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Highlights
e A cancer-targeting conjugate of a cyclometalated [N,C,N-Pt(Il)] complex has been synthesised
* The conjugate exhibited a mild cytostatic effect to six different cancer cell lines
e The conjugate demonstrated rapid cell uptake by receptor-mediated endocytosis
»  The conjugate efficiently generated 'O, upon irradiation

e Conjugate 4 resulted in reduction of cell survival of AY27 cells after blue light exposure

Abstract

A cancer-targeting conjugate 4 of a cyclometalated [N,C,N-Pt(ll)] complex bearing a NACAN 1,3-di(2-pyridyl)-
benzene with c¢(RGDyK) peptide as guiding molecule was designed and synthesized for real-time drug
delivery monitoring in cancer cells and photodynamic therapy (PDT). This conjugate demonstrates a mild

cytostatic effect to six cancer cell lines expressing integrins at different extent, while possessing promising



features for PDT. Conjugate 4 demonstrated rapid cell uptake by receptor-mediated endocytosis and
efficient generation of 'O, upon irradiation. Incubation of rat bladder cancer cells AY27 with conjugate 4 (50
KUM) prior to blue light exposure (5 min) resulted in significant reduction (50%) of cell survival compared to

control cells as measured by MTT assay post 24 h after treatment.

Keywords: Targeted drug delivery, RGD peptide, integrin avp3, Angiogenesis, Tumor therapy, Pt(Il)-RGD

conjugate, Photodynamic therapy, theranostic agent



Introduction

Photodynamic therapy (PDT) is a clinically approved method in oncology, by which photosensitizers (PSs)
generate cytotoxic reactive oxygen species (ROS) for the efficient killing of cancer cells under visible light
illumination via oxidative damage [1]. PDT has been applied for the treatment of various cancers such as
melanoma, head and neck, bladder, breast, and pulmonary carcinomas [2,3,4,5]. Main factors that
determine PDT efficacy include the PS's ability to produce ROS, as well as its selectivity and targeting ability
[6]. Presently, scientific endeavors have focused on the development of targeted drug delivery systems for

effective delivery of PSs [7].

Targeted drug delivery offers an attractive strategy to achieve the most of the drug's potential therapeutic
benefit and minimize any undesirable side effects at the lowest dose [8,9]. Peptides such as Arg-Gly-Asp
(RGD) peptides [10,11], octreotide [12], bombesin [13] and poly-Arg peptides [14] have been extensively
used as carriers to selectively direct drugs to cancer cells with upregulated receptors [15, 16]. A variety of
linear as well as cyclic RGD peptide delivery systems with cytotoxic drugs have been developed to target
integrin receptors a,f; and a,Bs that are overexpressed in several cancer types such as melanoma,
glioblastoma, ovarian, prostate and breast cancer [17, 18, 19, 20, 21]. RGD conjugates for theranostic
applications are also available for monitoring of drug release to ensure efficient delivery [22]. Commonly
employed labels that allow effective drug monitoring by the use of various fluorescence microscopy
techniques include luminescent complexes of transition metals [23,24]. These complexes have been proved

effective for live cell imaging and in vivo detection of target molecules [25].
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Scheme 1. Schematic illustration of [N,C,N-Pt(l1)]-c(RGDyK) conjugate 4 for integrin-targeted PDT




In particular, cyclometalated Pt(ll) complexes display useful photochemical properties and have been
extensively studied for their use as agents for biological labeling [26], chemosensors [27], phosphorescent
emitters in organic light-emitting diodes (OLEDs) [28], photocatalysts [29], anticancer agents [30], optical
power limiting [31] and photovoltaic devices [32]. Another important application of platinum (ll) complexes
is in cancer chemotherapy [33]. Cisplatin, carboplatin, and oxaliplatin are among the most widely used
antitumor agents. However, their clinical application is limited by acquired or intrinsic resistance and/or their
high toxicity mainly due to their nonselective mode of action [34]. Platinum complexes exhibit cytostatic

effects by interacting with DNA, thus inhibiting the DNA synthesis.

In this study, we aimed to develop a novel delivery system of a Pt(ll) complex with c(RGDyK) peptide suitable
for targeted tumor therapy and theragnostic applications. Toward this direction, [N,C,N-Pt(ll)] complex 3 was
attached to c¢(RGDyK) via a stable amide bond. Complex 3 bearing a NACAN 1,3-di(2-pyridyl)-benzene was
employed based on its reported advantageous photophysical and antiproliferative properties (Scheme 1).
De Cola and coworkers have previously reported the activities of a series of [N,C,N-Pt(Il)] complexes as well
as their application as bio-imaging probes [35]. They have shown that these complexes display wide emission
color tunability, a very large Stokes shift and long lived luminescent excited states. In another study, the
water soluble, cyclometalated [N,C,N-Pt(ll)] complex 2 has been used for imaging of live cells and histological
tissues with high resolution by “two-photon time-resolved emission imaging microscopy” (TP-TREM) [36].
In addition, Weinstein and Bryant showed that complex 1 induces photodynamic killing in a range of cancer
cells including a cisplatin resistant cell line [37]. Herein, we show that the [N,C,N-Pt(l)]-c(RGDyK) conjugate 4
exhibits a moderate cytostatic activity in a panel of integrin expressing cancer cells in vitro and possesses

promising photochemical properties for PDT applications in rat bladder cancer cells (AY27).
Results and discussion
Synthesis of [N,C,N-Pt(11)]-c(RGDyK) conjugate 4

The synthesis of conjugate 4 is outlined in Scheme 2. Methyl 3,5-dibromobenzoate 5 was subjected to
reaction with pinacolborane in the presence of Pd(dppf)Cl, under microwave irradiation to give aryl boronic
ester 6 [38]. A Suzuki—Miyaura coupling of 6 with 2-chloropyridine using Pd(OAc),, PPh; and Na,CO; in THF
and H,0 at 85 °C yielded methyl 3,5-di(pyridin-2-yl)benzoate in 63% yield. Cycloplatination with K,PtCl, in
CH3CN as previously described [39], followed by methyl ester hydrolysis afforded the desired acid 3 [40].
Subsequently, [N,C,N-Pt(Il)] complex 3 was activated using EDCI and NHS and the resulting N-
hydroxysuccinimidyl ester was coupled with the c(RGDyK) peptide lysine amino group to give conjugate 4 in
excellent yield. The cycloplatinated structures of 3 and 4 were confirmed by "H-NMR and mass spectrometry

(ESI-MS for Cy4Hs;CIN;;04Pt" [M+H]'=1107.32, was found 1107.95, Figure S2).



After HPLC purification of 4, ESI-LCMS analysis revealed that the purity of 4 was greater than 93%. When the
same sample after HPLC purification was lyophilized, dissolved in MeOH/DMF and analyzed again, one more
peak was observed in the chromatograph, which was attributed probably to platinum(ll) aqua complex 7.
When this product was isolated by HPLC and analyzed again the chromatograph indicated the presence of 4.
Thus, it seems that the two compounds are in equilibrium and interconvert under certain conditions possibly
as a consequence of reversible ligand exchange reactions. The molecular ions at m/z 556, 1071, 1186 were
interpreted as [M—CI+H+CH3CN]2+/2, [M-CI]*, [M+H+2CH5CN]" species (Figure S2). A number of experiments
were performed involving the ionization of 4 with or without chromatographic separation diluted in
different solvents. The study of the hydrolysis of 4 by the LC-MS method was very challenging, as the
intermediate platinum(ll) agua complexes were highly reactive with organic molecules, solvents and ions
and the complexes observed via ESI-MS did not always match with the species in solution (Figure S2, S3 S4).
For example the peak at m/z 1097.75 was attributed to [M-CI+N,]" arising from the clustering of [M-Cl]" with
dissolvation gas, a phenomenon previously observed during the ESI-MS ionization of cis-platin [41]. It should
also be noted that 4 displays poor solubility in water and it was dissolved in DMSO prior to biological

experiments.
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Scheme 2. Synthesis of [N,C,N-Pt(1l)]-c(RGDyK) conjugate 4

The UV-vis absorption spectrum of conjugate 4 in DMSO solution is dominated by strong absorption bands in
the UV region (A < 300 nm), which are attributed to 'm-t* transitions of the ligand and the phenol moiety of
tyrosine. The lowest energy absorption band of conjugate 4 lies in the region between 350 and 440 nm and
is attributed to overlapping ligand based 'm-m* and singlet metal-to-ligand-charge-transfer transitions
(*MLCT) [39]. Selective excitation of the platinum chromophore of conjugate 4 at 400 nm, gives rise to a

structured emission band with maximum at ca. 487 nm attributed to a transition of predominantly ligand



based *m-r* character [39]. The good match between the absorption and excitation profiles further confirms
that the emission of conjugate 4 originates from the platinum(ll) chromophore. These spectroscopic
observations are in excellent agreement with those made in the cases of similar platinum(ll) complexes [39]
indicating that the cyclometallated chromophore is virtually unaffected by conjugation to the peptide. It is
worth noting that in more concentrated solutions (>5 x 10® M) in aqueous solvent mixtures, the emission
spectra of 4 are dominated by a featureless excimer band centred at ca. 660 nm (Figure S2) indicating that
even in the presence of the bulky peptide moiety, the platinum chromophores are still able to stack and

form excimers under certain conditions.
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Figure 1: Normalized absorption, emission and excitation profiles of conjugate 4 in DMSO solution (5 x 10
M).

Reactivity of [N,C,N-Pt(l1)]-c(RGDyK) conjugate 4 toward amino acids and water

In order to study the behavior of conjugate 4 in a biological system, the reactivity of model complex 3 in
aqueous solution was also investigated. The hydrolysis and the reversibility of the hydrolysis of 3 were
studied by analyzing the "H-NMR spectra of (~8.5 mM) solutions of 3 in de-DMSO/D,0 (9/1 v/v) at 25 °C,
both without NaCl and in the presence of 10 mM NaCl. The 'H NMR spectra of complex 3 (~8.5 mM) in de-
DMSO, and in ds-DMSO/D-,0 (9/1 v/v) are shown in Figure 2A and Figure 2B, indicating the fast hydrolysis of
3 after 10 min in the aqueous medium. The reversibility of the hydrolysis in the presence of NaCl (10 mM) is
shown in Figure 2C indicating that the hydrolyzed sample of 3 most probably returns quantitatively to the
chlorido complex. In addition, the ESI-MS data of 3 (dissolved in DMSO/H,0=9/1) revealed a set of peaks at
m/z 510.65 showing the Pt isotope pattern, which is attributed to hydroxido platinum(ll) complex [M-
Cl+OH+Na]" (Figure S7).
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Figure 2. "H NMR (500 MHz) spectra of complex 3 in (A) de-DMSO and (B) ds-DMSO (90%) /D,0 (10%) after
10 min. C) Addition of NaCl 10 mM to sample of (B) after 30 min.

To evaluate the stability of conjugate 4 at different pH values, it was dissolved in DMSO/MeOH and diluted
with phosphate or acetate buffers at 37 °C. The LC-MS analysis data indicated the hydrolysis of 4 after 24h at
both physiological pH 7.4 buffer and acidic pH 5.2 (Figure S8, S9). The reactivity of conjugate 4 toward small
biomolecules was also assessed by studying the reaction of 4 with selected amino acids such as L-histidine
(His), L-cysteine (Cys), and glycine (Gly). Conjugate 4 was incubated with an equimolar mixture of Gly, Cys,
and His and the reaction mixture was analyzed by ESI-LCMS. After 6 h, amino acid adduct peaks started to
form preferably with Cys [(M-Cl+2Cys+2H)*"1/2=656 and His [(M-Cl+His+2Na)**/2= 636]. It should be noted

that precipitation of insoluble platinum compounds were largely observed.

Photosensitising properties of [N,C,N-Pt(l1)]-c(RGDyK) conjugate 4

In order to confirm the production of singlet oxygen, triplet excited state absorption recorded for UV
excitation (A = 355 nm, Figure 3A) and the subsequent formation of singlet oxygen, was measured from the
direct luminescence at 1275 nm (Figure 3B). Firstly, solutions of compounds 3 and 4 in DMSO with the same
concentration corresponding to an absorbance of approximately 0.15, were prepared (Figure 3C). In order to
prove the existence of triplet states in 3 and 4, excited state absorption was measured by exciting Argon
flushed samples with ns laser pulse at 355 nm, and recording the full spectrum with a broad band flash lamp
and a gated detector synchronized with the excitation pulse. These spectra (Figure 3A) show depleted

absorption bands in the 350 -420 nm region due to bleaching of the ground states of 3 and 4 (view



comparison with ground state absorption spectra in Figure 3C) accompanied by the emergence of broad
low-energy absorption signals in the 400-500 nm region. The latter are attributed to ligand-based *m-r*
absorptions [42]. Repeating the procedure for a sample containing oxygen the triplet absorption signal are
strongly quenched and diminishes (data not shown). Next, the transient singlet oxygen luminescence was
verified by exciting the sample using a 420 nm laser and recording the transient luminescence at 1275 nm.
Here, an oxygen containing sample was used, and the background subtraction was carried out using the
Argon flushed sample for each case. A weak transient signal was observed in both samples using DMSO as
solvent (Figure 3B). Complex 3 (but not 7) exhibited solubility in THF and it was possible to record a much
stronger signal from the singlet oxygen (Figure 3B) to confirm the energy transfer from the triplet state to

proximate dissolved oxygen.
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Figure 3. A) Excited state absorption with solutions of 3 and 4 in DMSO, B) Singlet oxygen luminescence at
1275 nm with solutions of 3 and 4 in THF and DMSO, C) Absorption of solutions of 3 and 4 in DMSO used for

excited state absorption and singlet oxygen luminescence measurements

Cellular uptake of [N,C,N-Pt(l1)]-c(RGDyK) conjugate 4

To demonstrate the role of the RGD moiety in targeting conjugate 4 to o,B; integrin-rich tumor cells,

compounds 3 and 4 were incubated with U87 and Hela cells. The reason for choosing these two cell lines is



because U87 glioblastoma cells contain considerably higher levels of a,B; integrin receptors than Hela cells
[43, 44, 45, 46]. When U87 cells were treated with 4, a strong fluorescence signal was observed, indicative
of the efficient cellular uptake of conjugate 4, whereas the fluorescence intensity in Hela cells was much
weaker (Figure 4). The strong fluorescence signal seen in U87 cells is due to a,B; integrin receptor-mediated
endocytosis, since the uptake of an analogous compound 3, which however lacks an RGD-targeting group, is

significantly less.
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Figure 4. Confocal microscopy images of U87M and Hela cells after incubation with 10 uM of 4 and 3 for O
and 2 h, respectively. Cells were then washed twice with PBS to remove floating compounds and were

visualized in a Nikon confocal microscope using the EZ-C1 3.20.

To provide further evidence that the uptake of conjugate 4 was mediated through endocytosis, we repeated
the experiment using an endocytosis inhibitor, okadaic acid [47, 48, 49]. As it is clearly shown in Figure 5,
when U87 cells were treated with 4 the fluorescence signal markedly decreased following addition of 100
nM okadaic acid, whereas, when 3 which lacks the RGD-targeting group was added to U87 cells the

fluorescence intensity remained practically unaffected in the presence of okadaic acid.
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Figure 5. Confocal microscopy images of U87 cells treated with 10 uM of 4 and 3 for 2h. Cells were
preincubated, prior to addition of 4 and 3, with medium containing DMSO (control) or okadaic acid (100 nM)
for 30 min. The floating conjugate was removed by washing twice with PBS and cells were then visualized in

a Nikon confocal microscope using the EZ-C1 3.20.

Cytotoxicity of [N,C,N-Pt(ll)]-c(RGDyK) conjugate 4

The antiproliferative activities of [N,C,N-Pt(ll)]-c(RGDyK) conjugate 4 in comparison with c(RGDyK) and
complex [N,C,N-Pt(l1)] 3 were studied by MTT assays in 6 cell lines of different tumour types. The PC3 [50],
SCOV-3 [51], A549 [52], MDA-MB-231 [53,54], MCF-7 cells [55] and U87M [56] cell lines all express integrin
o,B; at different extent. Results regarding the cytostatic and cytotoxic activity of the compound 4 are
presented in Table 1. Treatment with c(RGDyK), 3 and 4 reduced the cell growth of all six cell lines at
different extent and their ICsy values were estimated to be higher than 100 uM. In general, it was
demonstrated that the tested compounds exhibit mostly cytostatic activity rather than cytotoxic (Figure
6,7,8). Compounds c(RGDyK), 3 and 4 exhibited a moderate cytostatic effect against PC3 and A549 and a
very good cytostatic effect against MDA-MB-231 cell lines. It is worth noting that SKOV-3 are more sensitive
to 4 (Glsp= 12 pM) than its precursor 3 (Glso>100 uM). The growth inhibitory effect against MDA-MB-231

10



cells is slightly increased for conjugate 4 Glso= 10 uM, TGI=58 uM versus Glsy =26 uM, TGI=78 uM for

complex 3.

Table 1. Growth inhibition/cytostatic (Gls, and TGI) and cytotoxic/cytocidal (ICso) anticancer effects induced

by c(RGDyK), complex 3 and conjugate 4 on six human cancer cell lines

Cell Lines c¢(RGDyK) Complex 3 Conjugate 7

Glso TGl ICs Glso TGI ICs Glso TGl ICso

SKOV-3 >100 >100 | >100 | >100 >100 >100 12 >100 >100
PC-3 74,5 >100 | >100 18 49 >100 22 >100 >100
A549 61 >100 | >100 28 >100 >100 76 >100 >100
MCF-7 >100 >100 | >100 >100 >100 >100 >100 >100 >100
MDA-MB-231 72 >100 | >100 26 78 >100 10 58 >100
u87Mm 40 >100 | >100 | >100 >100 >100 >100 >100 >100
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Figure 6. Growth inhibition (sensitivity curves) of PC-3, SKOV-3, A549, MCF7 and U87 cells, produced after
treatment with cRGDyK and complex 3. Glsy represents the 50% growth inhibition; 1Cs, the half maximal

inhibitory concentration and TGl the total growth inhibition.
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Figure 7. Growth inhibition (sensitivity curves) of PC-3, SKOV-3, A549, MCF7 and U87 cells, produced after

treatment with conjugate 4. Glsq represents the 50% growth inhibition; 1C5y the half maximal inhibitory

concentration and TGl the total growth inhibition.
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c(RGDyK), complex 3 and conjugate 4.
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To evaluate the potential of conjugate 4 for PDT, the effect of blue light exposure on survival of rat bladder
cancer cells (AY27) was determined after treatment with complex 3 and conjugate at different
concentrations (Figure 9). This cell line has been previously used in an orthotopic rat bladder cancer model

for PDT studies and is chosen to be further applied to in vivo experiments [57].

Preliminary PDT experiments show a clear dose dependent reduction of cell viability after blue light
exposure. Incubation with conjugate 4 (50 uM) prior to light exposure (5 min) resulted in significant
reduction (50%) of cell survival compared to control cells as measured by MTT assay post 24 h after
treatment. The experimental data clearly showed cell death in the dark (“dark toxicity”) compared to control
cells. A reduction of 31% and 43% in cell viability was observed at 0 min of light exposure after treatment
with 50 uM of complex 3 and conjugate 4, respectively. Importantly, it was found that the cell viability effect
of 4 is about 10% higher compared to compound 3 (5 min). This finding indicates the important contribution

of ¢(RGDyK) peptide to the anticancer action of conjugate 4.

Conclusion

Taken together, the results indicate that the combination of complex [N,C,N-Pt(Il)] 3 with c(RGDyK) leads to
a new delivery system with drug monitoring capabilities and promising anticancer activities for PDT
applications. The synthesis, characterization, photophysics, cellular uptake and toxicity after blue light
exposure of conjugate 4 has been presented, indicating a great potential of such type of conjugates in
targeted photodynamic therapy. Based on these encouraging results, further in vitro and vivo experiments

are in progress and will be reported in due course.
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Figure 9. Survival of cancer cells AY27 post 24 h after treatment with complex 3 or conjugate 4.
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Experimental procedures

General Experimental Details. All reactions were carried out under an atmosphere of Ar unless otherwise
specified. Commercial reagents of high purity were purchased and used without further purification, unless
otherwise noted. Reactions were monitored by TLC and using UV light as a visualizing agent and aqueous
ceric sulfate/phosphomolybdic acid, ethanolic p-anisaldehyde solution, potassium permanganate solution,
and heat as developing agents. The *H and *C NMR spectra were recorded at 500 and 125 MHz (Agilent)
with tetramethylsilane as an internal standard. Chemical shifts are indicated in 6 values (ppm) from internal
reference peaks (TMS *H 0.00; CDCl;*H 7.26, 3C 77.00; DMSO-d6 *H 2.50, *C 39.51). Melting points (mp) are
uncorrected. High-resolution mass spectra (HRMS) were recorded on a Waters Synapt G2 HDMS (Waters,
UK) mass spectrometer with an electrospray source acquired positive and negative ion data over a mass
range 50-2000 m/z units. Microwave reactions were carried out in a Biotage Initiator microwave system 2.0
(400W, operating at 2.45 GHz). HPLC purifications using C18 analytical (Gracesmart RP 18, 4.6 mm x 250
mm) column was performed with Scientific Systems Inc. instrumentation comprising of 4-Q Grad Pumps
connected to diode array (UV-Vis Thermo Finnigan Spectra system UV6000LP Detector, Lab Alliance (New
York, USA). The LC-MS spectra were recorded on a LC-20AD Shimadzu connected to Shimadzu LCMS-2010EV
equipped with C18 analytical column (Reprospher 100 C18-DE, 5um 250 x 4.6mm, Dr Maisch GmbH). UV/Vis
spectra were recorded with a Hitachi 2001 UV/Vis spectrometer (quartz 1cm). Fluorescence spectra were
obtained on a Hitachi F7000 fluorimeter equipped with a Hamamatsu red sensitive R928 photomultiplier
tube (Measurements were performed on air equilibrated samples, quartz 1cm?). For PDT experiments a Lumi
Source lamp (PClI Biotech, Oslo, Norway), blue light (A = 435 nm, 13 mW/cm?) was used.

Synthetic procedures

Methyl 3,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate, 6: Pd(dppf)Cl, (22 mg, 6 mol-%) and
methyl 3,5-dibromobenzoate 5 (150 mg, 0.51 mmol) were placed in a dry screw-cap vessel with a septum.
Then, dry toluene (2.6 mL) was added, and the mixture was degassed with argon (1 min). Dry triethylamine
(0.6 mL) and 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.25 mL, 1.53 mmol) were successively added to the
mixture. The reaction was ultrasonicated (1-2 min) to affect solution. The vial was transferred to the
microwave synthesizer and after pre-stirring 15 s, irradiated for 8 h at 140 °C using a power setting of "High".

After cooling, the reaction vessel was uncapped and the mixture was filtered through Celite. The filtrate was
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concentrated and the residue was purified by flash chromatography (eluent; hexane/ethyl acetate = 10/1) to
obtain 87 mg of 6 (total yield= 45%). 6: "H NMR (500 MHz, CDCls) & 8.55 (s, 2H), 8.43 (s, 1H), 3.91 (s, 3H),
1.35 (s, 24H); °C NMR (126 MHz, CDCl;) & 167.2, 145.4, 138.6, 132.3, 128.9, 84.0, 51.9, 24.9; FT-IR (KBr):
2980, 2952, 2929, 1720, 1595, 1450, 1401, 1372, 1333, 1320, 1248, 1167, 1143, 988 cm™; ESI-MS, positive
mode (M=CyoH30B,0¢): m/z 389 [M+H]".

Methyl 3,5-di(pyridin-2-yl)benzoate, S1: A mixture of 1,3-diboronic acid dipinacol ester derivative 6 (275
mg, 0,708 mmol) and 2-chloropyridine (0.13 mL, 1.417 mmol) were dissolved in 7.5 mL THF. Then, Na,CO;
(601 mg, 5.67 mmol) in H,0 (1.4 mL), PPh; (111 mg, 0.425 mmol) and Pd(OAc), (32 mg, 0.142 mmol) were
added and the mixture was degassed with argon. The mixture was heated at 85 °C overnight. Subsequently,
after cooling to rt the product was extracted with dichloromethane. The organic layers were dried over
Na,S0,, filtered and concentrated under vacuum. The residue was purified by flash chromatography (eluent;
hexane/ethyl acetate = 5/1) to afford 130 mg of compound S1 (yield = 63%). Characterization was in
agreement with literature data [39]. S1: "H NMR (500 MHz, CDCl;) & 8.92 (t, J = 1.8 Hz, 1H), 8.78 — 8.73 (m,
2H), 8.72 (d, J = 1.7 Hz, 2H), 7.91 (d, J = 7.8 Hz, 2H), 7.81 (m, 2H), 7.29 (m, 2H), 3.99 (s, 3H); *C NMR (126
MHz, CDCl;) 6 166.8, 156.1, 149.7, 140.3, 136.9, 131.3, 129.8, 128.4, 122.7, 120.8, 52.3.

[4-(Methoxycarbonyl)-2,6-bis(pyridin-2-yl)phenyl]platinum(ll) chloride, S2: Methyl-3,5-di(2-
pyridyl)benzoate S1 (130 mg, 0.448 mmol) was dissolved in acetonitrile (15 mL) and a solution of K,[PtCl],
(186 mg, 0.448 mmol) in water (5 mL) was added, giving a yellow-orange solution. The reaction mixture was
heated at vigorous reflux for 3 days, and then allowed to cool, giving a yellow precipitate. The precipitate
was separated, washed with water (4 x 5 mL), ethanol (4 x 5 mL), acetonitrile (4 x 5 mL), and diethylether
(2x5 mL), and then dried under reduced pressure. The product was isolated in 90% vyield (208 mg).
Characterization was in agreement with literature data [39]. $2: 'H NMR (500 MHz, DMSO-dg) 6 9.17 (d, J =
5.0 Hz, 2H), 8.35 (m, 4H), 8.30 — 8.19 (m, 2H), 7.71-7.54 (m, 2H), 3.91 (s, 3H); ESI-MS, positive mode (M=
CigH1sN,NaO;Pt): m/z 524.95 [M-Cl+OH+Na]*.

4-Carboxy-2,6-bis(pyridin-2-yl)phenyl]platinum(ll) Chloride, 3: KOH (755 mg, 13.46 mmol) was dissolved in
MeOH (3.5 mL) and then [4-(methoxycarbonyl)-2,6-bis(pyridin-2-yl)phenyl]platinum(ll) chloride (70 mg,
0.135 mmol) was suspended in this solution. The suspension was stirred at 40 °C for 24 h. After that, a 4M
HCI (6.7 mL, 26.92 mmol) solution was added to the mixture. The yellow precipitate was washed with water
(3 x 15 mL) and MeOH (2 x 15 mL) and the solvents evaporated to dryness. A yellow solid was obtained in
83% yield (80 mg). Characterization was in agreement with literature data [40]. 3: 'H NMR (500 MHz, DMSO-
de) 6 12.98 (s, 1H), 9.15 (d, J = 5.5 Hz, 2H), 8.30 (m, 4H), 8.27-8.18 (t, J= 7.5 Hz, 2H), 7.61 (t, J= 7.5 Hz, 2H); ©°C
NMR (126 MHz, DMSO-d,) & 167.7, 166.8, 165.6, 151.2, 140.6, 140.5, 125.9, 125.8, 124.5, 120.9; ESI-MS,
positive mode (M= Cy;H1,N,NaO5Pt): m/z 510.65 [M-CI+OH+Na]".
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4-(2,5-dioxopyrrolidin-1-yl)carbonyl-2,6-bis(pyridin-2-yl)phenyl]platinum(ll) chloride, S3: To a solution of 3
(0.06 mmol, 30 mg) in DMF (0.6 mL), EDCI (0.07 mmol, 12.5 mg) and NHS (0.07 mmol, 7.5 mg) were added.
The reaction mixture was left stirring overnight. A yellow precipitate was formed. The yellow solid was
washed with DMF (3 X 0.5 mL) and dried to give 28 mg of $3 in 77% yield. $3: 'H NMR (500 MHz, DMSO-ds)
§9.02 (d, J = 5.5 Hz, 2H), 8.32-8.18 (m, 6H), 7.58 (t, J = 6.4 Hz, 2H), 2.97 (s, 4H); *C NMR (126 MHz, DMSO-dj)
6 170.5, 170.1, 164.7, 162.3, 151.2, 141.2, 140.5, 125.9, 124.9, 121.4, 118.8, 25.6; FT-IR (KBr): 2958, 2923,
1736, 1608, 1588, 1479, 1425, 1364, 1342, 1242, 1202, 1069, 1036, 1007, 862; ESI-MS, positive mode (M=
C,:H1sN3NaOsPt): m/z 607.75 [M-CI+OH+Na]".

Conjugate 4: To a solution of cRGDyK (3.2 pumol, 2 mg) in dry DMF (0.8 mL), DIPEA was added (3.8 umol, 0.7
uL), following the addition of the activated ester S3 (1.6 umol, 0.96 mg). The reaction was left stirring at
room temperature for 48 h and monitored by LC-MS. The solvent was evaporated in vacuo and the product
was purified by reverse-phase HPLC (linear gradient from 0 to 100% B in 32 min, flow rate: 1 mL/min, R, =18
min). After chromatography 1.72 mg of conjugate 4 were obtained in 98% vyield. The purity of the conjugate
was confirmed by LC-MS and mass spectrometry (linear gradient from 90% H,0 to 10% acetonitrile, HCOOH
0.1%, over 30 min, flow rate: 0.4 mL/min, R, = 13.5 min). ESI-MS with chromatographic separation, positive
mode: m/z calcd mass for CssHs;CIN1304Pt" [M-Cl+2ACN+H]*= 1189.37, was found 1189.56; calcd mass for
CuHsoN;OgPt"  [M-CI]*= 1071.35, was found 1071.15 calc mass for CgHs,Ni;NaO, P> [M-
Cl+H+CH;CN]*/2=556.68, was found 556.75; ESI-MS direct ionization, positive mode: m/z calcd mass for
CuHsiCINg OgPt  [M+H]'=1107.32, was found 1107.95; «calcd mass for CyHsoCIN;;NaOgPt
[M+Na]*=1129.3027, calcd mass for CHs,CIN;,O9Pt" [M+H+CH5CN]'=1148.34 was found 1149.20; HRMS
(ESI) with chromatographic separation m/z calcd for CuHsiNi;OgPt" [M-CI]**/2 =536.1756; was found
536.1739, Cy46Hs4N1,05Pt" [M-Cl+H+CH3CN]**/2 =556.6890; was found 556.6889; 'H NMR (500 MHz, DMSO-dj
with 20 equiv NaCl) 6 9.16 (s, 1H), 9.15 (s, 1H), 8.63 (t, J = 5.3 Hz, 1H), 8.35 (s, 1H), 8.34 (s, 1H), 8.31 — 8.18
(m, 8H), 7.94 (d, = 7.7 Hz, 1H), 7.61 (m, 3H), 6.89 (d, J/ = 8.2 Hz, 1H), 6.59 (d, / = 8.2 Hz, 1H), 6.52 (s, 1H), 4.67
(m, 1H), 4.43 (d, J = 14.0, 7.2 Hz, 1H), 4.22 (m, 1H), 4.10 (m, 2H), 3.09 (m, 2H), 2.87 (m, 1H), 2.83 = 2.70 (m,
1H), 2.64 (m, 2H), 2.41 - 2.32 (m, 2H), 2.08 (d, J =6.0 Hz, 1H), 2.00 (m, 1H), 1.75 (m, 1H), 1.65 (m, 1H), 1.52
(m, 2H), 1.40 (m, 1H), 1.25 - 1.16 (m, 4H) (1 proton is missing due to overlapping to DMSO-dj); *C NMR (126
MHz, DMSO-d¢) 6 172.2, 171.7, 171.2, 170.9, 169.9, 169.5, 165.2, 156.6, 155.7, 150.6, 141.5, 141.3, 140.6,
129.9,127.2,124.9, 124.6, 123.8, 120.9, 114.9, 54.6, 51.9, 48.9, 43.2, 36.7, 34.9, 30.7, 29.1, 29.0, 28.7, 28.5,
26.6, 25.2, 22.8, 22.1 (2 carbons are missing due to overlapping to DMSO-dg).

Spectroscopic characterization and singlet oxygen production of complex 3 and conjugate 4: UV quartz
cuvettes with 1 cm path length were used. DMSO and THF were used as solvents with Teflon caps allowing

flushing with Argon gas to remove oxygen from the solvent. Absorbance spectra were obtained using a U-
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3010 spectrophotometer (Hitachi, Japan), and the software UV Solution. Steady state luminescence spectra

were obtained using a Fluoromax Il spectrometer.

The excited triplet state absorbance was measured using a NT 342B-SH-10-WW laser (Ekspla, Lithuania),
array detector (Applied Photophysics, United Kingdom), and a Xenon flash lamp module (Model L9456-01,
5W, Hamamatsu) with BWSpec software (B&W Tek, USA). Transient absorption was obtained by firing the
excitation OPO laser and flashlamp using DG535 Delay/Pulse generator (Stanford Research Systems) for
control of triggers and detectors. Prior to measurement the sample was flushed with Ar-gas for 10 minutes
in order to remove oxygen that quench the triplet signal. The recorded spectra was background corrected by
subtracting the spectrum of pure solvent. Since the fluorescence was negligible, no need for fluorescence
emission was needed. For details of the set-up and the procedure of analyzing similar triplet state absorption

data, see Glimsdal et al [42].

The singlet oxygen production was demonstrated as the transient singlet oxygen luminescence (1275 nm) of
a solution with the sample in a standard 90° configuration. A tunable OPO laser, NT 342A-SH-10-WW (Ekspla,
Lithuania) was used for excitation. For transient recording a PMT (R5509, Hamamatsu) and wavelength
selective filters (interference filter with maximum transmission at 1272.5 nm and a long pass filter
transmitting above 780 nm) were used, an Infiniium BDSU Oscilloscope (Keysight, United States) was used to
collect data. A DG535 Delay/Pulse generator (Stanford Research Systems) was used to control the time
between the laser excitation and the recording of the luminescence transient. The transients were
background corrected by subtracting with signal of the same sample flushed with Argon for 10 min. A similar
procedure for confirming singlet oxygen production of Ruthenium complexes for PDT was recently presented

in Bogoeva et al [58].

Stability Evaluation: Aqueous stability of the conjugate was determined at pH 7.4 and 5.2. Conjugate 4 (0.32
mg, 0.289 pumol) was diluted in 30 uL DMSO and 16 pL solution of MeOH/H,0 (1/1). Next, 250 uL of buffer
solution (phosphate buffer pH 7.4 or acetate buffer pH 5.2) was added and the solution was incubated at 37

°C. Mass spectra were recorded after 1, 3, 6, 24, and 48 h of incubation at 37 °C.

Reactivity toward aminoacids: Conjugate 4 (0.33 mg, 1.007 umol) was diluted in 30 uL DMSO and 16 puL
mixture of aminoacids L-histidine (1.007 umol)/L-cysteine (1.007 pumol)/glycine (1.007 pumol) in MeOH/H,0
(1/1). Next, 250 uL of double distilled water was added and the solution was incubated at 37 °C. Mass

spectra were recorded after 1, 3, 6, 24, and 48 h of incubation at 37 °C.

Cell lines: Three compounds conjugate 4, compound 3 and c(RGDyK) were tested for anticancer activity
against six well established human cancer cell lines (1 ovarian, 1 breast, 1 prostate cancer, 1 lung and 2

glioblastoma). SKOV-3 ovarian cancer cells, MCF7 breast adenocarcinoma cells, PC-3 prostate
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adenocarcinoma cells, A549 lung adenocarcinoma cells, U251M and U87M, astrocytoma cells were tested
for cytostatic (growth inhibition: ICso, TGI) and cytotoxic/cytocidal (1Csg) activity against the three compounds
at concentrations of 1-100 uM. The cell lines were obtained from the American Type of Culture collection
(ATCC) and were grown in different culture medium according to the instructions. Cultures were maintained
at 37 °Cin 5% CO, and 95% air. Rat bladder transitional carcinoma cells (AY27) were maintained using RPMI-
1640 culture medium (BioWhittaker) supplemented with 5% L-glutamine, 1% penicillin/streptomycin, 0.1%
fungizone and 10% fetal bovine serum (FBS) in a humidified atmosphere of 37 °C in 5% CO, and 95% air as

described in our earlier study [59].

Photodynamic Treatment: A number of 0.5 x 10° cells were seeded per Petri dish (diameter: 6 cm) and
cultured for one day. Subsequent to wash cells with PBS twice, RPMI-1640 culture medium (FBS-free)
containing different concentrations of the 3 or 4, was added to cells and kept in the dark for 3.5 h. The
medium was then replaced with PBS, and the cells were exposed to blue light (435 nm, 13 mW/cm?) at
different intervals (Lumi Source, PCl Biotech AS, Norway), given a total light dose of 7.8 J/cm? on the cell
level during a 10 min illumination period, see Bogoeva et al [58]. The light was detected near the bottom of
the cell dish and before passing the dishes. Subsequent to 18 h incubation, the viability of cultured cells were

determined by the MTT assay [60, 61].

Fluorescence assays: U87 glioma and Hela cervical cancer cells were maintained in DMEM medium
supplemented with 10% fetal bovine serum (FBS) at 37 °C in 5% CO,. For fluorescence assays, cells were
cultured on coverslips overnight (24 well plate-7x10” cells per well) and the day after they were exposed to
10 uM of conjugate 4 and compound 3 for 0 and 2 h. To test the effect of the endocytosis inhibitor, okadaic
acid, cells were preincubated, prior to addition of 4 and 3, with medium containing DMSO (control) or
okadaic acid (100 nM) for 30 min. Cells were then washed twice with PBS to remove floating conjugate and

visualized in a Nikon confocal microscope using the EZ-C1 3.20 software.

MTT Assay: Cells were plated in 96-well plate at a density of 1x10%cells/mL per well and maintained for 72 h
at 37 °C in a 5% CO, incubator and grown as monolayers. After 24 hours, cells were treated with 0.1-100
pmol/L of the compounds for 48 h. The viability of cultured cells was estimated by an (3-(4,5-imethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) metabolic assay as described previously [60,61].

MTT (Sigma, St Louis, Missouri, USA) was dissolved in PBS in a concentration of 5 mg/mlL, filter sterilized, and
stored at 4 °C. MTT (50 pL of stock solution) was added to each culture and incubated for 3 h at 37 °C to
allow metabolization. Formazan crystals were solubilized by DMSO (100 pL). Absorbance of the converted
dye was measured at a wavelength of 540 nm on ELISA reader (Versamax, Orleans, USA). The mean

concentrations of each drug that generated 50% or total (100%) growth inhibition (Gls, and TGI, respectively)
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as well as the drug concentrations that produced cytotoxicity against 50% of the cultured cells [(half maximal

inhibitory concentration (ICs,)] were calculated using the linear regression method [62].

Using seven absorbance measurements [time 24 h (Ct24), control growth 72 h (Ct72), and test growth in the
presence of drug at five concentration levels (Tt72x)], the percentage of growth was calculated at each level
of the drug concentrations. The percentage growth inhibition was calculated according to National Cancer

Institute (NCI) as:

[(Tt72x)-(Ct24) / (Ct72)-(Ct24)] x 100 for concentrations for which Tt72x>Ct24 and
[(Tt72x)-(Ct24)/Ct24] x 100 for concentrations for which Tt72x<Ct24

Glso was calculated from [(Tt72x)-(Ct24)/(Ct72)-(Ct24)] x 100=50,

TGI from [(Tt72x)-(Ct24)/(Ct72)-(Ct24)] x 100=0, and

ICso from [(Tt72x)-(Ct24)/Ct24] x 100= 50

All the experiments were carried out in triplicate.
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