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ABSTRACT 

The lack of selectivity for cancer cells and the resulting negative impact on healthy tissue is a 

severe drawback of actual cancer chemotherapy. Tethering of cytotoxic drugs to targeting 

vectors such as peptides, which recognize receptors overexpressed on the surface of tumor 

cells, is one possible strategy to overcome such a problem. The pentapeptide cyc(RGDfK) 

targets the integrin receptor αvβ3, important for tumor growth and metastasis formation. In 

this work, two terpyridine based Ru(II) complexes were prepared and for the first time 

conjugated to cyc(RGDfK) via amide bond formation resulting in a monomeric and a dimeric 

bioconjugate. Both Ru(II) complexes bind strongly and selectively to integrin αvβ3, with the 

dimeric molecule displaying a 20-fold higher affinity to the receptor than the monomeric 

one. However, the cytotoxicity of the complexes and related bioconjugates against human 

A549 and SKOV-3 cell lines is still not sufficient for application as anticancer agents. 

Nevertheless, considering the high selectivity for integrin receptor αvβ3, the synthesis of Ru-

based bioconjugates with cyc(RGDfK) paves a promising way towards the design of 

effective targeted anticancer agents. 
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4.1 Introduction 

Platinum anticancer drugs are widely used for chemotherapy of various cancers. However, 
indiscriminate distribution or poor selectivity often results in severe side effects and drug 
resistance.[1] Therefore, enhancing the tumor selectivity has become a major goal for the 
development of platinum-based cytotoxic agents. Similar issues are encountered with the new 
generation of experimental anticancer metal complexes, including, among others, compounds 
based on ruthenium,[2] gold,[3] iron[4] and copper[5]. Thus, the development of so-called 
targeting and drug delivery strategies of metallodrugs has become a priority in the field, 
together with the design of new chemical scaffolds. 

Within this framework, an increasing number of reports on tethering metal complexes to a 
wide range of functional molecules or nanoparticles with or without targeting groups has 
appeared in recent years.[6] Specifically, the functionalization of metallodrugs is aimed at 
improving the tumor selectivity and/or minimizing the systemic toxicity to enhance their 
cellular accumulation and overcome tumor resistance. Moreover, a synergistic anticancer 
effect of different therapeutic modalities would also be welcome. In some cases, the use of 
imaging tags conjugated to the metal compounds allow to visualize the drug molecules in 

vitro or in vivo, thus leading to the design of theranostic agents.[7]  

Among the various strategies explored so far to actively target cytotoxic metallodrugs to 
cancer cells, tumor-targeting peptides (TTPs) that are specific for tumor related surface 
markers, such as membrane receptors, can be used.[8]  

Integrin receptors have been largely explored as drug targets since they are heterodimeric, 
transmembrane receptors that function as mechanosensors, adhesion molecules and signal 
transduction platforms in a multitude of biological processes.[9] Integrins interact with the 
extracellular matrix (ECM) thereby regulating many cellular functions, such as proliferation, 
migration, and survival. Integrins are also involved in the cell-to-cell interactions. Through 
cell–cell and cell–ECM contacts, the integrins transduce the information from the external 
environment into the cell and vice-versa, to promote cell adhesion, spreading and motility.[10] 
One common feature of the integrin family is a heterodimeric structure that consists of α and 
β subunits.[11] These structures form 24 different subtypes in mammals, which can be 
classified according to their binding partners (e.g. laminin, collagen). Different integrins are 
also associated with tumor angiogenesis and metastasis,[12] being upregulated in tumor cells 
compared to low levels in normal endothelial cells. The integrin receptor αvβ3 plays a crucial 
role in these processes[13],[14] and  became an attractive target for pharmaceutical research.[15]  

In 1984, Pierschbacher and Ruoslahti discovered that the amino acid sequence Arg-Gly-Asp-
Ser (RGDS) is essential for binding integrin receptors.[16] In fact, eight of the above 
mentioned integrin subtypes form the RGD-binding class.[17] Since then, a wide screening of 
peptide libraries has been carried out to discover ligands including the RGD sequence, and 
targeting the integrin receptors with even higher selectivity. Interestingly, the cyclic 
pentapeptide cyc[RGDfK] (Figure 1) was found to have increased selectivity for integrin 
αvβ3.[18] 
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Figure 1. Cyclic pentapeptide cyc[RGDfK] (A) and two representative targeted Pt constructs: a Pt(IV) 
conjugate[19] (B) and nanoparticles encapsulating a cisplatin prodrug[20] (C). 

Among the metal-based radiopharmaceuticals tethered to cyclic RGD peptides, the majority 
of the examples reported in the literature have been evaluated as SPECT and PET 
radiotracers for tumor imaging.[7a, 21] Recently, the preclinical evaluation of the potential 
theranostic radiopharmaceutical 66Ga-DOTA-E(cyc[RGDfK])2 compound has been 
reported.[22] 

As an example of targeted anticancer metal complexes, recent reports describe the synthesis 
and biological evaluation of Pt(IV) prodrugs, whose axial positions could be functionalized 
with cyclic RGD tripeptides that bind selectively to the integrin receptor αvβ3.[[19, 23] In a 
more elaborated approach, Lippard et al. synthesized a cisplatin prodrug encapsulated into 
poly(D,L-lactic-co-glycolic acid)-block-polyethylene glycol (PLGA-PEG) nanoparticles 
tethered to cyc[RGDfK]. The prodrug shows a significant increase in cytotoxicity towards 
αvβ3 integrin–expressing cancer cell lines, comparable to cisplatin. In vivo studies also 
revealed equivalent tumor growth inhibition (ca. 60%) by both the prodrug and cisplatin in 
mice bearing ovarian cancer xenografts.[20] 

Concerning anticancer ruthenium complexes coupled to peptides, some examples have been 
already reported in the literature,[8] including luminescent Ru(II) complexes linked through 
the mitochondrial penetrating peptide (MPP),[24] as well as to the nuclear localization 
sequence (NLS),[25] the latter enabling the active transport of drugs into the cell nucleus as 
confirmed by fluorescence microscopy studies. Interestingly, Keyes et al. developed 
ruthenium(II) polypyridyl luminophores anchored to peptide sequences as a new class of 
stimulated emission depletion (STED) microscopy probes for imaging of key cell 
organelles.[26] Ueyama et al. also described a peptide labeling approach using Ru(II) 
terpyridine complexes, to implement the mass spectrometry detection of proteolytic 
peptides.[27] 

 

4.2 Results and discussion 

The experimental procedures can be found in the Supporting Information. The two ligands 
used in this work are 2,2':6',2''-terpyridine (terpy, 1a) and [2,2':6',2''-terpyridine]-4'-
carboxylic acid (terpy*, 1b). For the synthesis of 1b a reported two step procedure has been 
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followed.[32] In the first step, 2-acetylpyridine and furfural were combined in ethanol under 
basic conditions to yield 4'-(furan-2-yl)-terpyridine, which was oxidized in the following step 
with KMnO4 to obtain [2,2':6',2''-terpyridine]-4'-carboxylic acid (terpy*, 1b) (see Scheme 1). 

 

Scheme 1. Synthesis of ligand 1b, [2,2':6',2''-terpyridine]-4'-carboxylic acid. 

The complexes 3a and 3b were prepared by a novel synthetic route based on literature 
procedures[33] (Scheme 2). Heating RuCl3⋅3H2O with 1a or 1b in dry ethanol yields the brown 
complexes 2a and 2b, respectively, after one hour in the dark. Afterwards, the complexes 
reacted with 1b, triethylamine and LiCl for chloride abstraction and reduction of Ru(III) to 
Ru(II). Upon addition of 1 M KPF6 solution, the complexes [Ru(terpy)(terpy*)](PF6)2 (3a) 
and [Ru(terpy*)2](PF6)2 (3b) bearing one or two carboxylic acid groups, respectively, 
precipitate. 

 

Scheme 2. Two step procedure for the synthesis of [Ru(terpy)(terpy*)](PF6)2 (3a) and [Ru(terpy*)2](PF6)2 (3b). 

The conjugation of 3a and 3b to the cyclic peptide cyc[R(Pbf)GD(tBu)fK] was accomplished 
by reaction of the free carboxylic acid groups of the complexes with the primary amine of the 
lysine side chain in the presence of a mixture of the activating agents HATU and HOAt 
(Scheme 3). The success of the bioconjugation reaction was confirmed by Electrospray 
Ionisation Mass Spectrometry (ESI-MS), which allowed to identify the intermediate products 
at m/z = 752.78 for [Ru(terpy)(terpy-cyc(R(Pbf)GD(tBu)fK))]2+ and 1221.58 for [Ru(terpy-
cyc(R(Pbf)GD(tBu)fK))2]2+, respectively. Afterwards, the remaining protection groups of 
Arg and Asp were cleaved using a cleavage cocktail as detailed in the experimental section. 
For purification of the crude product, size exclusion chromatography with Sephadex® G-15 
was used since the compounds decomposed during reverse phase (RP)-HPLC. Finally, the 
products were precipitated by addition of solid KPF6 to give [Ru(terpy)(terpy-
cyc(RGDfK)](PF6)2 (4a) and [Ru(terpy-cyc(RGDfK))2](PF6)2 (4b) as red solids.  
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Scheme 3. Synthesis of the bioconjugate products 4a and 4b (PG = protecting group). 

Characterization of the ligand 1b complexes 3a,b and 4a,b 

 

Figure 2. 1H NMR spectra of 1b and complexes 3a and 3b (in DMSO-d6). 

The ligands and the corresponding complexes were characterized by 1H-, 13C- and 31P-NMR 
spectroscopy and ESI-MS. 

Comparing the 1H NMR spectra of ligand 1b with 3a, several signal shifts are observed due 
to complex formation (Figure 2). The signals of H3’,5’ and H3,3’’ are shifted downfield around 
∆δ = +0.61 or +0.49 ppm. In contrast, the signal of H4,4’’ remains and the signals of H6,6’’ and 
H5,5’’ show a strong upfield shift of ∆δ = −1.25 and −0.28 ppm. Nearly the same values are 
observed for complex 3b containing two ligands 1b. The downfield shift of H3’,5’ and H3,3’’ is 
about ∆δ = +0.62 and +0.47 ppm, whereas the signal of H4,4’’ remains and the signals of H6,6’’ 
and H5,5’’ are shifted upfield about ∆δ = −1.20 and −0.26 ppm. For these observations, two 
effects have to be taken into account: first, the deshielding effect of the carboxylic acid group 
and second, the increase of electron density in the aromatic system through coordination of 
ruthenium. The remaining signals in the spectrum of 3a can be assigned to coordinated ligand 
1a. In the 31P NMR spectra the presence of the PF6

- counter ions in complexes 3a and 3b is 
confirmed by the characteristic septet.  

The complexes 3a and 3b and their conjugation derivatives 4a and 4b were characterized by 
ESI-MS, where the characteristic isotopic patterns are consistent with the assigned structures 
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(Figure S3-S14 in the supplementary material). The ESI-MS spectra of the complexes show 
signals at 757.05 and 306.04 m/z for 3a and 801.04 and 328.04 m/z for 3b, which indicate the 
loss of one or two PF6

- anions, leading to a single or double positive charge cationic species. 
Similarly, for the coupling products 4a and 4b, the loss of PF6

- anions is observed. The 
characteristic isotopic patterns of the signals match perfectly with the calculated ones, which 
can be seen in the supporting information. 

Integrin binding assay 

The impact of the conjugation of Ru(II) complexes to cyc[RGDfK] on the binding affinity to 
the integrin receptors αvβ3 and α5β1 was evaluated. The binding affinities for 4a, 4b and 
benchmark Cilengitide[34] are shown in Table 1. 

 4a exhibits an IC50 value of 49 ± 4.3 nM, 90 fold higher than Cilengitide (0.54 ±0.06 nM). 
However, the selectivity for αvβ3 is reasonably high reflecting the fact that the bioconjugate 
does not bind the α5β1 receptor at all (IC50 > 1000 nM), while Cilengitide has still an affinity 
of 15.4 ± 0.2 nM. Considering bioconjugate 4b, enhanced binding affinities are predicted due 
to its dimeric character. Indeed, the binding affinity for integrin αvβ3 is 2.5 ± 0.3 nM, 
presenting a 20 times higher affinity than that observed for the monomeric product and nearly 
approaching the value of Cilengitide. Since the affinity for the α5β1 receptor shows merely a 
value about 595 ± 67 nM, the high selectivity of 4b for αvβ3 is demonstrated.  
Table 1. Results of integrin binding assays for the bioconjugates 4a and 4b, in comparison to the benchmark 
Cilengitide.[a] 

IC50 [nM] ± SD 

Compound ανβ3 α5β1 

Cilengitide[34] 0.54 ± 0.06 15.4 ± 0.2 

4a 49 ± 4.3 >1000 

4b 2.5 ± 0.3 595 ± 67 
 

[a] The reported IC50 values were determined using a solid-phase binding assay (see the Supporting Information 
for details). 

Antiproliferative activity 

The ruthenium compounds (3a and 3b) and their respective cyc[RGDfK] bioconjugates (4a 
and 4b) were evaluated for their antiproliferative properties on two human cancer cell lines 
with scarce (A549) or moderate (SKOV3) expression of integrins αvβ3.[31] Unfortunately, 
both the ruthenium(II) complexes and their targeted derivatives show similarly very low 
cytotoxic effects against both cell lines, independent of the presence of the RGD domains 
(Table 2). This could be attributed to the intrinsic limited anticancer effects of the selected 
Ru(II) derivatives. Therefore, although their cell uptake should be favored by the presence of 
cyc[RGDfK] domains, in the end no toxic effects are observed. 

 
Table 2. IC50 values of Ru complexes and their RGD bioconjugates against human A549 and SKOV-3 cell lines. 

IC50 [µM][a] 

Compound A549 SKOV-3 
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3a 70.3 ± 9.8 74.5 ± 13.7 

4a 87.7 ± 5.4 85.2 ± 18.7 

3b >100 >100 

4b >100 >100 

[a] The reported values are the mean ± SD of at least three determinations. 
 

4.3 Conclusion 

In summary, two novel ruthenium(II) polypyridyl complexes coupled to the cyclic 
pentapeptide cyc[RGDfK] with monomeric or dimeric character have been prepared in order 
to deliver anticancer metallodrugs directly to tumors cells overexpressing the αvβ3 integrin 
receptor.  

The preparation of the terpy-based ruthenium complexes 3a and 3b bearing one or two 
carboxylic acid groups, respectively, was carried out using a novel synthetic strategy. The 
compounds were coupled to a protected derivative of the cyclic pentapeptide via amide bond 
formation between the carboxylic acid of the complex and the amine group of the lysine side 
chain. Purification of the resulting monomeric (4a) or dimeric (4b) bioconjugates and was 
achieved by Size Exclusion Chromatography followed by precipitation as PF6-salt. 
Considering the binding affinities of the bioconjugates towards the integrin receptors, a high 
selectivity for the αvβ3 integrin receptor and a negligible impact on the α5β1 receptor was 
observed. Still, the cytotoxicity of all the reported bioconjugates was low, most likely due to 
still scarce uptake in cancer cells. Hence, while the reported strategy holds promise to achieve 
targeted metallodrugs, future studies have to focus on the tethering to the RGD peptide of 
ruthenium complexes with an intrinsically higher cytotoxic potency, such as similar types of 
ruthenium complexes with terpyridine-type ligands [35]. 
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4.5 Supporting Information 

The SI provided contains the most relevant information, while the complete document can be 
found in the online version of the Supporting Information which is available on Wiley 
Publications website at DOI: 10.1002/ejic.201601094  
(https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fejic.20160109
4&file=ejic201601094-sup-0001-SupMat.pdf). 

Experimental 

General. All chemicals were purchased from commercial sources and used without further 
purification. HPLC grade DMF was used and all other solvents were freshly distilled. The 
synthesis of [Ru(terpy)Cl3] and [Ru(terpy*)Cl3][1] (terpy = 2,2′:6′,2′′-terpyridine and terpy* = 
[2,2':6',2''-terpyridine]-4'-carboxylic acid) were carried out using Schlenk techniques and 
under inter atmosphere with argon 6.0 as protective gas. The ligand terpy was purchased from 
Strem Chemicals, terpy* was prepared according to a literature procedure.[2] NMR spectra 
were recorded on a Bruker Ultrashield spectrometer, 1H at 400 MHz, 13C at 101 MHz and 31P 
at 162 MHz. The chemical shifts δ are reported in ppm and refer to the signal of the 
deuterated solvent used. Electrospray ionization mass spectrometry (ESI-MS) was carried out 
on LCQ classic or on a LTQ FT Ultra, both from Thermo Finnigan. Elemental analysis was 
carried out in the microanalytical laboratories of the Technical University in Munich.  

Reverse phase (RP) HPLC analysis were performed with a Perkin Elmer LC pump. UV 
detectors of Shimadzu SPD-10AV or Perkin Elmer LC 290 were used. HPLC grade solvents 
were applied. The bidistilled water was filtered over Millipore 0.22 µm filters prior to use. 
Analytical measurements were carried out on a Discovery® BIO Wide Pore C18 (Sigma 
Aldrich, 150 mm x 4.6 mm, 5 µm) with a flow rate of 1 mL/min. Purifications were carried 
out on a semi-preparative column of Thermo Scientific™ (Hypersil™ C18, ODS, 250 x 8 
mm, 10 μm) and a precolumn (Hypersil™ C18, ODS, 4.6 mm × 25 mm, 10 μm) with a flow 
of 5.0 mL/min. Linear gradients of solvent A (0.1% TFA in H2O) and solvent B (0.1% TFA 
in CH3CN) were applied. (Tabble S1, details can be found in the online version of the 
Supporting Information)  

4.5.1 Synthesis  

4'-(Furan-2-yl)-2,2':6',2''-terpyridine:  

To 4.50 mL 2-acetylpyridine (4.84 g, 40.0 mmol, 2.00 equiv.) in 100 mL ethanol, 1.70 mL 
furfural (1.92 g, 20.0 mmol, 1.00 equiv.) and 3.08 g (55.0 mmol, 2.75 equiv.) KOH are added 
and stirred for 20 minutes at room temperature. Then, 58.0 mL ammonia solution (w = 25%) 
are transferred to the mixture and stirred for further 20 h. The resulting white solid is filtered, 
washed five times with cold ethanol solution (50 Vol.-%) and dried under reduced pressure to 
give 2.55 g, 43% product. 1H NMR (400 MHz; CDCl3): δ = 8.74 (d, 2H, H6,6’’), 8.72 (s, 2H, 
H3’,5’), 8.65 (dt, 2H, H3,3’’), 7.88 (td, 2H, H4,4’’), 7.59 (d, 1H, H4’’’), 7.36 (ddd, 2H, H5,5’’), 7.12 
(d, 1H, H5’’’), 6.57 (dd, 1H, H3’’’). 
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[2,2':6',2''-Terpyridine]-4'-carboxylic acid (terpy*, 1b):  

2.10 g (7.02 mmol, 1.00 equiv.) 4'-(furan-2-yl)-2,2':6',2''-terpyridine are diluted in 110 mL 
H2O and the pH is set to 10 by addition of solid KOH. KMnO4 (4.43 g, 28.0 mmol, 4.00 
equiv.) is added and the mixture refluxed for three hours. After cooling to room temperature, 
manganese dioxide is removed via filtration over celite. The filtrate is set to pH 5 by addition 
of concentrated HCl and the emerging white precipitate isolated by filtration. The white 
powder is washed two times with 20 mL water and dried under reduced pressure to yield 1.58 
g, 81% product. 1H NMR (400 MHz; DMSO-d6): δ = 13.86 (s, 1H, COOH), 8.85 (s, 2H, 
H3’,5’), 8.75 (d, 2H, H6,6’’), 8.64 (d, 2H, H3,3’’), 8.03 (td, 2H, H4,4’’), 7.53 (dd, 2H, H5,5’’). 13C 
NMR (101 MHz; DMSO-d6): δ = 166.10, 156.05, 154.25, 149.54, 140.65, 137.63, 124.87, 
120.91, 119.64. 

[Ru(terpy)Cl3] (2a):  

327 mg RuCl3⋅3H2O (1.25 mmol) and 292 mg 2,2':6',2''-terpyridine (1.25 mmol, 1.00 equiv.) 
are dissolved in 60 mL dry ethanol and refluxed at 90°C under argon atmosphere for one 
hour. After cooling, the precipitate is filtrated and washed two times with 20 mL H2O, 
ethanol and diethyl ether, respectively. The dark brown solid is dried under vacuum to yield 
431 mg, 78% product. Elemental analysis: Found: C, 40.02; H, 2.58; N, 9.77. Calc. for 
C15H11Cl3N3Ru: C, 40.88; H, 2.52; N, 9.54%. 

[Ru(terpy*)Cl3] (2b): 

To 327 mg RuCl3⋅3H2O (1.25 mmol) and 347 mg [2,2':6',2''-terpyridine]-4'-carboxylic acid 
(1.25 mmol, 1.00 equiv.) 60 mL dry ethanol are added and the solution is heated to reflux at 
90°C under argon atmosphere for one hour. The precipitate is filtered and washed two times 
with 20 mL water, ethanol and diethyl ether respectively. The dark brown solid is dried under 
vacuum to yield 375 mg, 62% product. Elemental analysis: Found: C, 39.50; H, 2.22; N, 
8.73; Cl, 20.8. Calc. for C16H11Cl3N3O2Ru: C, 39.65; H, 2.29; N, 8.67; Cl, 21.94%.  

[Ru(terpy)(terpy*)](PF6)2 (3a):  

The synthesis of this complex has been carried out adapting literature procedure.[1] 
[Ru(terpy)Cl3] (304 mg, 0.70 mmol), 194 mg [2,2':6',2''-terpyridine]-4'-carboxylic acid (0.70 
mmol, 1.00 equiv.) and LiCl (161 mg, 3.80 mmol, 5.00 equiv.) are dissolved in 40 mL of a 
mixture of ethanol and water (7:3). Then, 0.6 mL triethylamine (4.30 mmol, 6.20 equiv.) are 
transferred to the solution and the mixture refluxed at 100°C for 4 h. After cooling down to 
room temperature, the crude product is obtained by filtration. The dark violet solid is 
dissolved in a mixture of acetonitrile and water and precipitated by addition of an aqueous 1 
M KPF6 solution. The product is filtered and dried under vacuum to yield in 480 mg, 76%. 1H 
NMR (400 MHz; DMSO-d6): δ = 9.44 (s, 2H, Hterpy*

3’,5’), 9.15 - 9.07 (m, 4H, Hterpy
3’,5’, 

Hterpy*
3,3’’), 8.84 (d, 2H, Hterpy

3,3’’), 8.56 (dt, 1H, Hterpy
4), 8.10 - 7.97 (m, 4H, Hterpy*

4,4’’, 
Hterpy

4,4’’), 7.56 - 7.41 (m, 4H, Hterpy*
6,6’’, Hterpy

6,6’’) 7.34 - 7.14 (m, 4H, Hterpy*
5,5’’, Hterpy

5,5’’). 
13C NMR (101 MHz; DMSO-d6): δ = 165.79, 157.48, 157.39, 155.41, 154.32, 152.39, 151.89, 
138.26, 138.19, 137.61, 127.97, 127.66, 125.06, 124.58, 124.07, 123.24, 120.88, 119.59.31P 
NMR (162 MHz; DMSO-d6): δ = −144.21 (sept). ESI-MS: m/z 757.05 [M-PF6]+, 306.04 [M-
2PF6]2+. 
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[Ru(terpy*)2](PF6)2 (3b):  

The synthesis of this complex has been carried out adapting literature procedure.[1] 378 mg 
[Ru(terpy*)Cl3] (0.78 mmol), 216 mg [2,2':6',2''-terpyridine]-4'-carboxylic acid (0.78 mmol, 
1.00 equiv.) and LiCl (182 mg, 4.29 mmol, 5.50 equiv.) are diluted in 40 mL of a mixture of 
water: ethanol = 1:3. After addition of 0.65 mL triethylamine (4.68 mmol, 6.00 equiv.) the 
solution is refluxed for 4 h at 100°C. Then, the mixture is reduced to a volume of 10 mL, 
acidified with 0.2 mL concentrated HCl and mixed with 3.20 mL of 1 M KPF6 solution (3.20 
mmol, 4.00 equiv.) The resulting solid is filtered over celite, washed with slight HCl-acidic 
water and recovered by diluting in acetone. After removal of the solvent the red brownish 
product yielded 306 mg, 42%. 1H NMR (400 MHz; DMSO-d6): δ = 14.49 (s, 2H, COOH), 
9.45 (s, 2H, H3’,5’), 9.09 (d, 2H, H3,3’’), 8.02 (t, 2H, H4,4’’), 7.53 (d, 2H, H6,6’’), 7.26 (t, 2H, 
H5,5’’). 13C NMR (101 MHz; DMSO-d6): δ = 165.63, 157.24, 155.16, 152.34, 138.44, 128.00, 
125.25, 123.40.31P NMR (162 MHz; DMSO-d6): δ = −144.22 (sept). ESI-MS: m/z 801.04 
[M-PF6]+, 328.04 [M-2PF6]2+. 

Peptide synthesis:  

9-Fluorenylmethoxycarbonyl (Fmoc) amino acids, 2-chlorotrityl resin, benzotriazole-1-yl-
oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBop), 1-hydroxybenzotriazole 
(HOBt) were purchased from Novabiochem (Merck, Lisbon, Portugal). N,N-
Diisopropylethylamine (DIPEA) was purchased from Sigma-Aldrich (Portugal) and used 
without further purification.  

Arginine and lysine are protected by the 2,2,4,6,7-pentamethyldihydro-benzofuran-5-sulfonyl 
(Pbf) and 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyl (ivDde) groups, 
respectively, whereas aspartic acid is protected as a tert-butyl ester. Glycine was chosen as 
the C-terminal amino acid. The fully protected linear pentapeptide R(Pbf)GD(tBu)fK(ivDde) 
(H2N-Asp(tBu)-D-Phe-Lys(ivDde)-Arg(Pbf)-Gly) is prepared manually by the usual 
continuous flow technology and the Fmoc-based Solid Phase Peptide Synthesis using 
glycine-preloaded 2-chlorotrityl resin, PyBop/HOBt (1:1) as coupling mixture and DIPEA as 
base, following standard procedures.[3] Fmoc cleavage is carried out with a 20% piperidine 
solution in DMF. The Kaiser test is monitored for each amino acid assembly to verify the 
completeness of coupling. Cleavage of protected linear peptide from the resin is performed 
without affecting the side chain protecting groups upon treatment of the resin (10 times) with 
a 1 % trifluoracetic acid (TFA) solution in dichloromethane (DCM). The fractions are 
collected in a 10 % pyridine solution in methanol and analyzed by RP-HPLC. The product 
fractions are combined and the solvents evaporated. The resulting solid is dissolved in DCM 
and precipitated by addition of cold diethyl ether. HPLC analysis shows pure product at Rt = 
20.6 min.  

Cyclization is performed via in situ activation with 2.5 equiv. of PyBop and HOBt 
respectively, and 10 equiv. of DIPEA under high-dilution conditions (5 mM) in DCM/DMF 
(11:1) for 16 h. The formation of the cyclic product is monitored by RP-HPLC (Rt = 21.0 min, 
analytical column). Purification is carried out with semi-preparative HPLC (Rt = 25.7 min, 
Method A). The ivDde protection group is selectively cleaved with a 2% N2H4×H2O solution 
in DMF. After 1.5 h under stirring at room temperature, the solvents are evaporated and the 
white solid is washed twice with DMF and three times with cold diethyl ether to yield 33% of 
cyc[R(Pbf)GD(tBu)fK]. The compound is lyophilized and characterized by ESI–MS: m/z 
912.21 [M]+, 456.68 [M]2+. 
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General procedure for the preparation of [Ru(terpy)(terpy-cyc(RGDfK))](PF6)2 (4a) 

and [Ru(terpy-cyc(RGDfK))2](PF6)2 (4b):  

To a solution of the ruthenium precursors [Ru(terpy)(terpy*)](PF6)2 (11.8 mg, 13.1 µmol) or 
[Ru(terpy*)2](PF6)2 (6.2 mg, 6.6 µmol) and the protected peptide cyc[R(Pbf)GD(tBu)fK] (1.0 
equiv. or 2.0 equiv., respectively) in DMF (0.7 mL) are added 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 
hexafluorophosphate, (HATU 1.5 equiv. or 3.0 equiv., respectively), 1-hydroxy-7-
azabenzotriazole (HOAt, 1.5 equiv. or 3.0 equiv., respectively) and DIPEA (3.0 equiv. or 6.0 
equiv. respectively). After 24 h, the solvent is evaporated and the residue obtained is dried 
under vacuum and dissolved in a deprotection mixture (80% TFA, 5% triisopropylsilane, 5% 
H2O, 10% DCM). After 1 h at room temperature the solvents are evaporated, the residue is 
dried under vacuum and washed twice with DMF. For purification the red solids are 
dissolved in PBS buffer (pH = 7.4) and purified with Sephadex G-15.  

[Ru(terpy)(terpy-cyc(RGDfK))](PF6)2 (4a):  

The pure product is obtained via addition of solid KPF6, filtered and dried to result in 7.0 mg, 
42 % product. ESI-MS: m/z 671.68 [M-PF6+H+]2+, 399.46 [M-2PF6+H]3+. 

[Ru(terpy-cyc(RGDfK))2](PF6)2 (4b):  

The pure product is obtained via addition of solid KPF6, filtered and dried to result in 4.5 mg, 
33% product. ESI-MS: m/z 913.34 [M-2PF6]2+, 609.23 [M-2PF6+H]3+, 457.17 [M-
2PF6+2H]4+.  

Integrin Binding Assay:  

For the integrin binding assays, the following buffer solutions are used: carbonate buffer (15 
mM Na2CO3, 35 mM NaHCO3, pH 9.6), PBS-T buffer (phosphate-buffered saline/Tween20: 
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 0.01% Tween20, pH 7.4) and TS-B buffer 
(Tris-saline/BSA buffer, 20 mM Tris-HCl, 150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 1 mM 
MgCl2, 1 mM MnCl2, pH 7.5, 1% BSA). The selectivity of integrin ligand binding is 
determined by a solid-phase binding assay which is carried out according to the procedure 
published by Kessler et al.[4] As internal standard Cilengitide (cyc[RGDf(NMe)V]) is used. 
Flat-bottom 96-well ELISA plates are coated with 100 µL ECM protein (1.0 µg/mL human 
vitronectin for αvβ3 or 0.5 µg/mL human fibronectin for α5β1) in carbonate buffer per well 
overnight at 4 °C. The wells are washed two times with 200 µL PBS-T buffer and blocked 
with 150 µL TS-B buffer for 1 h at room temperature. Again, the wells are washed three 
times with each 200 µL PBS-T. A dilution series of compounds 4a, 4b and Cilengitide as 
internal standard in the range of 20 µM to 6.4 nM in 1:5 dilution steps are prepared and 50 uL 
of each dilution transferred to the wells B – G. In well A 100 uL of TSB solution as blank 
and in well H 50 uL of TS-B buffer are added. Then 50 uL of a 2.0 µg/mL solution of human 
αvβ3 integrin (for αvβ3) or of human α5β1 integrin (for α5β1) in TS-B buffer are transferred to 
wells B to H and incubated at room temperature. After 1 h, the plate is washed three times 
with PBS-T and 100 µL of a primary antibody (2.0 µg/mL mouse anti-human CD51/61 for 
αvβ3 or 1.0 µg/mL mouse anti-human CD49e for α5β1) are added. After incubation of 1 h at 
room temperature, the plate is washed three times with PBS-T buffer. 100 µL of the 
secondary peroxidase-labelled antibody (1.0 µg/mL anti-mouse leggy-POD for αvβ3 or 2.0 
µg/mL anti-mouse lgG-POD for α5β1) is added to each well. After 1 h at room temperature, 
the plate is washed three times with PBS-T buffer and developed by addition of 50 µL 
SeramunBlau in each well. The plates remain for 5 minutes in the dark, and afterwards the 
reaction is stopped by addition of 50 µL 3 M H2SO4 to each well. The absorbance is 
measured at 450 nm with a plate reader and the resulting inhibition curves analyzed using 
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OriginPro 7.5G software. The inflection point describes the IC50 value. All determined IC50 
are referenced to the activity of the internal standard Cilengitide.  

Cell lines:  

The human lung cancer (A549), and human ovarian cancer (SKOV-3) cell lines, obtained 
from the European Centre of Cell Cultures ECACC, Salisbury, UK, were cultured in DMEM 
containing GlutaMax-I supplemented with 10% FBS and 1% penicillin/streptomycin (all 
from Invitrogen), at 37°C in a humidified atmosphere of 95% of air and 5% CO2 (Heraeus, 
Germany). 

Antiproliferative assays:  

Cells in an exponential growth rate were seeded (8000 cells per well) in 96-well plates 
(Costar 3595) grown for 24 h in complete medium. Solutions of ruthenium compounds were 
prepared by diluting a stock solution (10-2 M in DMSO) of the corresponding compound in 
culture media (DMSO in the culture medium never exceeded 0.2%). Subsequently, 
intermediate dilutions of the compounds were added to the wells to obtain a final 
concentration from 1 to 100 μM. Following 72 h of exposure, 3 (4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) was added to the cells at a final concentration of 
0.50 mg/ml in PBS (Phosphate buffered saline solution) and incubated for 2.5 h. The solution 
was removed and the violet formazan crystals were dissolved in DMSO. The optical density 
of each sample was quantified in quadruplicate at 550 nm, using a multi-well plate reader 
(ThermoMax microplate reader, Molecular devices, US) and the percentage of surviving cells 
was calculated from the ratio of absorbance between treated and untreated cells. The IC50 
value was calculated as the concentration inhibiting the cells growth by 50% and is presented 
as a mean (± SD) of at least two independent experiments. 

4.5.2 NMR and ESI-MS Spectra 

Compound 1b 

 
Figure S1. 1H NMR of compound 1b (DMSO-d6). 
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Figure S2. 13C NMR of compound 1b (DMSO-d6). 

Compound 3b 

 
Figure S3. 1H NMR of compound 3b (DMSO-d6). 
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Figure S4. 13C NMR of compound 3b (DMSO-d6). 

 

Figure S5. ESI-MS of compound 3b. 
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Figure S6. Isotopic patterns in ESI-MS of compound 3b – calculated vs. measured. 

Compound 4b 

 

Figure S7. ESI-MS of compound 4b. 
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Figure S8. Isotopic patterns in ESI-MS of compound 4b – calculated vs. measured. 
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