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ABSTRACT

Photodynamic therapy is a medical technique, which is gaining increasing attention to treat
various types of cancer. Among the investigated classes of photosensitizers, the use of Ru(II)
polypyridine complexes is gaining momentum. However, the currently investigated compounds
generally show poor cancer cell selectivity. As a consequence, high drug doses are needed,
which can cause side effects. To overcome this limitation, there is a need for the development
of a suitable drug delivery system to increase the amount of PS delivered to the tumor. Herein,
we report on the encapsulation of a promising Ru(Il) polypyridyl complex into polymeric
nanoparticles with terminal biotin groups. Thanks to this design, the particles showed much

higher selectivity for cancer cells in comparison to non-cancerous cells in a 2D monolayer and



3D multicellular tumor spheroid model. As a highlight, upon intravenous injection of an
identical amount of the Ru(Il) polypyridine complex, an improved accumulation inside an
adenocarcinomic human alveolar basal epithelial tumor of a mouse by a factor of 8.7 compared
to the Ru complex itself was determined. The nanoparticles were found to have a high
phototoxic effect upon 1-photon (500 nm) or 2-photon (800 nm) excitation with an eradication
of'an adenocarcinomic human alveolar basal epithelial tumor inside a mouse. Overall, this work
describes, to the best of our knowledge, the first in vivo study demonstrating the cancer cell
selectivity of a very promising Ru(Il)-based PDT photosensitizer encapsulated into polymeric

nanoparticles with terminal biotin groups.

INTRODUCTION

The number of patients diagnosed with cancer is steadily increasing. Despite recent
improvements in the diagnosis and treatments of this disease, it remains the leading cause for
mortality in the developed world. New methods and/or drugs are urgently needed to meet with
the challenges associated with the treatment of this disease. As a complementary technique to
traditional modality treatments (i.e., chemotherapy, radiotherapy, surgery), increasing attention
is currently devoted towards photodynamic therapy (PDT). During a PDT treatment, a
photosensitizer (PS) is activated to photo-catalytically generate reactive oxygen species (ROS).
As these species are highly reactive, they can rapidly interact with their biological surroundings
to cause oxidative damage and ultimately trigger cell death.'* During recent years, the use of
transition metal complexes, and especially Ru(Il) polypyridine complexes, has gained much
attention due to their attractive chemical and photophysical properties (e.g., chemical stability
and photostability, high water solubility, high ROS production).*!'* Despite their remarkable
abilities to act as PSs, these compounds have generally a poor cancer cell selectivity. As a
consequence, high drug doses are needed, which can cause side effects. While the PS itself
should ideally be non-toxic in the dark, it generates cellular damage when exposed to light.
Since skin and tissue are strongly scattering the delivered light during the treatment, and since
strict irradiation of the tumor site is a practical challenge, the surrounding healthy tissue is
typically also damaged. To overcome these drawbacks, there is a need for the development of
a drug delivery system, which can selectively transport the Ru-based PS to its target.

To date, different classes of delivery systems have been developed. Typically, these are
differentiated between active and passive pathways. During the active targeting of a tumor, a

specific interaction of a molecule, such as a signaling peptide, oligonucleotide, oligosaccharide,



protein, receptor targeting moiety or an antibody, is used to transport the therapeutic
molecule.'>!7 A large variety of transition metal complexes have been successfully coupled to
peptides resulting in increased receptor selectivity.!®?° As examples for Ru(Il) polypyridine
complexes, the conjugation to the peptide hormone somatostatin showed a 100-fold increased
selectivity for somatostatin receptor-expressing cells relative to the free PS.?! The covalent
conjugation of a Ru(Il) polypyridine complex to the human gastrin-releasing peptide receptor
or a nuclear localization signal peptide, resulted in a higher uptake of the conjugate in receptor-
expressing cells in comparison with the complex itself.??> The conjugation of the receptor
binding peptides Arg-Gly-Asp (RGD) and octreotide, which are overexpressed in various kinds
of cancers, to a Ru(Il) arene complex were also reported.®> Capitalizing on these results, a
conjugate consisting of a RGD peptide and a Ru(II) polypyridine was recently reported as a
selective prodrug.?* As a different type of delivery system, the conjugation of a Ru(Il)
polypyridine complex to an epidermal growth factor receptor specific nanobody was shown to
have high selectivity for this receptor.”> Recently the conjugation of a Ru(II) polypyridine to
the blood plasma protein serum albumin as a mitochondria selective delivery system was
reported.2® On the contrary, when a passive targeting approach is taken, the nature of the tumour,
which includes its leaky, highly permeable vasculature and poor lymphatic tissue characteristics,
is used to selectively bring a drug to its target. This passive targeting approach could be achieved
by oil dispersions, loading onto nanoparticles, encapsulation in polymeric particles or
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liposomes?’?, although this concept is currently controversial discussed.’® As examples,
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selenium®'?, silver**, gold*-’ and silicon nanoparticles as well as upconverting
nanoparticles were successfully loaded with Ru(Il) polypyridine complexes, forming a drug

delivery vehicle. Further, the physical encapsulation of Ru(Il) polypyridine complexes into
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polymeric particles***°, micelles®**?, dendrimers®® or liposomes was reported. Despite
these efforts, the majority of the previously mentioned transport systems are associated with a
poor water solubility, tedious preparation, high price or a diminished therapeutic effect. To
overcome these limitations, there is an urgent need for a simple, water-soluble, cheap and

selective delivery system.

In this work, the encapsulation of [Ru((£,E)-4,4"-bis[p-methoxystyryl]-2,2"-bipyridine)(2,2 -
bipyridine)2]** (Ru, Figure 1a), an efficient PS for 1-Photon (1P) and 2-Photon (2P) PDT,>®
with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotin (poly-ethyleneglycol)-2000]
ammonium salt (DSPE-PEGao00-biotin, Figure 1b) was envisioned to act as a delivery system
for the PS. PEGylated phospholipid polymer was chosen in this work since it is approved by
the US Food and Drug Administration for medical applications.”” The PS Ru (Figure 1a) was



selected in this study due to its impressive photophysical/biological properties including the
ability to eradicate, in vivo, a multi-resistant cancer tumour.’® 3 Overall, the concept of our
work is based on dual tumor selectivity: 1) the polymer carrier can target tumor tissue due to
the enhanced permeability and retention (EPR) effect>®-%; 2) biotin as a member of the vitamin
B family is majorly taken up by cells through the sodium multivitamin transporter (SMVT). As
this receptor is overexpressed in a variety of cancers, and since there is a high demand for biotin
in rapidly growing cells, the encapsulation in a biotin-containing polymer can provide an
additional cancer cell targeting effect.’!"*> This hypothesis could be demonstrated in this work
with the selective accumulation of the nanoformulation of Ru (called NP in this work) in 2D
monolayer cancer cells and 3D multicellular tumor spheroids. In addition, the tumor targeting
effect could be validated with an 8.7 times increased accumulation of NP inside an
adenocarcinomic human alveolar basal epithelial tumor of a mouse compared to Ru using the
same concentration of the Ru(II) polypyridine complex. Importantly, upon photoactivation, NP
was found to kill various types of cancer cells and to eradicate a tumor inside a mouse upon 1P
(500 nm) or 2P (800 nm) excitation. To the best of our knowledge, this work describes, the first
study demonstrating the in vivo cancer cell selectivity of a very promising Ru(Il)-based PDT

photosensitizer encapsulated into polymeric nanoparticles with terminal biotin groups.

RESULTS AND DISCUSSION

Ru was synthesized as previously reported (Scheme S1).°® The purity of the compound was
confirmed by elemental, NMR (Figure S1) and HPLC analysis (Figure S2). Ru was
encapsulated with DSPE-PEG2000-biotin, which consists of a lipophilic part (Figure 1b, blue)
and hydrophilic part (Figure 1b, green) to form the nanoparticle formulation NP (Figure S3).
Upon placing this amphiphilic polymer chain in an aqueous phase, the lipophilic parts interact
to generate a particle in which core lipophilic compounds could be encapsulated. For a potential
cancer targeting effect, biotin groups (Figure 1b, red) were attached to the end of the hydrophilic
moiety. After nanoparticle formation, large aggregates were removed by size exclusion
chromatography. The amount of encapsulated Ru complex was determined using inductively
coupled plasma mass spectrometry (ICP-MS). The isolated nanoparticles have a spherical
shape, as indicated by transmission electron microscopy (TEM) imagery (Figure S4). Analysis
of the size distribution of NP suggested an average size of 94 + 13 nm by TEM microscopy and
102 £+ 9 nm by dynamic light scattering (DLS, Figure S5). Importantly, the particles were found
to have high water solubility.
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Figure 1. Chemical structures of a) the PS [Ru(2,2'-bipyridine): ((E,E’)-4,4’-bis[p-
methoxystyryl]-2,2"-bipyridine)]** (Ru). b) the polymer 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[biotin (polyethyleneglycol)-2000] [ammonium salt] (DSPE-PEG2000-
biotin). The hydrophilic (blue) and lipophilic (green) part as well as biotin (red) are marked in

color.

The photophysical properties of Ru were compared with NP to evaluate if the encapsulation
changed these properties. As expected, no significant differences in the absorption and emission
spectra (Figure S6-S7) were detected. Importantly, the nanoparticles were found to have a
higher luminescence quantum yield than the complex alone in H2O (®em, Ru= 0.9%, @em, Np =
3.1%). Interestingly, this value is in the same range than the luminescence quantum yield for
the complex alone in CH3CN (®em, Ru= 2.8%)°°, indicating that the encapsulation could prevent
quenching effects from H20. The type of ROS generated was then investigated using electron
spin resonance spectroscopy upon incubation with the singlet oxygen ('O2) scavenger 2,2,6,6-
tetramethylpiperidine. While no signal for NP was observed in the dark, the characteristic 'O2-
induced triplet signal of 2,2,6,6-tetramethylpiperidinyloxyl was observed upon irradiation at
500 nm (Figure S8), confirming the generation of 'Oz. This ability was quantitatively evaluated
by capturing the highly reactive 'Oz with 1,3-diphenylisobenzofuran and following its temporal

production by absorption spectroscopy upon irradiation. Interestingly, the nanoparticles were



found to have a slightly higher singlet oxygen quantum yield than the complex alone (®('O2)ru
= 9%, ®('O2)xe = 13%). Overall, these results indicate that the encapsulation improved the
photophysical properties in H2O. Worthy of note, we recently showed that the covalent
polymeric encapsulation of a Ru(Il) polypyridine complex can improve the photophysical
properties in an aqueous solution.*’

As an important parameter for medical applications, the stability of NP was investigated as
previous studies have shown that this could be problematic not only for metal complexes but
also for nanoparticle formulations. The particles were incubated in H20O for various time points
(0,1,4,12, 24,48, 72, 96, 168 h) and changes in their absorption spectra (Figure S9) and size
distribution determined by DLS (Figure S10) were monitored. No significant differences were
observed, indicating the stability of NP. Worthy of note, previous investigations for the
encapsulation of other metal complexes with the same polymer material have shown that the

generated particles were also stable at a reduced pH of 5.5
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Figure 2. Cellular localization of NP. a) Confocal luminescence image of adenocarcinomic
human alveolar basal epithelial (A549) cells incubated with NP (10 uM, Aex = 458 nm, Aem =
600 - 750 nm) and LysoTracker Green (LTG, 500 nM, Aex =488 nm, Aem = 490 - 550 nm) for 4
h at 37°C in the dark. b) Subcellular distribution (Cell = whole cell, Lys. = lysosome, Cyto. =
cytoplasm, Mito. = mitochondria, Nuc. = nucleus) of NP in A549 cells after 4 h incubation in
the dark, extraction of their cellular organelles and determination of the amount of Ru inside

each organelle by ICP-MS.

The cellular localization of NP in adenocarcinomic human alveolar basal epithelial (A549) cells

was determined by confocal laser scanning microscopy using the commercially available dyes



for nuclear (Hoechst 33342), mitochondria (MitoTracker Deep Red) and lysosome
(LysoTracker Green, LTG) staining. The comparison of the distribution pattern (Figure 2a)
indicates a selective colocalization of NP in the lysosomes. For quantification of the
localization, the major cellular organelles (i.e., nucleus, mitochondria, lysosome, cytoplasm)
were separately extracted and the amount of Ru inside determined by ICP-MS. As expected,
the majority of the nanoparticles were found inside the lysosomes (Figure 2b) with small
amounts in the cytoplasm, confirming the results of the confocal microscopy study. Worthy of
note, homoleptic zinc(II) dipyrromethene complexes and large organic aromatic systems, which

were encapsulated with the same polymer matrix but with different terminal group were also
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found mostly in the lysosomes.
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Figure 3. Uptake of NP between cancerous adenocarcinomic human alveolar basal epithelial
(A549) cells and non-cancerous human lung fibroblasts (HLF) cells. a) Confocal luminescence
image of a mixture of transfected A549 cells with the green fluorescent protein (Aex= 458 nm,
Aem = 500 - 600 nm) and non-transfected HLF cells incubated for 4 h with NP (4.95 uM, Aex =
514 nm, Aem = 600 - 750 nm) at 37 °C in the dark. b) Uptake of NP (4.95 uM) after incubation
for 4 h at 37 °C in the dark with A549 and HLF cells determined by ICP-MS.

Following this, the cellular uptake mechanism of NP in A549 cells was investigated. As there
is a higher demand for biotin in rapidly growing cells than in healthy cells, biotin and its
conjugates are internalized by the sodium multivitamin transporter (SMVT), which is
overexpressed in a variety of cancers.®!"** Therefore, the terminal conjugation to biotin could

provide cancer selectivity. To study the uptake mechanism of NP, different internalization



pathways were blocked upon preincubation with metabolic (2-deoxy-D-glucose and
oligomycin), cationic transporter (tetracthylammonium chloride), endocytotic (ammonium
chloride or chloroquine) and SMVT (pantothenic acid or lipoic acid) inhibitors (Figure S11).
As the incubation with tetraethylammonium chloride did not show a significant effect, the
internalization by cationic transporters was ruled out. In contrast, the preincubation with
metabolic inhibitors and at 4°C lowered the amount of internalized Ru(Il) complex. The
incubation with ammonium chloride and chloroquine decreased the uptake, suggesting an
endocytosis mechanism. Despite these contributions for the internalization of NP, the
incubation with pantothenic acid or lipoic acid drastically decreased the uptake. This is
indicative that the nanoparticles are primarily internalized through a SMVT mediated
transportation mechanism. The targeting effect (Figure 3a) was investigated by mixing non-
cancerous human lung fibroblasts (HLF) cells with cancerous A549 cells, which were
previously transfected to generate the green fluorescent protein (GFP). Worthy of note, these
are different cell lines which have intrinsically different properties including uptake,
accumulation and toxicity. Using confocal laser scanning microscopy, the red luminescence
signal of NP could be only detected in the transfected cancerous cells, indicating that the
particles selectively accumulated in the cancer cells in comparison to healthy cells. After a
qualitative evaluation of the targeting of cancerous cells, this effect was quantified by
measuring the amount of internalized Ru by ICP-MS (Figure 3b). Strikingly, NP was
internalized more than 20 times better in A549 than in HLF cells, confirming the selective
accumulation of NP in cancer cells.

The ability of NP to act as a PS in living cells was then investigated by incubating NP with
2',7 -dichlorofluorescein diacetate (DCFH-DA) in A549 cells, which is converted into the
highly fluorescent 2,7 -dichlorofluorescein (DCF) in the presence of ROS. Promisingly, upon
light exposure, a strong green luminescence signal was detected inside the cells (Figure S12),
suggesting the production of ROS and therefore the ability of NP to act as a PDT agent.
Capitalizing on this, the phototoxic effect of NP was quantitatively evaluated by determining
its cytotoxicity in the dark, upon 1P (500 nm, 11 mW/cm?, 6.0 J/cm?) or 2P (800 nm, 0.29
mW/cm?, 80 MHz, 100 fs, 10.1 J/cm?) irradiation in human cervical carcinoma (HeLa), HLF,
A549 and cisplatin resistant human adenocarcinomic alveolar basal epithelial (A549R) cells
(Table S1-S2, Figure S13). NP was found to be non-toxic in the dark up to high micromolar
concentrations (ICso > 494.7 uM) in all investigated cell lines, which is a crucial requirement
for a PDT agent. On the contrary, upon light exposure, NP was found to have a high
phototoxicity in all cancer cell lines (ICso, 1p = 3.2 — 3.6 uM, ICso,2p = 3.2 — 3.5 uM), allowing



the determination of high phototoxic indices (>139 - >155). The cytotoxicity in cancerous cells
was found to be in the same range than the unformulated Ru(Il) polypyridine complex.>
Interestingly, the nanoparticles were also found to be active in cisplatin resistant A549R cells,
therefore making them potentially useful for the treatment of resistant cancers. Strikingly, NP
showed a highly decreased cytotoxicity profile in non-cancerous HLF cells (ICso, 1p = 48.1 uM,
ICso, 2p = 48.2 uM) in comparison to cancerous cells due to its lower uptake. For a deeper
investigation of the PDT effect, the treated cells were stained with calcein AM and propidium
iodide to differentiate between living and dead cells (Figure S14). In living cells, the non-
fluorescent calcein AM is converted by the ubiquitous intracellular esterases into the highly
fluorescent calcein. As dead cells are typically characterized by a damaged membrane integrity,
propidium iodide, which is not cell membrane permeable, can enter the cell and intercalate into
DNA, inducing a strong red fluorescence. As expected, the cells kept in the dark, treated with
NP in the dark or purely exposed to the light, showed no cell death. In comparison, the cells
treated with NP as well as being irradiated were found to be mostly dead, confirming the
photodynamic effect. Following this, the cellular death mechanism was investigated. As
apoptosis is the predominant mechanism for PDT treatments, its role on the cell death
mechanism of NP was investigated in A549 cells by measuring the activity of caspase-3/7,
which is necessary for an apoptosis-induced cell death. As expected, the caspase-3/7 activity
was negligibly influenced upon treatment with NP in the dark, similarly to cisplatin, which acts
by various apoptotic pathways as recently reported on the same cell line.%® On the contrary, the
caspase-3/7 levels were highly increased upon light irradiation (Figure S15). This indicates that
the cell death of NP is caused by apoptosis using the caspase-3/7 pathways.
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Figure 4. 1P (Aex = 514 nm, Aem = 600 — 750 nm) and 2P (Aex = 800 nm, Aem = 600 - 750 nm)
excited Z-stack images after incubation of NP (4.95 uM) for 12 h in a 500-600 pm
noncancerous human lung fibroblasts (HLF) MCTS (top) and a 500-600 pm cancerous
adenocarcinomic human alveolar basal epithelial (A549) MCTS (bottom). a)/c): Z-axis images
scanning from the top to the bottom of an intact spheroid every 7 um, b)/d): 3D z-stack of an

intact spheroid.

After evaluation of the effect of the particles in 2D monolayer cells, the ability of NP to act on
a 3D multicellular tumor spheroids (MCTS) model was investigated. MCTS are able to better
mimic the conditions found in a clinically treated tumors, such as proliferation gradients or a
hypoxic center.®® Worthy of note, many anticancer agents, which have shown promising in vitro
properties, have failed the translation to in vivo models due to compromised drug delivery.®’ As
a tissue model, MCTS are able to simulate these conditions and can therefore be used to
investigate drug delivery. Capitalizing on this, in this study, the drug delivery of NP inside of
MCTS with a diameter of 500 - 600 um was studied by 1P (514 nm) and 2P (800 nm) z-scan



confocal laser scanning microscopy. The nanoparticles showed a bright luminescence signal at
every section depth corresponding with a full penetration to the tumor center. Importantly,
while only a weak luminescence signal was observed in non-cancerous HLF MCTS, a bright
signal was detected in cancerous A549 MCTS (Figure 4). In addition to the previously observed
cancer targeting effect in 2D monolayer cells, this observation demonstrates that NP is also able
to selectively target 3D cancer tumors in comparison to healthy tissue. Following this, the
ability of NP to act as a PS inside a 3D tissue model was investigated upon incubation with the
ROS indicator DCFH-DA inside A549 MCTS. As anticipated, upon treatment in the dark, no
significant signal was detected, corresponding with a lack of production of ROS. In comparison,
upon exposure to light, a bright green fluorescent signal of DCF was measured (Figure S16),
indicating that NP is able produce ROS inside a 3D cellular architecture. The dark and
photocytotoxicity in A549 MCTS was then quantified by measuring the ATP concentration of
living cells and their conversion into chemiluminescence. Importantly, no measurable
cytotoxicity in the dark could be observed for NP up to high micromolar concentrations (ICso
> 4947 uM). In contrast, NP was found to have a high cytotoxicity upon 1P (500 nm, 11
mW/cm?, 6 J/em?) or 2P (800 nm, 0.29 mW/cm?, 80 MHz, 100 fs, 10.1 J/cm?) irradiation (ICso,
1p=5.6+0.7 uM, ICs0,2r = 4.4 + 0.6 uM), corresponding to high phototoxic indices of >108.7
or >113.6, respectively. For a deeper understanding of the photodynamic effect, the treated
MCTS were stained with calcein AM to investigate if the MCTS are still intact (Figure S17).
The MCTS treated with NP but kept in the dark showed a bright green fluorescence, indicating
that the MCTS consist of living cells. In contrast, the MCTS treated with NP and exposed to
light had only a negligible fluorescent signal, confirming the death of the 3D MCTS.
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Figure 5. In Vivo PDT study of A549 bearing nude mice. a) Time dependent biodistribution of
NP in comparison to Ru determined by ICP-MS after 6 h, 12 h, 24 h upon injection of the same
amount of the Ru(II) polypyridine complex (3 mg/Kg). b) Average body weights of the tumor-
bearing mice. ¢) Tumor growth inhibition curves upon 1P (500 nm, 10 mW/cm?, 60 min) or 2P
(800 nm, 50 mW, 1 kHz, pulse width 35 fs, 5 s/mm) treatment. d) Representative photographs

of tumors harvested 15 days after the treatment.

Based on the promising results obtained from the cellular studies, the ability to act in an in vivo
nude mouse model bearing A549 tumors was investigated. Previous studies have shown that
female nude mice without an intact immune system present a suitable initial model for the
ability of anticancer agents.®® The biodistribution of the formulated NP in comparison to the
unformulated Ru was determined upon intravenous injection of the same amount of the Ru(II)
polypyridine complex (3 mg/Kg) in the tail, collection of all major organs (heart, liver, spleen,
lung, kidney, intestine, stomach, tumor) followed by determination of the amount of Ru inside

by ICP-MS (Figure 5a). The particles showed the highest accumulation within the tumor tissue



after 12 h. Strikingly, NP (874 ppb of Ru per 200 mg of tumor tissue) showed an 8.7 times
higher accumulation than the unformulated Ru (100 ppb of Ru per 200 mg of tumor tissue),
demonstrating the in vivo tumor accumulation. Importantly, the mice did not lose or gain any
weight (Figure 5b) and did not show any signs of stress of discomfort. Following this, mice
bearing A549 tumors of 65-70 mm® size were treated 12 h after intravenous injection of NP
with a 1P (500 nm, 10 mW/cm?, 60 min) or 2P (800 nm, 50 mW, 1 kHz, pulse width 35 fs, 5
s/mm) irradiation. While NP itself showed a tumor growth inhibitory effect, the tumor shrank
upon 1P irradiation and was nearly completely eradicated upon 2P irradiation (Figure Sc,
representative pictures of the tumors after the treatment: 5d). 15 days after the treatment, the
mice were sacrificed and all major organs histologically examined. Importantly, no pathological
alterations or tissue damage was observed (Figure S18). Overall, this study demonstrates the

high potential of NP as a cancer targeting PDT agent.

CONCLUSION

In summary, we have designed a drug delivery system for a Ru(Il)-based PDT agent against
cancer. The metal complex was encapsulated into polymeric nanoparticles with terminal biotin
groups. Thanks to this design, the particles were found to have a high selectivity for cancer cells
in comparison to non-cancerous cells in a 2D monolayer model as well as 3D multicellular
tumor spheroids. In addition, during in vivo studies, using the same amount of the Ru(II)
polypyridine complex, the particles were found to have an increased accumulation inside the
tumor than the complex itself, demonstrating its cancer targeting effect. Upon light exposure at
clinically relevant 1-Photon (500 nm) or 2-Photon (800 nm) excitation, the nanoparticles were
found to have a high phototoxic effect in 2D monolayer cells and 3D multicellular tumor
spheroids as well as to be able to eradicate a tumor inside a mouse model. We strongly believe
that the encapsulation method presented in this article for a Ru(Il) polypyridyl complex holds

great potential for the development of cancer targeted PDT.

EXPERIMENTAL SECTION

Instrumentation and methods

Using a Bruker 400 MHz NMR spectrometer 'H and '*C NMR spectra were measured. The
purity of samples was verified by elemental analyses with a Thermo Flash 2000 elemental
analyser and HPLC analysis with the following setup: 2 x Agilent G1361 1260 Prep Pump,
Agilent G7115A 1260 DAD WR Detector, Agilent Pursuit XRs 5C18 (100A, C18 5 um



250x 4.6 mm) column, Agilent G1364B 1260-FC fraction collector. The solvents (HPLC
grade) were millipore water (0.1% TFA, solvent A) and acetonitrile (0.1% TFA, solvent B).
Method: 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). The system was operated with
a flow rate of 1 mL/min and the chromatogram detected at 250 nm. The generated particles
were characterized by dynamic light scattering (DLS) measurements using an Omni EliteSizer
(Brookhaven) and transmission electron microscopy (TEM) images with a JEM-1400 Plus
electron microscope (Jeol). The metal content was analyzed by inductively coupled plasma
mass spectrometry (ICP-MS) experiments with an iCAP RQ ICP-MS apparatus (Thermo
Fisher). Using RuCls; as a reference, calibration curves were prepared. The polymer 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotin(polyethylene glycol)-2000]
ammonium salt (DSPE-PEG2o00-biotin) was purchased from Sigma Aldrich.

Synthesis of Ru

[Ru(bipy)2((E,E’)-4,4"-Bis[p-(N,N-methoxy)styryl]-2,2 "-bipyridine)][PFs]> (Ru) was prepared
as previously reported.'®” RP-HPLC: Ri = 12.0 min, Elemental analysis calcd for
CasH40F12N6O2P2Ru (%): C 51.30, H 3.59, N 7.48; found: C 51.23, H 3.48, N 7.61.

Preparation of nanoparticle formulation NP

5 mg of Ru were dissolved in 0.5 mL DCM and then added to an aqueous solution of 10 mg
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotin(polyethylene glycol)-2000]
ammonium salt (DSPE-PEG2o00-biotin) in 19.5 mL H20. Using a Scientz — II D ultrasonic
homogenizer, the prepared emulsion was treated with ultrasonic pulses in a 2 x 10 min method
(tsonication = 2 s, Power = 15%, toreak = 1 s) while keeping the temperature of the sample at 25 °C.
The organic solvent was removed by evaporation at 50 °C. Using size exclusion
chromatography, large aggregates were removed from the solution. Following this preparation,
a clear transparent solution of NP in H20 was obtained. Using ICP-MS, the amount of

encapsulated metal complex was determined as 0.213 mg/mL (Yield: 85%).

Spectroscopic measurements

Using a Lambda 850 UV/VIS spectrometer (PerkinElmer), the absorption of a samples was
measured and using a LS 55 fluorescence spectrometer (PerkinElmer) the emission spectra were
measured. To determine the luminescence quantum yield (®em), samples were prepared in H2O

with an absorbance of 0.1 at 450 nm. The solution was irradiated at 450 nm and the generated



emission measured. The luminescence quantum yields were calculated by comparison with the

reference [Ru(bipy)3]Cl2 in CH3CN (®em=5.9%)% and utilization of the following formula:

(Dem, sample = (Dem, reference (Freference / Fsample) * (Isample / Ireference) * (l’lsample / l'lreference)2 (1)

F=1-10%(2)

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

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

Electron spin resonance measurements

Electron spin resonance spectra were measured on a Bruker Model A300 spectrometer at room
temperature (20 mW microwave power, 100 G-scan range, and 1 G field modulation). Samples
were dissolved in aerated methanol containing 10 mM 2,2,6,6— tetramethylpiperidine (TEMP)
as a singlet oxygen scavenger and sucked into capillary tubes by siphon effect in the dark. Using
a LED light source centered at 500 nm (11 mW cm™) the samples were irradiated for 5 min.
The electron spin resonance spectra of the samples were measured while keeping it strictly in

the dark as well as after exposure to light.

Singlet oxygen measurements

The generation of singlet oxygen ®('02) was quantified by constant monitoring of the change
in absorbance of the singlet oxygen scavenger 1,3-diphenylisobenzofuran (DPBF). Samples
were prepared containing the desired compound with an absorbance of 0.2 at 500 nm and DPBF
(30 uM) in H20. The samples were saturated with air and then irradiated at SO0 nm over various
time intervals. After each time interval, the absorbance of the samples at 411 nm was recorded
using a Lambda 850 UV/VIS spectrometer (PerkinElmer). The difference in absorbance (Ao-
A) was determined and plotted against the used time intervals. The slope of the linear regression
was calculated and correlated with the singlet oxygen quantum yield using the following

equation and comparison with the reference [Ru(bipy)3]Cl2 in H20 (®('02)=22%)"%:

@(102)sample= q)(lOZ)reference * (Ssample / Sreference) * (Ireference / Isample) (3)
I=To* (1 - 10%) (4)

®('02) = 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

Using absorption spectroscopy and dynamic light scattering measurements, the stability of the
sample was investigated in H20. The compound was dissolved with an absorption of 0.5 at 450
nm and kept in the dark at room temperature. Using a Lambda 850 UV/VIS spectrometer
(PerkinElmer), the absorption spectrum from 300-650 nm and using a Omni EliteSizer
(Brookhaven) dynamic light scattering apparatus the size distribution was constantly monitored

in various time intervals (0, 1, 4, 12, 24, 48, 72, 96, 168 h) and compared.

Cell culture

All cell lines were obtained from the American Type Culture Collection (ATCC). The cell lines
human cervical carcinoma (HeLa), human lung fibroblasts (HLF), adenocarcinomic human
alveolar basal epithelial (A549) and cisplatin resistant human adenocarcinomic alveolar basal
epithelial (A549R) were cultured in DMEM media supplemented with 10% FBS and 1%
penicillin/streptomycin. The cisplatin resistance of A549R cis was maintained by cisplatin
treatment (1uM) over one week every month. For a cellular assay, the cells were used one week
after the end of the treatment in order to avoid interferences in the results. The cells were

cultured at 37°C and 5% COz. Before an experiment, the cells were passaged three times.

Intracellular distribution by confocal luminescence imaging

Using the luminescence properties of the samples, the localization of the compound was
investigated. 1 - 10* cells were allowed to adhere overnight and incubated for 4 h with the
sample (10 uM) at 37°C in the dark. The cells were washed three-times with PBS. Following
this, the cells were incubated with MitoTracker® Deep Red (MTR, 500 nM), LysoTracker®
Green (LTG, 500 nM) and Hoechst 33342 (Hoechst, 5 pg/mL) at 37 °C for 30 min in the dark.
The cells were washed three-times with PBS. Using a 63x oil-immersion lens in an LSM 880
(Carl Zeiss) laser scanning confocal microscope with an Argon and a HeNe laser as well as a
GaAsP detector, confocal cell images were taken. All organelle trackers LysoTracker® Green
(LTG, Aex = 488 nm, Aem = 490 - 550 nm), MitoTracker® Deep Red (MTR, Aex = 633 nm, Aem =
650 - 720 nm), and Hoechst 33342 (Hoechst, Aex = 405 nm, Aem = 410 - 470 nm) were excited
and detected as recommended by the supplier. The investigated samples were detected under

usage of their luminescence properties (Aex = 458 nm, Aem = 600 - 750 nm).



Intracellular distribution by ICP-MS

By measuring the Ru content using ICP-MS, the localization of the samples was determined.
10 - 10° cells were incubated with the sample (10 pM) at 37°C for 4 h in the dark. The cells
were detached with trypsin, harvested and the number of cells counted. The amount was equally
divided into four portions. In the first portion, the nucleus was extracted using a nucleus
extraction kit (Sangon Biotech); in the second portion, the mitochondria was extracted using a
mitochondria extraction kit (Sangon Biotech) and in the third portion, the lysosome was
extracted using a lysosome extraction kit (GenMed Scientific). Using the fourth portion, the
cytoplasm was extracted. The cells were detached with trypsin, harvested and centrifuged. The
obtained cell pellet was resuspended in lysis buffer and the cells were lysed. The cellular
compartments were separated using a vacuum ultracentrifuge (Optima MAX-XP
ultracentrifuge, Beckman Coulter) at 200000 g for 150 min at 4 °C. The supernatant solution
was divided. Using a 60% HNO3 solution, each sample was digested for three days and then
diluted to 2% HNOs in water. The metal content of the sample was determined by ICP-MS and

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

Cellular uptake mechanism
The cellular uptake was investigated by systematic inhibition of different uptake pathways and
determination of the metal content inside the cells by ICP-MS. For each experiment 1 - 10° cells

were pretreated with the corresponding inhibitor.

Control: The cells were incubated with the compound (25 puM) for 1 h at 37°C. The cells were
washed with PBS, detached with trypsin, harvested, centrifuged and resuspended. The number
of cells on each dish was accurately counted. Using a 60% HNO3 solution, each sample was
digested for three days and then diluted to 2% HNO3 in water. The metal content of the sample
was determined by ICP-MS and compared with the references. The metal content was then

associated with the number of cells.

Low temperature: The cells were incubated at 4°C for 1 h, followed by an incubation with the
compound (25 uM) for 1 h at 4°C. The cells were washed with PBS, detached with trypsin,
harvested, centrifuged and resuspended. The number of cells on each dish was accurately

counted. Using a 60% HNO3 solution, each sample was digested for three days and then diluted



to 2% HNOs in water. The metal content of the sample was determined by ICP-MS and

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

Metabolic Inhibition: The cells were incubated with 2-Deoxy-D-glucose (50 mM) and
oligomycin (5 uM) for 1h. After this time, the cells were washed with PBS and incubated with
the compound (25 uM) for 1 h at 37°C. The cells were washed with PBS, detached with trypsin,
harvested, centrifuged and resuspended. The number of cells on each dish was accurately
counted. Using a 60% HNO3 solution, each sample was digested for three days and then diluted
to 2% HNOs in water. The metal content of the sample was determined by ICP-MS and

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

Endocytic inhibition: The cells were incubated with NH4Cl1 (50 mM) or chloroquine (100 uM)
for 1h. After this time, the cells were washed with PBS and incubated with the compound (25
uM) for 1 h at 37°C. The cells were washed with PBS, detached with trypsin, harvested,
centrifuged and resuspended. The number of cells on each dish was accurately counted. Using
a 60% HNOs solution, each sample was digested for three days and then diluted to 2% HNO3
in water. The metal content of the sample was determined by ICP-MS and compared with the

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

Cation transporter inhibition: The cells were incubated with tetracthylammonium chloride (1
mM) for 1h. After this time, the cells were washed with PBS and incubated with the compound
(25 uM) for 1 h at 37°C. The cells were washed with PBS, detached with trypsin, harvested,
centrifuged and resuspended. The number of cells on each dish was accurately counted. Using
a 60% HNOs solution, each sample was digested for three days and then diluted to 2% HNO3
in water. The metal content of the sample was determined by ICP-MS and compared with the

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

Sodium-dependent multivitamin transporter inhibition: The cells were incubated with
pantothenic acid (50 uM) or lipoic acid (50 uM) for 1h. After this time, the cells were washed
with PBS and incubated with the compound (25 uM) for 1 h at 37°C. The cells were washed
with PBS, detached with trypsin, harvested, centrifuged and resuspended. The number of cells
on each dish was accurately counted. Using a 60% HNOs solution, each sample was digested

for three days and then diluted to 2% HNO3 in water. The metal content of the sample was



determined by ICP-MS and compared with the references. The metal content was then

associated with the number of cells.

Transfection assay between cancerous and non-cancerous cells

Using a transfection kit (Beyotime), A549 cells were transfected with the green fluorescent
protein (GFP). Cells which were not successfully transfected cells, were removed using the
antibiotic G-418. The cancerous, transfected cells were mixed with an equal amount of non-
cancerous, non-transfected HLF cells and allowed to adhere overnight. The mixture of cells
was incubated with the compound (4.95 uM) at 37 °C for 4 h in the dark. The cells were washed
with three-times PBS and confocal images taken using a LSM 880 (Carl Zeiss) laser scanning
confocal microscope equipped with a GaAsP detector. Using the luminescence properties of
the investigated compound (Aex = 514 nm, Aem = 600 - 750 nm) and GFP (Aex= 458 nm, Aem =
500 - 600 nm) these were detected in the cells.

Uptake assay between cancerous and non-cancerous cells by ICP-MS

1 - 10° cells/mL of A549/HLF cells were seeded in 10 mL of DMEM and allowed to adhere
overnight. The cells were incubated with the compound (4.95 uM) in the dark for 4 h. The
media was removed and the cells were washed three times with cold PBS and detached with
trypsin. The number of cells on each dish was accurately counted. Using a 20% HNO3 solution
and 10% H202, each sample was digested for two days and then diluted to 2% HNOs3 in water.
The metal content of the sample was determined by ICP-MS and compared with the references.

The metal content was then associated with the number of cells.

Irradiation induced cellular singlet oxygen generation in monolayer cells

1 -10* cells/mL A549 cells were seeded in 10 mL of DMEM and allowed to adhere overnight.
The cells were incubated with the compound (4.95 uM) in the dark for 4 h and the media
removed. The cells were further incubated with PBS containing DCFH-DA (5.0 uM) for 30
min. The solution was removed, the cells three-times washed and fresh PBS added. Using a
LSM 810 (Carl Zeiss) laser scanning confocal microscope, confocal cellular luminescence
images (Aex =488 nm, Aem = 510 - 550 nm) were recorded. The cells were exposed to a 2-Photon

irradiation (800nm, 0.29 mW cm, 80 MHz, 100 fs) for 1 min.

(Photo-)cytotoxicity in monolayer cells



1 - 10* cells were seeded in 96-well plates (100 pL/well) and allowed to adhere overnight. The
cells were randomly separated in a dark and light group. In the dark group, the cells were
incubated with the compound for 4 h. In the light group, the cells were incubated with the
compound for 4 h and then irradiated either by a 1P (500 nm, 11 mW cm?, 6 J/cm?) or 2P (800
nm, 0.29 mW cm, 80 MHz, 100 fs, 10.1 J/cm?) irradiation. The cells from both groups were
then incubated for an additional 44 h in the dark. To each well 20 uL of MTT solution (5 mg/mL
in PBS) was added and incubated at 37 °C for 4 h. The media was removed and 150 pL of
DMSO was added to each well. The absorption at 595 nm of each well was measured on an

absorption microplate reader.

Live/dead viability/cytotoxicity in monolayer cells

1-10* A549 cells were seeded in 96-well plates (100 pL/well) and allowed to adhere overnight.
In the dark group, the cells were pre-incubated with the compound (4.95 uM) for 4 h. In the
light group, the cells were pre-incubated with the compound (4.95 uM) for 4 h and then being
irradiated at 500 nm by a LED light (500 nm, 11 mW cm™, light dose = 6 J/cm?). Both groups
were then incubated for 44 h and stained with calcein-AM (Aex = 490 nm, Aem = 515 nm) and
propidium iodide (Aex = 536 nm, Aem = 617 nm) and their luminescence detected using an Axio

Observer Z1 inverted fluorescence microscope (Carl Zeiss).

Caspase-3/7 activation

Using Caspase-Glo-3/7 assay kit (Promega, USA) the caspase-3/7 activity was measured. 1
10* A549 cells were seeded in 96-well plates (100 uL/mL). After 24 h, the cells were treated
with cisplatin (20 uM) or the compound (2.47 uM and 4.95 uM) and incubated for 4 h at 37 °C.
The light treated cells were exposed to irradiation at 500 nm (11 mW/cm?, 6 J/cm?). The cells
were further incubated for 12 h in the dark. After this time, Caspase-Glo 3/7 reagent (100 pL)
was added and incubated for 1 h at room temperature in the dark. The generated

chemiluminescence was measured using a microplate reader (infinite M200 PRO, TECAN).

Generation and analysis of 3D multicellular tumor spheroids (MCTS)

Using a high-pressure autoclave, a suspension of 1% agarose in PBS buffer was heated. The
hot emulsion was transferred into wells (50 pL per well) of a 96 cell culture well plate.
Following this, the plates were exposed to UV irradiation for 4 h. The agarose base was

overlayed with 2 - 10* cells/mL of a cell suspension. Within two-three days MCTS were formed



from the cell suspension. The generated MCTS were cultivated and maintained at 37 °C with
5% CO2 atmosphere in a cell culture incubator. The medium was replaced every two days. The
formation, diameter, integrity, and volume of the MCTS was monitored with a LSM 880 (Carl
Zeiss) laser scanning confocal microscope. Using a LSM 880 (Carl Zeiss) laser scanning
confocal microscope with an Argon or Coherent Chameleon 2-Photon laser and a GaAsP
detector, z-stack confocal luminescence images were taken upon incubation of the compound
(4.95 uM) for 12 h upon a 1P (hex = 514 nm, Aem = 600 - 750 nm) or 2P (Aex = 800 nm, Aem =
600 - 750 nm) excitation.

Irradiation induced cellular singlet oxygen generation in 3D MCTS

A549 MCTSs were treated with the compound (4.95 uM) for 12 h in the dark, the culture
medium was removed and PBS containing DCFH-DA (10.0 mM) was incubated for 30 min.
The solution was removed, the cells washed and fresh PBS added. Confocal luminescence
images (hex = 488 nm, Aem = 510 - 550 nm) were taken with a LSM 810 (Carl Zeiss) laser
scanning confocal microscope before and after the irradiation. The cells were exposed to a 2P

irradiation (0.29 mW/cm?, 80 MHz, 100 fs, section interval: 5 pm) at 800 nm for 1 min.

(Photo-)cytotoxicity in 3D MCTS

MCTS were treated with increasing concentrations of NP by replacing 50% of the media with
drug supplemented media and incubation for 12 h in the dark. After this time, the MCTS were
divided in three identical groups. The first group was strictly kept in the dark. The second group
was exposed to a 1P irradiation (500 nm, 11 mW cm, 6 J/cm?) and the third group was exposed
to a 2P irradiation (800 nm, 0.29 mW/cm?, 80 MHz, 100 fs, section interval: 5 pm, 10.1 J/cm?)
using a LSM 880 (Carl Zeiss, Germany) laser scanning confocal microscope equipped with a
Coherent Chameleon 2P laser. After the irradiation, all groups were incubated additional 36 h.
The ATP concertation was measured using a CellTiter-Glo 3D Cell Viability kit (Promega) by

measuring the generated chemiluminescence with an infinite M200 PRO (Tecan) plate reader.

Live/dead viability/cytotoxicity in 3D MCTS

In the dark group, A549 MCTS were pre-incubated with the compound (4.95 uM) for 4 h. In
the light group, A549 MCTS were pre-incubated with the compound (4.95 uM) for 4 h before
being irradiated (800 nm, 0.29 mW cm, 80 MHz, 100 fs). Both groups were then incubated
for 44 h and stained by Calcein-AM (Aex = 488 nm, Aem = 510-550 nm) and their luminescence

detected using an an Axio Observer Z1 inverted fluorescence microscope (Carl Zeiss).



Animal tumor xenograft models

All animal experiments were carried out on balb/c nude mice (4-6 weeks old, female, ~20 g)
and treated in agreement with the principles of laboratory animal care regulations (People's
Republic of China). The tumor xenograft models were generated by suspension of A549 cells

(1x10%) in 100 puL PBS and injection into the back of the mice.

In vivo biodistribution

The in vivo biodistribution of a compound in A549 tumor bearing nude mice was determined
using ICP-MS. The mice were injected in the tail with the sample (3 mg/Kg). After 4 h, 12 h,
24 h the mice were euthanized and their major organs including heart, liver, spleen, lung,
kidney, intestine stomach and tumor were collected. Using a 20% HNO3 solution and 10%
H202, each sample was digested for two days and then diluted to 2% HNOs3 in water. The metal

content of the sample was determined by ICP-MS and compared with the references.

In vivo (Photo-)cytotoxicity

When the tumor size reached about 65-70 mm?, the tumor-bearing mice (4 mice per group)
were randomly divided into six groups and tail injected.

Group 1: injected with the compound (4 mg/Kg 50 pL) intravenously and treated with 800 nm
laser (50 mW, 1 kHz, pulse width 35 fs, 5 s/mm) 12 h after injection;

Group 2: injected with the compound (4 mg/Kg 50 puL) intravenously and treated with 500 nm
light (10 mW/cm?, 60 min) 12 h after injection;

Group 3: injected by physiological saline (50 puL) intravenously and treated with 800 nm laser
(50 mW, 1 kHz, pulse width 35 fs, 5 s/mm) 12 h after injection;

Group 4: injected by physiological saline (50 pL) intravenously and treated with 500 nm light
(10 mW/cm?, 60 min) 12 h after injection;

Group 5: injected with the compound (4 mg/Kg 50 pL) intravenously;

Group 6: injected with physiological saline (50 pL) intravenously.

The mice were anesthetized by injection of 4% chloral hydrate aqueous solution (0.2 mL/20g).
The tumor volume and body weight was measured and recorded every two days. The tumor

volume was calculated using the following formula:

LengthxWidth?
2

Volume =

)



Histological examination
The mice were euthanized and the tumor as well as all major organs were collected and fixated
by 4% paraformaldehyde. The samples were stained with hematoxylin and eosin (H&E). Using

a Carl Zeiss Axio Imager Z2 microscope, the histological examination was performed.
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