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ABSTRACT

The currently used photodynamic therapy (PDT) photosensitizers (PSs) are generally associated
with a poor cancer cell selectivity, which is responsible for some undesirable side effects. To
overcome these problems, there is an urgent need for a selective drug delivery system for PDT
PSs. Herein, the encapsulation of a promising Ru(Il) polypyridine complex in a polymer with
terminal folate groups to form nanoparticles is presented. While the Ru(Il) complex itself has a
cytotoxic effect in the dark, the encapsulation is able to overcome this drawback. Upon light
exposure, the nanoparticles were found to be highly phototoxic in 2D monolayer cells as well as
3D multicellular tumor spheroids upon 480 nm or 595 nm irradiation by apoptosis. Importantly,
the nanoparticles demonstrated a high selectivity for cancerous cells over non-cancerous cells and
were found to be active in drug resistant cancer cells lines, indicating that they are able to overcome

drug resistances.



INTRODUCTION

Cancer is one of the deadliest diseases worldwide.! This disease is commonly treated with the
platinum-containing drugs cisplatin, carboplatin and oxaliplatin. Despite their impressive clinical
successes, these treatments are associated with severe side effects (e.g., nerve and kidney damage,
nausea, vomiting, and bone marrow suppression).>® Worryingly, an increasing number of tumors
in the clinics are reported to be drug resistant. Typically, drug resistance in cancer is associated
with tumor burden, growth kinetics, physical barriers, tumor heterogeneity and its
microenvironment.”!' To overcome these limitations, there is an urgent need for new types of

treatments with new mechanisms of action.!?

As a complementary technique to classical treatment modalities (i.e., chemotherapy,
immunotherapy, radiation therapy), photodynamic therapy (PDT) is currently receiving increasing
attention due to its low or non-invasiveness. During a PDT treatment, a photosensitizer (PS) is
either locally or systemically injected into a patient. While ideally the PS should not cause any
cellular damage in the absence of light, it catalytically generates cytotoxic reactive oxygen species
upon light irradiation. The latter ultimately trigger cell death.'*-*! Among the different types of PSs
studied, the use of Ru(Il) polypyridine complexes is receiving increasing attention.??** Despite
their attractive photophysical properties, the majority of these PSs are excited using blue or UV-
A light. These wavelengths are poorly penetrating tissue, limiting the application of these
compounds to superficial treatments.*'* Therefore, there is much research efforts invested
towards the development of Ru(Il) polypyridine complexes with an absorption in the biological
spectral window (600-900 nm), which would provide a deeper tissue penetration.***” In this
context, we have recently reported the computational guided design of Ru(II) polypyridine

complexes as PSs for longer wavelengths. Based on this design, we could unveil the metal complex



[Ru(4,7-diphenyl-1,10-phenanthroline)2(4,4'-dimethyl-2,2'-bipyridine)|[PFs]2 (Ru, Figure 1),
which exerts a phototoxic effect up to 595 nm. Deeper insights into its mechanism of action
revealed that upon irradiation, the Ru(Il) polypyridine complex disturbs mitochondrial respiration
and glycolysis processes. Despite these favorable properties, this complex is associated with an
undesired dark toxicity in the low micromolar range in various cell lines, limiting its applications

as a PDT agent.*

After the administration of a PS during a PDT treatment, the target tissue is exposed to light
irradiation. As the PS does not cause cellular damage in the dark, the therapeutic effect is only
generated upon light exposure. This fact is responsible for the first level of selectivity of PDT. To
date, the currently clinically applied and investigated PSs show a poor cancer cell selectivity,
accumulating in the tumor as well as in the surrounding, healthy tissue. Due to light scattering
effects in the tissue, the light is typically also delivered to healthy tissue, in which the PS may
cause significant cellular damage upon light irradiation. This is further emphasized by the fact that
it is a practical challenge to expose only tumorous tissue to the light source. This leads to the
damage of healthy cells and tissue. To overcome this limitation, there is an urgent need for the
development of a cancer selective drug delivery system, which would present a second level of

selectivity. The established targeting strategies are typically divided between an active mechanism,

which involves the use of a specific cellular interaction (i.e., targeting moieties**¢,
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oligosaccharides®”>®, nanobodies®, oligionucleotides®>®!, proteins®'-**) or a passive mechanism,

which is based on the enhanced permeation and retention (EPR) effect (i.e. nanoparticles®>’%,
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polymeric particles” %8, liposomes®*-?, carbon nanotubes®' -, metal-organic frameworks®*?%). We
note at this stage that the EPR effect is currently controversially discussed due to its failure in in

vivo models.”® Despite various contributions in the development of delivery systems, these carriers



are usually associated with a tedious preparation, high price, poor water solubility or a diminished
therapeutic effect. To prevail these drawbacks, there is a need for a cheap, water-soluble, and

selective drug delivery system.

Encouraged by the promising results reported by our group on the polymeric encapsulation of
[Ru((E,E’)-4,4"-bis[p-methoxystyryl]-2,2"-bipyridine)(2,2 "-bipyridine)2][ PFs]2 with 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotin (poly-ethyleneglycol)-2000] ammonium
salt (DSPE-PEGa2o000-biotin) for biotin-targeted 1- and 2-Photon PDT (Figure 1),°” we further
explored the potential of this type of delivery system. The previously reported nanoparticles were
found to be internalized by an energy-dependent endocytosis mechanism where they preferably
accumulate in the lysosomes. Upon irradiation, the encapsulated Ru(Il) polypyridine complexes
caused cell death in the low micromolar range through the caspase 3/7 pathway. Promisingly, the
nanoformulation was found to lead to a more than 20-times higher accumulation of the Ru(II)
complexes in cancerous adenocarcinomic human alveolar basal epithelial cells than in non-
cancerous human lung fibroblasts cells. In addition, the cancer targeting effect was also
demonstrated in a mouse model. An 8.7 higher accumulation inside the tumor of a mouse model
in comparison to the Ru(Il) polypyridine complex itself was observed. Herein, we report the
encapsulation of Ru with the analogous polymer with terminal folic acids groups (DSPE-PEG2000-
folate). While the complex itself exerts an undesired, cytotoxic effect, the formulation is able to
overcome this limitation since the nanoparticles were found to be non-toxic in the dark. The
particles were found to have a more than eight-times higher selectivity in folate receptor
overexpressing cells in comparison to healthy cells. The nanoparticles had a phototoxicity effect
in the very low micromolar range upon 480 nm or 595 nm excitation in 2D monolayer cancer cells

and 3D multicellular tumor spheroids. Importantly, they were also found to be phototoxic in the



corresponding drug resistant cancer cell lines, indicating that they are able to overcome drug

resistance.

RESULTS AND DISCUSSION

The Ru(Il) polypyridine complex [Ru(4,7-diphenyl-1,10-phenanthroline)2(4,4'-dimethyl-2,2'-
bipyridine)][PFs]2 (Ru, Figure 1) was synthesized as previously reported.*® The purity of the
compound > 95% as determined by elemental and HPLC analysis (Figure S1). For encapsulation
of the lipophilic Ru(Il) polypyridine complex, the commercially available polymer 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[folate(polyethylene  glycol)-2000][ammonium  salt]
(DSPE-PEG2o00-folate) consisting of a lipophilic part (Figure 1, blue) and hydrophilic part (Figure
1, green) was used for encapsulation into the nanoformulation NP. Based on the difference in water
solubility between the two parts, the polymer is able to form micelles in an aqueous solution, which
can be loaded with lipophilic compounds. Folate groups (Figure 1, red) were attached on the end
of the hydrophilic part. As a variety of cancer cells overexpress folate receptors as well as the high
demand for folate in rapidly growing cells, the conjugation to folate could provide an additional
cancer targeting effect.”>1% Overall, the cancer targeting strategy described here is based on a
passive mechanism of the nanoparticles through the EPR effect as well as an active mechanism of
folate ,which acts as a targeting moiety. The Ru(Il) polypyridine complex was encapsulated as
previously described.!?1%® The amount of encapsulated metal complex was determined using
inductively coupled plasma mass spectrometry (ICP-MS). The generated particles were found to

have an average size of 122 nm (size distribution: Figure S2) as determined by dynamic light



scattering (DLS). Recent studies have shown that this size is optimal for drug delivery due to the

high loading of the compound in the particles while still showing a high cellular uptake.!%41%

Previsouly studied: Here reported: Hydrophilic Component

s
l Targeting moiety

DSPE-PEG yq-biotin DSPE-PEG 399-folate
Figure 1. Chemical structures of the previously studied and here reported Ru(Il) polypyridine
complexes and polymers used for nanoparticle formulations. The hydrophilic (blue) and lipophilic

(green) parts as well as folate (red) are marked in colour.

The photophysical properties of Ru and NP were investigated to determine whether the
encapsulation changed these properties. As expected, the absorption and emission spectra of the
Ru(II) polypyridine complex and the corresponding nanoformulation were found to be identical
(Figure S3-S4). The complex showed an absorption tail towards the biological spectral window,
which is a desired property for a PDT agent to treat deep-seated or large tumors. Emission studies
showed that NP has a significantly higher luminescence quantum yield in an aqueous solution than
Ru (®empru= 1.1%, @Pemnr = 2.9%). Ru and NP were found to have excited state lifetimes in the
nanosecond scale (Table S1, Figure S5-S6). These values compare well with those found for other

Ru(Il) polypyridine complexes.'®1%” Importantly, the presence of air drastically decreased the



lifetime (TairruwNp= 128 - 151 ns, Tdegassed RwNP = 857 - 914 ns), indicating that the excited state of
the complex is able to interact with molecular oxygen (*02) by generating singlet oxygen ('O2).
Following this, the amount of 'Oz produced upon irradiation at 450 nm or 540 nm was determined
by temporal monitoring the change of absorption of a 'O scavenger.!®®1% NP (Table S2) was
found to have a slightly higher singlet oxygen quantum yield than Ru (®102,ru= 5 - 6%, ®102Np =
7 - 10%). Overall, these results indicate that the encapsulation of the metal complex into
nanoparticles enhanced the photophysical properties. Worthy of note, previous studies of the
encapsulation of Ru(Il) polypyridine complexes into polymeric particles also reported this

effect.8%- 110

Following this, the stability of the nanoparticles was investigated as previous studies have shown
that the stability of a metal complex'!! and/or the nanoformulation’ could be problematic. NP was
incubated in the dark and its absorption spectra (Figure S7) as well as the size distribution (Figure
S8) measured in constant time intervals up to 7 days. As no significant differences were observed,
the stability of the nanoparticles is indicated. In addition, the zeta potential of NP was determined
to be -11.8 mV, indicating that the particles have a slightly negative charged surface. Previous

studies have found that this has a favorable effect on the stability of the particles.!'?

After evaluation of the photophysical properties and establishment of the stability of the
nanoparticles, the efficacy of NP to act as a PDT agent was investigated upon irradiation at 480
nm (10 min, 3.1 J/em?) and 595 nm (60 min, 11.3 J/cm?) and compared with Ru (Table 1). The
cytotoxic effect of the particles was evaluated while strictly keeping them in the dark, referred to
as dark toxicity, as well as upon exposure to a light source, referred to as phototoxicity. As the
particles have covalently bound folate groups on the outer surface, the biological effect was

investigated on cancerous human ovarian carcinoma (A2780) and its corresponding cisplatin



resistant (A2780 CIS) and doxorubicin resistant (A2780 ADR) cell lines, which are well known to

)!13 in comparison to non-cancerous human

overexpress the folate receptor alpha (0.8 pmol/mg
normal lung fibroblast (MRC-5) cells, which have a level of the folate receptor alpha in the normal
range (0.6 pmol/mg)'!'*!!5, Interestingly, while Ru exerts a toxicity in the dark in the micromolar
range (ICso =4.17 — 9.53 uM), the corresponding nanoformulation NP did not show any toxicity
in the dark (ICso > 100 uM). This demonstrates that the encapsulation of the Ru(Il) polypyridine
complex drastically decreased undesired dark toxicity. Upon irradiation at 480 nm and 595 nm, a
phototoxic effect in the micromolar range for Ru (ICso = 0.27 — 0.72 uM) and NP (ICso = 2.64 —
63.8 uM) with high phototoxic indices (PI) for NP of up to > 37.9 were observed. The cytotoxic
values for NP in A2780 cells and its drug resistant versions were found to be identical, indicating
that the PDT treatment with NP is able to overcome drug resistances. Strikingly, while (photo-
)toxic values were found to be similar for Ru in the different cell lines, the treatment with NP
showed significant different values. The nanoparticles were found to have a significantly higher
phototoxicity in the ovarian cancer cell lines (ICso = 2.64 — 3.92 uM), which are overexpressing

the folate receptor, compared to the lung fibroblast cell line (ICso = 40.51 — 63.83 uM), which has

a normal level of the folate receptors, suggesting a folate targeting effect.



Table 1. ICso values (in uM) in the dark and upon irradiation at 480 (10 min, 3.1 J/cm?) and 595 nm (60 min, 11.3 J/cm?) for Ru and

NP in comparison to cisplatin and the PS Protoporphyrin IX (PpIX) in non-cancerous MRC-5 (human normal lung fibroblast) and

cancerous human ovarian carcinoma (A2780), cisplatin resistant ovarian carcinoma (A2780 CIS) and human doxorubicin resistant

ovarian carcinoma (A2780 ADR) cells. Average of three independent measurements.

MRC-5 A2780 A2780 CIS A2780 ADR
dark 480 PI 595 PI dark 480 PI 595 PI dark 480 PI 595 PI dark 480 PI 595 PI
nm nm nm nm nm nm nm nm
Ru 417 | 027+ | 154 | 046+ | 9.1 839 | 0.44+ | 19.1 | 0.67+ | 125 9.76 £ | 051« | 19.1 | 0.63+ | 15.5 9.53 | 0.55+ | 173 | 0.72= | 13.2
+ 0.12 0.17 + 0.09 0.18 0.88 0.10 0.08 + 0.11 0.15
0.36 0.76 0.60
NP >100 | 40.51 | >2.5 | 63.83 | >1.6 | >100 | 2.64 | >37.9 | 3.51 | >285 | >100 283 | >353 | 3.75 | >26.7 | >100 | 2.71 | >36.9 | 3.92+ | >25.5
+ + + + + + + 0.74
2.79 5.40 0.33 0.64 0.67 0.71 0.49
PpIX >100 6.19 | >16.2 | 16.73 | >6.0 | >100 | 4.53 | >22.1 8.19 | >12.2 | >100 695 | >144 | 894 | >11.2 | >100 | 7.12 | >14.0 | 1038 | >9.6
+ + + + + + + +
0.74 1.21 0.61 1.13 1.46 1.53 1.96 1.62
cisplatin | 12.93 - - - - 4.54 - - - - 19.53+ - - - - 8.97 - - - -
+ + 1.11 +
0.86 0.65 0.71
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Following this promising observation, the uptake of NP (25 uM, 4 h) in A2780 and MRC-5 cells
was investigated by determination of the amount of Ru inside cells using ICP-MS. As expected,
in the folate receptor overexpressing cell line A2780, a more than eight-times higher amount of
Ru was detected compared to MRC-5 (Figure 2). It is important to mention that A2780 and MRC-
5 cells are inherently different types of cells with different properties and therefore different
cellular uptake. Further, the amount of covalently attached folic acid targeting moieties on the
outer surface of the nanoparticles is order of magnitudes higher than the amount of available folate

receptors in the tested cell lines.
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Figure 2. Uptake of NP (25 uM, 4 h) in MRC-5 and A2780 cells. The uptake was determined by

measurement of the amount of Ru inside the cells using ICP-MS.
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The localization of NP inside of A2780 cells was then examined by extraction of the different
cellular compartments (i.e., nucleus, mitochondria, lysosomes, Golgi apparatus, endoplasmic
reticulum) and determination of the amount of Ru inside each organelle by ICP-MS. The
compound was mainly found in the lysosomes (Figure 3), like other metal complexes and organic

molecules, which were encapsulated with a DSPE-PEGa2000 polymer.!01-103

Endoplasmic Reticulum P4

Golgi Apparatus

Lysosomes

Mitochondria %

s
H
Nucleus
4
a

t I e e e e e A e e e s
0 20 40 60 80 100

N

Whole Cell

Distribution inside the cell / %

Figure 3. Cellular distribution of NP (20 uM, 4 h) in A2780 cells by extraction of the cellular

organelles and determination of the amount of Ru inside each organelle by ICP-MS.

For a deeper insight into the mechanism of action, the cell death mechanism of NP (2.64 uM) upon
irradiation at 480 nm (10 min, 3.1 J/cm?) in A2780 cells was investigated. The cell survival upon
pre-treatment with autophagy (3-methyladenine), apoptosis (Z-VAD-FMK), paraptosis
(cycloheximide) or necrosis (necrostatin-1) inhibitors was measured. As the incubation with

autophagy, paraptosis and necrosis inhibitors did not significantly influence the cell survival

12



(Figure 4a), these cell death pathways were ruled out. In contrast, the preincubation with an
apoptosis inhibitor strongly increased the survival of the cells, indicating that cell death is primary
caused by apoptosis. Worthy of note, the majority of PDT agents were found to cause cell death
by apoptosis.!'® As many apoptotic processes are controlled by caspases'!’, the dependency on the
caspase 3/7 pathway was investigated using a Caspase-Glo 3/7 assay. The light treatment showed
a highly increased caspase activity similar to the kinase inhibitor staurosporin, which is well known
to act by this pathway, indicating that the phototoxic effect exerted by NP is caused by the caspase
3/7 pathway (Figure 4b). Worthy of note, previous studies of Ru(II) polypyridine complexes were

found to cause cell death by the same mechanism.!!8-11
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Figure 4. Study of the cell death mechanism of NP in A2780 cells upon irradiation at 480 nm (10
min, 3.1 J/cm?) a) upon pre-incubation of different inhibitors and determination of the cell survival.
Autophagy inhibitor: 3-Methyladenine (100 uM), apoptosis inhibitor: Z-VAD-FMK (20 uM),

determination of the caspase 3/7 activity.

Following the evaluation in 2D monolayer cells, the biological effects were further investigated in
3D multicellular tumor spheroids (MCTS). MCTS are a tissue model to simulate the pathological
conditions found in clinical tumors including proliferation gradients and a hypoxic center.!20-12!
As the majority of PSs act by an oxygen dependent mechanism, the treatment of hypoxic tumors
remains a major medical challenge.'?'?* Many investigated drug candidates have failed the
translation to in vivo models due to compromised drug delivery.!>>"126 MCTS are able to mimic
intercellular interactions and are therefore employed to investigate the drug delivery of
compounds. However, we note that such experiments do not help assessing the folate targeting
ability of the NPs. In this work, A2780 MCTSs with a diameter of 400 pm were incubated with
NP for 12 h and their cytotoxicity assessed by measurement of the ATP concentration.
Promisingly, the nanoparticles did not show a cytotoxic effect in the dark (ICso > 100 uM), which
is an important requirement for a PDT agent. On the contrary, upon irradiation at 480 nm (10 min,
3.1 J/em?) and 595 nm (60 min, 11.3 J/cm?), NP was found to have a high phototoxic effect
(ICs0.480nm = 8.16 + 0.87 uM, Plagonm > 12.3, ICs0,5950m = 9.62 £+ 0.93 puM, Plsosnm > 10.4). This

indicates that NP is able to penetrate a 3D MCTS and to act as a PDT agent from 480 nm up to

595 nm.
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CONCLUSION

In summary, the encapsulation of a promising Ru(Il) polypyridine complex (Ru) with the
amphiphilic polymer DSPE-PEG2o0o-folate is described. The generated particles (NP) showed
improved photophysical properties in comparison to the complex alone in an aqueous solution.
While the complex itself has a dark toxicity in various cell lines, the nanoformulation described in
this article is able to overcome this drawback. Upon irradiation from 480 nm up to 595 nm, NP
caused cell death in the low micromolar range in 2D monolayer cells as well as 3D multicellular
tumor spheroids by apoptosis through the caspase 3/7 pathway. ICP-MS studies showed that the
particles accumulated in the lysosomes and, very importantly, much more in cancer cells
overexpressing the folate receptor, therefore confirming a cancer targeting effect. NP could
overcome drug resistances, which are observed in many clinical tumors. We strongly believe that
this class of compounds as well as their corresponding particles have a great potential for the

development of cancer targeted PDT agents.

EXPERIMENTAL SECTION
Instrumentation and methods

'H and ®C NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer. For analytic
HPLC the following system has been used: 2 x Agilent G1361 1260 Prep Pump system with
Agilent G7115A 1260 DAD WR Detector equipped with an Agilent Pursuit XRs 5C18 (100 A,

C18 5 um 250 x 4.6 mm) Column and an Agilent G1364B 1260-FC fraction collector. The flow
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rate was 1 mL/min and the chromatogram was detected at 250 nm. The solvents (HPLC grade)
were millipore water (0.1 % TFA, solvent A) and acetonitrile (solvent B). 0-3 minutes: isocratic
95 % A (5 % B); 3-17 minutes: linear gradient from 95 % A (5 % B) to 0% A (100 % B); 17-23
minutes: isocratic 0 % A (100% B). Elemental microanalyses were performed on a Thermo Flash
2000 elemental analyzer. Inductively coupled plasma mass spectrometry (ICP-MS) experiments
were carried out on HR-ICP-MS Element II (Thermo Scientific) apparatus. The nanoparticle
intensity-based diameter was determined by dynamic light scattering (DLS) and zeta potential

using a Malvern ZetaSizer Nano ZS.

Materials

All chemicals were obtained from commercial sources and were used without further purification.
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[folate(polyethylene glycol)-
2000][ammonium salt] (DSPE-PEGaooo-folate) was obtained from Avanti Polar Lipids.
Dulbecco’s Modified Eagles Medium (DMEM/F10 media), Roswell Park Memorial Institute
medium (RPMI 1640), Fetal Bovine Serum (FBS), Gibco Penicillin-Streptomycin-Glutamine
(Penstrep), Dulbecco’s Phosphate-Buffered Saline (PBS) were purchased from Fisher Scientific

and Resazurin from ACROS Organics.

Synthesis

The Ru(Il) polypyridine complex [Ru(4,7-diphenyl-1,10-phenanthroline)2(4,4'-dimethyl-2,2'-

bipyridine)][PFs]2 (Ru) was synthesized as previously reported.** Elemental analysis calcd. for
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CeoHa4F12N6P2Ru (%): C 58.12, H 3.58, N 6.78; found: C 58.37, H 3.84, N 6.51. The purity of the

compound was found to be > 95% as determined by HPLC analysis.

Preparation of nanoparticle formulation NP

A solution of 5 mg of Ru in 0.5 mL DCM was added to a solution of 10 mg of 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[ folate(polyethylene glycol)-2000][ammonium salt] (DSPE-
PEGaooo-folate) in 19.5 mL H20. The solution was further treated with ultrasonic pulses while
keeping the sample constantly at 25 °C. The DCM was removed by evaporation at 50 °C. Large
aggregated were removed by size exclusion chromatography. After that, a clear transparent
solution of NP in H2O was obtained. The amount of encapsulated complex was determined by

ICP-MS as 0.209 mg/mL (Yield: 84%).

Spectroscopic measurements

The absorption of the samples has been measured with a SpectraMax M2 Spectrometer (Molecular
Devices). The emission was measured by irradiation of the sample in fluorescence quartz cuvettes
(width 1 cm) using a NT342B Nd-YAG pumped optical parametric oscillator (Ekspla) at 450 nm.
Luminescence was focused and collected at right angle to the excitation pathway and directed to a
Princeton Instruments Acton SP-2300i monochromator. As a detector a XPI-Max 4 CCD camera

(Princeton Instruments) has been used.

Luminescence quantum yield measurements

17



For the determination of the luminescence quantum yield, the samples were prepared in an H20
solution with an absorbance of 0.1 at 450 nm. This solution was irradiated in fluorescence quartz
cuvettes (width 1 cm) using a NT342B Nd-YAG pumped optical parametric oscillator (Ekspla) at
450 nm. The emission signal was focused and collected at right angle to the excitation pathway
and directed to a Princeton Instruments Acton SP-2300i monochromator. As a detector a XPI-Max
4 CCD camera (Princeton Instruments) has been used. The luminescence quantum yields were
determined by comparison with the reference [Ru(bipy)3]Cl2 in CH3CN (®em=5.9%)'?7 applying

the following formula:

(Dem, sample = (Dem, reference X (Freference / Fsample) X (Isample / Ireference) X (nsample / l'lreference)2
F=1-10%

®em = luminescence quantum yield, F = fraction of light absorbed, I = integrated emission

intensities, n = refractive index, A = absorbance of the sample at irradiation wavelength.

Lifetime measurements

For the determination of the lifetimes, the samples were prepared in an air saturated and in a
degassed H20 solution with an absorbance of 0.1 at 450 nm. This solution was irradiated in
fluorescence quartz cuvettes (width 1 cm) using a NT342B Nd-YAG pumped optical parametric
oscillator (Ekspla) at 450 nm. The emission signal was focused and collected at right angle to the
excitation pathway and directed to a Princeton Instruments Acton SP-2300i monochromator. As a

detector a R928 photomultiplier tube (Hamamatsu) has been used.
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Singlet oxygen measurements

The samples were prepared in an air-saturated aqueous solution containing the complex with an
absorbance of 0.1 at the irradiation wavelength, N,N-dimethyl-4-nitrosoaniline aniline (RNO,
20 uM) and histidine (10 mM). The samples were irradiated on 96 well plates with an Atlas
Photonics LUMOS BIO irradiator at 450 nm or 540 nm for different times. The absorbance of the
samples was measured during these time intervals with a SpectraMax M2 Microplate Reader
(Molecular Devices). The difference in absorbance (Ao-A) at 440 nm was calculated and plotted
against the irradiation times. From the plot the slope of the linear regression was calculated. As
reference for the measurement [Ru(bipy)s]Clz (@102,Rubipy)cl = 0.22)'?® was used and the singlet

oxygen quantum yields were calculated using the following formula:

Ssample Ireference

(psample = (Dreference S ; I :
reference sample

=1, x (1—1074)

@ = singlet oxygen quantum yield, S = slope of the linear regression of the plot of the areas of
the singlet oxygen luminescence peaks against the irradiation intensity, I = absorbance correction
factor, Io = light intensity of the irradiation source, A = absorbance of the sample at irradiation

wavelength.

Stability in H,O

The stability of NP in H2O was investigated by UV/Vis spectroscopy and dynamic light scattering

(DLS). The solution was stored at room temperature in the dark. The absorption spectrum from
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250-600 nm was recorded with a SpectraMax M2 Microplate Reader (Molecular Devices) and the
size distribution with a Malvern ZetaSizer Nano ZS after each time interval (0-7 days) and

compared.

Cell culture

Human normal lung fibroblast (MRC-5) cells were cultured in DMEM/F10 media. The human
ovarian carcinoma (A2780), human cisplatin resistant ovarian carcinoma (A2780 cis) and human
doxorubicin resistant ovarian carcinoma (A2780 ADR) cell lines were cultured in RPMI 1640
media. The resistance of A2780 cis was maintained by cisplatin treatment (1uM) for one week
every month. The cells were used in the assays after one week from the end of the treatment in
order to avoid interferences in the results. The resistance of A2780 ADR was maintained by
doxorubicin treatment (0.1 uM) once a week. Cells were used in the assays after three days post
doxorubicin treatment in order to avoid interferences in the results. All cell lines were
complemented with 10% of fetal calf serum, 100 U/mL penicillin-streptomycin mixture and

maintained in humidified atmosphere at 37°C and 5% of COx.

(Photo-)cytotoxicity on 2D monolayer cells

The cytotoxicity of the complexes was assessed using a fluorometric resazurin assay. The
cultivated cells were seeded in triplicates in 96 well plates with a density of 4000 cells per well in
100 pL of media. After 24 h, the medium was removed and the cells were treated with increasing

concentrations of the complex diluted in cell media achieving a total volume of 200 pL. The cells
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were incubated with the complex for 4 h. After this time, the media was removed and replaced
with 200 pL of fresh medium. For the phototoxicity studies, the cells were exposed to light with
an Atlas Photonics LUMOS BIO irradiator at 480 nm (spectral half-width: 20 nm, 10 min, 3.1
J/em?) or 595 nm (spectral half-width: 20 nm, 60 min, 11.3 J/cm?). Each well was constantly
illuminated. During this time, the temperature was maintained constantly at 37 °C. The cells were
grown in the incubator for additional 44 h. For the determination of the dark cytotoxicity, the cells
were not irradiated and after the medium exchange directly incubated for 44 h. After this time, the
medium was replaced with fresh medium containing resazurin with a final concentration of 0.2
mg/mL. After 4 h incubation, the amount of the fluorescent product resorufin was determined upon
excitation at 540 nm and measurement its emission at 590 nm using a SpectraMax M2 Microplate

Reader (Molecular Devices). The obtained data was analyzed with the GraphPad Prism software.

Cellular uptake

The cellular uptake of the complex was investigated by the determination of the Ru content inside
the cells. The complex with a final concentration of 25 uM was incubated for 4 h at 37 °C on a
cell culture dish with a density of ca. 5-10° cells in 10 mL of media. After this time, the media was
removed and the cells were washed with cell media. The cells were trypsinised, harvested,
centrifuged and resuspended. The number of cells on each dish was accurately counted. Each
sample was the digested using a 60% HNOs3 solution for three days. The acid was evaporated and
the residue dissolved in 2% HCI in water. The Ru content was determined using an ICP-MS
apparatus and comparing the results with the Ru references. The Ru content was then associated

with the number of cells.
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Intracellular distribution by ICP-MS

The co-localisation of the compound was determined by measuring the Ru content inside the cell
via ICP-MS. 20-10° cells were incubated with the compound (20 uM) for 4 h at 37°C in the dark.
After this time, the cells were detached with trypsin and harvested. The number of cells was
accurately counted. The amount was equally divided. In the first portion, the nucleus was extracted
using a nucleus extraction kit (Thermo Scientific); in the second portion, the mitochondria was
extracted using a mitochondria extraction kit (Thermo Scientific); in the third portion, the
lysosome was extracted using a lysosome extraction kit (Sigma Aldrich); in the fourth portion, the
golgi apparatus was extracted using a golgi apparatus extraction kit (Sigma Aldrich) and in the
fifth portion, the endoplasmic reticulum was extracted using a endoplasmic reticulum extraction
kit (Sigma Aldrich). Each sample was digested using a 60% HNO3 solution for three days. The
solution was evaporated and each sample was diluted to solution of 2% HCI in water. The Ru
content was determined using an ICP-MS apparatus and comparing the results with the Ru

references. The Ru content was then associated with the number of cells.

Cell death mechanism

The cell death mechanism assay was investigated using a fluorometric resazurin assay after
preincubation with various cell death inhibitors. 3-methyladenine (100 uM), Z-VAD-FMK (20
uM), cycloheximide (0.1 uM) and necrostatin-1 (60 uM) were pre-incubated in A2780 cells for 40
min. NP (2.64 uM) was then incubated for 4 h. After this time, the media was removed and

replaced with 200 pL of fresh medium. For the phototoxicity studies, the cells were exposed to
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light with an Atlas Photonics LUMOS BIO irradiator at 480 nm (spectral half-width: 20 nm, 10
min, 3.1 J/em?). Each well was constantly illuminated and the temperature was maintained at 37
°C. The cells were grown in the incubator for additional 44 h. For the determination of the dark
cytotoxicity, the cells were not irradiated and after the medium exchange directly incubated for 44
h. After this time, the medium was replaced with fresh medium containing resazurin with a final
concentration of 0.2 mg/mL. After 4 h incubation, the amount of the fluorescent product resorufin
was determined upon excitation at 540 nm and measurement its emission at 590 nm using a
SpectraMax M2 Microplate Reader (Molecular Devices). The obtained data was analyzed with the

GraphPad Prism software.

Caspase-3/7 activation

Caspase-3/7 activity was measured using Caspase-Glo-3/7 assay kit (Promega). The cultivated
cells were seeded in triplicates in 96 well plates with a density of 4000 cells per well in 100 pL of
media. After 24 h, the medium was removed and the cells were treated with NP (5.28 uM) diluted
in cell media achieving a total volume of 200 pL. For the phototoxicity studies, the cells were
exposed to light with an Atlas Photonics LUMOS BIO irradiator at 480 nm (spectral half-width:
20 nm, 10 min, 3.1 J/cm?). Each well was constantly illuminated and the temperature was
maintained at 37 °C. The cells were grown in the incubator for additional 12 h. After this time,
Caspase-Glo 3/7 reagent (100 pL) was added and the cells incubated for an additional 1 h in the
dark. The generated chemiluminescence was measured using a SpectraMax M2 Microplate Reader

(Molecular Devices).
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Generation of 3D multicellular tumor spheroids (MCTS)

MCTS were cultured using ultra-low attachment 96 wells plates from Corning. The cells were
seeded at a density of 4000 cells per well in 200 uL. The MCTS were cultivated and maintained
in a cell culture incubator at 37 °C with 5% CO:z atmosphere. The culture media was replaced
every two days. Within two-three days MCTs were formed from the cell suspension. The

formation as well as integrity and diameter of the MCTs was monitored by light microscopy.

(Photo-)cytotoxicity on 3D multicellular tumor spheroids (MCTS)

The cytotoxicity of the compounds in 3D multicellular tumor spheroids (MCTS) was assessed by
measurement of the ATP concentration. MCTS were treated with increasing concentrations of the
compound by replacing 50% of the media with drug supplemented media and incubation for 12 h.
After this time, the MCTS were divided in two identical groups. The first group was strictly kept
in the dark. The second group was exposed to light with an Atlas Photonics LUMOS BIO
irradiator. Each well was constantly illuminated with either a at 480 nm (spectral half-width: 20
nm, 10 min, 3.1 J/cm?) or 595 nm (spectral half-width: 20 nm, 60 min, 11.3 J/cm?) irradiation.
During this time, the temperature was maintained constantly at 37 °C. The cells were grown in the
incubator for additional 48 h. The ATP concertation was measured using a CellTiter-Glo 3D Cell
Viability kit (Promega) by measuring the generated chemiluminescence with SpectraMax M2
Microplate Reader (Molecular Devices). The obtained data was analyzed with the GraphPad Prism

software.
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102, singlet oxygen; PDT, photodynamic therapy; PI, phototoxic index; PS, photosensitizer; Ru,
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[Ru(4,7-diphenyl-1,10-phenanthroline)2(4,4'-dimethyl-2,2'-bipyridine)][PFs]2; ®, luminescence

quantum yield; @102, singlet oxygen quantum yield; t, lifetime.
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