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Introduction

Photodynamic therapy (PDT) is a clinically approved technique that uses a photosensitizer (PS), light and endogenous molecular oxygen to generate toxic reactive oxygen species (ROS) such as singlet oxygen. In PDT, the spatiotemporal overlap of these three components and the limited radius of action of the generated ROS offers a uniquely selective method to target cancer cells. [1] Therefore, the discovery and development of new PSs, with extended lifetimes in the triplet state and high selectivity for cancer cells is highly desirable. [2] The use of transition metal (TM) complexes for the detection and treatment of various diseases witnessed an impressive growth over the last decades, [3] and in PDT, the incorporation of TM enabled the design of a new class of advanced PSs. [4] Compared to purely organic PSs, the superior photophysical and photochemical performances of these complexes enable very efficient photocatalysis with much lower PS concentrations. [4b] Among the increasing number of TM-based PSs, Ru(II) polypyridyl complexes have been the most widely explored for PDT applications and diagnostics. [5] [Ru-(bathophenantroline)2(4,4′-dimethyl-2,2′-bipyridine)] 2+ (complex [Ru-(bphen)2(dmbipy)] 2+ , Figure 1) was reported by our group for PDT as this complex showed to have excited states lifetime within the nanoscale range and high singlet oxygen quantum yield. [6] Furthermore, this Ru(II) complex also demonstrated a high stability in DMSO and human plasma and negligible photobleaching upon light exposure. Additionally, this complex showed an impressive phototoxicity in the low micro-to nanomolar range upon irradiation at high wavelenghts (595 nm) in different cancer cell lines. However, it also displayed high cytotoxicity towards healthy cells even in the absence of light irradiation resulting in undesirable off-target activity. Therefore, to take advantage of the PDT potential of this complex, it is vital to improve its selectivity to cancer cells while decreasing general cytotoxicity in the dark, for instance by incorporation a targeting unit to its structure.

Many efforts have been pursued to enhance tumor selectivity and cellular uptake of PSs either through active and passive targeting strategies. [7] Among them, bombesin peptide (BBN), and human gastrin releasing peptide (GRP), sharing the same C-terminal sequence of seven amino acids and a high affinity for the gastrin releasing peptide receptor (GRPR), have been extensively explored. [8] Both peptides exert similar physiopathological roles, including calcium mobilization, which is important for smooth muscle cells contraction, neurological functions as well as autocrine processes and hormone release in pancreatic, gastric, and endocrine systems. [9] More importantly, GRPR and GRP promote survival mechanisms in cancer cells and have been described to be overexpressed in many human tumors including nerve tissues, breast, small cell lung, gastric, pancreatic, colon, renal, cervical, prostate. [10] In fact, GRPR are one of the most frequently overexpressed classes of G protein-coupled receptors in those malignancies, which offers a great potential for therapeutic interventions. [9b] In general, GRPR agonists are rapidly taken up following their binding to GRPR receptors. This enables the selective and high accumulation of conjugated BBN-like analogs inside tumor cells overexpressing GRPR receptors. [11] According to recent studies, the conserved C-terminal sequence of BBN is of key importance to ensure its high binding affinity towards GRPR and promote the efficient internalization of truncated BBN peptides. [12] Thus, the N-terminal sequence is suitable for functionalization with fluorescent probes or active drugs without compromising the cellular uptake efficiency of BBN conjugates. [13] We also note that other metal complexes were coupled to bombesin derivatives, with more or less success in targeting abilities. [14] Inspired by these seminal findings, herein we purposed the conjugation of an analog of [Ru(bphen)2(dmbipy)] 2+ complex with the Bombesin peptide bearing a N-terminal Cys through the straightforward NHS-activated acrylamide and maleimide bioconjugation strategies. [15] The BBN peptide was explored as a Trojan Horse to enhance the selective delivery and accumulation this promising PDT agent in GRPR overexpressing cancerous cells.

Results and Discussion

As previously reported, functionalized NHS-activated acrylamides can be synthesized by reacting the di-NHS activated fumarate with the desired amine-containing payload in organic solvent at room temperature. To successfully employ this straightforward strategy for the synthesis of a Ru-complex NHS-activated acrylamide, a Ru(II) polypyridyl complex similar to model complex [Ru-(bphen)2(dmbipy)] 2+ bearing a nucleophilic amine was prepared (see Supporting Information). First, commercially available RuCl3(H2O)3 was converted into RuCl2(DMSO)4 [16] for easier complexation with bathophenantroline (bphen) ligands under reflux conditions, to provide Ru(bphen)2Cl2. [17] The non-symmetric (4'-methyl-[2,2'-bipyridin]-4yl)methanamine (dmbipyNH2) ligand was obtained through Delépine amine synthesis from the 4-bromomethyl monosubstituted bipyridine. [18] Afterwards, Ru(bphen)2Cl2 complex and dmbipyNH2 ligand were refluxed to provide the desired amine functionalized [Ru(bphen)2dmbipyNH2](PF6)2 complex (Ru-NH2). Finally, Ru NHS-activated acrylamide was prepared by mono-amidation of di-NHS activated fumarate (Scheme 1A) in acetonitrile at room temperature and fully characterized. Ru NHS-activated acrylamide S1, Supporting Information). The transformation of the native Met thioether into a polar sulfoxide in BBN peptide is expected to substantially reduce its binding affinity and, consequently, the biological activity of BBN constructs, as previously reported by Walsh and co-workers. [19] Therefore, it is highly recommended to prevent extended light exposure of these constructs before any biological evaluation as the incorporated Ru(II) complex is an efficient photosensitizer. Then, the biological activities of both BBN conjugates and the precursor complex Ru-NH2
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were evaluated in HT-29 colorectal, PC-3 prostate human adenocarcinoma cells and mouse colon carcinoma cells CT-26. The phototoxicity of these compounds was assessed under standardized procedures with 4 h incubation prior to irradiation at 595 nm for 2 h (light dose 22.47 J/cm 2 ). Dark controls, in which the cells are treated identically but without light irradiation were also acquired.

The cell viability was evaluated 44 h later using a resazurin fluorimetric assay. The active metabolite of the clinically approved PDT agent 5-aminolaevulinic acid, [20] protoporphyrin IX (Pp IX) was used as a positive control. Worthy of note, the light exposure alone did not affect the viability of the tested cells. As shown in Table 1, upon light irradiation, both Ru-Acryl-BBN and Ru-Mal-BBN conjugates presented similarly high toxicity levels within the low micromolar range as the Ru-NH2 compound. In contrast, dark controls of the conjugates showed no toxicity at up to 100 µM, whereas Ru-NH2 maintained low IC50 levels, contributing to an overall improvement of the photoindex (PI), with the exception of HT-29 cells. Due to the comparable phototoxicity profile of both conjugates, the following experiments were performed with Ru-Acryl-BBN. Note: The C0 controls in dark and light showed that light exposure did not affect the cell viability. PI = IC50 dark / IC50 light. .Data are presented as means ± standard deviation (SD) of three independent replicates.

Next, in order to evaluate the expression profile of GRPR at the surface of the tested cells, an in-cell ELISA assay was performed. In agreement to previous reports, the PC-3 cell line expresses high levels of GRPR, [21] followed by HT-29 and CT26 cells, according to the measurements illustrated in Figure 4. To further elucidate on the internalization process of Ru-Acryl-BBN and Ru-NH2, a time-dependent cellular uptake was performed in PC-3 cell line owing to the observed overexpression of GRPR. The cellular uptake of these compounds was measured by ICP-MS analysis of cells incubated with the complexes for an increasing amount of time. As illustrated in Figure 5A, the two compounds have different uptake profiles over time. The Ru-Acryl-BBN displayed a fast internalization equilibrium that is established after about 1 h of incubation, which is in accordance with the time frame for the expected maximum GRPR-mediated internalization at 37ºC. [22] On the other hand, Ru-NH2 presented an exponential increase of Ru uptake over time, affording an up to 10-fold increased uptake of ruthenium after 4 h compared to the conjugated to BBN peptide. Then, the cellular uptake of these compounds was measured after 4 h of incubation on the three cancer cell lines (Figure 5B). Overall, the Ru-NH2 complex accumulates in higher amounts in all tested cell lines in comparison to Ru-Acryl-BBN. Altogether, these results suggest different internalization mechanisms for the two compounds, probably due to the large size and bulkiness of the bioconjugate Ru-Acryl-BBN that hinder its passive diffusion through the cell membrane. Additionally, it is expected that the appended BBN peptide mediates the internalization through GRPR recognition. Surprisingly, these quantitative studies on PC-3 cells suggest that there is no direct correlation between the internalization efficiency of Ru-Acryl-BBN

and the GRPR expression level. We expected to observe a higher Ru uptake in the prostate In colocalization experiments, no overlap was observed with a mitochondrial dye, while a partial overlap could be observed with a lysosomal dye, suggesting that Ru-NH2 and Ru-Acryl-BBN can accumulate in lysosomes but not in mitochondria. As regards to Ru-Acryl-BBN conjugate, it is expected to undergo GRPR-mediated endocytosis promoting intrinsic accumulation in intracellular vesicles like lysosomes, as previously demonstrated. [22a, 22b] Ru-NH2 lysosomal accumulation might be due to a nano-aggregation behavior as was suggested in a recent study. [23] In fact, dynamic light scattering data measured in 10% FBS in PBS showed a very large polydispersity index Ru-NH2, where as Ru-Acryl-BBN compares well with the control (Figure 7). Following dilution in culture medium, Ru-NH2 and other structurally similar complexes

show an aggregation behavior leading to the formation of positively charged nanoparticles. This phenomenon promotes their internalization through endocytosis, and thus their accumulation in lysosomes. [23] Indeed, lysosome-targeted PSs are known to be particularly effective, [24] therefore the lysosomal accumulation of both complexes leads to a similar PDT efficiency. On the other hand, as previously showed in Figure 5B, the higher uptake of Ru-NH2 in these cells result in higher toxicity for this compound in the dark. 

Conclusions

The straightforward and easy to handle NHS-activated acrylamide conjugation strategy was efficiently applied on the bioconjugation of a Ru(II) polypyridyl complex bearing a nucleophilic amine to a Cys-Bombesin peptide to synthesize the Ru-Acryl-BBN conjugate. This highlights the versatility of this approach for irreversible N-terminal Cys functionalization, which competes with conventional maleimide chemistry. Preliminary photophysical and LC-MS studies revealed a partial precipitation in physiological-like media of both Ru-NH2 and Ru-Acryl-BBN and the oxidation of the C-terminal Met of Ru-Acryl-BBN, which is a key side chain residue for GRPR recognition. Nevertheless, the afforded BBN bioconjugates out-performed the Ru-NH2 complex in therapeutic PDT efficiency, as the insertion of the BBN peptide was shown to be beneficial in decreasing the toxicity of the corresponding conjugate in the dark. Gratifyingly, these conjugates exhibited IC50 values within the same low micromolar range following irradiation in comparison to the Ru-NH2 complex. This results in an overall improvement of the observed PI and further indicates that, even though the cellular uptake is not as efficient as for the Ru-NH2 complex, the phototoxicity is maintained. Confocal imaging studies on CT-26 cancer cell line corroborated the high uptake of both Ru(II) complexes and their accumulation in intracellular vesicles like lysosomes. It is hypothesized that the lysosomal content on Ru(II) complex is the major contributor for the observed PDT effect. This confirms that the subcellular localization of the PS is much more important than its overall intracellular concentration. In summary, the bioconjugation of Ru(II) complexes to peptides is a promising strategy to improve their PDT efficiency. It might also help to selectively accumulate the complexes in cancer cells, although this did not seem to be the case with our BBN-conjugated PS. Importantly, this work also shows that one should be cautious in the choice of the targeting peptide when designing peptide-targeted PSs. This peptide should not contain any oxidizable residues that are essential to its affinity for its target.

Experimental Section

A full description of methods and data that support the results reported herein are provided in the Supporting Information.

Synthesis of [Ru(bphen)2dmbipyNH2](PF6)2

A mixture of Ru(bphen)2Cl2 (300 mg, 0.359 mmol, 1.0 equiv) and dmbipyNH2 ligand (86 mg, 0.43 mmol, 1.2 equiv) dissolved in EtOH (38 mL) was refluxed for 6 h. After cooling to room temperature, a saturated solution of NH4PF6 was added. The suspension was stored at 4 ºC overnight. The solid was filtered and washed with water, EtOH and Et2O. The compound was purified by column chromatography on silica gel with an CH3CN /aq. KNO3 (0.4 M) solution (10:1), Rf = 0.46). The collected fractions were combined, evaporated and dissolved in DCM to remove excess of KNO 3 . The solution was filtered, evaporated and the residue was dissolved in EtOH.

NH 4 PF 6 sat. solution was added and the mixture was stored at 4 ºC overnight. The solid was filtered, washed with water, EtOH and Et2O and eluted from the filter with DCM. The solvent was removed and the residue dried under high vacuum for 72 h to obtain pure product [Ru(bphen)2dmbipyNH2](PF6)2 (106 mg, 0.110 mmol, 31% yield) as a red crystalline solid. 1 H NMR (400 MHz, Acetonitrile-d3) δ 8.55 (s, 1H), 8.43 (s, 1H), 8.30 (d, J = 5.4 Hz, 1H), 8.28 -8.24 (m, 1H), 8.24 -8.15 (m, 4H), 8.10 (dd, J = 9.4, 5.5 Hz, 2H), 7.89 (d, J = 5.8 Hz, 1H), 7.77 (dd, J = 5.5, 1.5 Hz, 2H), 7.71 (d, J = 5.8 Hz, 1H), 7.69 -7.55 (m, 22H), 7.35 (d, J = 5.9 Hz, 1H), 7.26 (dd, J = 5.7, 0.9 Hz, 1H), 4.31 (s, 1H), 2.58 (s, 3H). 13 C NMR (100 MHz, CD3CN) δ 158. 4, 156.6, 152.9, 152.6, 152.4, 152.3, 151.8, 151.3, 149.5, 149.41, 149.38, 148.9, 148.7, 148.6, 142.9, 136.25, 136.19, 130.3, 130.2, 130.05, 129.99, 129.6, 129.5, 129.4, 129.4, 129.3, 127.4, 126.8, 126.7, 126.6, 126.4, 125.6, 124.5, 42.8, 20.8 

Synthesis of [Ru NHS-activated acrylamide](PF6)2

In a 5 mL round bottom flask di-NHS activated fumarate (23.2 mg, 75 µmol, 1.6 equiv) was suspended in CH3CN (4.8 mL). Then, a solution of [Ru(bphen)2dmbipyNH2](PF6)2 (47 mg, 48 µmol, 1.0 equiv) in CH3CN (4.8 mL) with triethylamine (40 µL, 0.29 mmol, 6.0 equiv) was added dropwise to the reaction mixture which was stirred at r.t. shaded from light. The reaction was stirred for 1 h until complete consumption of the amine, as confirmed by silica TLC (CH3CN/aq. KNO3 (0.4 M) solution (10:1), Rf = 0.46 for amine starting material and Rf = 0.63 for amidation product). The solvent was removed under vacuum and the resulting solid was dissolved in a minimum amount of CH3CN and H2O (5 mL) was added to form an orange red precipitate.

The suspension was centrifuged and the precipitate washed with H2O (5 mL) and twice with Et2O

(5 mL). The red solid obtained by centrifugation was dried under high vacuum to afford pure product Ru NHS-activated acrylamide (48 mg, 0.033 mmol, 69% yield) as a red crystalline solid. 9, 164.0, 162.2, 158.4, 157.6, 153.2, 153.13, 153.06, 152.8, 152.3, 151.6, 151.4, 150.04, 150.00, 149.9, 149.6, 149.5, 149.39, 149.36, 142.1, 136.8, 136.7, 130.9, 130.8, 130.7, 130.6, 130.2, 130.1, 130.0, 129.97, 129.95, 129.4, 127.2, 127.0, 126.6, 126.2, 124.6, 123.1, 123.1, 43.0, 26.4, 21.3. ESI + -HRMS calcd for C68H50N8O5Ru [M] 2+ : 580.1468, found 580.1456.

Synthesis of [Ru-Maleimide](PF6)2

[Ru(bphen)2dmbipyNH2](PF6)2 (50 mg, 0.04 mmol, 1.0 equiv) and maleic anhydride (38 mg, 0.39 mmol, 10.0 equiv) were suspended in acetic acid (10 mL) and refluxed for 10 h under N2 atmosphere. The solvent was evaporated and the residue dissolved in 10 mL of H2O. A saturated, aq. NH4PF6 solution was added and the resulting precipitate was collected by vacuum filtration. The solid was washed with H2O (50 mL) and Et2O (50 mL). The product was purified by column chromatography on silica gel with an CH3CN /aq. KNO3 (0.4 M) solution (10:1), Rf = 0.53.

The fractions containing the product were united and the solvent was removed. The residue was dissolved in CH3CN and undissolved KNO3 was removed by filtration. The solvent was evaporated and the product was dissolved in H2O (20 mL). Upon addition of NH4PF6 the product precipitated as a PF6 salt. The solid was obtained by filtration and was washed with H2O (50 mL) and Et2O 158.5, 157.2, 153.0, 153.0, 152.9, 152.2, 151.5, 149.9, 149.9, 149.8, 149.4, 149.3, 149.2, 149.2, 149.1, 136.7, 136.6, 135.7, 130.7, 130.6, 130.5, 130.5, 130.0, 130.0, 129.8, 129.4, 127.1, 127.0, 126.9, 126.5, 126.2, 123.0, 40.6, 21.1; ESI + -HRMS calcd for C64H45N7O2Ru m/z [M] 2+ 522.6334; found: 522.6347.

Cys-Bombesin functionalization with Ru complexes

A fresh solution of Cys-Bombesin (Cys-BBN7-14) in 2 mL of ammonium acetate 20 mM, pH 7.0

(5.22 mg, 5.00 µmol, 2.50 mM) was prepared and diluted in a mixture of ammonium acetate 20 mM, pH 7 and ACN (1:1) (6 mL). Then, a solution of Ru NHS-activated acrylamide or Ru-Mal (6.00 µmol, 1.2 equiv) in ACN (2 mL) was immediatly added to the mixture. The reaction was agitated at r.t. shaded from light. After for 10 min, the crude mixtures were purified by preparative HPLC. Ru-Acryl-BBN was collected at RT 19.4 min and 19.9 min with isolated yields ranging 20-74%, while Ru-Mal-BBN was collected at RT 19.4 min with isolated yields 15-70%.

Each collected fraction was analysed by ESI + -HRMS before and after freeze-drying to check the presence of oxidized species. The samples presenting higher amounts of those undesired species were discarded. Finally all samples were combined, freeze-dried again and the final purity was verified by HPLC and ESI + -HRMS.

Figure 1 .

 1 Figure 1. Structures of [Ru-(bphen)2(dmbipy)] 2+ and Ru-NH2 complexes.

  Scheme 1. A) Synthesis of Ru NHS-activated acrylamide. B and C) Bioconjugation reaction of Cys-BBN7-14 with Ru NHS-activated acrylamide and Ru-Maleimide to afford bioconjugates Ru-Acryl-BBN and Ru-Mal-BBN, respectively.

Figure 2 .

 2 Figure 2. Absorption (left) and fluorescence (right) spectra of Ru-Acryl-BBN (red line) and Ru-NH2 (black line). The spectra were recorded in water at a concentration of 50 µM).

Figure 3 .

 3 Figure 3. Ru-NH2 (50 µM) absorption spectrum changes upon irradiation (510 nm, 4.33 mW/cm 2 ) (A: PBS; B: Acetonitrile).

Figure 4 .

 4 Figure 4. Relative quantification of GRPR expression levels by in-cell indirect ELISA with a rabbit anti-GRPR antibody and a secondary HRP-conjugated anti-rabbit IgG antibody. Data are presented as means ± standard deviation (SD) of eight independent replicates.

  cancer cells in comparison to the other tested cell lines. Nevertheless, this poor correlation might be due to the denoted fast oxidation of the C-terminal methionine to sulfoxide derivative of Ru-Acryl-BBN, which might prevent the receptor recognition and decrease the binding affinity of the conjugate to GRPRs.

Figure 5 .

 5 Figure 5. Cellular uptake measurements of Ru-NH2 (red) and Ru-Acryl-BBN (green) based on ICP-MS analysis of digested cells. A) Time-dependent cellular uptake of ruthenium in PC-3 cells over 16 h of incubation time. B) Ruthenium cellular uptake on PC-3, HT-29 and CT26 cancer cells after 4 h incubation. Results are presented as a mean ± SD of two (A) and three (B) replicates. On the other hand, mouse colon carcinoma CT26 cells showed to be particularly sensitive to Ru-Acryl-BBN, with IC50 values in the nanomolar range after irradiation and no toxicity in the dark. Intrigued by these results, the subcellular localization of Ru-NH2 and Ru-Acryl-BBN in these cells was investigated by confocal laser microscopy leveraging the intrinsic luminescence of the Ru(II) compounds. As shown in Figure 6, both Ru-NH2 and Ru-Acryl-BBN could penetrate into CT26 cells and accumulate in membrane-bound organelles or vesicles, as suggested by the observed punctate pattern. In colocalization experiments, no overlap was observed with a

Figure 6 .Figure 7 .

 67 Figure 6. Confocal imaging in CT26 cell line after 4 h incubation with 5 µM of Ru-NH2 complex or Ru-Acryl-BBN (yellow). Mitotracker or Lysotracker (magenta) and Hoechst 33342 (cyan) were added for co-localization studies with mitochondria or lysosomes and cell nuclei respectively. Arrowheads indicate colocalization between Ru-NH2 or Ru-Acryl-BBN and Lysotracker. All scale bars: 10 µm.

(

  50 mL). The product [Ru-Maleimide](PF6)2 was dried in high vacuum. Yield: 71%. 1 H NMR (400 MHz, CD3CN) δ = 8.65 (s, 1H), 8.57 (s, 1H), 8.32 (1H, d, J = 5.5 Hz), 8.29 (1H, d, J = 5.5 Hz), 8.21-8.15 (m, 6H), 8.11 (1H, d, J = 5.5 Hz), 7.79-7.75 (m, 3H), 7.69-7.56 (m, 22H), 7.23 (2H, dd, J = 5.8, 1.4 Hz), 6.90 (s, 2H), 4.84 (s, 2H), 2.57 (s, 3H); 13 C NMR (100 MHz, CD3CN) δ = 171.6,

  

Table 1

 1 

	IC50 (µM)		Ru-NH2		Ru-Acryl-BBN		Ru-Mal-BBN			Pp IX	
	Cell line	dark	light	PI	dark	light	(PI	dark	light	PI	dark	light	PI
	PC-3	18±2 1.6±0.2 11 >100 4.8±0.3	>21 >100 3.2±0.5 >31 1.4±0.1 0.3±0.1	5
	HT-29	>100	4±2	>25 >100	8±1	>13 >100	8±3	>13	94±5	0.6±0.5 157
	CT26	8±0.6 0.5±0.1 16 >100 0.6±0.04 >167 >100 18±0.2	>6 2.6±0.3 0.3±0.1	9

. IC50 values for Ru-NH2 complex, Ru-Acryl-BBN and Ru-Mal-BBN conjugates and Pp IX obtained in dark controls and upon irradiation at 595 nm for 2 h (light dose 22.47 J/cm 2 ).
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