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A Multiaction and Multitarget Ru(ll)-Pt(IV) Conjugate
Combining Cancer Activated Chemotherapy and
Photodynamic Therapy to Overcome Drug Resistant
Cancers

Johannes Karges, @ Thirumal Yempala,®! Mickaél Tharaud, Dan Gibson,*"'and Gilles
Gasser*lal

Abstract: Cancer has emerged as one of the deadliest diseases worldwide. Pt(ll) complexes are commonly used to treat this
condition. To reduce their side effects and improve their pharmacological properties, Pt(IV) complexes are being developed as
prodrug candidates that are activated by reduction in cancer cells. Concomitantly, photodynamic therapy (PDT) has received
increasing attention over the last years. Among other compounds studied as photosensitizers (PSs), Ru(ll) polypyridine
complexes have gained much attention over the recent years due to their attractive characteristics. In this article, the first example
of a novel Pt(IV)-Ru(ll) conjugate, which combines cancer activated chemotherapy with photodynamic therapy, is presented.
Upon entering the cancer cell, the Pt(IV) centre is reduced to Pt(ll) and the axial ligands including the Ru(ll) complex and
phenylbutyrate are released. As each component has its individual target, the conjugate exerts a multitarget and multiaction effect
with (photo-)cytotoxicity values upon irradiation up to clinically relevant 595 nm in the low nanomolar range in various (drug
resistant) 2D monolayer cancer cells and 3D multicellular tumour spheroids.
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Introduction

To date, the cure and treatment of cancer remains a major challenge in modern medicine. Cisplatin (cis-
diamminedichloridoplatinum(ll)) and its platinum based derivatives oxaliplatin and carboplatin are the clinically most
frequently used anticancer drugs worldwide. Despite their enormous clinical success, the application of these compounds
is limited due to severe side effects (e.g., kidney damage, nausea, vomiting and bone marrow suppression), low cancer
cell selectivity and, more worryingly, an increasing number of platinum resistant tumours.['"! A known concept to improve
the therapeutic outcome of chemotherapy is to administer cisplatin and its derivatives in combination with other biologically
active molecules such as histone deacetylase inhibitors (Vorinostat)?, retinoid receptor regulators (vitamin D
derivatives)® or microtubule network disturbing compounds (e.g., paclitaxel, vinblastine)® to generate a drug mixture with
multiple targets and actions. Despite improvements in the treatment outcomes, the application of these drug mixtures is
limited as the different components may reach the target after different circulation times leading to non-ideal drug doses.[
To overcome these drawbacks, research efforts are devoted towards the development of novel Pt(1V) based compounds,
which can be activated on site. As the compound enters the cell, the metal centre can be reduced from Pt(1V) to Pt(ll),
releasing its axial ligands. To improve the efficiency of the treatment, the axial ligands themselves can be biologically
active molecules such as targeting moieties, carbon nanotubes, protein-binding moieties or receptor-binding peptides.[©!
Recently, the use of phenylbutyrate (PhB), which is a histone deacetylase inhibitor that de-condenses chromatin to
improve the interaction of cisplatin with DNA, was demonstrated.! As a consequence, Pt(IV) prodrugs with PhB as an
axial ligand were shown to have a highly improved therapeutic profile, causing DNA damage and epigenetic effects.!

Complementary to chemotherapy, cancer treatment using photodynamic therapy (PDT) has received increasing attention
over the recent years. In PDT, a photosensitizer (PS) is either locally or systemically injected. Upon excitation at a specific
wavelength, the PS acts as a photocatalyst to generate reactive oxygen species (ROS) and ultimately trigger cell death.”!
Worthy of note, Sadler and co-workers have recently reported the use of photoactivatable Pt(IV) complexes which can
act by non-classical mechanism.['®) Among the investigated classes of compounds, metal complexes!'! and especially



Ru(ll) polypyridine complexes have received increasing attention due to their attractive chemical and photophysical
properties including high water solubility, high ROS production, chemical stability and photostability.l'”) Despite recent
research efforts, the majority of studied Ru(ll) polypyridine complexes are excited using blue or UV-A light.['*) Due to light
scattering effects and absorption by biological compartments, the light penetration depth in the tissue is poor at these
wavelengths, limiting the treatment of deep seated or large tumors.['¥l To tackle this issue, some of us have recently
reported the DFT-guided design of Ru(ll) polypyridine complexes with a strong absorption red shift towards the biological
spectral window (600-900 nm). In this pursuit, the complex [Ru(4,7-diphenyl-1,10-phenanthroline),(4,4'-dimethyl-2,2'-
bipyridine)?*, which showed a phototoxic effect from 480 nm up to clinically relevant 595 nm, was unveiled.['3

Herein, a novel Ru(ll)-Pt(IV) conjugate (Ru-Pt), which combines cancer activated chemotherapy and PDT by acting on
multiple targets inside the cancer cell with several biological mechanism to overcome drug resistances, is described.
Upon entering cancer cells, the Pt(IV) metal centre is reduced to Pt(ll) releasing PhB and the Ru(ll) polypyridine complex.
The Ru(Il) complex was found to selectively accumulate in the Golgi apparatus where it is able to generate singlet oxygen
('05) upon irradiation at various wavelength ranging from 480 up to clinically relevant 595 nm.

Results and Discussion

To ensure that the photophysical and biological properties of each component are not influenced, the moieties were
conjugated with a long aliphatic linker. The linking unit between the Ru(ll) and the Pt(IV) complex was synthesised starting
from 4,4 -dimethyl-2,2"-bipyridine, which was asymmetrically oxidised to the carboxylic acid using SeO,.'"® The generated
4’-methyl-2,2"-bipyridinyl-4-carboxylic acid was treated with SOCI, to yield the acid chloride intermediate, which was used
to attach tert-butyl-N-(6-aminohexyl)carbamate by peptide bond formation.l'”? The generated 2,2’ -bipyridine derivative
was then coordinated to dichlorobis(4,7-diphenyl-1,10-phenanthroline)ruthenium(ll), which was previously synthesised
from 4,7-diphenyl-1,10-phenanthroline and RuCls. Finally, the tert-butyloxycarbonyl protection group was removed using
trifluoracetic acid to give the Ru(ll) polypyridine complex Ru. To facilitate the conjugation of Ru to the Pt-PhB-OH the
axial OH group of the Pt(IV) was activated to form Pt-PhB-MSC (MSC=monosuccinimidylcarbonate), whose synthesis
was prepared in a similar manner to the structurally related derivatives.® Both carboxylates (link to PhB) and carbamate
(link to Ru) detach from the PtV following reduction.!®! The Ru complex was then coupled with Pt-PhB-MSC in presence
of diisopropylethylamine to yield the final Ru-Pt complex. The synthesis and characterisation of the complexes are
described in the Sl (Scheme S1, Figure S1-S8).

The photophysical properties of Ru were compared with Ru-Pt to evaluate its potential as a PDT PS and to investigate
whether the conjugation to the Pt(IV) complex influenced them (Table S1). As expected, the absorption and emission
spectra of Ru and Ru-Pt (Figure S9-S10) showed no significant differences. Importantly, the spectra showed an
absorption tail towards the biological spectral window potentially enabling the treatment of deep-seated and large tumours
as the light penetration depth directly correlates with the used wavelengths. Worthy of note, previous studies have shown
that PSs can show a phototoxic effect although their extinction coefficients are below 100 M-'cm-.[221% The conjugate
was found to have a large Stokes shift, implying minimal interference between excitation and emission. The luminescence
quantum yields of Ru an Ru-Pt were found to be similar (Pem ry = 2.0 %, Pem, ru-pt = 2.1 %), which is in the same range
as other published Ru(ll) polypyridine complexes.["® Both compounds were found to have excited state lifetimes in the

Table 1. ICso values (uM) in the dark and upon irradiation at 480 (10 min, 3.1 J/icm?) and 595 nm (120 min, 22.5 J/cm?) for Pt-PhB-OAc, Ru and Ru-Pt in
comparison to Protoporphyrin IX (PplX) in cancerous in human cervical carcinoma (HelLa) and non-cancerous retinal pigment epithelium (RPE-1) cells. Average
of three independent measurements.

HelLa RPE-1
dark 480 nm Pl dark (120 595 nm Pl dark 480 nm Pl dark (120 595 nm Pl
min) min)

Pt- PhB- 18.94 £ 0.83 - - - - - 81.49 £ 6.54

OAc

Ru 13.57+£0.28 1.65+0.11 82 6.13+0.38 0.58+0.16 10.9 4.22+0.42 0.82+0.17 5.1 2.5+0.36 0.62 £ 0.30 4.0
RuPt 3.26 £ 0.07 0.31+0.06 10.5 1.41+0.13 0.13£0.07 10.8 4.38+0.57 0.61+0.29 7.2 2.47+0.49 0.45+0.18 55
PpIX >100 250+0.13 >40.0 81.26+8.34 1.52+0.92 53.4 > 100 3.84 £0.19 >26.3 83.5+6.71 1.93+0.36 43.3
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Figure 1. Chemical structures investigated in this work. Ru was isolated as a PF¢ salt whereas Ru-Pt was isolated as a TFA" salt.

nanosecond range (Figure S11-S12) in an air saturated environment (147-183 ns) and in degassed environment (1003-
1054 ns). Importantly, the presence of air had a drastic effect on the lifetime, indicating that the excited state of the
complex can interact with molecular oxygen (30;) to generate singlet oxygen ('0,). For quantification of the amount of
0, produced upon light irradiation, the singlet oxygen quantum yields were determined by two methods: 1) directly by
measuring the phosphorescence signal of '0,, 2) indirectly by capturing 'O, with a reporter molecule and monitoring its
change by absorption spectroscopy.'®! The characteristic emission signal at 1270 nm in the infrared region using the
direct method confirmed the production of 'O, upon light exposure. Importantly, Ru and Ru-Pt are able to produce 'O,
upon irradiation at 450 and 540 nm. The measurements revealed high 'O, quantum yields of 45-64 % in CH3;CN and of
3-6 % in an aqueous solution (Table S2). Overall, these studies showed that Ru-Pt has attractive photophysical properties
for applications as a PDT agent and the conjugation to the Pt(1V) centre did not significantly influence the photophysical
properties of the Ru(ll) complex.

The stability of the conjugate was then investigated as previous studies have shown that this could be problematic for
metal complexes.? The conjugate was incubated in the dark in H,O at room temperature and physiological pH and the
absorption recorded in time intervals up to 48 h (Figure S13). Additionally, the complex was analysed by HPLC after a 48
h incubation in H,O (Figure S14). As no significant differences were observed, the stability in an aqueous solution is
indicated.

After a chemical and photophysical characterisation of the conjugate, its potential activity as a chemotherapeutic agent
and PS for PDT was investigated. The cytotoxicity of cisplatin, Pt-PhB-OH, Pt-PhB-OAc, Ru and Ru-Pt towards non-
cancerous retinal pigment epithelium (RPE-1) and cancerous human cervical carcinoma (HelLa) cells in the dark as well
as upon irradiation at various wavelengths between 480 — 595 nm was determined (Table 1, Table S3). In both
investigated cell lines the conjugate Ru-Pt (ICsp, Heta = 3.26 £ 0.07 pM, I1Cso, rpe-1 = 4.38 £ 0.57 uM) showed a higher
cytotoxicity in the dark than Ru (ICsp, Heta = 13.57 £ 0.28 UM, ICs0, rpe-1 = 4.22 + 0.42 pM) or the platinum based complexes
cisplatin, Pt-PhB-OH or Pt-PhB OAc (ICs0, HeLa = 5.9 — 18.9 uM, ICsq rpe-1 = 27.7 — 81.4 uM) alone. All Pt(1V) prodrugs
and importantly Ru-Pt showed a 1.3 - 4.7 times higher cytotoxicity in the cancerous cell line in comparison to the non-
cancerous cell line. This effect was previously described in the literature and is caused by the preferential reduction of the
Pt(1V) centre to Pt(ll) in cancer cells, which are hypoxic. Strikingly, upon irradiation at various wavelengths between 480
— 595 nm, the Ru-Pt conjugate is able to cause a phototoxic effect. Thanks to the additional PDT effect, the cytotoxicity
improved drastically, with IC5 values in the nanomolar range (ICsp, HeLa = 0.13 — 0.39 puM, ICso rpe-1 = 0.45 — 0.61 pM).
Overall, these results indicate the beneficial effect of combing the properties of the Pi(ll) complex as a chemotherapeutic
agent and the Ru(ll) complex as a PS as a conjugate. Interestingly, Ru-Pt showed a slightly higher cytotoxicity in
cancerous cells in comparison to non-cancerous cells.

Capitalising on these preliminary results, the potential of Ru-Pt to overcome resistance was further investigated in depth
in human ovarian carcinoma (A2780) cells and its cisplatin resistant line (A2780 cis) as well as its doxorubicin resistant
line (A2780 ADR). The uptake mechanism of the Ru-Pt conjugate was studied in A2780 cells by blocking different cellular
pathways and determining the amount of Ru and Pt inside the cells (Figure 2a) by inductively coupled plasma mass
spectrometry (ICP-MS).2"l The incubation with the cationic transporter inhibitor (tetraethylammonium chloride) did not
significantly influence the cellular uptake, suggesting that this pathway does not majorly contribute to the internalisation
of the compound. The incubation at lower temperature (4 °C) and with metabolic inhibitors (2- deoxy-D-glucose and
oligomycin) decreased the uptake, indicating that the internalisation is energy dependent. In contrast, the incubation with
endocytotic inhibitors (ammonium chloride or chloroquine) drastically decreased the uptake. Overall, these results indicate



that Ru-Pt is internalised primarily by an energy dependent endocytotic mechanism. Worthy of note, the recently reported
Ru-Pt metallacage was internalised by the same pathway.?? Importantly, similar levels of Ru and Pt were detected inside
the cells indicating that the Ru-Pt is stable in the cell culture medium and was internalised as a single moiety.

Following this, the localisation of the released Ru(ll) complex and Pt(ll) complex (cisplatin) were investigated by extraction
of the major cellular organelles (nucleus, mitochondria, lysosomes, Golgi apparatus, endoplasmic reticulum) and
determination of the amount of Ru and Pt inside of each by ICP-MS (Figure 2b). As expected, Ru and Pt were found in
different cellular compartments, indicating that the Pt(IV) centre is reduced and the axial ligands (Ru and PhB) released
and that the conjugate is acting
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Figure 2. a) Cellular uptake mechanism study of Ru-Pt (10 pM) in A2780 cells in the presence of different inhibitors/conditions by determination of
the amount of Ru and Pt inside the cells by ICP-MS. Endocytic inhibition: NH4CI (50 mM) or chloroquine (100 uM), metabolic inhibition: 2-Deoxy-
D-glucose (50 mM) and oligomycin (5 uM), cation transporter inhibition: EtsNCI, low temperature: incubation at 4°C, control: incubation at 37°C. b)
Cellular localisation of Ru and Pt of the conjugate Ru-Pt (10 uM) in A2780 cells inside the major cellular organelles (endoplasmic reticulum, golgi
apparatus, lysosomes, mitochondria, nucleus, whole cell) after 4 h incubation in the dark, extraction of their cellular organelles and determination
of the amount of Ru and Pt inside each organelle by ICP-MS.

simultaneously in different cellular organelles. As anticipated, the vast majority of Pt was found in the nucleus. This finding
is in agreement with the in-depth investigation of the anticancer drug cisplatin, which is targeting the nucleus and binding
to DNA. On the contrary, the majority of Ru was found in the Golgi apparatus. Additionally, small amounts of Pt and Ru
were also found in the lysosomes and the endoplasmic reticulum. Taken together, these results indicate that Ru-Pt is
internalised through an engulfing mechanism, in which the cell membrane draws the complex from the outside to the
inside by formation of intracellular transport vesicles. These can then interact with the endomembrane system consisting
of the lysosomes, Golgi apparatus and endoplasmic reticulum, where they release their content. As small amounts of Ru
and Pt were both found in the lysosomes and the endoplasmic reticulum, it tends to demonstrate that the Ru-Pt conjugate
is majorly released in these organelles. In a further process, the Pt(IV) centre is reduced and the Ru and Pt moieties
localise in their respective target organelles (Golgi apparatus and nucleus).



Table 2. ICso values (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 cisplatin, Pt-PhB-OH, Pt- PhB OAc,
Ru and Ru-Pt in comparison to Protoporphyrin IX (PplX) in the human ovarian carcinoma (A2780), human cisplatin resistant ovarian carcinoma (A2780 cis) and
human doxorubicin resistant ovarian carcinoma (A2780 ADR) cell lines. Average of three independent measurements.

A2780 A2780 cis A2780 ADR
dark 480 nm Pl 595 nm Pl dark 480 nm Pl 595 nm Pl dark 480 nm Pl 595 nm Pl
cisplatin 4.54 + - - - - 19.53+ - - - - 8.97 +
0.65 1.1 0.71
Pt- PhB 1.39 £ - - - - 6.17 - - - - 3.69 £
OAc 0.22 0.36 0.32
Pt-PhB- 1.07 £ - - - - 595+ - - - - 2.56 +
OH 0.24 0.37 0.34
Ru 15.35 286+ 5.4 430+ 3.6 17.26 + 4.67 £ 3.7 710+ 24 18.60 + 341+ 55 447 + 4.2
+0.89 0.52 0.66 0.90 0.43 0.92 0.71 0.42 0.35
Ru-Pt 0.98 + 0.08 £ 12.3 0.16 + 6.1 1.38 0.10 £ 13.8 0.19+ 71 113 0.09 + 12.6 0.17 £ 6.6
0.22 0.04 0.05 0.29 0.03 0.06 0.28 0.03 0.04
PpIX >100 453 + 221 8.19+ 12.2 >100 6.95+ 14.4 8.94 + 1.2 >100 712+ 14.0 10.38 + 9.6
0.61 1.13 1.46 1.53 1.96 1.62

To study the efficiency of the conjugate against drug resistant cell lines, the cytotoxicity of cisplatin, Pt-PhB-OH, Pt-
PhB-OAc, Ru and Ru-Pt in the dark and upon irradiation at 480 (10 min, 3.1 J/cm?) and 595 nm (60 min, 11.3 J/cm?)
against A2780, A2780 cis and A2780 ADR was investigated. All complexes (Table 2) were found to have lower cytotoxic
values in all ovarian cancer cell lines in comparison to the HeLa and RPE-1 cell lines (Table 1). These results show the
enormous potential of the conjugate Ru-Pt with cytotoxicity values in the dark in the low micromolar range (ICsp, gark= 0.98
— 1.38 uM). It is worth mentioning that a PS should be ideally non-toxic in the dark. The irradiation drastically improved
the cytotoxic profile (ICso, 480nm= 0.08 — 0.10 pM, ICs0, s95nm= 0.16 — 0.19 yM) with PI values between 6.1 — 13.8. While the
cytotoxicity of cisplatin, Pt-PhB-OH and Pt- PhB-OAc is lower in the resistant cell lines A2780 cis and A2780 ADR, the
Ru-Pt conjugate overcomes the resistance even in the dark and strikingly, by irradiation the cytotoxicity in all cell lines is
further improved by a factor of ten. Comparing the cytotoxicity of Ru and Ru-Pt under irradiation we see that Ru-Pt is
significantly more potent than Ru in all A2780 cell lines. Taken together, these results confirm the beneficial effect of the
conjugation of the Ru(ll) and Pt(IV) complex to the conjugate Ru-Pt.

Encouraged by these promising results, the mechanism of action of Ru-Pt was further examined by determining its cell
death pathway. For this study, the cytotoxic profile of cisplatin, Ru in the dark, Ru-Pt in the dark and upon irradiation at
480 nm (10 min, 3.1 J/cm?) at its ICsp concentration in A2780 cells was measured in the presence of autophagy (3-
methyladenine), apoptosis (Z-VAD-FMK), paraptosis (cycloheximide) or necrosis (necrostatin-1) inhibitors (Figure 3a).
The incubation with autophagy, paraptosis and necrosis inhibitors did not significantly influence the cell viability of
cisplatin, Ru and Ru-Pt in the dark, indicating that these pathways are not primarily accessed for triggering of their cell
death. In contrast, preincubation with an apoptosis inhibitor increased the survival of the cells treated with cisplatin,
indicating that this mechanism is majorly contributing to the cell death. This result is in agreement with a study of cell
death pathways of cisplatin in human ovarian carcinoma cells.?® In addition, elevated survival levels for the preincubation
with an apoptotic inhibitor and treatment with Ru in the dark were detected, suggesting an apoptosis induced cell death
mechanism. Therefore, it was not surprising to observe an apoptotic cell death pathway for Ru-Pt in the dark. Importantly,
upon irradiation of Ru-Pt, the cell survival is highly increased with apoptotic and paraptotic inhibitors, indicating a cell
death mechanism for the phototoxic effect involving both pathways. Worthy of note, several PDT agents were previously
reported in the literature to cause cell death by apoptosis and paraptosis pathways.?4l

For further examination of the cell death mechanism, its dependency on caspase 3/7 pathways was investigated using a
Caspase-Glo 3/7 assay. These caspases are known executers of extrinsic and intrinsic apoptosis mechanism.?s! The
caspase 3/7 activity was measured in A2780 cells for cisplatin, Ru and Ru-Pt in the dark and upon irradiation at 480 nm
(10 min, 3.1 J/cm?) using half of their ICs, concentration (Figure 3b). As a positive control for caspase activity, the kinase
inhibitor staurosporin was used. Cisplatin, Ru and Ru-Pt in the dark did not significantly increase caspase 3/7 activity,
ruling out this pathway for cell death. The result for cisplatin is in agreement with a recent study in the same cell line that
showed that apoptosis is induced by ERK/p53/PUMA activation.?® In contrast to this, upon light irradiation and treatment
with Ru and Ru-Pt, the caspase 3/7 activity is highly elevated, suggesting that the phototoxic effect is caused by these
pathways. Worthy of note, other Ru(ll) polypyridine complexes were also found to generate a cytotoxic effect by this
pathway.[?7]

After evaluation of the (photo-)cytotoxicity on 2D monolayer cells, the effect of Ru-Pt on 3D multicellular tumour spheroids
(MCTS) was investigated. This is of special interest as many anticancer agents have failed translation from 2D monolayer
cells to in vivo models due to compromised drug delivery. MCTS can mimic the pathological conditions found in solid
tumors such as proliferation gradients and its hypoxic centre and can therefore be used for the assessment of drug
delivery.?81 A2780 MCTS with a diameter of about 400 uM were incubated with increasing concentrations of Ru-Pt for 12
h. After this time, the cytotoxic effect in the dark and upon irradiation at 480 nm (10 min, 3.1 J/cm?) and 595 nm (120 min,
22.5 Jlcm?) was determined upon measurement of the ATP concentration of living cells inside the MCTS. Ru-Pt showed
a strong cytotoxic effect (ICsp, qarc= 7.32 £ 0.41 yM), indicating that the conjugate is able to completely penetrate the MCTS.
Importantly, as the cytotoxicity is shifting to the nanomolar range (ICso, 4s0nm= 0.49 + 0.16 puM, ICs s95nm= 0.68 + 0.27 pM)
upon irradiation at 480 nm and 595 nm, the synergetic effect of the Pt(IV) complex as a chemotherapeutic agent and the
Ru(ll) complex as a PDT agent is demonstrated.
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Figure 3. Cell death mechanism study in A2780 cells in the dark or upon irradiation at 480 nm (10 min, 3.1 J/cm?) a) upon treatment with the ICso
value of the corresponding compound and in the presence of different inhibitors by determination of the cell viability. Autophagy inhibitor: 3-

(60 uM). b) upon treatment with a concentration of half of the ICso value of the corresponding compound by determination of the caspase 3/7 activity.

Conclusion

In summary, in this article, a novel conjugate (Ru-Pt) combining a Pt(IV) complex as a chemotherapy drug and a Ru(ll)
complex as a photosensitiser for long wavelength photodynamic therapy, which targets several cellular organelles and
acts by various cytotoxic mechanism, is reported. The conjugate is able to enter cancerous cells by an energy depended
endocytosis mechanism. While being stable in an aqueous solution, the Pt(IV) centre is reduced inside cancerous cells
to Pt(ll) and releases its axial ligands. Phenylbutyrate acts as a histone deacetylase inhibitor and can de-condense the
chromatin, improving the binding of the Pt(ll) complex (cisplatin) to DNA. The Ru(ll) complex was found to accumulate at
the Golgi apparatus. Next to the cytotoxic effect exerted by the anticancer properties of cisplatin, the Ru(ll) complex can
act as a photosensitizer to catalytically generate singlet oxygen from 480 up to clinically relevant 595 nm. Thanks to the
multitargeting and multiaction mechanisms based on a combination of apoptosis and paraptosis pathways,
(photo-)cytotoxicity values in the low nanomolar range were observed in various 2D monolayer cells as well as 3D MCTS.
Importantly, the conjugate showed a synergetic effect and was able to overcome drug resistance, which is found in many
clinically treated tumors. We strongly believe that this novel conjugate and the approach of combing a Pt(IV) complex as
a chemotherapeutic drug and a Ru(ll) complex as a photosensitizer for photodynamic therapy has a great potential for
further development.
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