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Abstract 

Two novel anthracene-based half-sandwich organometallic Ru(II) compounds, namely, [Ru(p-

cymene)(L1)Cl2] (1) and [Ru(p-cymene)(L2)Cl2] (2) (L1=1-(anthracen-9-yl)-N-(pyridin-3-

ylmethyl)methanamine; L2=1-(anthracen-9-yl)-N-(pyridin-4-ylmethyl)methanamine) have been 

synthesized and characterized. We demonstrate that the fluorescence properties of these 

complexes are highly affected by the linking position of the anthracene unit, as only 2 shows 

fluorescence emission in the blue region. Regarding their biological activity, both ruthenium 

metallodrugs show interaction with different biological targets such as S-donor aminoacids 

(cysteine) and proteases (cysteine cathepsin B). Moreover, 1 and 2 show in vitro cytotoxicity 

against HL-60 cancer cell line (IC50 = 84.5 and 87.0 µM for 1 and 2, respectively), with cell death 

occurring via apoptosis. Further studies have shown that diffusion into cells is the main 

mechanism of metallodrug uptake. Finally, as a proof of concept, these ruthenium complexes 

have been succesfully encapsulated into MCM-41 and SBA-15 mesoporous silicas using two 

different incorporation strategies (impregnation and grinding).  

 

Keywords. Ruthenium metallodrug, fluorescence, MCM-41, SBA-15, cathepsin inhibition, drug 

encapsulation. 
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1. Introduction 

 

During the last fifty years, platinum drugs have dominated the field of anticancer 

therapies. Indeed, cisplatin, carboplatin and oxaliplatin are at present the only metal-

based anticancer agents in worldwide clinical use [1]. Whilst the chemotherapeutic 

success of platinum is manifest, it possesses some remarkable drawbacks, such as: 

severe dose-limiting side effects, non-anti-metastasic activity, and intrinsic or acquired 

resistance. Thus, a search for more effective and less toxic metal-based antitumor 

agents is needed. In this context, many efforts are being directed towards the design of 

non-conventional antitumor agents based on other transition metals, such as ruthenium. 

In particular, ruthenium complexes offer some advantages compared to conventional 

platinum drugs. Firstly, ruthenium has a wide range of oxidation states (Ru II, RuIII and 

RuIV), which are accessible under physiological conditions [2], and their complexes are 

less toxic than the platinum analogues due to the ability of ruthenium to mimic iron in 

binding to certain biological molecules [3]. On the other hand, ruthenium specifically 

accumulates in cancer cells [4], and is active against metastasis [5,6]. Finally, these non-

conventional metallodrugs show different mechanisms of action towards multiple targets 

(DNA,[7,8] proteins [9–12], etc.), which may potentially increase the effectiveness of the 

anticancer treatment.  

 

Another key aspect, that should be noted when designing new metallodrugs, is the 

possibility of functionalizing these molecules with fluorophores (i.e. anthracene, 

porphyrins, anthraquinone, phenantroline, etc.) [13–16], in order to confer them trackable 

properties. In particular, in recent years, Ru-fluorescent compounds are finding 

numerous applications ranging from imaging to therapeutics, or even both [17]. Very 

recently, two dinuclear Ru(II) polypyridyl complexes containing three and ten methylene 

chains have shown cytotoxic activity against HeLa cell line. Their trackable properties 

have demonstrated that these fluorescent complexes are mainly localized within 

lysosomes [18]. Another interesting example is a 2-nitroimidazole-ruthenium polypyridyl 

complex, whose luminescence properties strongly depend on the oxygen concentration. 

This interesting feature has allowed the detection of hypoxic tissues inside the body [19]. 

Thus, the development of new Ru-fluorescent compounds would allow the integration of 

both anticancer therapy and tumour imaging into a single drug for theranostic 

applications.  

 

On the other hand, in recent decades, many research groups are also focused on the 

development of biocompatible vehicles that can carry a large payload of drugs and 

achieve a controlled administration of these bioactive molecules directly into the cells in 

need of treatment. These encapsulation strategies could also improve the solubility and 

stability of the designed metallodrugs in biological fluids, avoiding their early degradation 
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before reaching the cellular target. In this sense, inorganic porous materials, such as 

mesoporous silicas, are promising candidates because their high surface area to volume 

ratio, ordered networks, functionalizable pore walls, relative stability, biocompatibility and 

possibility of preparing them as nanoparticles [20–22]. For example, pH-responsive 

mesoporous silica nanoparticles (MSNs) loaded with the anticancer drug doxorubicin 

have been prepared. In fact, in order to achieve a controlled release of this 

pharmatheutical, acid-decomposable ZnO quantum dots were used to cap the 

doxorubicin@MSNs [23]. Regarding ruthenium complexes cargo, a recent research 

describes the development of MSNs with light-triggered delivery of a biologically active 

ruthenium(II) complex [24,25], while Chen et al. have described the synthesis of cancer-

targeted monodispersed MSNs as carriers of a Ru-polypyridyl complex. In this work, the 

strong autofluorescence of the Ru complex has allowed the direct monitoring of drug 

delivery, and to extend the power of theranostics to subcellular level [26]. In summary, 

the synergistic combination of drug carriers and bioactive non-conventional metallodrugs 

with trackable features is expected to improve the effectiveness of anticancer treatments 

and decrease, at the same time, their undesirable side effects [27,28]. 

 

Taking into account all the above information, here, we have prepared two novel ruthenium 

metalloarenes based on anthracene units namely, [Ru(p-cymene)(L1)Cl2] (1) and [Ru(p-

cymene)(L2)Cl2] (2) (L1 = 1-(anthracen-9-yl)-N-(pyridin-3-ylmethyl)methanamine; L2 = 1-

(anthracen-9-yl)-N-(pyridin-4-ylmethyl)methanamine). Our studies have revealed that the 

position of the anthracene moiety clearly affects the fluorescent properties of the resulting Ru(II) 

complexes, as only 2 shows emission at 442 nm. The interaction of 1 and 2 with different 

biological targets (DNA, S-donor aminoacid cysteine, cysteine cathepsin B and cathepsin D) 

has also been evaluated. In addition, we have studied the biological properties of the isolated 

compounds demonstrating in vitro cytotoxicity against HL-60 cancer cell line occurring via 

apoptosis. Finally, we have successfully encapsulated these ruthenium metallodrugs into two 

well-known biocompatible and stable mesoporous silicas (MCM-41 and SBA-15) using two 

different incorporation strategies (impregnation and grinding). 

 

2. Experimental Section 

 

2.1. Methods 

 

N2 adsorption isotherms were measured at 77 K on a Micromeritics Tristar 3000 volumetric 

instrument. Prior to measurement, samples were activated by heating and outgassing at 10-4 

bar. Elemental (C, H, N) analyses were obtained at a Flash EA1112 CHNS-O (Centre of 

Scientific Instrumentation of the University of Jaén). The infrared spectra were recorded using a 

Perkin Elmer Spectrum GX IR spectrometer. Thermogravimetric analysis were performed using 
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a Mettler Toledo TGA/DSC STAR system under oxygen flow (20 mL min-1) running from RT to 

1173 K with a heating rate of 2 K min-1. 1H-1H COSY NMR experiments for the characterization 

of L1 and L2 (DMSO-d6), and 1 and 2 (CDCl3) were recorded on a VARIAN DIRECT DRIVE (500 

MHz) instrument. 1H-1H NOESY NMR experiments for the characterization of L1 and L2 (DMSO-

d6) were recorded on a VARIAN DIRECT DRIVE (400 MHz) instrument. 1H NMR experiments 

for the characterization of 1, 2 and [Ru(p-cymene)Cl2]2 and the interaction of 2 with cysteine, 

were performed in 0.75 mL of CDCl3 solution with 5 mg of 2 and two equivalents of cysteine at 

293 K. The 1H NMR experiments were recorded on a VARIAN INOVA UNITY (300 MHz). All the 

NMR measurements were performed in the Centre of Scientific Instrumentation of the University 

of Granada. The diffuse reflectance spectra were obtained in a VARIAN, model CARY-5E, while 

the emission spectrum of 2 and DNA binding assays were recorded in a Cary Eclipse 

Fluorescence Spectrophotometer (parameters for fluorescence spectra of 2: λem: 440 nm, λex = 

362 nm, slitsem = 10.0 nm, slitsex = 10.0 nm; parameters for DNA binding assays: λem = 600 nm, 

λex = 540 nm, slitsem = 15.0 nm, slitsex = 10.0 nm). High Resolution Transmission Electron 

Microscopy (HR-TEM) and Energy-dispersive X-ray Spectroscopy (EDX) were performed using 

a STEM PHILIPS CM20 HR microscope equipped with an EDX spectrometer operating at an 

accelerating voltage of 200 KeV. Samples were prepared by dispersing a small amount of the 

material (3 mg) in absolute ethanol (1 mL) followed by sonication for 10 minutes and deposition 

on copper grid (Centre of Scientific Instrumentation of the University of Granada). Flow 

cytometry studies were performed in a BECTON DICKINSON FACS Vantage equipment and 

cell images were recorded using a confocal laser scanning microscope (Leica DM5500B) with a 

63x oil immersion objective. The 363 nm line from a blue diode laser was used for excitation 

between 465 and 700 nm, and emission was collected between 412 and 437 nm (DAPI) and 

524 and 552 nm (compound 2). Both equipments are located in the Centre of Scientific 

Instrumentation of the University of Granada.  

 

2.2. Synthesis of materials 

 

All chemicals were commercially available and used without further purification. 

 

Synthesis of [Ru(p-cymene)Cl2]2. The method reported by Smith et al. [29] was followed. 

Yield: 83%. 1H NMR (300 MHz, CDCl3) δ: 5.47 (d, 4H), 5.34 (d, 4H), 2.91 (m, 1H), 2.15 (s, 6H), 

1.27 (d, 12H). Anal. calc. for (RuC10H14Cl2)2: C, 39.23; H, 4.61 ; Anal. found: C, 38.87; H, 4.44. 

Calculated residue after thermal treatment of [Ru(p-cymene)Cl2]2: RuO2: 43.46%; Found: 

42.43%.  

Synthesis of 1-(anthracen-9-yl)-N-(pyridin-3-ylmethyl)methanamine (L1). The reaction of 3-

picolylamine (200 μL, 2 mmol) with 9-anthraldehyde (206.24 mg, 1 mmol) in absolute ethanol 

(80 mL) under reflux during 2 h gave rise to a yellow limpid solution. The mixture was 

evaporated to near dryness and L1 was precipitated by water addition and collected as a 

spectroscopically pure yellow solid in good yield (257.24 mg, 86%). 1H NMR (500 MHz, DMSO-
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d6) δ: 9.74 (s, 1H), 8.73 (m, 2H), 8.65 (d, 2H), 8.52 (m, 1H), 8.14 (d, 2H), 7.91 (d, 1H), 7.57 (m, 

4H), 7.43 (m, 1H), 5.14 (s, 2H) (Fig. S1). 

 

Synthesis of 1-(anthracen-9-yl)-N-(pyridin-4-ylmethyl)methanamine (L2). The same 

procedure as for the synthesis of L1 was followed, using 4-picolylamine instead of 3-

picolylamine. L2 was obtained as a spectroscopically pure yellow solid in good yield (250.0 mg, 

84%). 1H NMR (500 MHz, DMSO-d6) δ: 9.73 (s, 1H), 8.72 (s, 1H), 8.67 (d, 2H), 8.58 (d, 2H), 

8.15 (d, 2H), 7.57 (m, 4H), 7.49 (d, 2H), 5.13 (s, 2H) (Fig. S2). 

 

Synthesis of [Ru(p-cymene)(L1)Cl2] (1). The reaction of [Ru(p-cymene)Cl2]2 (153 mg, 0.25 

mmol) with L1 (149.19 mg, 0.5 mmol) in chloroform (30 mL) under nitrogen at reflux during 5 h 

lead to a red solution. After cooling, the solvent was allowed to evaporate till a red-orange 

precipitate appeared. Compound 1 was collected in a good yield (76%). 1H NMR (300 MHz, 

CDCl3) δ: 9.67 (s, 1H), 9.19 (s, 1H), 8.99 (m, 1H), 8.70 (s, 1H), 8.57 (d, 2H), 8.05 (d, 2H), 7.68 

(m, 1H), 7.57 (m, 4H), 7.34 (t, 1H), 5.42 (d, 2H), 5.20 (d, 2H), 5.12 (s, 2H), 2.94 (m, 1H), 2.07 (s, 

3H), 1.24 (d, 6H) (Fig. S3). Anal. calc. for (C31RuCl2H30N2)(H2O)0.5 (1): C, 60.88; N, 4.58; H, 

5.11; Anal. found: C, 60.46; N, 4.43; H, 5.39. Calculated residue after thermal treatment of 

[Ru(p-cymene)(L1)Cl2]: RuO2: 21.44%; Found: 21.03%. 

 

Synthesis of [Ru(p-cymene)(L2)Cl2] (2). The same procedure as for the synthesis of 1 was 

followed but performing the reaction under nitrogen at room temperature during 6 h. Compound 

2 was collected in a good yield (78%). 1H NMR (300 MHz, CDCl3) δ: 9.63 (s, 1H), 9.00 (d, 2H, J 

= 6.00 Hz), 8.53 (m, 3H), 8.04 (d, 2H), 7.53 (m, 4H), 7.45 (d, 2H), 5.42 (d, 2H), 5.20 (d, 2H), 

5.14 (s, 2H), 2.98 (s, 3H), 2.09 (s, 3H), 1.29 (d, 6H) (Fig. S4). Anal. calc. for C31RuCl2H30N2 (2): 

C, 61.79 ; N, 4.65 ; H, 5.02; Anal. found: C, 61.47; N, 4.78; H, 5.27. Calculated residue after 

thermal treatment of [Ru(p-cymene)(L2)Cl2]: RuO2: 21.76%; Found: 21.05%. In ethanol, 

compound 2 has fluorescence excitation/emission maxima at 362 and 440 nm, respectively. 

 

Synthesis of MCM-41. MCM-41 was prepared according to the sol-gel method previously 

described [30].  

 

Synthesis of SBA-15. The SBA-15 mesophase was synthesized according to the procedure 

followed by Zhao et al. [31,32].  

 

2.3.  Ru(II) metallodrugs incorporation 

 

Evacuation and activation of MCM-41 and SBA-15. Prior to the loading of the ruthenium 

compounds into the different porous matrixes (MCM-41 and SBA-15), the as synthesized solids 

were heated under vacuum (423 K, 5 h) in order to achieve the complete removal of the solvent 

guest molecules and obtain empty pores ready for adsorption of the ruthenium metallodrugs.  
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Stability studies. The chemical stability of MCM-41 and SBA-15 was studied under two 

different encapsulation conditions (impregnation in CH2Cl2 and grinding in acetone) in order to 

establish the potential use of these methods for the incorporation of the ruthenium complexes 1 

and 2 into the matrixes. In a typical test, 100 mg of activated material were suspended in 100 

mL of CH2Cl2 for 24 h at room temperature or were grinded in 20 mL of acetone until all the 

solvent was gone (ca. 20 min). Afterwards, the solids were filtered off and dried at 393 K under 

vacuum (10-4 bar) for 7 h before the isotherm acquisition (N2, 77 K, Figure S11).  

 

Drug encapsulation by impregnation method. The solid-liquid adsorption experiments were 

performed at room temperature by suspending 100 mg of activated matrix in 10 mL of a 16 mM 

CH2Cl2 solution of 1 or 2. After 24 h of stirring, to assure that the equilibrium was reached, each 

sample was filtered off and washed with CH2Cl2 (10 mL x 3). The amount of incorporated 

metallodrug was calculated by elemental and thermogravimetric analysis (see supporting 

information).   

 

Drug encapsulation by mechanochemical method. In a typical experiment, 100 mg (0.16 

mmol) of 1 or 2 were dissolved in 20 mL of acetone. Then, 100 mg of activated matrix were 

added and the mixture was grinded in order to speed up the solvent evaporation and 

progressively concentrate the solution of the corresponding metallodrug. This procedure was 

carried out until all the solvent was evaporated. Finally, the solid product was washed with 

acetone (10 mL x 5) in order to eliminate the excess of non-adsorbed drug. The amount of 

incorporated metallodrug was calculated by elemental and thermogravimetric analysis (see 

supporting information).  

 

2.4.  Biological studies 

 

Cell culture and viability assays. Leukemia cells HL-60, obtained from the Centre of 

Scientific Instrumentation of the University of Granada (ECACC No. 98070106), were cultivated 

as a suspension in RPMI-1640 medium (Sigma Aldrich R5886) supplemented with 20% FBS 

(Sigma Aldrich F4135), 4 mM L-glutamine (Sigma Aldrich G7513), 1 mM sodium pyruvate 

(Sigma Aldrich S8636) and 4.5 mg mL-1 glucose. Cells were incubated at 37 °C in a humidified 

atmosphere with 5% CO2 and maintained using standard cell cultures techniques. Cytotoxicity 

of the ligands (L1 and L2) and the corresponding ruthenium complexes (1 and 2) was 

determined by flow cytometry. Briefly, cells were suspended at a final concentration of 3 × 105 

cells/mL in a 24-well plate (500 μL/well) in the presence of different suspensions of each drug in 

the cellular medium (500-1 µM) due to the poor solubility of these drugs in water. After 48 h of 

treatment, 100 μL per well of propidium iodide solution (100 mg/mL) was added and incubated 

for 10 min at 37 °C in darkness. Afterwards, 100 μL per well of fluorescein diacetate (100 

ng/mL) was added and incubated under the same conditions (37 °C, 10 min). Finally, the cells 

were recovered by centrifugation (400 g, 10 min) and the pellet was re-dissolved in PBS and 
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analysed by flow cytometry. The percentage viability was calculated in comparison with a 

control culture.  

 

Apoptosis tests. HL-60 cells were suspended at a density of 0.5 x 106 cells/mL in a 24-well 

plate (500 μL/well) in the presence of IC25 concentration of each drug. After 24 h of treatment, 

cells were analysed by flow cytometry using an Annexin V-FTIC apoptosis detection kit from 

Inmmunostep. Briefly, cells were washed twice with temperate PBS and resuspended in 100uL 

of Annexin binding buffer. Then, 5 μL of the Annexin V-FTIC and 5 μL of propidium iodide were 

added and the cells were incubated in the dark (15 min, 37 °C) previous to the analysis. Non-

treated cells were used as control. Data were analysed using the FACSDiva software. 

 

Uptake assays by confocal microscopy. Confocal laser scanning microscopy was used to 

study the accumulation of the native ruthenium compound 2 in monolayer cultures of living HL-

60. For this purpose, HL-60 cells were plated (105 cells/dish) and left to grow for 24 h. Then, 

compound 2 was added to the wells (final concentration 25 μM) and cells were further incubated 

for 30 minutes. Afterwards, cells were rinsed twice with PBS to remove residual extracellular 

drug, fixed in formaldehyde (0.25 %) in darkness for 15 min and washed again with PBS. 

Finally, cells were incubated for 5 min with DAPI (4',6-diamidino-2-phenylindole, 300 nM) and 

rinsed twice with PBS to remove free DAPI. Images were recorded using a confocal laser 

scanning microscope (Leica DM5500B). 

 

Uptake assays by flow cytometry. Flow cytometry was also used to analyse the mechanism 

of uptake of compound 2. HL-60 cells were plated (105 cells/dish) and left to grow for 24 h. 

Then, compound 2 was added (final concentration 25 μM) and cells were further incubated for 

30 minutes at 37 or 4 °C in darkness. Afterwards, the cells were recovered by centrifugation 

(400 g, 10 min) and the pellet was re-dissolved in PBS and analysed by flow cytometry. Non-

treated cells were used as control. Data were analysed using the FACSDiva software.  

 

Ethidium bromide displacement assays. DNA interaction of both ligands (L1 and L2) and 

ruthenium complexes (1 and 2) was studied by measuring the quenching of ethidium bromide 

(EB) fluorescence as it leaves the protection of ct-DNA (calf thymus DNA). A ct-DNA/salts/buffer 

solution with EB (ct-DNA:EB; 4 μM : 5 μM) was prepared. The emission spectra were recorded 

as a function of ligand or complex concentration. The investigated compound concentration was 

slowly increased for ct-DNA (pair base)/compound ratios from 200:1 to 1:1 keeping the ct-DNA 

and EB concentrations constant.  

 

Cathepsin B enzymatic assay. Crude Bovine Spleen Cathepsin B (C6286) was purchased 

from Sigma-Aldrich and used without further purification. The colorimetric assay was performed 

in 20 mM sodium acetate and 1 mM EDTA (adjust to pH 5.1 with HCl 1 M), using Na-CBZ-L-

lysine p-nitrophenyl ester (CBZ = N-carbobenzoxy) as substrate. For the enzyme to be 
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catalytically functional, the active site cysteine needs to be in the reduced form. Therefore, prior 

use, cathepsin B was pre-reduced with dithiothretiol (DTT) to ensure that the majority of the 

enzyme is in a catalytically active form. Thus, cathepsin B was activated, before dilution, in the 

presence of an excess of DTT (1.2 eq) for 1 h at 303 K. IC50 determinations were performed in 

triplicate using a fixed enzyme concentration of 200 nM and a fixed substrate concentration of 

100 μM. The enzyme and inhibitor were co-incubated at 303 K over a period of 24 h prior to the 

addition of substrate. Activity was measured over 500 min at 326 nm. Concentration of inhibitor 

was ranged between 0.3 and 100 μM. The cathepsin B enzymatic assays were performed using 

L1, L2, 1 and 2 as inhibitors. 

 

Cathepsin D enzymatic assay. Cathepsin D Fluorimetric assay kit (CS0800) and Crude 

Bovine Spleen Cathepsin D (C3138) were purchased from Sigma-Aldrich and used without 

further purification. The fluorimetric assay was performed in a Sigma-Aldrich Assay Buffer 

(A3855) with 2.5% Albumin Solution (A3980), using MCA-Gly-Lys-Pro-Ile-Leu-Phe-Phe-Arg-

Leu-Lys(DNP)-D-Arg-NH2 trifluoroacetate salt as substrate (1 mM solution, C4492). The final 

concentrations used in this assay were ca. 5 nM (cathepsin D), 20 μM (substrate), and 50-200 

μM (2) or 500 μM (L1, L2 and 1, respectively). The inhibition of the cathepsin D enzymatic 

activity by 2 is confirmed by the horizontal slope of the curve representing the hydrolysis of the 

substrate vs time at 200 μM. On the contrary, in the presence of both ligands and complex 1, 

the progressive hydrolysis of the substrate takes place, demonstrated by an increase of the 

fluorescence intensity vs time, confirming the non inhibition of the enzymatic activity of 

cathepsin D by these compounds even at 500 μM (Figure S9). 

 

 

3. Results and discussion 

 

3.1. Design, synthesis and characterization of the two novel Ru(II)-

metallodrugs 

 

The synthesis of two novel metallodrugs [Ru(η6-p-cymene)(L1)Cl2] (1) and [Ru(η6-p-

cymene)(L2)Cl2]  (2) was readily achieved, in a two-step synthesis, as outlined in 

Scheme 1. The corresponding ligands, 1-(anthracen-9-yl)-N-(pyridin-3-

ylmethyl)methanamine (L1) and 1-(anthracen-9-yl)-N-(pyridin-4-ylmethyl)methanamine 

(L2), both containing an anthracene unit, were designed to confer potential trackable 

properties to the resulting metallodrugs. Specifically, these ligands were obtained by 

reacting 9-anthraldehyde with 3-picolylamine (in L1 synthesis) or 4-picolylamine (in L2 

synthesis) in absolute ethanol under reflux. The success of this reaction was confirmed 

by NMR spectroscopy as the characteristics signals of both organic moieties, slightly 

shifted, were present.  
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In addition, a significant displacement of the methyne (from 3.74 to 5.14 ppm) and 

methylene (from 11.44 to 9.74 ppm) protons next to the imine group was observed, 

which clearly confirmed the formation of the coupling (Fig. S1). The exact attribution of 

all the proton signals in L1 and L2 was achieved by 1H-1H COSY and NOESY 

experiments (Fig. S2 and S3). The subsequent reaction of the anthracene derivatives L1 

and L2 with the dimeric precursor [η6-p-cymene)RuCl2]2 gave the corresponding Ru(II) 

metallodrugs 1 and 2. The composition of these complexes was established by 

elemental and thermogravimetric analyses (see experimental section). Besides, 1H NMR 

spectroscopy confirms the presence of the characteristic signals of L1 or L2 and the 

cymene unit. The complete assignment of the signals can be found in the supporting 

information (Fig. S4 and S5). Noteworthy, 1 and 2 are very soluble in low polar solvents 

(CH2Cl2, CHCl3, acetone) while in polar solvents (H2O, MeOH, EtOH) are poorly soluble. 

This fact might be attributed to the presence of apolar residues (anthracene and cymene 

moieties) in these systems. The low water solubility of these systems confirms the 

necessity of using delivery vehicles in order to exploit their potential biological properties 

in full.   

 

In order to confirm the potential use of these Ru(II) complexes as trackable drugs, we 

studied their fluorescent properties. As expected, L1 and L2 showed fluorescence in the 

blue region due to the presence of the anthracene moiety (Fig. S6). Regarding the metal 

complexes, 2 exhibited an emission band centred at 442 nm while 1 did not show any 

fluorescence. This result clearly reveals the influence of the [Ru(p-cymene)Cl2] linking 

position, where the ortho-substituted picolylamine design in compound 2 seems to 

contribute to extend the π delocalization.  

 

3.2. Activity against different biological targets 

 

Taking into account the extended aromatic nature of L1 and L2, we firstly studied the DNA-

intercalating features of the free ligands as well as of complexes 1 and 2, by means of 

competitive binding with ethidium bromide (EB). According to our results, no changes in the 

fluorescence spectra of EB are observed upon addition of increasing quantities of the 

compounds under study suggesting that these anthracene-based derivatives may show weaker 

intercalating properties than EB (Fig. S7).   

 

Then, we investigated the biological activity of 1 and 2 towards other biorelevant targets 

(amino acids and proteases). In fact, we observed that our Ru complexes react with the amino 

acid cysteine, as previously found in related half-sandwich Ru(II) systems, in which this S-donor 

ligand is coordinated [28,33,34]. The 1H NMR spectroscopy studies revealed that incubation of 

1 or 2 (CDCl3, 37 °C) with pure cysteine led to a rather fast (< 4h) interaction between the 

corresponding complex and the amino acid provoking the breakdown of L1 and L2 with the 
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concomitant liberation of the free anthracene moiety. The resulting cysteine Ru(II) complex 

precipitates in the medium and, as a consequence, cymene and picolylamine proton signals are 

missing in the NMR spectra (Fig. S8). Similar results were previously observed by our group 

[35]. 

 

On the other hand, 1 and 2 inhibited the protease activity of cysteine cathepsin B 

(Fig. 1), exhibiting an IC50 value of 9.9 and 8.0 μM, respectively. These values are in the 

same order of magnitude that the ones previously reported for RAPTA-C (IC50 = 2.5 

μM)[12] and other Ru-based metallodrugs [36], as well as the corresponding free 

ligands, L1 and L2 (Fig. S9). Regarding the interaction with aspartic cathepsin D, 

fluorescence binding assays demonstrated a moderate IC50 value of approximately 168 

μM for compound 2 and a non-relevant inhibition of the enzymatic activity of this 

protease after its incubation with a 500 μM solution of complex 1 (Fig. 1 and S9). It 

should be noted that free L1 and L2 ligands did not affect substrate hydrolysis rate, which 

points that, in this case, protease inhibition activity might be related to Ru binding ability 

to amino acids (see above). These results may be of interest in view of the exacerbated 

metabolism of these types of enzymes in cancer cells [9,34]. 

 

3.3. Viability studies and cellular uptake 

 

Taking into account the interaction of 1 and 2 with biorelevant targets, such as 

cysteine and cathepsin B, we evaluated the in vitro cytotoxicity of both anthracene 

ligands (L1 and L2) and ruthenium complexes (1 and 2) towards leukemia cell line HL-60 

by flow cytometry. The results revealed that 1 and 2 are slightly more toxic than the 

corresponding ligands (IC50 values: 103.1, 97.7, 84.5 and 87.0 µM for L1, L2, 1 and 2, 

respectively), and in the same order of magnitude than the reference compound 

KP1019, indazolium trans-[tetrachlorobis(1H-indazole)ruthenate(III)],   (IC50 value: 56.0 

µM) [37]. Further flow cytometry studies confirmed that the observed toxic effects of 

these molecules occur via apoptosis. Indeed, in the presence of IC25 concentration of 

each drug non necrotic cells were observed after 24 h of treatment (Fig. S10). 

  

On the other hand, taking advantage of the fluorescence properties of compound 2 

(Fig. S6), confocal laser scanning microscopy was used to confirm the accumulation in 

vitro of this metallodrug into leukemia cells HL-60. Indeed, compound 2 accumulated 

rapidly into the cytoplasm of this cell line (Fig. 2). In order to better understand the 

mechanism of uptake of this ruthenium drug, cells were incubated for 30 min with 

complex 2 (final concentration: 25 µM) at 4 and 37 °C. Afterwards, the cells were 

analysed by flow cytometry by means of the characteristic fluorescence of the ruthenium 

complex. The results demonstrated again a rapid accumulation of 2 inside the cells at 37 

°C, as indicated by a significant increase (ca. 22.3%) in fluorescence intensity on treated 
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cells compared to non-treated ones. A similar result was observed at 4 °C (fluorescence 

intensity increase ca. 18.6%), which clearly confirms that the uptake of this ruthenium 

metallodrug occurs mainly by passive diffusion, as it has been previously reported for 

other lipophilic drugs [38].  

 

3.4. Encapsulation of the Ru(II)-metallodrugs in different porous matrixes 

 

Taking into account the potential protease inhibition activity and low water solubility 

of 1 and 2, we decided to study the incorporation of these ruthenium metallodrugs into 

two well-known mesoporous silicas, namely, MCM-41 and SBA-15, as a proof of concept 

investigation of metallodrug vehiculization.  

 

All mesoporous materials were prepared and characterized as detailed in the 

Experimental Section. After the isolation of these porous matrixes, a thermal activation 

process was carried out in order to remove the structure directing molecules 

encapsulated into the pores. This post-synthetic treatment leaves large empty cavities 

(20-100 and 46-300 Å in MCM-41 and SBA-15, respectively) of apropriate size for 

adsorption of the ruthenium metallodrugs (ca. 1.5 nm) designed in this work. In order to 

better optimize the incorporation of 1 and 2 into the porous matrixes, two encapsulation 

strategies (impregnation and solvent assisted grinding method) were employed (Fig. 3).  

 

It should be noted that the chemical stability of the activated matrixes, under the 

encapsulation experimental conditions, was previously tested in order to check the suitability 

of the drug incorporation methodology. According to our results, similar N2 adsorption profiles 

were observed after both treatments, while the BET surface values slightly decrease (20-30%) 

when comparing the treated materials with the pristine ones (Fig. S11). In view of these results, 

the suitability of both experimental conditions for the encapsulation of 1 and 2 metallodrugs into 

the pores of MCM-41 and SBA-15 was confirmed.  

 

Afterwards, we studied the loading of 1 and 2 into the porous matrixes by using the 

strategies mentioned above: i) impregnation of the activated matrixes in saturated 

dichloromethane solutions of the corresponding ruthenium complexes; and ii) grinding of 

the activated matrixes in saturated acetone solutions of the corresponding metallodrugs. 

Thus, eight hybrid materials were initially prepared and characterized by elemental and 

thermogravimetric analysis (see supporting information). While the highest loading for 

each drug was achieved in MCM-41 by the grinding strategy (0.02 and 0.08 mmol of 

drug per mmol of matrix or 0.17 and 0.46 g of drug per g of dried material, for 1 and 2, 

respectively), similar loadings were accomplished in SBA-15 (ca. 0.03 mmol of drug per 

mmol of matrix, or ca. 0.23 g of drug per g of dried material). From now onwards, the 



13 
 

remaining studies have been performed only on the hybrid materials with the highest 

cargo for each metallodrug (Table S1). 

 

The actual incorporation of the designed Ru(II) complexes into the porous materials 

was proven by: i) the dramatic reduction of the adsorption capacity of the mesoporous 

matrixes (BET drops from 591 m2 g-1 (SBA-15_impregnation) to 215 m2 g-1 (SBA-15@1) 

and to 191 m2 g-1 (SBA-15@2); and from 1030 m2 g-1 (MCM-41_grinding) to 335 m2 g-1 

(MCM-41@1) and to 16 m2 g-1 (MCM-41@2) (Fig. 4, Table S2); ii) the presence of the 

main characteristic peaks of pure 1 or 2 compounds in the IR spectra of the loaded 

matrixes (Fig. S12); iii) a weight loss on the thermogravimetric analysis of the hybrid 

systems related to the drug decomposition (Fig. S13); iv) the appearance, in the diffuse 

reflectance spectra of the loaded matrixes, of a characteristic absorption band in the 

visible region for these Ru complexes (Fig. S14) and v) energy-dispersive X-ray 

spectroscopy (EDX) analysis (Fig. S15).  

 

Finally, high resolution transmission electron microscopy (HR-TEM) of the loaded 

materials revealed that MCM-41@1 and MCM-41@2 were isolated as nanoparticles with 

an average size of ca. 40 nm with EDX analysis showing the presence of Si and Ru (Fig. 

S15 and S16).  

 

4. Conclusions 

 

In this work, we have prepared two novel anthracene-based Ru(II) complexes, one of 

them showing fluorescence properties. This feature has been exploited to visualize the 

uptake of this metallodrug into leukemia cells HL-60, as well as to demonstrate that the 

main cellular uptake mechanism takes place by passive diffusion. Moreover, both 

ruthenium complexes have shown in vitro cytotoxic activity towards this cancer cell line 

taking place via apoptosis. Further studies have demonstrated that these ruthenium 

complexes seem to show weaker intercalating features towards DNA than ethidium 

bromide. However, they inhibit the enzymatic activity of cysteine cathepsin B, which is 

overexpressed in some cancer cells, as well as interact with S-donor aminoacid cysteine. 

These results point out that the cytotoxic mechanism of these compounds might be 

associated to their interaction with cysteine containing biomolecules rather than DNA. 

Finally, two different encapsulation strategies have been optimized in order to 

successfully incorporate these Ru drugs into the pores of two well-known mesoporous 

silicas. In this regard, as a proof of concept, the present work shows the possibility of 

using these biocompatible mesoporous matrixes as vehicles of theranostic metallodrugs.  
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FIGURES 

 

Fig. 1. (a) IC50 curves for the inhibition of cathepsin B by 1 and 2. (b) Cathepsin D enzymatic fluorescence 

assays confirming the inhibition of its enzymatic activity by 2 at 200 μM.  

 

Fig. 2. Bright field, fluorescence and overlay images showing cellular accumulation and distribution of 

compound 2 (turquoise) and DAPI (blue, cell nucleus) in HL-60 cells after 30 min of incubation. 

 

 

Fig. 3. Encapsulation strategies followed for the incorporation of these Ru(II) metallodrugs into the 

selected silica porous matrixes. 
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Fig. 4. N2 (77 K) adsorption isotherms of the empty and loaded porous materials. Empty 

symbols denote desorption. 

 

SCHEMES 

 

Scheme 1. (a) Reaction of 3-picolylamine or 4-picolylamine with 9-anthraldehyde to give the 

fluorescent ligand 1-(anthracen-9-yl)-N-(pyridin-3-ylmethyl)methanamine (L1) or 1-(anthracen-9-yl)-

N-(pyridin-4-ylmethyl)methanamine (L2). (b) Synthesis of [Ru(p-cymene)(L1)Cl2]2 (1) or [Ru(p-

cymene)(L2)Cl2]2 (2)  starting from L1 or L2 and the dimer [Ru(p-cymene)Cl2]2.  
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