due to
their interaction with human serum albumin. The high value
of the static quenching constants for all the complexes (~2 x
10°) suggests that the complexes bind effectively to the HSA
binding site.

On the other hand, when a small molecule binds to
different sites on a macromolecule, an equilibrium is estab-
lished between free molecules and bound molecules. This
balance is given by the Scatchard equation:

log {FO; F} = log Kg + n log[C]

where Ky is the binding constant to a given site, n is the
number of sites per HSA and [C] is the concentration of the
complex. The binding constant values of the Ru(u) complexes
(Fig. S32t and Table 1) were high, Ru2 being the most effective
to bind the HSA, whereas n is approximately one in all cases,
indicating that there is only one binding site for the
complexes.

Inorg. Chem. Front., 2024, 11, 3855-3876 | 3859
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Fig. 4 (A) 'H-NMR spectra of Rul in DMSO-dg at t = 0 h and after 48 h in the dark at room temperature. (B) UV/vis absorption spectra of Rul in
DMSO at t = 0 h and upon 2 h green light irradiation (4 = 520 nm, 2 mW cm™2). (C) HPLC spectra in DMEM (5% DMSO) with 10% FBS in the dark at

37°Catt=0and 24 h.

Table 1 K g, Kg and n-values of Rul—-Ru4 complexes with HSA

Complex Ky (MY x 10° Kg M ™1) x 10° n

Rul 2.02 6.16 1.27
Ru2 2.49 12.96 1.31
Ru3 1.76 6.12 1.28
Ru4 2.06 6.11 1.26

Evaluation for 'O, and/or ‘OH photogeneration in cell-free
media

We investigated the ability of ruthenium(u) complexes to
produce singlet oxygen, which is the main toxic species for a
PS working through the type II mechanism.?® Singlet oxygen
production was evaluated spectroscopically in acetonitrile by
the decreasing of 1,3-diphenylbenzofuran (DPBF) absorbance
at 411 nm (Fig. 5A, Fig. S33 and Table S5t) upon irradiation
with green light (520 nm, 0.5 mW cm™?) in the presence of
complexes Rul-Ru4 (4-7 pM). To obtain singlet oxygen
quantum yields, [Ru(bpy);]Cl, (50 pM) was used as a
reference.”>?* As observed, the new ruthenium complexes
exhibit a low singlet oxygen quantum yield, the major produ-
cers being Rul and Ru3 (~15%), which contain the -CF;
group.

We also investigated the ability of the new compounds to
produce hydroxyl radical OH", a specific type-I ROS that could

3860 | /norg. Chem. Front, 2024, 1, 3855-3876

provide the potential to inhibit hypoxic tumor cells, in PBS
(5% DMF) by using a spectroscopic method based on the oxi-
dation of the non-fluorescent 3'-p-(hydroxyphenyl)fluorescein
(HPF) probe by OH" to the corresponding fluorescent
product.’>*® As shown in Fig. 5B and Fig. S34,f under green
light irradiation, both Rul and Ru3 increased the fluorescence
intensity of HPF, whereas Ru2 and Ru4 did not produce
hydroxyl radicals in the tested conditions. We can conclude
that the substituent plays an important role in the generation
of ROS (both singlet oxygen and hydroxyl radicals) in cell-free
media.

Effect on the viability of cancer cells

The impact of the investigated Ru-complexes on cancer cells in
the dark and after photoactivation was tested on three
different human cancer cell lines, namely HeLa (cervical
adenocarcinoma), OE33 (oesophageal carcinoma), and A375
cells (melanoma). These cell lines were chosen because these
tumor tissue types are readily available for PDT therapy. The
MRC5pd30 cell line was also taken into the experiment as a
representative of noncancerous, healthy cells.

The data summarized in Table 2 reveal that the investigated
Ru complexes display activity in cancer cells in the dark.
Within the investigated complexes, Ru3 and Ru4 bearing
dipyrido[3,2-d:2',3-f]quinoxaline (dpq) ligands were more

This journal is © the Partner Organisations 2024
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Fig. 5 (A) Normalized absorption spectra of DPBF at 411 nm upon photoirradiation of Ru(i) complexes at 520 nm (0.5 mW cm™2) in acetonitrile. (B)
Normalized emission spectra of HPF at 514 nm upon photoirradiation of Ru(i) complexes Rul—Ru4 at 520 nm (2 mW cm™2) in PBS (5% DMF).

Table 2

ICs values? (uM) obtained for selected human cancer cells treated with the Ru complexes and irradiated by green light (see Materials and

methods) or sham irradiated as determined by the MTT assay under normoxic® or hypoxic® conditions after 72 h of cultivation in drug-free media

HeLa (normoxia) HeLa (hypoxia)

OE33 (normoxia)

A375 (normoxia)

MRC5pd30
Dark Irrad PI Dark Irrad PI  Dark Irrad PI Dark Irrad PI¥ Dark T TV
Rul 3.5+0.8 0.31+0.08 11.3 3.5+0.8 0.9+0.3 39 9.0+0.2 0.7+0.1 129 3.3+0.9 0.4+0.1 8.3 2.4+0.1 5.1 0.5
Ru2 4+1 0.4 +£0.1 10 6+1 1.7+£03 35 4+1 0.4+0.1 10 1.6+03 0.14+0.04 114 0.8+0.1 2.6 0.3
Ru3 26+08 0.71+£0.06 3.6 2.1+0.7 0.7+0.1 3 3.8+0.4 1.0+0.2 3.8 1.9+0.3 0.5+0.2 3.8 49+04 6.7 1.8
Ru4 1.2+0.2 0.5+0.1 26 11+0.1 05+01 22 32+08 1.8+03 1.8 0.7+0.1 0.36+0.09 19 2.3+0.5 2.6 14
Cisplatin 15+ 1 n.d. N/A n.d. n.d. N/A 10+2 n.d. N/A 12+1 n.d. N/A 7.8+2.0 N/A 0.6

“ Data represent the mean + SD from at least three independent experiments, each made in triplicate. ? 21% O, + 5% CO,. 2% O, + 5% CO,. * PI
(phototoxic index) = [ICso]dark/[ICs,]irrad. ° TI (therapeutic index) = [IC5,]MRC5pd30/average of [ICso]HeLa, OE33, A375 (irrad in normoxia)./TI =
[ICs0]MRC5pd30/average of [ICs,|HeLa, OE33, A375 (dark in normoxia). n.d. - not determined, N/A = not applicable.

active in the dark than 2,2"-bipyridine (bpy)-containing Rul
and Ru2. The antiproliferative potency of the four Ru com-
plexes was enhanced by irradiation with green light; the com-
plexes after irradiation were roughly 2-13 times more active
compared with the treatment in the dark. However, as the
complexes with the bpy-ligands displayed lower toxicity in the
dark, their phototoxicity indexes were higher than those found
for dpg-containing complexes.

The antiproliferative activity of the investigated Ru com-
plexes was also determined in HeLa cells under hypoxic con-
ditions (2% O,). The compounds were also significantly active
in hypoxia (Table 2). The Ru complexes exhibited comparable
IC5, values (in the range of experimental error) under both
normoxic and hypoxic conditions. Photoactivation in hypoxia
resulted in higher ICs, values and lower phototoxic indexes
compared with normoxia, especially for the bpy-containing
complexes (Rul and Ru2). On the other hand, the dpg-contain-
ing complexes (Ru3 and Ru4) showed consistent photoactivity
under both conditions, indicating a differential role of oxygen
in the photoactivation mechanism.

We also conducted MTT studies with healthy human lung
fibroblast MRC5pd30 cells. All Ru complexes were generally
less potent (2.5-5.3 times) toward noncancerous cells com-
pared with cancer cells. This contrasts with clinically used cis-
platin, which showed no preference for cancer over noncancer-
ous cells (Table 2).

Further experiments were aimed at a deeper description of
the mechanism underlying the photoactivity of the investi-
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gated Ru complexes. For these experiments, HeLa cells were
used to compare already published data obtained with a series
of Ir(m) polypyridyl complexes reported by some of us.**"*”

Intracellular accumulation and distribution

Intracellular uptake and accumulation of compounds signifi-
cantly affect their biological activity. Therefore, the amount of
Ru accumulated inside the HeLa cells treated with the investi-
gated complexes was determined using ICP-MS. Data are sum-
marized in Fig. 6A. As indicated, compounds Rul and Ru2
containing bpy-ligands accumulated significantly more in
HeLa cells than dpq-containing Ru3 and Ru4. There was no
direct correlation between the ability of the compounds to
accumulate in the cells and their activity in the dark.
Interestingly, complexes with elevated accumulation were
those that were more efficient in photoactivation.

To find out where Ru complexes localize inside the cells,
fractionation of HeLa cells treated by the Ru complexes was
performed using a FractionPREP™ Cell Fractionation Kit. For
this localization study, we preferred this methodology over the
methodology using confocal microscopy, as the investigated
Ru complexes show unfavorable fluorescence properties (exci-
tation in the UV region and rather poor emission). As shown in
Fig. 6B, the vast majority of Ru (87-92%) was associated with a
membrane fraction, in accordance with the high lipophilicity
of the complexes. Only a small portion of Ru (ca. 5-8%) was
found in the nucleus (nuclear proteins and membrane), while

Inorg. Chem. Front., 2024, 1, 3855-3876 | 3861
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the quantity found in the cytosol and cytoskeleton/DNA was
negligible.

ROS generation and oxidative stress

The cytotoxicity data obtained for normoxic and hypoxic con-
ditions (Table 2) revealed the important role of the oxygen con-
centration in the mechanism of photopotentiation of the two
bpy-containing complexes, Rul and Ru2. Thus, it is reasonable
to suggest that reactive oxygen species (ROS) could play an
essential role in the mechanism of action of the complexes,
similar to several structurally related Ru compounds (complex
RuA in Scheme 1).* Therefore, the generation of ROS by the
Ru complexes under irradiation conditions was investigated by
the CellROX Green assay. As shown in Fig. 7A, fluorescence
signals (proportional to levels of ROS) in HeLa cells were elev-
ated upon exposure to the Ru complexes under irradiation.
Rul and Ru2 were more potent in this respect than Ru3 and
Ru4, consistent with the dependence of the antiproliferative
activity of bpy-containing complexes on oxygen concentration
(Table 2).

To further explore the causative role of oxygen and oxidative
stress in the photoactivity of the complexes investigated in this
study, the effect of co-incubation of Rul with o-tocopherol
(vitamin E, a potent ROS scavenger) has been tested. As indi-
cated in Fig. 7B, the presence of the antioxidant mitigated the
phototoxic effect of Rul, confirming the involvement of ROS
in the mechanism of phototoxicity of this compound.

Further studies were aimed at understanding the mecha-
nism of biological activity of the investigated Ru complexes.
Rul was chosen as a representative compound for these experi-
ments since it exhibited high activity and attractive phototoxic
or therapeutic indexes (Table 2).

3862 | /norg. Chem. Front., 2024, 11, 3855-3876

The treated cells showed features of oncosis

While untreated HeLa cells showed the typical epithelial-like
polygonal shape morphology (Fig. 8A), the cells treated with
Rul and irradiated displayed distinctive morphological fea-
tures (shown for Rul in Fig. 8B-D). As shown in Fig. 8B, low
concentrations of the irradiated Ru compound triggered subtle
cytoplasmic membrane blebbing in a minor population of
cells. On the other hand, higher doses led to severe distortions
of the membrane (Fig. 8C), resulting in cytoplasmic protru-
sions into the extracellular fluid (Fig. 8D). Similarly, small cyto-
plasmic blebs were observed immediately after irradiation,
while after 4 h, morphological alterations typical of oncosis
were evident, such as cytoplasm vacuolization when the vacu-
oles filled up almost the entire cell volume. The whole cells
were swollen and rounded (Fig. S35t). Confocal microscopy
images confirmed cytoplasm leakage (Fig. 8E, black arrows)
and the formation of membrane blebs in the later stages of
cell death (Fig. 8E, red arrows). This distinct morphological
feature is indicative of the type of cell death termed oncosis.
Oncosis is caused by rapid ATP depletion or severe damage to
the cell membrane, manifested by cellular swelling, membrane
blebbing, or the formation of a single blister devoid of orga-
nelles. To confirm cell swelling at the quantitative level,
changes in cellular volume were determined by flow cytometry
recording the forward scatter (FSC) parameter, which is pro-
portional to cell size. The cells treated with the investigated Ru
compounds and irradiated increased dose-dependently in size,
confirming the increase in volume due to cellular swelling
(Fig. 8F).

To support the conclusion made on the basis of cell mor-
phology, we tested some markers typical of oncosis. A surface
receptor, porimin (pro-oncosis receptor inducing membrane

This journal is © the Partner Organisations 2024
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(A) Quantification of ROS determined by CellROX Green staining and measured by flow cytometry in HelLa cells. Cells were treated with indi-

cated concentrations of the compounds and irradiated (see Materials and methods). Menadione (100 pM, 1 h) was used as a positive control of ROS
induction. (B) The effect of pretreatment with a-tocopherol (200 pM, 24 h) on the phototoxicity of Rul was determined by the LIVE/DEAD Staining

Kit.
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Fig. 8 Morphology of Hela cells treated with Rul at (B) 50 nM, (C) 200 nM, and (D) 600 nM concentration for 1 h and subsequently irradiated with
green light for 1 h. (A) Untreated irradiated control cells. (E) Confocal microscopy image of a Hela cell treated with 200 nM Rul. Black and red
arrows show cytoplasm leakage and membrane blebs, respectively. (F) HelLa cells treated with indicated concentrations of Rul (1 h treatment and
1 h irradiation) increase dose-dependently in size as measured using the forward scatter (FSC) parameter by flow cytometry. Scale bar (A-D) =

50 pm, (E) = 10 pm.

injury), plays a key role in the abnormal permeability of the
membrane resulting in the characteristic swelling of the entire
cell during oncosis. The activation of porimin is considered an
indicator of oncotic cell death.*®

As indicated in Fig. 9A, B, and S36,7 an elevated expression
of porimin upon incubation with Rul and subsequent
irradiation was clearly demonstrated by both western blotting
analysis (Fig. 9A) and confocal microscopy (Fig. 9B and S367).

This journal is © the Partner Organisations 2024

ATP level is also a critical factor in oncosis.”® A decrease in
intracellular ATP concentration occurs very rapidly after
various lethal processes, although it is most important in pro-
cesses leading to oncosis. In most mammalian cells, reduced
ATP rapidly leads to de-energization of the Na'/K'-ATPase fol-
lowed by an increase in concentration of Na' and CI~
accompanied by water influx and cellular swelling.*®
Therefore, the effect of irradiated Rul on intracellular ATP

Inorg. Chem. Front,, 2024, 11, 3855-3876 | 3863
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(A) Western blot analysis of porimin expression in a Hela cell whole-cell extract. Cells were either untreated (control) or treated with Rul

(concentration corresponding to the ICsg); both samples were irradiated with green light and allowed to recover for 48 h in compound-free media.
(B) Immunofluorescence staining of Hela cells untreated or treated with Rul (concentration corresponding to ICso) and irradiated with green light
showing membrane localization of porimin (green fluorescence signal) 4 h after irradiation. The nuclei of the cells are stained with DAPI. Scale bar:
10 pm. (C) Intracellular ATP level in Hela cells treated with Rul (or untreated, control cells) and irradiated. Cells were then incubated in a drug-free
medium for 1 h. Intracellular ATP levels were determined using the CellTiter-Glo reagent. Cell membrane intactness was evaluated by Trypan Blue

exclusion assay. Statistical significance: p < 0.001.

depletion was also tested. As shown in Fig. 9C, the ATP level of
cells after treatment and irradiation with Rul proved a rapid
decrease, as compared with that in the control irradiated cells.
The effect was already observable at low concentrations (50
and 200 nM) in the short time intervals (1 h) when the cell
membranes of the vast majority of the cell population were
still impermeable.

Thus, both early ATP depletion and porimin expression
shown in these experiments support the oncosis as an overrid-
ing mechanism of a cell’s death induced by Rul under
irradiation.

Cell cycle distribution revealed differential sensitivity of G1
and G2/M phase cells

To assess whether the treatment with Rul and subsequent
irradiation triggered cell cycle arrest, we measured the cell
cycle distribution of HeLa cells after their treatment with Rul
and irradiation with green light. Distribution of the cell popu-
lation into cell cycle phases was measured using propidium

3864 | /norg. Chem. Front., 2024, 11, 3855-3876

iodide (PI) staining with the prior determination of cell mem-
brane permeability using a LIVE/DEAD Staining Kit
(Invitrogen, L34955). Analyzed cells were fixed by ethanol, RNA
digested, stained with PI, and analyzed by flow cytometry
(Fig. 10). Interestingly, no apparent differences in the cell cycle
distribution were observed among bulk populations of treated
or non-treated cells (Fig. 10A and B). However, when
treated cells were divided into surviving or dead/dying popu-
lations using LIVE/DEAD staining (Fig. 10C), large differences
in cell cycle distribution emerged (Fig. 10D and E). Cells that
survived the treatment were slightly accumulated in the G1
phase, indicating their increased resistance to the treatment.
In contrast, dead/dying cells were enriched in the G2/M phase,
indicating a higher sensitivity of G2/M phase cells to treat-
ment. This experiment demonstrated the dependence of the
sensitivity of HeLa cells to treatment on a specific phase of the
cell cycle.

Previous results showed that the cells in the G2/M phase
are more sensitive to the action of Rul than those in the G1

This journal is © the Partner Organisations 2024
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phase. The next experiments were, therefore, performed to
clarify this difference in sensitivity.

The important feature of cells in the G2/M phase is the
higher content of DNA, which cells synthesize during the pre-
ceding S-phase. This fact might suggest that DNA could be a
target of Rul, given that the higher DNA content sensitized
cells to the treatment. To test this hypothesis, we performed
an experiment using model plasmid DNA. Intact plasmid DNA
was mixed with Rul in a 1:10 (compound : DNA base) ratio
and irradiated for various intervals. Samples were then sub-
jected to electrophoresis, and DNA was visualized with ethi-
dium bromide staining. The results (Fig. S371) provided clear
evidence for DNA photocleavage by the complex, consistent
with the formation of ROS after irradiation of Rul. However, a
negligible amount of Ru was associated with DNA in cells
(Fig. 6B), which suggests that DNA, while it can be damaged, is
unlikely to be the major target for the Ru complexes studied in
this work.

Interestingly, it was demonstrated that cells in the S or G2/
M phase accumulate lipophilic compounds to a greater extent
than cells in the G1 phase. The proposed mechanism of the
increased uptake of lipophiles by G2/M cells involves the
greater metabolic activity of these cells or a greater cell surface
area through which the cells accumulate the lipophilic com-
pounds.*! Thus, a reasonable explanation for the difference in

This journal is © the Partner Organisations 2024

cell sensitivity of different cell cycle phases could be attributed
to the larger surface area, which would be consistent with the
predominant accumulation of the complex in cellular
membranes.

Annexin V/propidium iodide staining confirmed oncosis and
showed membrane permeabilization

Annexin V/propidium iodide (PI) staining was conducted to
determine the mode of cell death occurring in HeLa cells after
their treatment with Ru1 (1 h) and irradiation with green light
(1 h). As shown in Fig. 11A and B flow cytometric analysis
revealed that the treatment with Rul followed by irradiation
increased an annexin V positive and PI negative fraction of
cells. It was previously shown***? that oncotic cells showed
annexin V positivity, similar to apoptotic cells. Morphological
features should be the main discriminating factor in dis-
tinguishing between apoptosis and oncosis.** The increased
positivity for annexin V observed in treated HeLa cells together
with specific morphological features (Fig. 8) and oncotic
markers (Fig. 9), as well as with non-activation of caspases 3/7
(apoptotic caspases, Fig. S38t), thus confirmed the ability of
irradiated Rul to induce the oncotic pathway of cell death. Our
data (the right upper quadrant in Fig. 11A) also indicate that
treating HeLa cells with Rul and irradiation led to an elevation
in the population of dead cells. Most treated cells died

Inorg. Chem. Front., 2024, 11, 3855-3876 | 3865
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(A) Representative density plot indicating cell death determined by annexin V/Pl assay. Hela cells were treated with Rul at the indicated

concentrations with subsequent irradiation (see Materials and methods). Samples were analyzed immediately after irradiation (0 h) or 24 h later. (B)
Quantitative analysis of Hela-cell death induced by Rul at the indicated concentrations (followed by irradiation) determined using annexin V/PI
assay and flow cytometry. Error bars are the SDs from three independent experiments.

between 0-24 h post-irradiation, suggesting that acute cyto-
toxicity is the predominant cytostatic factor.

Additionally, the results shown in Fig. 11 revealed that
immediately after irradiation (¢ = 0 h), a subset of cells became
slightly PI-positive (red bordered area in the left bottom quad-
rant in Fig. 11A). This indicates a mild cytoplasmic membrane
permeabilization that allowed the impermeable dye to pene-
trate the cells partially. As permeabilization of the cytoplasmic
membrane is a sign of oncosis,* this result further supports
the connections of photoactivity of Rul with the initiation of
oncotic pathways.

It is notable that certain heteroleptic Ir(u) dppz complexes
of the type [Ir(C*N),(dppz)]*” demonstrated cytoplasmic local-
ization within HeLa tumor cells and induced oxidative stress
upon exposure to visible light. Subsequently, a second gene-
ration of Ir(m) dppz complexes, as highlighted in a recent
study,® exhibited selective phototoxicity in HeLa cancer cells,
leading to lysosomal damage and oncosis.

Ru-complex compromises intracellular membranes

The results of the experiments mentioned above have shown
that Ru-complexes preferentially accumulate within cellular
membranes (Fig. 6). In addition to the cytoplasmic membrane,
the membrane fraction also includes membranes encapsulat-
ing subcellular organelles, such as mitochondria and endo-
plasmic reticulum (ER). Therefore, further experiments were

3866 | /norg. Chem. Front., 2024, 11, 3855-3876

aimed at finding out whether the photoactivity of Rul was
related also to the damage to these intracellular membranes.

A TMRE assay was employed to examine whether mitochon-
drial membranes were also affected. A fluorescent TMRE stain
accumulates in mitochondria due to the negative mitochon-
drial membrane potential. Maintenance of highly polarized
mitochondrial membranes relies on intact membranes, and
their permeabilization would result in membrane potential
dissipation. TMRE fluorescence intensity in HeLa cells treated
with Rul and irradiated was measured by flow cytometry.
Carbonyl cyanide-p-trifluoromethoxy-phenylhydrazone (FCCP),
a hydrogen ionophore that disrupts the hydrogen gradient in
mitochondria, was used as a positive control. The cells treated
with Rul and irradiated displayed a markedly reduced mito-
chondrial membrane potential (Fig. 12A), suggesting mito-
chondrial membrane disturbance.

The ER is a cellular organelle playing essential roles in
various cellular responses. Notably, the ER stores calcium
(Ca®) and maintains the low levels of cytoplasmic Ca**
required for cellular signaling. Consequently, perturbation of
the ER leads to elevated cytoplasmic Ca*' levels. Calcium
release from ER into the cytoplasm of HeLa was studied using
the calcium-sensitive fluorescent probe Fluo-8 AM. The cells
were treated in PBS (medium containing no Ca®"), so the
increase in cytosolic Ca®* level observed in this experiment
could not be attributed to the intake of extracellular Ca** due

This journal is © the Partner Organisations 2024
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B. Intensity of signal of Ca®*-sensitive probe Fluo-8. For both panels, Hela cells were treated with the indicated concentrations of Rul followed by

irradiation (see Materials and methods).

to the compromised cytoplasmic membrane. Incubation with
Rul followed by irradiation resulted in a significant elevation
of cytoplasmic Ca®>" levels in a dose-dependent manner
(Fig. 12B). Thus, the results confirmed that the intracellular
membranes, such as those of ER or mitochondria, could be
damaged by Rul when irradiated with green light.

Studies of the mechanism of membrane permeabilization

Further experiments were aimed to assess whether the cyto-
plasmic and/or intracellular membranes were permeabilized
due to direct damage by Rul to membrane components (i.e.,
phospholipids and proteins) or whether it is a downstream cell
response. A fluorescence dequenching-based liposome leakage
assay was used for these experiments.*®*” Since this assay ident-
ifies direct damage to the membrane’s lipid components, it can
exclude both the effects of damage to membrane proteins and
any downstream damage inflicted by the cells. Liposomes con-
sisting of 18:0 DSPC (1,2-distearoyl-sn-glycero-3-phosphocho-
line), 18:1 DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine),
cholesterol, and DSPE-PEG2000 (1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine)-N-[amino(polyethylene  glycol)-2000]  in
molar ratios 30:40:25:5 were prepared by the film-hydration

This journal is © the Partner Organisations 2024

method followed by extrusion through a 200 nm pore mem-
brane. The composition and representation of phospholipids
was chosen based on previous work and represents a suitable
model of real cell membranes.**** In the liposomes, the self-
quenching concentration of carboxyfluorescein was encapsu-
lated. Upon liposome permeabilization or rupture, the fluo-
rescent dye is released into the solvent, increasing fluorescence
intensity.

As shown in Fig. 13, upon treatment of liposomes with Rul
followed by irradiation with green light for 2 h, the fluorescence
showed a noticeable rise, indicating severe damage to phospho-
lipid membranes. A slight increase in fluorescence was observed
after a 2 h treatment in the dark. However, if liposomes were
incubated with Rul and irradiated for 2 h, a striking increase in
fluorescence was detected. Consequently, these findings imply
that the irradiated Rul can directly damage the lipid com-
ponents of cell membranes, potentially playing a substantial
role in the phototoxicity of this ruthenium complex.

The investigated Ru compounds interact with proteins

Previous experiments demonstrated the capacity of the investi-
gated Ru compounds to compromise cellular membranes by

Inorg. Chem. Front., 2024, 1, 3855-3876 | 3867
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Fig. 13 Liposome leakage assay. Liposomes were treated with vesicle
(DMSO) or Rul at the indicated concentrations and incubated for 2 h in
the dark or under irradiation conditions (with green light). The resulting
fluorescence intensity was normalized to maximal fluorescence after
adding 10% Triton X-100 (100% solubilization of the vesicles). Data rep-
resent mean + SD from two independent measurements.

directly damaging the phospholipids. As proteins are also
present in biological membranes, our next investigations
were focused on assessing the impact of the investigated Ru
compounds on proteins. As shown above, Rul-Ru4 were able
to bind to HSA (Table 1). Next, we aimed to assess whether
the ability of the investigated Ru complexes to interact with
and distort proteins observed in a cell-free medium
(Fig. S3071) is also manifested after the treatment of cancer
cells with these complexes. We employed differential scan-
ning calorimetry (DSC) to measure protein denaturation in
whole-cell suspensions. DSC measures the heat capacity (cp)
of the sample in relation to its temperature. Native proteins
typically exhibit high ¢, values, whereas denatured proteins
display lower c,. In the past, DSC profiles of intact HeLa
cells were recorded, associating peaks with specific transition
temperatures to distinct cellular components.'”> Notably,
peaks within the temperature range of 40-70 °C were linked
to cytoplasmic and membrane proteins, while peaks at
higher transition temperatures correspond to nuclear pro-
teins and DNA.

DSC profiles derived from both control cells and cells
treated with Rul (Fig. 14) primarily exhibited distinctions in
peaks associated with transition temperatures corresponding
to cytoplasmic and membrane proteins.”® On the other
hand, minimal variation was observed in DSC profiles at
higher temperatures (70-105 °C), suggesting that the nucleus
was the unlikely target of the investigated Ru compounds.
Acquired data further confirm our earlier findings (Fig. 6B)
that the investigated Ru compounds accumulate in mem-
brane-rich compartments and that nuclear DNA is not sig-
nificantly influenced. Thus, the results obtained using DSC
clearly confirm that the phototoxic effect of Rul on living
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Fig. 14 The graph shows the relationship between heat capacity (c;)
and temperature in whole-cell suspensions. Irradiated and non-irra-
diated untreated cells are compared with cells treated with Rul followed
by irradiation (see Materials and methods). A decrease in ¢, within the
temperature range of 40-70 °C indicates denaturation of cytoplasmic
and membrane proteins in treated cells.

HeLa cells consists also of the damage to protein com-
ponents of the cells.

Conclusions

In summary, we designed and synthesized novel octahedral Ru
(1) complexes, Rul-Ru4, of the type [Ru(C*N)(N*N),][CF;SO;]
with a rational choice of the C*"N and N”N ligands, based on
the cooperation of bpy and dpq as chromophores with depro-
tonated methyl 1-butyl-2-aryl-benzimidazolecarboxylate C"N
ligands, p-CF;C¢H, or p-Me,NCgH, being substituents in the
R; position of the phenyl ring. The new Ru complexes were
able to generate 'O, upon green light irradiation (1 = 520 nm)
in acetonitrile, Rul and Ru3 (containing the CF; group) being
the best performers ('O, quantum yields of 0.15). In addition,
Rul and Ru3 were also able to photogenerate hydroxyl radicals
OH’ in free cell assays, it being well known that the PSs
capable of following both PDT type I and type II mechanisms
in cancer treatment offer enhanced efficacy by inducing cell
damage through a broader range. Rul-Ru4 accumulated in
membrane-rich compartments, including the -cytoplasmic
membrane, mitochondria, and endoplasmic reticulum in
HeLa cells. Upon irradiation with green light, the complexes
also photoproduced ROS at the cellular level. Our studies
showed that compound Rul under irradiation has the capa-
bility to disrupt phospholipid membranes directly, provoking
also mitochondrial membrane depolarization. Additionally,
differential scanning calorimetry of living cells also indicated
the denaturation of cytoplasmic/membrane proteins, ulti-
mately leading to cell death via oncosis, as shown by FACS and
confocal microscopy.
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Materials and methods
Reagents and chemicals

Synthesis-grade solvents were employed in all cases.
Deuterated solvents were purchased from Euriso-top. [Ru(n®-p-
cymene)Cl,],, sodium bisulfite, tetrakis(triphenylphosphine)
palladium(0), 2,2"-bipyridine, sodium acetate and sodium tri-
flate were obtained from Merck (Madrid, Spain). Proligands
HL1 and HL2 were synthesized following a synthetic procedure
published by some of us (Scheme $11).>® The purities >95% of
the synthesized complexes used for biological evaluation were
determined by RP-HPLC.

Preparation of new Ru(u) complexes

[Ru(n®p-cymene)Cl,], (61.2 mg, 0.1 mmol), potassium acetate
(59 mg, 0.6 mmol), potassium triflate (75.3 mg, 0.4 mmol) and
the corresponding proligand (0.2 mmol), previously syn-
thesized, were added to a microwave tube, dissolved in aceto-
nitrile and stirred at 80 °C for 1 h. The solvent was then
removed under reduced pressure and the crude product was
dissolved in methanol. Then, the corresponding NN ligand
(0.3 mmol) was added to the solution and stirred at 65 °C for
7 h. The solvent was removed, and the crude solid was purified
in alumina column chromatography with a gradient from
DCM/CH;3;CN 9:1 to DCM/CH3CN 1:1. Finally, ruthenium
complexes were recrystallized using dichloromethane and
hexane to obtain a dark-red solid.

[Ru(bpy),(L1)]CF3SO; (Rul). HL1 (90 mg, 0.2 mmol) was
used as a proligand, and 2,2-bipyridine (bpy) (62.5 mg,
0.4 mmol) was used as the N,N ligand. Reddish solid. Isolated
yield: 23% (47 mg). 'H NMR (600 MHz, DMSO-d;, 298 K, &
ppm): 8.79 (d, J = 8.2 Hz, 1H), 8.69 (d, J = 8.2 Hz, 1H), 8.65 (d, ]
= 8.2 Hz, 1H), 8.62 (d, J = 8.1 Hz, 1H), 8.29-8.23 (m, 1H), 8.21
(d, J = 2.0 Hz, 1H), 8.03-7.95 (m, 3H), 7.93-7.87 (m, 4H),
7.82-7.87 (m, 1H), 7.80 (dd, J = 8.5, 1.5 Hz, 1H), 7.79-7.76 (m,
2H), 7.76-7.73 (m, 2H), 7.72-7.67 (m, 1H), 7.42 (ddd, J = 7.2,
6.4, 1.1 Hz, 1H), 7.38 (ddd, J = 7.2, 6.4, 1.1 Hz, 1H), 7.35-7.30
(m, 1H), 7.26 (dd, J = 7.9, 1.7 Hz, 1H), 6.61 (dd, J = 7.8, 1.7 Hz,
1H), 6.42 (d, J = 1.6 Hz, 1H), 5.00-4.85 (m, 2H), 3.71 (s, 3H),
2-1.87 (m, 2H), 1.41-1.25 (m, 2H), 0.87 (t, J = 7.4 Hz, 3H). *C
NMR (151 MHz, DMSO-d;, 298 K, § ppm): 200.1, 165.7, 161.2,
157.3, 157.2, 156.3, 155.3, 153.4, 150.5, 149.9, 149.0, 144.8,
140.4, 139.5, 137.2, 136.8, 136.3, 134.9, 134.1, 133.9, 130.9,
127.1, 126.9, 126.8, 126.6, 126.6, 126.5, 125.7, 125.7, 125.3,
124.1, 123.8, 123.6, 123.5, 123.5, 123.5, 123.4, 123.4, 121.7,
119.6, 115.8, 111.4, 51.7, 44.6, 30.9, 19.3, 13.6. °)F NMR
(377 MHz, DMSO-d,;, 298 K, 6 ppm): —60.67, —77.75. Anal.
caled for C,,H35FNOsSRu: C, 55.67; H, 3.78; N, 8.29; S, 3.13.
Found: C, 55.41; H, 3.67; N, 8.22; S, 3.20 (%).

[Ru(bpy),(L2)]CF3;S0; (Ru2). HL2 (85 mg, 0.2 mmol) was
used as a proligand, and 2,2-bipyridine (bpy) (62.5 mg,
0.4 mmol) was used as the N,N ligand. Reddish solid. Isolated
yield: 25% (50 mg). "H NMR (600 MHz, DMSO-d;, 298 K, &
ppm): 8.78 (dd, J = 8.4, 0.9 Hz, 1H), 8.67 (dd, J = 8.4, 0.9 Hz,
1H), 8.64 (dd, J = 8.4, 0.9 Hz, 1H), 8.61 (dd, J = 8.4, 0.9 Hz, 1H),
8.24 (ddd,J = 8.8, 7.7, 1.2 Hz, 1H), 8.11-8.07 (m, 1H), 8.04 (d, J
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= 5.70 Hz, 1H), 7.99 (d, J = 5.4 Hz, 1H), 7.97-7.93 (m, 1H),
7.90-7.81 (m, 3H), 7.79-7.77 (m, 1H), 7.74 (d, 5.7 Hz, 1H), 7.73
(d, 5.7 Hz, 1H), 7.70-7.66 (m, 1H), 7.49 (d, J = 8.7 Hz, 2H), 7.40
(ddd, j = 7.3, 6.1, 1.4 Hz, 1H), 7.37 (ddd, J = 7.3, 6.1, 1.4 Hz,
1H), 7.31 (ddd, J = 7.3, 6.1, 1.4 Hz, 1H), 7.14-7.09 (m, 1H), 6.78
(d, 8.7 Hz, 2H), 6.48 (d, J = 7.8, 1H), 6.41 (d, J = 1.6 Hz, 1H),
4.87 (m, 2H), 3.76-3.68 (m, 3H), 2.92 (s, 6H), 1.94 (m, 2H),
1.47-1.27 (m, 2H), 0.89 (t, J = 7.4 Hz, 3H). **C NMR (151 MHz,
DMSO-d,, 298 K, § ppm): 194.8, 165.7, 161.6, 157.4, 157.3,
156.3, 155.4, 153.4, 150.5, 149.9, 149.3, 149.1, 140.5, 139.5,
136.7, 135.9, 134.7, 133.9, 133.6, 133.1, 128.5, 127.1, 126.9,
126.6, 126.5, 126.4, 126.0, 124.1, 123.5, 123.4, 123.4, 123.3,
122.4, 121.7, 119.6, 115.7, 112.8, 111.3, 51.7, 44.7, 31.0, 19.4,
13.6. 'F NMR (377 MHz, DMSO-d¢, 298 K, § ppm): —77.74.
Anal. caled for C,gH,44F5N,O5SRu: C, 58.29; H, 4.48; N, 9.91; S,
3.24. Found: C, 58.38; H, 4.36; N, 9.96; S, 3.40 (%).
[Ru(dpq),(L1)]CF5SO; (Ru3). HL1 (90 mg, 0.2 mmol) was
used as a proligand, and dpq (93 mg, 0.4 mmol) was used as
the N,N ligand. Reddish solid. Isolated yield: 30% (70 mg). 'H
NMR (600 MHz, CD;CN, 298 K, § ppm): 9.60-9.56 (m, 1H),
9.31-9.27 (m, 1H), 9.28-9.21 (m, 2H), 9.16-9.12 (m, 3H),
9.11-9.08 (m, 1H), 8.61 (dd, J = 5.4, 1.4 Hz, 1H), 8.50 (dd, J =
5.1, 1.4 Hz, 1H), 8.40 (dd, J = 5.4, 1.3 Hz, 1H), 8.23 (d, J = 2.0
Hz, 1H), 8.20 (dd, J = 5.4, 1.3 Hz, 1H), 7.88 (dd, J = 8.2, 5.5,
1H), 7.80-7.76 (m, 2H), 7.75-7.71 (m, 3H), 7.71-7.64 (m, 2H),
7.61 (dd, J = 8.2, 5.5, 1H), 7.56 (d, J = 8.6, 1H), 7.12 (dd, J = 7.9,
1.9 Hz, 1H), 6.70 (d, J = 7.9 Hz, 1H), 6.44 (dd, J = 1.6, 0.6 Hz,
1H), 4.79 (t, J = 7.6 Hz, 2H), 3.61 (s, 3H), 2.12-1.99 (m, 2H),
1.53-1.40 (m, 2H), 0.95 (t, J = 7.4 Hz, 3H). **C NMR (151 MHz,
CD;CN, 298 K, § ppm): 198.9, 167.0, 162.7, 157.1, 154.2, 153.6,
152.9, 151.6, 151.3, 150.5, 149.3, 147.3, 147.3, 147.2, 147.2,
146.2, 138.2, 133.1, 131.4, 130.7, 130.5, 130.4, 127.8, 127.7,
127.4, 127.3, 127.2, 127.1, 126.79, 126.77, 125.8, 124.9, 124.7,
118.3, 117.6, 111.7, 52.3, 46.2, 32.3, 20.8, 14.1. F NMR
(377 MHz, DMSO-ds, 298 K, § ppm): —60.71, —77.77. Anal.
caled for Cs5Hz5FoN;OsSRu: C, 56.65; H, 3.28; N, 12.01; S,
2.75. Found: C, 56.51; H, 3.10; N, 12.02; S, 2.75 (%).
[Ru(dpq),(L2)]CF5SO; (Ru4). HL2 (85 mg, 0.2 mmol) was
used as a proligand, and dpq (93 mg, 0.4 mmol) was used as
the N,N ligand. Reddish solid. Isolated yield: 26% (60 mg). 'H
NMR (401 MHz, DMSO-d,, 298 K, § ppm): 9.61 (dd, J = 8.2, 1.4
Hz, 1H), 9.32-9.21 (m, 7H), 8.59 (ddd, J = 5.6, 4.6, 1.4 Hz, 2H),
8.33 (dd, J = 5.4, 1.3 Hz, 1H), 8.27 (dd, J = 5.5, 1.3 Hz, 1H), 8.14
(d, J = 1.9 Hz, 1H), 8.06 (dd, J = 8.2, 5.1 Hz, 1H), 7.92 (dd, J =
8.3, 5.5 Hz, 1H), 7.87-7.73 (m, 3H), 7.66 (dd, J = 8.6, 1.6 Hz,
1H), 7.44 (d, J = 8.9 Hz, 2H), 7.05 (dd, J = 7.9, 1.7 Hz, 1H), 6.74
(d,J = 8.9 Hz, 2H), 6.51 (d, J = 7.9 Hz, 1H), 6.32 (d, J = 1.6 Hz,
1H), 4.88 (t, ] = 7.5 Hz, 2H), 3.60 (s, 3H), 2.89 (s, 6H), 2.05-1.89
(m, 2H), 1.38 (m, 2H), 0.90 (t, / = 7.3 Hz, 3H). C NMR
(101 MHz, DMSO-dg, 298 K, § ppm): 193.1, 165.6, 161.7, 155.7,
152.8, 152.6, 152.5, 150.2, 149.8, 149.3, 148.9, 147.8, 146.5,
146.4, 140.7, 139.6, 139.5, 139.5, 139.4, 139.3, 136.8, 136.1,
133.5, 131.9, 130.2, 129.3, 129.1, 128.9, 128.8, 128.7, 128.6,
128.3, 126.9, 126.8, 126.6, 126.5, 126.2, 124.1, 123.5, 122.5,
122.3,119.1, 115.7, 112.8, 111.3, 51.7, 44.8, 31.1, 19.5, 13.7. °F
NMR (377 MHz, DMSO-d,, 298 K, 6 ppm): —77.75. Anal. caled
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for CsgH4sF3N;;0sSRu: C, 58.94; H, 3.89; N, 13.50; S, 2.81.
Found: C, 58.91; H, 3.84; N, 13.39; S, 2.78 (%).

X-ray structure determinations

Intensities were registered at low temperature on a Bruker D8
QUEST diffractometer using monochromated Mo Ka radiation
(A = 0.71073 A). Absorption corrections were based on multi-
scans (program SADABS).”" Structures were refined anisotropi-
cally using SHELXL-2018.>> Hydrogen atoms were included
using rigid methyl groups or a riding model.

Special features. The structure contains poorly-resolved
regions of residual electron density; this could not be ade-
quately modelled and so was “removed” using the program
SQUEEZE, which is part of the PLATON system.’® The void
volume per cell was 125 A%, with a void electron count per cell
of 35. This is consistent with the presence of 1.75 H,O per
asymmetric unit which account for 35 electrons per unit cell.
However, this assignment of solvent content should be inter-
preted with caution. The -COOMe ligand is disordered over
two positions, ca. 80:20%. In the crystal, molecules are linked
via C—H---O non-classical hydrogen bonds, leading to the for-
mation of double chains in the [1,—1,0] direction.

Microwave

The first step in the synthetic route for ruthenium complexes
was done in an Anton Paar Monowave 50 (315 W) microwave.

Nuclear magnetic resonance (NMR) spectroscopy

The 'H, "“C{'H}, and bidimensional NMR spectra were
recorded on a Bruker AC 300E, Bruker AV 400, or Bruker AV
600 NMR spectrometer, and chemical shifts were determined
by reference to the residual "H and "*C{"H} solvent peaks.

Elemental analysis

The C, H, N, and S analyses were performed with a Carlo Erba
model EA 1108 microanalyzer with EAGER 200 software.

Mass spectrometry (MS)

ESI mass (positive mode) analyses were performed on an RP/
MS TOF 6220. The isotopic distribution of the heaviest set of
peaks matched very closely to that calculated for formulating
the complex cation in every case.

Photophysical characterization

UV/vis spectroscopy was performed on a PerkinElmer Lambda
750 S spectrometer with operating software. Solutions of all
complexes were prepared in acetonitrile and water (1% DMSO)
at 10 pM. For measuring the photostability, ruthenium com-
plexes (10 uM) were dissolved in an air-saturated DMSO solu-
tion and irradiated with green light (2 mW ¢cm™?) for 2 h.

Reaction with human serum albumin (HSA)

The stock solution of HSA was prepared by dissolving the HSA

in 50 mM Tris-HCIl, 100 mM NacCl buffer of pH 7.4. The con-

centration of HSA was determined by using e,,5 = 36 000 M~
-1 31

cm™ .
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Quantitative analyses of the interaction between Rul-Ru4
complexes and HSA were performed by fluorimetric titration. A
3.0 mL portion of aqueous protein solution (2.5 pM) was
titrated by successive additions of complex solution (0-25 pM).
For each addition, the mixing solution was stirred and allowed
to stand for 5 min. Fluorescence intensities were then
measured at excitation wavelengths of 1 = 295 nm. The width
of the excitation and emission slit was set at 5 nm, and the
emission fluorescence spectra were recorded in the wavelength
range A = 305-570 nm.

Singlet oxygen quantum yield

Singlet oxygen quantum yields were calculated in aerated
acetonitrile solution using 1,3-diphenylbenzofuran (DPBF) as a
chemical trap upon green light irradiation and using [Ru
(bpy):]Cl, as a reference. Photolysis of DPBF in the presence of
ruthenium complexes was monitored by UV/vis, absorbance of
DPBF at 411 was plotted against irradiation times and slopes
were calculated. Finally, singlet oxygen quantum yields were
calculated using the following equation:

ms (1 — 10%)

By =Py S
Ag Ar my (1 _ 10Ai-s)

where @, _is the singlet oxygen quantum yield of the reference,
as said [Ru(bpy);]Cl, (@4, = 0.57 in acetonitrile), m are the
slopes of the complexes and the reference, and A4, and 4, are
the absorbance of the compounds and reference at the
irradiation wavelength (520 nm), respectively.

Hydroxyl radical generation in cell free media

All compounds (10 pM) were prepared in PBS (5% DMF). To
this solution, HPF was added with a final concentration of
10 uM. Then samples were irradiated by green light (520 nm,
2.0 mW cm™>) for indicated time intervals. Fluorescence
spectra were obtained with a Horiba Jobin Yvon Fluorolog
3-22 modular spectrofluorometer with a 450 W xenon lamp.
Measurements were performed in a right-angled configuration
using 10 mm quartz fluorescence cells for solutions at 298 K.
The excitation wavelength was set to 490 nm and the excitation
and emission slit widths were 3 nm.

Biological studies

Cell lines, culture conditions, and stock solutions of Ru
complexes. The human cervical carcinoma HeLa cells, human
skin melanoma A375 cells, human oesophageal carcinoma
OE33 cells, and human MRC5pd30 cells derived from normal
lung tissue were purchased from the European Collection of
Authenticated Cell Cultures (ECACC) (Salisbury, U.K.). All of
the cell lines were cultivated in DMEM medium (high glucose
4.5 g L', PAA, Pasching, Austria) supplemented with gentamy-
cin (50 pg mL™", Serva, Heidelberg, Germany) and 10% heat-
inactivated fetal bovine serum (PAA). The medium for the
MRC5pd30 cells was further supplemented by 1% nonessen-
tial amino acids (Sigma-Aldrich, Prague, Czech Republic). All
cells were cultured as adherent monolayers in a humidified
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incubator at 37 °C in a 5% CO, atmosphere and subcultured
twice a week with an appropriate plating density. For the bio-
logical studies, stock solutions of Ru complexes were prepared
by dissolving the compounds in DMSO to a final concentration
of 5 mM and subsequently diluted to the required concen-
tration. The concentration of Ru in the media used in the
experiment was verified by flameless atomic absorption spec-
trometry (FAAS). The final DMSO concentration in the cell
culture medium did not exceed 1% (v/v) to avoid DMSO
toxicity.

Treatment and irradiation of cells. Unless otherwise stated,
cells were treated with Ru compounds in EBSS medium for
1 h, incubated in the darkness in a humidified incubator at
37 °C under a 5% CO, atmosphere. Then, the cells were irra-
diated in respective cultivation plates using an LZC-4 photo-
reactor (Luzchem Research, Gloucester, Canada) equipped
with 16 LZC-cool white lamps for 1 h at 37 °C. The plates were
covered with a green filter to select a specific wavelength range
with Amax = 545 nm (Fig. S397). The experimentally measured
average irradiance was 22 W m~> [measured using a Light
Meter LI-250A with a quantum sensor (LI-COR, Nebraska,
USA)].

MTT test. Cells were seeded in 96-well plates at a 5 x 10°
cells per well density in a cultivation medium and incubated
overnight. The cells were treated and irradiated (see Treatment
and irradiation of cells in the section Materials and methods)
or sham irradiated. After the treatment, the cells were incu-
bated for an additional 70 h in a drug-free medium. Then, the
MTT solution was added to a final concentration of 125 pg
mL~" and incubated for 4 h at 37 °C. The media was aspirated,
and formazan crystals were dissolved in 100 pL of DMSO.
Absorbance was measured at 570 nm with a reference at
620 nm.

Ru accumulation in cells

A Petri dish (100 mm) was covered with cells and incubated
until the cells filled about 80% of the growth area. Then, the
growth medium was replaced with EBSS containing 5 pM of
the studied compounds for 2 h. The cells were extensively
washed with cold PBS and trypsinized, and the cell pellets
were rinsed with PBS. The cells were counted and mineralized
by adding 200 pL of 35% HCI and incubated for at least one
week. Samples were then diluted with ultrapure water to a
final volume of 1500 pL, and the Ru content was assessed by
ICP-MS.

Subcellular distribution of Ru

The cells were prepared in the same manner as for the uptake
experiments, including the same treatment conditions. After
harvesting the cells by trypsinization, the pellet was divided
into four fractions (cytosolic, membrane/particulate, nuclear,
and cytoskeletal) using the FractionPREP Cell Fractionation kit
(BioVision, K270) according to the manufacturer’s instruc-
tions. Each fraction was freeze-dried, resuspended in 200 pL of
35% HCI, and mineralized for at least one week. Samples were
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then diluted with ultrapure water to a final volume of 1500 pL,
and the Ru content was assessed by ICP-MS.

ROS

HelLa cells (4 x 10*) were seeded on a 96-well plate in cultiva-
tion media and left to adhere overnight. The cells were then
treated with indicated concentrations of the studied com-
pounds and irradiated (see Treatment and irradiation of cells
in Materials and methods). The cells were washed with PBS
and stained with 5 pM CellROX Green (Invitrogen, C10444) in
PBS for 30 min at 37 °C. 100 pM menadione (Sigma-Aldrich,
M5625, dissolved in DMSO) was used as a positive control of
ROS induction for 1 h in the cultivation medium. After stain-
ing, the cells were washed with PBS and harvested by trypsini-
zation. Fluorescence was measured using flow cytometry (BD
FACSVerse).

Antioxidants

Hela cells (3 x 10%) were seeded on a 6-well plate in cultivation
media or media supplemented with 200 pM alpha-tocopherol
(Thermo Scientific Chemicals, A17039.18, dissolved in 100%
EtOH) and cultivated for 24 h. The cells were treated with 200
nM Rul and irradiated (see Treatment and irradiation of cells
in the section Materials and methods). All floating and adher-
ent cells were collected by trypsinization and stained with a
LIVE/DEAD Staining Kit (Invitrogen, L34955) according to the
manufacturer’s instructions. After staining, the cells were cen-
trifuged, and the pellet was resuspended in PBS and analyzed
by flow cytometry (BD FACSVerse).

Morphology evaluation

HelLa cells were seeded on a 6-well plate at a density of 3 x 10°
cells per well in cultivation media and incubated overnight.
The cells were treated with indicated concentrations of Ru1 fol-
lowed by irradiation (see Treatment and irradiation of cells in
the section Materials and methods). The cells were then photo-
graphed using an Olympus CKX41 inverted microscope
equipped with a Canon EOS 1200D camera. Details of HeLa
cells treated with 200 nm Rul were acquired by a confocal
microscope Olympus FV10i. For cell size quantification, the
treated cells (as previously described) were harvested by trypsi-
nization and analyzed by flow cytometry (BD FACSVerse).

Intracellular ATP level. HeLa cells were treated with Rul and
irradiated (see Treatment and irradiation of cells in the section
Materials and methods). After 1 h of recovery in compound-
free media, the cells were harvested, washed with PBS, and
counted. The cell count was standardized across all the
samples to ensure that the detected ATP levels originated from
the same quantity of cells. The trypan blue exclusion test was
used to evaluate cell membrane intactness. Intracellular ATP
levels were determined using the CellTiter-Glo® 3D reagent
(Promega), measuring intracellular ATP and generating a
luminescence readout.

Western blotting. HeLa cells were treated with Rul and irra-
diated as described (see Treatment and irradiation of cells in
the section Materials and methods). After irradiation, the
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complex containing EBSS was removed, and cells were incu-
bated in drug-free media for 48 h. The cells were then scraped,
washed with PBS, pelleted by centrifugation, and lysed for
40 min with ice-cold RIPA buffer supplemented with phenyl-
methylsulfonyl fluoride (PMSF), sodium orthovanadate, and
protease inhibitor cocktail according to the manufacturer’s
protocol (Santa Cruz Biotechnology, INC.). The resulting
extracts were cleared (15 000g; 10 min) and combined with 2 x
LBS buffer (4% sodium dodecyl sulfate (SDS); 10% 2-mercap-
toethanol; 20% glycerol; 0.125 M Tris-HCI and 0.004% bromo-
phenol blue) and heated for 5 min at 95 °C. The samples were
separated by SDS-PAGE (4-15%; Mini-PROTEAN® TGX™
Precast Gels), and transferred to PVDF membrane, and
porimin and GAPDH were detected using specific primary anti-
bodies (Anti-Porimin (G2) (Santa Cruz Biotechnology, sc-
377295), Anti-GAPDH antibody (Sigma-Aldrich, G8795; 1: 200))
and secondary antibody Goat Anti-Mouse IgG (HRP)
(ThermoFisher Scientific, 32430; 1:1000). After the substrate
(SignalFire™ ECL Reagent A + B) was added, the luminescence
was recorded with the Amersham Imager 680.

Porimin immunostaining. HeLa cells were untreated or
treated with Rul complex (concentration corresponds to 1 x
ICs;) (Table 2) and irradiated (see Treatment and irradiation of
cells in Materials and methods). After 4 h of recovery in com-
pound-free media, the cells were fixed with paraformaldehyde
(4%) on microscopic glass and permeabilized (0.1% TRITON
X-100). Afterwards, the cells were incubated overnight with
primary antibody Porimin G-2 (sc-377295, Santa Cruz). The
cells were washed, and a secondary antibody with a fluorescent
dye (ab150113, Abcam) was added for 1 h. Excess dye was
washed out, and cell nuclei were counterstained with DAPI.
The samples were analyzed on a confocal microscope Leica
TCS SP5.

Cell cycle distribution

Distribution of the cell population into cell cycle phases was
measured using propidium staining with prior determination
of cell membrane permeability using a LIVE/DEAD Staining
Kit (Invitrogen, L34955). Firstly, 1.5 x 10° cells were seeded on
a 6-well plate and left to adhere overnight. The cells were then
treated with 200 nM Rul and irradiated with green light (see
Treatment and irradiation of cells in the section Materials and
methods). After 5 h of incubation in drug-free medium, the
cells were harvested by trypsinization and stained with a LIVE/
DEAD Staining Kit (Invitrogen, L34955) according to the man-
ufacturer’s instructions to distinguish living cells before fix-
ation. The cells were fixed in 70% EtOH for at least 24 h at
4 °C. On the day of analysis, the cells were washed with PBS,
stained for 30 min at 37 °C in Vindel’s solution (10 mM Tris-
Cl, 10 mM NaCl, 0.1% Triton X-100) containing 50 pg mL™"
propidium iodide and 100 pg mL™" RNase A. Samples were
then analyzed by using a BD FACSVerse flow cytometer and
cell cycle distribution was calculated using FCS Express 7
software.
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Plasmid DNA photocleavage

Plasmid pBR322 was mixed with compound Rul (molar ratio
[Ru]/[DNA base] = 1/10) in 10 mM Tris buffer (pH 7.4).
Samples were irradiated with the green light for indicated
times. After mixing with gel loading buffer, the samples were
loaded onto a 1% Tris-acetate-EDTA (TAE)-agarose gel and sub-
jected to electrophoresis for 90 min at 60 V. The gel was
stained in 0.5 pg mL™" ethidium bromide for 15 min, rinsed
with distilled water, and visualized using a Gel Logic 112
imaging system.

Annexin V/propidium iodide staining

Membrane integrity and phosphatidyl serine exposure on the
extracellular side of the membrane were measured by dual
annexin V-Pacific Blue conjugate (Invitrogen, A35122) and pro-
pidium iodide staining. Cells were seeded on different days at
a density of 10%, 1.5 x 10°, or 2.5 x 10 of cells per 6-well plate
for 2-day, 1-day, or immediate evaluation, respectively. After
overnight incubation, the cells were treated with indicated con-
centrations of Rul and irradiated (see Treatment and
irradiation of cells in the section Materials and methods). The
cells were then cultivated in a drug-free medium until the time
of analysis. All floating and adherent cells were collected and
resuspended in a staining solution composed of 1x annexin V
binding buffer (BD Pharmingen); 1x annexin V conjugated to
Pacific Blue; and 10 pg ml™" propidium iodide. After 15 min
incubation, the cells were analyzed using flow cytometry (BD
FACSVerse).

Caspase-3/7 activity assay. The activation of caspase-3 was
detected using CellEvent Caspase-3/7 Green — Active Caspase-
3/7 Assay Kit (Thermo Fisher Scientific). Briefly, HeLa cells
were seeded on a 6-well plate at 3 x 10° cells per well density
and treated and irradiated as described above (see Treatment
and irradiation of cells in the section Materials and methods).
After 24 h of recovery in compound-free media, cells were
stained with the CellEvent Caspase 3/7 Green Detection
Reagent according to the manufacturer’s protocol, and the
fluorescence signal was analyzed by flow cytometry.

TMRE staining

3 x 10° cells were seeded on a 6-well plate and cultivated over-
night. The following day, the cells were treated with indicated
concentrations of Rul followed by irradiation (see Treatment
and irradiation of cells in the section Materials and methods).
The cells were then harvested by trypsinization and resus-
pended in 200 puL of 10 nM TMRE solution in cultivation
media. After 30 min staining at 37 °C, the cells were washed
with PBS and analyzed using flow cytometry (BD FACSVerse).
For a positive control, 10 pM FCCP was added at the beginning
of the staining step and then processed as for the other
samples.

Intracellular calcium determination

Firstly, 3 x 10° cells were seeded on a 6-well plate and incu-
bated overnight. The cells were then treated with indicated
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concentrations of Rul in PBS for 1 h and irradiated with green
light (1 h, Apma = 545 nm, 22 W m™?). The cells were then
stained with 5 pM Fluo-8 AM (Abcam, ab142773) dissolved in
PBS for 30 min at 37 °C. After staining, the cells were collected
by trypsinization, the pellet was resuspended in PBS, and it
was immediately analyzed by flow cytometry (BD FACSVerse).

Liposome leakage assay

Liposomes containing a self-quenching concentration of fluo-
rescent stain were prepared using the thin-film hydration
method followed by extrusion. Lipids were dissolved in chloro-
form to a final concentration of 25 mg mL~". Then, 2.925 mg
of 18:0 DSPC, 3.9 mg of 18:1 DOPC, 1.225 mg of cholesterol,
and 1.95 mg of DSPE-PEG2000 were mixed to form a mixture
with molar ratios of 30:40:25:5, respectively. The mixture
was incubated for 5 min at 65 °C, and transferred to a 50 mL
glass round-bottom flask with 3 mL of chloroform, and the
organic solvent was evaporated on a rotary evaporator at 65 °C
in a water bath under a N, atmosphere. The dry lipid film was
hydrated by 0.5 ml of 100 mM carboxyfluorescein dissolved in
PBS. The solution was sonicated 3 x 3 s, frozen in liquid nitro-
gen, and thawed at room temperature 5 times. Uniform lipo-
somes were formed by extrusion through a 200 nm membrane
10 times and finally dialyzed in PBS using an 8 kDa dialysis
membrane overnight. Liposomes were then diluted with PBS
to a final concentration of 25 pg mL™" and incubated with
indicated concentrations of Rul or an equivalent volume of
DMSO for 0 or 120 min in the dark or irradiated with green
light (Amax = 545 nm, 22 W m™?). Fluorescence was measured
using Varian Cary Eclipse fluorescence spectrometer with ex:
490 nm and em: 530. Fluorescence was normalized to maximal
fluorescence after the addition of 10% Triton X-100 (1/100
volume).

Differential scanning calorimetry experiments

HelLa cells (4 x 10°) were seeded on a 100 mm Petri dish in cul-
tivation media and left to adhere overnight. The cells were
then treated with specified concentrations of Rul and irra-
diated (see Treatment and irradiation of cells in the section
Materials and methods). The cells were washed with PBS, har-
vested by scraping, and resuspended in 1 mL of filtered PBS. A
fraction of the sample was utilized to quantify proteins
through the Bio-Rad Protein Assay (Bio-Rad, 500-0002) follow-
ing the manufacturer’s instructions. The sample was then
degassed and loaded into the differential scanning calorimeter
Nano DSC (TA Instruments, USA). The samples were scanned
from 25 to 115 °C with a scan rate of 1 °C min™". Intrinsic
baseline curvature was corrected by subtracting a blank PBS
scan. The computed baseline was subtracted from the cor-
rected data (Fig. S40t) and normalized to the protein amount.
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