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Abstract: A series of nanomaterials based on mesoporous silica have been synthesised and 
functionalised with a photoactive polypyridyl ruthenium(II) complex, namely [Ru(bipy)2-dppz-7-
hydroxymethyl][PF6]2 (bipy = 2,2’-bipyridine, dppz = dipyrido[3,2-a:2′,3′-c]phenazine) by various 
methods. The functionalisation reactions were based on the covalent binding to different 
ligands attached to the pores of the mesoporous nanoparticles and a simple physisorption 
using polyamino-functionalised mesoporous silica nanoparticles. The resulting nanostructured 
systems have been characterised by XRD, XRF, BET, SEM and TEM, observing the 
incorporation of the metallodrug onto the nanostructured silica in a different way depending on 
the synthetic method used in the loading reactions. In our studies, we have also observed that 
functionalisation with the metallodrug causes changes in the structural and textural features of 
the materials. The phototherapeutic activity of the ruthenium-functionalised materials in HeLa 
cervical cancer cells have been tested and the preliminary results are presented herein. 

 

Keywords: cytotoxicity; mesoporous silica nanoparticles; photodynamic therapy; ruthenium.  
 

Abbreviations:  BET = Brunauer, Emmett and Teller; bipy = 2,2’-bipyridine; BJH = Barrett, 
Joyner and Halenda; CP = cross polarization; CTAB = cetyltrimethylammonium bromide; 
DMEM = Dulbecco's Modified Eagle's medium; dppz = dipyrido[3,2-a:2′,3′-c]phenazine; DR-UV 
= diffuse reflectance Ultraviolet spectroscopy; EPR = enhanced permeability and retention 
effect; FBS = Foetal Bovine Serum; FT-IR = Fourier Transformed Infrared spectroscopy; ICP-
MS = Inductively coupled plasma mass spectrometry; MAS = magic angle spinning; MDR = 
multidrug resistance; MSN = mesoporous silica nanoparticles; PDT = photodynamic therapy; 
SEM = Scanning Electron Microscopy; TEM = Transmission Electron Microscopy; TEOS = 
tetraethylorthosilicate; XRD = X-ray diffraction; XRF = X-ray fluorescence.  
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1. Introduction 

The use of metallodrugs to treat cancer was greatly developed after the serendipitous 
discovery of cisplatin (cis-diamminodichloroplatinum(II)) by the research team of Rosenberg in 
the late 1960’s.1 Since then, metal-based drugs have been investigated for different medicinal 
or diagnostic applications against various cancer-related issues.2,3 However, the full exploitation 
of the specific physicochemical properties of metallodrugs has been, and is still, hampered by 
the fact that some of the most interesting synthesised agents present severe side effects,4 are 
becoming less active or even inactive after several treatments due to the development of 
resistance5 and, usually, possess low stability in aqueous solutions,6 precluding their 
administration to humans. Nevertheless, the associated problems to the use of metal-based 
drugs in cancer treatment or for diagnosis, have also boosted the search for novel alternatives 
using different metals and ligands with improved properties against cancer, especially when 
speaking about the development of multidrug resistance (MDR).7,8 

When one thinks about the use and application of metallodrugs in humans, many questions 
arise regarding their stability, transport to cell, membrane crossing, targeting and some other 
processes which usually lead to the transformation of the metallodrug to give the final active 
species which interacts with the biological target(s).9 Therefore, the administration of 
metallodrugs is a very important issue that needs to be addressed to minimise the speciation 
reactions.  

In this context, in recent years, several approaches based on different nanostructured 
materials as vectors for metallodrugs have been used for protecting and subsequently 
delivering the metal-containing active species to the biological target(s).10,11 Thus, many 
different nanosystems have been tested in vitro and in vivo10 with a very extensive study of 
nanostructured mesoporous silica loaded with titanocene derivatives.11-20 organotin 
compounds20-22 or other metallodrugs.10,23. This approach has been shown to be highly effective 
against cancer cell lines.10,11 

At our end, in most of our studies, we have observed that metallodrug-functionalised silica-
based nanomaterials usually work as “non-classical” drug-delivery nanosystems because they 
do not release the metal-based drug, but, in most of the cases, they act as an entire 
nanoparticulated therapeutic system, presumably by the action of the metallodrug supported 
onto the silica particles. These systems base their improved cytotoxic action on a higher cell 
uptake of metal-containing active species of metallodrug-functionalised silica-based systems, 
compared to “free” metallodrugs, because of a high uptake of silica particles by the cancer cells 
due to the enhanced permeability and retention (EPR) effect of malignant cells. In addition, the 
support of the metallodrugs onto different nanostructured systems usually leads to a different 
mechanism of cytotoxic action compared with that of non-encapsulated “free” metallodrugs 10,11. 
In brief, the dynamics of apoptotic morphological and functional changes is modified when the 
metallodrug are incorporated into nanostructured silica-based systems.16,18 

All our studies have been carried out using cytotoxic titanium- or tin-based metallodrugs 
and have been focused on the potential use of these nanostructured systems in chemotherapy, 
however, we decided to expand to other metal complexes with improved therapeutic properties. 
We therefore became interested in ruthenium complexes as their photoactivation is of great 
interest nowadays because of their potential therapeutic mild processes against cancer.24-29 
Thus, a wide variety of dual photoreleasing and photoactive systems have been studied and 
have been considered as interesting alternatives to current treatments.30-33 Lately, several 
photoactivatable Ru(II) complexes with interesting biological properties have been 
published.25,34-40 As a highlight, one of such compounds, namely TLD-1433 from the McFarland 
group, has now entered clinical trial as a PDT photosensitiser to treat bladder cancer 41. 
However, to the best of our knowledge, there are only a few reports on the use of ruthenium 
compounds with therapeutic properties supported onto mesoporous silica,42,43 which have been 
synthesised using a very similar approach to the one that we published in 200910,12 and have 
been tested in terms of regular cytotoxicity. Additionally, some other more advanced cytotoxic 
systems based on silica have also been reported.44-46 Only very recently, a Ru(II) complex was 
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covalently bound to mesoporous silica nanoparticles (MSN) for a subsequent cellular uptake of 
the particles and release of the ruthenium complexes to be transformed upon light irradiation 
into a cytotoxic complex47 and a similar approach has been studied using other ruthenium 
complexes48 or silicon nanoparticles.49 or other non-polymeric nanoparticles.50 

In this context and in view of the low number of examples of ruthenium-functionalised 
silica-based materials with phototherapeutic properties, we decided to combine the experience 
of our groups on the synthesis, characterization and phototherapeutic studies of ruthenium 
complexes51-53 with our knowledge on the field of metallodrug-functionalised nanostructured 
materials,11-22 preparing a series of MSN functionalised with a photoactive compound using 
different synthetic protocols. All the materials have been characterised by different methods and 
a preliminary study of the potential biological application of the materials in photodynamic 
therapy is described.  

2. Materials and Methods  

2.1. General conditions 

All the functionalisation reactions were performed using standard Schlenk tube techniques 
in an atmosphere of dry nitrogen. Solvents were distilled from the appropriate drying agents and 
degassed before use. The reagents used in the preparation of the ruthenium derivative were 
purchased from Sigma Aldrich and used directly without further purification. 3-
chloropropyltriethoxysilane, 3-isocyanatopropyltriethoxysilane and tris(2-aminoethyl)amine, 
TEOS, NaOH and CTAB were purchased from Sigma Aldrich and used directly without further 
purification. The ruthenium complex, [Ru(bipy)2-dppz-7-hydroxymethyl][PF6]2 (bipy = 2,2’-
bipyridine, dppz = dipyrido[3,2-a:2′,3′-c]phenazine, was prepared according to the literature 
procedure reported by us.35 

2.2. General conditions on the characterization of the materials 
1H, 13C-CP MAS and 29Si MAS NMR spectra and 31P NMR were recorded on a Varian-

Infinity Plus Spectrometer at 400 MHz operating at 100.52 MHz proton frequency (4 µs 90° 
pulse, 4000 transients, spinning speed of 6 MHz, contact time 3 ms, pulse delay 1.5 s). X-ray 
diffraction (XRD) pattern of the silicas were obtained on a Philips Diffractometer model 
PW3040/00 X'Pert MPD/MRD at 45 KV and 40 mA, using a wavelength Cu Kα (λ = 1.5418 Å). 
Ru wt % determination by X-ray fluorescence was carried out with an X-ray fluorescence 
spectrophotometer Philips MagiX with a X-ray source of 1 kW and a Rh anode using a helium 
atmosphere. The quantification method is able to analyse from 0.0001% to 100% ruthenium. N2 
gas adsorption-desorption isotherms were performed using a Micromeritics ASAP 2020 
analyser. Scanning electron micrographs and morphological analysis were carried out on a 
XL30 ESEM Philips with an energy dispersive spectrometry system (EDS). The samples were 
treated with a sputtering method with the following parameters: Sputter time 100 s, Sputter 
current 30 mA, film thickness 20 nm using a Sputter coater BAL-TEC SCD 005. Conventional 
transmission electron microscopy (TEM) was carried out on a TECNAI 20 Philips, operating at 
200 kV. 

2.3. Synthesis of mesoporous silica nanoparticle (MSN) 

The mesoporous silica nanoparticles (MSNs) were synthesised with slight modifications of 
the method described by Zhao et al..54 In brief, hexadecyltrimethylammonium bromide (CTAB, 
2.00 g, 5.48 mmol) was added to 960 mL of nanopure water, and subsequently 7 mL of 2.00 M 
sodium hydroxide aqueous solution were added and the mixture stirred at 80 ºC. Subsequently, 
tetraethylorthosilicate (TEOS, 10 mL, 45 mmol) was added dropwise to the surfactant solution 
under vigorous stirring. The mixture was then stirred for 2 h to give a white precipitate. The 
resulting product was isolated by filtration, washed with nanopure water and methanol and dried 



4 
 

under vacuum overnight. The surfactant template (CTAB) was removed after calcination at 550 
ºC for 12 h. 
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2.4. Synthesis Cl-functionalized MSN (MSN-CL) 

A solution of 3-chloropropyltriethoxysilane (5.80 mL, 22.6 mmol) in toluene (100 mL) was 
added to dehydrated MSN (5.00 g) and the mixture was stirred 48 h at 110 ºC. The slurry was 
filtered through fritted discs and the solid residue washed with toluene (5 × 200 mL) and 
diethylether (5 × 200 mL). The resultant solid was dried under vacuum at room temperature for 
24 h to give a white free flowing powder. 

2.5. Synthesis of CNO-functionalized MSN (MSN-CNO) 

A solution of 3-isocyanatopropyltriethoxysilane (1.00 g) in toluene (30 mL) was added to 
dehydrated MSN (1.00 g) and the mixture was stirred 48 h at 110 ºC. The slurry was filtered 
through fritted discs and the solid residue washed with toluene (5 × 50 mL) and diethylether (5 × 
50 mL). The resultant solid was dried under vacuum at room temperature for 24 h to give a 
white free flowing powder (MSN-CNO). 

2.6. Synthesis of triamine-functionalized MSN (MSN-TRI) 

A solution of tris(2-aminoethyl)amine (TRI 2.40 mL, 16.0 mmol) in toluene (50 mL) was 
added to a suspension of MSN-CL (1.00 g) in toluene (50 mL) and the mixture was stirred for 
48 h at 110 ºC. The slurry was filtered through fritted discs and the solid residue was washed 
with toluene (5 × 200 mL), ethanol (5 × 200 mL), methanol (5 × 200 mL) and diethylether (5 × 
200 mL). The resultant solid was dried under vacuum at room temperature for 24 h giving a 
white free flowing powder (MSN-TRI) 

2.7. Synthesis of MSN-CL-Ru 

A suspension of [Ru(bipy)2-dppz-7-hydroxymethyl][PF6]2 (10 mg) (to obtain a theoretical 
level of 5% ruthenium/MSN) in ethanol (100 mL) was added to MSN (190 mg) and the mixture 
was stirred at room temperature for 10 minutes, subsequently an excess of the stoichiometric 
amount of trimethylamine (1.5:1 with [Ru(bipy)2-dppz-7-hydroxymethyl][PF6]2) was added to the 
mixture which was then stirred under reflux during 48 h. The slurry was filtered through fritted 
discs and the solid residue was washed several times with ethanol (5 × 200 mL) water (5 × 200 
mL) and diethylether (5 × 200 mL) and then dried under vacuum at room temperature for 24 h to 
give a pale orange free flowing powder (MSN-CL-Ru ) 

2.8. Synthesis of MSN-CNO-Ru 

A suspension of [Ru(bipy)2-dppz-7-hydroxymethyl][PF6]2 (10 mg) (to obtain a theoretical 
level of 5% Ru/MSN-CNO) in ethanol (100 mL) was added to MSN-CNO (190 mg) and the 
mixture was stirred at room temperature for 10 minutes, subsequently an excess of the 
stoichiometric amount of pyridine (1.5:1 molar ratio with [Ru(bipy)2-dppz-7-
hydroxymethyl][PF6]2) was added to the mixture which was then stirred under reflux during 48 h. 
The slurry was filtered through fritted discs and the solid residue was washed several times with 
ethanol (5 × 100 mL) water (5 × 100 mL) and diethylether (5 × 100 mL) and then dried under 
vacuum at room temperature for 24 h to give a pale orange free flowing powder. 

2.9. Synthesis of MSN-TRI-Ru 

A suspension of [Ru(bipy)2-dppz-7-hydroxymethyl][PF6]2 (48 mg) (to obtain a theoretical 
level of 20% Ru/MSN-TRI-NH) in ethanol (100 mL) was added to MSN-TRI-NH (190 mg, 
respectively) and the mixture was stirred at room temperature for 10 minutes and then stirred 
under reflux during 48 h. The slurry was filtered through fritted discs and the solid dried under 
vacuum at room temperature for 24 h to give an orange free flowing powder. 
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2.10. Biological studies: cell culture conditions, Cytotoxicity and phototoxicity assays. 

HeLa (human cervical cancer) cells were grown in DMEM (Gibco) medium supplemented with 
10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin. Cells were cultured at 37 
⁰C in a humidified atmosphere containing 5% CO2. 
The cytotoxicity of the ruthenium complex and its three MSN conjugates against HeLa cells in 
the presence and absence of UV irradiation was measured using a resazurin (Promocell GmbH) 
based fluorometric cell viability assay. In 96-well plates, cells (at a density of 4 x 103 cells per 
well) were seeded in triplicate in 100 µL medium 24 h prior to treatment. The following day, cells 
were treated with increasing concentrations of compounds. For this purpose, freshly prepared 
stocks (note: due to their insolubility in aqueous media, MSN and ruthenium-MSN conjugates 
are added as suspension) were diluted using the respective cell culture media and 100 µL was 
added to each well (total volume 200 µL/well). For evaluation of cytotoxicity, cells were 
incubated with compounds for 48 h before the medium was replaced by 100 µL complete 
medium containing resazurin (0.2 mg/mL). After 4 h of incubation, fluorescence of the highly 
fluorescent resorufin metabolite at 580 nm emission was quantified using a SpectraMax M5 
microplate reader with an excitation wavelength of 540 nm. 
To assess phototoxicity, cells were treated with increasing concentrations of compounds for 4 h 
only. After that, the medium was removed and replaced by fresh complete medium and either 
kept in the dark or irradiated for 10 min with 350 nm UVA  (2.58 J.cm-2). Cells were then 
returned to the incubator for an additional 44 h. After incubation, the viability was quantified 
using the resazurin assay as described above. The resorufin fluorescence intensities were 
normalized to untreated control wells and plotted as concentration of test compound versus % 
cell viability. IC50 values were interpolated from the resulting dose-dependence curves. The 
reported IC50 values are the average from at least three independent experiments. 
 
2.11. Photophysical studies: emission, luminescence quantum yield, lifetimes 
 
For the determination of the emission and luminescence quantum yields (Φem), the samples 
were prepared in an CH3CN solution with an absorbance of 0.1 at 355 nm. This solution was 
irradiated in fluorescence quartz cuvettes (width 1 cm) using a NT342B OPO pulse laser Nd-
YAG pumped optical parametric oscillator (Ekspla) at 355 nm. The emission signal was focused 
and collected at right angle to the excitation pathway and directed to a Princeton Instruments 
Acton SP-2300i monochromator equipped with 1200 g/mm grating blazed at 500 nm. As a 
detector a XPI-Max 4 CCD camera (Princeton Instruments) has been used. The luminescence 
quantum yields were determined by comparison with the reference [Ru(bipy)3]Cl2 in CH3CN 
(Φem=5.9%)55 applying the following formula: 

Φ��,������ =	Φ��,�������� ∗ 	���������
F������

∗ I������
I��������

	∗ � n������
n��������

�
�
 

F	 = 	1	 − 	10��	  
 
Φem = luminescence quantum yield, F = fraction of light absorbed, I = integrated emission 
intensities, n = refractive index, A = absorbance of the sample at irradiation wavelength 
 
For the determination of the lifetimes, the samples were prepared in an air saturated and in a 
degassed CH3CN solution with an absorbance of 0.1 at 355 nm. This solution was irradiated in 
fluorescence quartz cuvettes (width 1 cm) using a NT342B Nd-YAG pumped optical parametric 
oscillator (Ekspla) at 355 nm. The emission signal was focused and collected at right angle to 
the excitation pathway and directed to a Princeton Instruments Acton SP-2300i monochromator 
equipped with 1200 g/mm grating blazed at 500 nm. As a detector a R928 photomultiplier tube 
(Hamamatsu) has been used. 
 
2.11. Photophysical studies: Singlet oxygen measurement 
The singlet oxygen production of a sample has been determined by two methods (direct and 
indirect) as already descibed in previous publications of our group.35,51,53,56 
- Direct evaluation 
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The samples were prepared in an air saturated CH3CN or D2O solution with an absorbance of 
0.2 at 450 nm. This solution was irradiated in fluorescence quartz cuvettes (width 1 cm) using a 
mounted M450LP1 LED (Thorlabs) whose irradiation, centred at 450 nm, has been focused with 
aspheric condenser lenses. The intensity of the irradiation has been varied using a T-Cube LED 
Driver (Thorlabs) and measured with an optical power and energy meter. The emission signal 
was focused and collected at right angle to the excitation pathway and directed to a Princeton 
Instruments Acton SP-2300i monochromator equipped with 600 g/mm grating blazed at 1200 
nm. A longpass glass filter was placed in front of the monochromator entrance slit to cut off light 
at wavelengths shorter than 850 nm. The slits for detection were fully open. As a detector an 
EO-817L IR-sensitive liquid nitrogen cooled germanium diode detector (North Coast Scientific 
Corp.) has been used. The singlet oxygen luminescence at 1270 nm was measured by 
recording spectra from 1100 to 1400 nm. For the data analysis, the singlet oxygen 
luminescence peaks at different irradiation intensities were integrated. The resulting areas were 
plotted against the percentage of the irradiation intensity and the slope of the linear regression 
calculated. The absorbance of the sample was corrected with an absorbance correction factor. 
As reference for the measurement in an CH3CN solution phenalenone (Φphenaleone=95%)57 
and for the measurement in a D2O solution [Ru(bipy)3]Cl2 (ΦRu(bipy)3Cl2=22%)58 was used and 
the singlet oxygen quantum yields were calculated using the following formula: 

Φ������ =	Φ�������� ∗ 	 S������
S��������

∗ I��������
I������

	 
I	 = 	 I�	 	∗ 	 (1	 −	10��	)  

Φ = singlet oxygen quantum yield, S = slope of the linear regression of the plot of the areas of 
the singlet oxygen luminescence peaks against the irradiation intensity, I = absorbance 
correction factor, I0 = light intensity of the irradiation source, A = absorbance of the sample at 
irradiation wavelength. 
 
- Indirect evaluation 

For the measurement in CH3CN: The samples were prepared in an air-saturated CH3CN 
solution containing the complex with an absorbance of 0.1 at the irradiation wavelength, N,N-
dimethyl-4-nitrosoaniline aniline (RNO, 24 µM) and imidazole (12 mM). For the measurement in 
PBS buffer: The samples were prepared in an air-saturated PBS solution containing the 
complex with an absorbance of 0.1 at the irradiation wavelength, N,N-dimethyl-4-nitrosoaniline 
aniline (RNO, 20 µM) and histidine (10 mM). The samples were irradiated on 96 well plates with 
an Atlas Photonics LUMOS BIO irradiator for different times. The absorbance of the samples 
was measured during these time intervals with an SpectraMax M2 Microplate Reader 
(Molecular Devices). The difference in absorbance (A0-A) at 420 nm for the CH3CN solution or 
at 440 nm a PBS buffer solution was calculated and plotted against the irradiation times. From 
the plot the slope of the linear regression was calculated as well as the absorbance correction 
factor determined. The singlet oxygen quantum yields were calculated using the same formulae 
as those used for the direct evaluation.  
 

3. Results and Discussion 

3.1. Synthesis and characterisation of ruthenium-functionalized nanostructured materials 

The preparation of the ruthenium-functionalised materials MSN-CL-Ru , MSN-CNO-Ru and 
MSN-TRI-Ru was carried out using three different synthetic methods. For the preparation of 
MSN-CL-Ru  the pathway A (Scheme 1) was followed. This consists of a simple grafting reaction 
of 3-chloropropyltriethoxysilane on dehydrated (treated for 24 hours at 150 ºC under vacuum) 
MSN to give MSN-CL following reported procedures.59,60 Subsequently, a functionalisation 
reaction with the ruthenium polypyridyl complex, [Ru(bipy)2-dppz-7-hydroxymethyl][PF6]2, was 
carried out using a theoretical 5% of Ru wt.% (Ru/MSN). The reaction was performed in the 
presence of triethylamine (1.5 equivalent per equivalent of ruthenium) to promote the 
deprotonation of the alcohol group of the polypyridyl ruthenium compound and elimination of 
triethylammonium chloride to give the covalently supported ruthenium complex.  
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Scheme 1.  % of Ru grafted on the mesoporous silica nanoparticles. 

 
The theoretical amount of ruthenium in the reaction was adjusted according to a previous 

loading study that was carried out using different starting quantities of ruthenium (2.5, 5, 10 and 
15% wt. Ru/MSN) which showed the best efficacy in functionalisation when using 5% wt. 
ruthenium (Table 1). 

 

Table 1.  % of Ru grafted on the mesoporous silica nanoparticles. 

Material  Theoretical % Ru wt.  Experimental % Ru 
wt. 1 

Experimental mmol 
of Ru/g material 

MSN-CL-Ru 5 2.1 0.21 
MSN-CNO-Ru 5 3.1 0.31 
MSN-TRI-Ru 20 7.5 0.74 

1 Determined by X-ray fluorescence. 

 
Analogously, for the preparation of MSN-CNO-Ru the pathway B (Scheme 1) was 

performed. This consists of the functionalisation of MSN with 3-isocyanatopropyltriethoxysilane 



9 
 

to give MSN-CNO and the subsequent reaction with the ruthenium polypyridyl complex (using a 
theoretical 5% of Ru wt.% Ru/MSN) in the presence of pyridine (1.5 equivalent per equivalent of 
ruthenium). This synthetic procedure led to the covalent functionalisation of the material with the 
ruthenium complex via the formation of the corresponding urethane derivative (Scheme 1, 
pathway B). 

Finally, material MSN-CL was treated with tris(2-aminoethyl)amine giving rise to a 
polyamine-functionalized MSN (MSN-TRI) which was treated with an ethanolic suspension of 
the ruthenium polypyridyl complex (with a theoretical 20 wt.% Ru/MSN) under reflux conditions 
for 48 h to obtain the ruthenium-physiosorbed material MSN-TRI-Ru (Scheme 1, Pathway C). 
The material was not washed to avoid the leaching of the adsorbed complex. In this case, an 
adsorption of the ruthenium derivative is presumably achieved via intermolecular interactions 
between the polar groups of ruthenium complex and the amino groups attached to the material, 
although electrostatic interactions between protonated amines of the material, the anionic PF6

- 
and the cationic ruthenium moiety cannot be ruled out. 

3.1.1. X-ray fluorescence 

The ruthenium-loaded materials MSN-CL-Ru, MSN-CNO-Ru and MSN-TRI-Ru were 
characterised by XRF observing a very different quantity of Ru wt. %. For the covalent loaded 
ruthenium complexes MSN-CL-Ru and MSN-CNO-Ru only 2.1% and 3.1% of Ru was found, 
while in the case of the material with the physiosorbed Ru complex a much higher quantity of 
7.5% wt. Ru was observed (Table 1). It is important to note that we tried some other synthetic 
approaches for increasing the quantity of loaded Ru by covalent modification or physical 
adsorption. However, we did not succeed in achieving this using other methods and different 
quantities of the ruthenium compound (See supplementary material). The observed low 
functionalisation using pathways A and B was attributed to the weak acidity of the alcoholic 
proton of the ruthenium complex and also to the partial saturation of the pores of the 
mesoporous silica nanoparticles with the different ligands (chloroproyltriethoxysilane or 
isocianatopropyltriethoxysilane in MSN-CL or MSN-CNO, respectively) which reduced the 
degree of Ru-functionalisation. 

3.1.2. Powder X-ray diffraction 

All the materials have been characterised by XRD. In all cases, the diffractograms show 
typical reflections for hexagonally ordered mesoporous materials, with relatively broad 
diffraction peaks. Non-modified MSN material gave a sharp peak at a 2θ value of ca. 2.1º 
corresponding to the Miller plane (100), another two peaks of very low intensity were observed 
at ca. 3.8° and 4.2º which correspond with the (110) and (200) Miller planes, respectively. 
(Figure 1).  

Interestingly, after the consecutive functionalization reactions with the different organic 
fragments and finally with the ruthenium photosensitiser, the position of the peaks slightly 
shifted to higher 2θ values and the intensity of the peaks notably decreased. The decrease in 
the intensity of the peaks is presumably due to the partial blocking of the dispersion points of 
the material while the slight shift towards higher diffraction angles confirm that the structural 
mesoporous order is retained after functionalisation reactions and that, apparently, the pore size 
notably decreases. 
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Figure 1.  XRD Diffractograms of MSN, MSN-CL-Ru , MSN-CNO-Ru and MSN-TRI-Ru. 

3.1.3. N2 adsorption-desorption isotherms 

The unmodified MSN and the ruthenium-functionalised materials MSN-CL-Ru , MSN-CNO-
Ru and MSN-TRI-Ru have been characterised by nitrogen adsorption / desorption isotherms. In 
the cases of MSN, MSN-CL-Ru  and MSN-CNO-Ru, the observed isotherms are between type 
IV and type VI (Figure 2) according to IUPAC classification.61 These isotherms are associated 
with mesoporous silica nanoparticles and show three different parts, namely, below P/P0 ca. 
0.4, between P/P0 0.4 and 0.9 and above P/P0 0.9. A hysteresis loop was observed in these 
cases between P/P0 1.0 and 0.85 which is correlated with the existence of capillary 
condensation into the mesoporous structure of the porous system. Furthermore, an additional 
hysteresis loop was observed between P/P0 0.4 and 0.15.  

On the other hand, the isotherm found for material MSN-TRI-Ru is a type III isotherm 
(Figure 2) with a hysteresis loop between P/P0 1.0 and 0.85 which is indicative of a non-porous 
system as it corresponds after the physical adsorption of the ruthenium complex inside the 
pores.  

Table 2.  Physical parameters of MSN, MSN-CL-Ru , MSN-CNO-Ru and MSN-TRI-Ru 

measured by N2 adsorption-desorption isotherms 

Material  SBET (m
2/g) Total pore volume (cm 3/g) DP (BJH) 1 (nm) 

MSN 853 0.728 2.54 
MSN-CL-Ru 717 0.563 <2.0 

MSN-CNO-Ru 295 0.299 <2.0 
MSN-TRI-Ru 7 0.022 <2.0 

 
1 Barrett, Joyner and Halenda. 
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Table 2 gives all the physical parameters that show that starting MSN material has a very 
high SBET of 853 m2g-1 and a BJH pore diameter of 2.5 Å. In addition, a very narrow distribution 
of the pore diameter was observed (see supplementary material). After functionalisation with the 
different ligands and ruthenium complex, the SBET significantly decreased to 717 and 295 m2g-1 
for MSN-CL-Ru  and MSN-CNO-Ru, respectively. This decrease indicates that the 
functionalisation takes place inside the pores of the mesoporous system. In the case of MSN-
TRI-Ru, the decrease in the BET surface is dramatic going down to 7 m2g-1 owing to the 
complete blocking of the pores by the incorporation of both the tris-amino ligand and the 
ruthenium complex. A very high congestion of the pores is already observed after 
functionalization with the tris amine in MSN-TRI as the BET surface is already as low as 47 m2g-

1 (Figure S8 and Table S1 of supplementary material) which is the main reason of the relatively 
low physisorption of the ruthenium compound. A similar behaviour has already been found for 
analogous systems in previous studies.59 Nevertheless, one cannot rule out that a plausible 
explanation of the very low surface area may also be an inhomogeneous functionalization.  

It is important to note that, after the functionalisation with the different ligands and the 
ruthenium complex, the resulting materials gave pore size distributions with a maximum below 
2.0 nm, which is a significant decrease of more than 0.5 nm compared with the unmodified 
MSN, indicating, again, that the functionalisation may have been taken place inside the pores of 
the nanostructured system. 

 

 

Figure 2.  N2 adsorption / desorption isotherms of MSN, MSN-CL-Ru , MSN-CNO-Ru and MSN-TRI-Ru. 

3.1.4. Solid-state NMR spectroscopy 

The 13C CP MAS spectra of materials MSN-CL-Ru, MSN-CNO-Ru and MSN-TRI-Ru. 
(Figure 3) have been recorded. The spectra show the signals associated with the different 
carbon atoms of the different ligands and the ruthenium complex that are attached to the 
mesoporous silica nanoparticles. In general, two different set of signals are found in each of the 
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spectra of the different studied materials. One set of signals was recorded between ca. 0 and 60 
ppm and was assigned to the aliphatic carbon atoms of the fragment coming from the 3-
chloropropyl moiety in MSN-CL-Ru , from the 3-isocyanatopropyl moiety in MSN-CNO-Ru or 
from the tris-amine in MSN-TRI-Ru. In addition, the aliphatic carbon atoms of the alcoholic 
fragment of the ruthenium complex are also part of that set of signals. The second set of signals 
appear between 110 and 170 ppm and is assigned to the aromatic carbon atoms of the 
covalently bound (for MSN-CL-Ru, MSN-CNO-Ru ) or physically adsorbed (in MSN-TRI-Ru) 
polypyridyl ruthenium complex in the different synthesised materials. It is important to note that 
the intensity of the signals of the carbon atoms of the ruthenium complex are not very high in 
the case of the materials MSN-CL-Ru  and MSN-CNO-Ru (covalently bound) as it corresponds 
with a low ruthenium functionalisation rate. However, in the case of the material MSN-TRI-Ru, 
the relative intensity of the signals of the carbon atoms of the polypyridyl ligand of the ruthenium 
complex are much higher, as the quantity of immobilised complex is also much higher. 

 
 

 

Figure 3.  13C CP MAS NMR spectra of MSN-CL-Ru , MSN-CNO-Ru and MSN-TRI-Ru. 

3.1.6. IR and UV spectroscopy 

DR-UV-vis spectra of the studied ruthenium containing materials MSN-CL-Ru , MSN-CNO-
Ru and MSN-TRI-Ru were recorded. The spectra show a very intense absorption peak at 286 
nm and a small shoulder of absorption at 443 nm which correspond with the incorporation of the 
ruthenium complex (see supplementary material). In addition, FT-IR spectra of the materials 
show the appearance of typical C-H and N-H small intensity bands due to the immobilisation of 
the ruthenium complex together with the typical characteristic bands of the silica intense broad 
bands between 3450 and 3200 cm–1, (O–H stretching of the silanol groups of the material and 
the adsorbed water molecules), a broad band at around 1100 cm–1 (assigned to the siloxane 
(Si–O–Si) groups) and the stretching band of the Si–O bonds at ca. 900 cm–1. Finally, a band at 
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1630 cm–1 was observed and corresponds with the deformation vibrations of adsorbed water 
molecules (see supplementary material). 

3.1.7. SEM and TEM 

The ruthenium-functionalised materials MSN-CL-Ru , MSN-CNO-Ru and MSN-TRI-Ru 
were characterised by Scanning Electronic Microscopy (SEM) and Transmission Electronic 
Microscopy (TEM) to observe their morphology, particle size and pore size.  

In the SEM micrographs, one can see the agglomeration of the spherical nanoparticles 
(Figure 4). It seems that the functionalisation with the ruthenium complex, either by covalent 
binding or physical adsorption, do not lead to changes in the spherical morphology of the 
nanoparticles. 

 

 

Figure 4.  SEM images of MSN, MSN-CL-Ru , MSN-CNO-Ru and MSN-TRI-Ru. 

TEM images of the ruthenium-functionalised nanomaterials MSN-CL-Ru , MSN-CNO-Ru 
and MSN-TRI-Ru (Figure 5) show the porous spheres with hexagonal ordered porous parallel 
channels. The particle size distribution calculated by using ImageJ® program is very narrow and 
is of 77±13 nm for MSN-CL-Ru , 72±8 nm for MSN-CNO-Ru and 77±10 nm for MSN-TRI-Ru. 
The differences in size with the different functionalization are only probably due to a statistic 
factor. It seems, therefore, that the functionalisation with the ruthenium complex does not have 
any significant effect on the morphology or particle size of the materials. 
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Figure 5.  TEM images of MSN, MSN-CL-Ru , MSN-CNO-Ru and MSN-TRI-Ru. 

 

3.2. Biological studies 

The (photo-)toxic potential of the new MSNs conjugated to the ruthenium photosensitizer were 
evaluated on human cervical HeLa cancer cells. In this assay, we chose to investigate MSN-
CNO-Ru (3.1 % Ru loading) and MSN-TRI-Ru (7.5 % Ru loading), which have the highest Ru 
loading. The parent Ru(II) complex was also included as control in our experiments. Of note, for 
a fair comparison purpose, the concentrations are given as µM of the ruthenium complex in the 
materials. The results are summarised in Table 3 and representative dose-response plots are 
shown in Figure 6. The cells were treated with increasing concentrations of materials and 
incubated for 4 h and 48 h to test cytotoxicity in the dark. As shown in Table 3, very low toxicity 
(IC50 values 183-278 µM, Table 3) was noticed for both MSNs and the parent Ru(II) complex. In 
the 4 h incubation assay in the dark, only MSN-TRI-Ru showed some toxicity with an IC50 value 
of 252 µM. The parent Ru(II) complex and MSN-CNO-Ru turned out to be non-toxic up to a 400 
µM concentration. These results are in line with our expectations considering that MSN-TRI-Ru 
has the highest Ru loading of the material series. Unfortunately, as shown in Table 3, no 
significant differences in the IC50 values were observed when cells treated with our compounds 
were irradiated with 350 nm light for 10 min (2.58 J.cm-2). We note that this light dose is not toxic 
for cells. 
In order to rationalise the modest results obtained when using 350 nm light, two hypothesises 
can be envisioned, namely 1) a quenching of the Ru(II) complex due to a possible surface 
quenching or 2) a too low Ru loading. Regarding 2), our efforts to quantify the uptake of these 
compounds using either ICP-MS or fluorescence microscopy was fruitless due to precipitation of 
the ruthenium-containing MSNs in cell culture media. For 1), we have carried out emission, 
luminescence, lifetimes and 1O2 quantum yields measurements on the most active material, 
namely MSN-TRI-Ru (see section 3.3). 
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Table 3.  (Photo-)toxicity of MSNs and parent Ru(II) complex in HeLa cells given in µM of 
ruthenium complex for Ru-complex or µM of loaded ruthenium complex for materials MSN-
CNO-Ru and MSN-TRI-Ru. Data in brackets correspond with the quantity of functionalised 
materials MSN-CNO-Ru and MSN-TRI-Ru in µg/mL. 
 

Compounds  48 h / dark  4 h / dark  4 h / 350 nm light, 
10 min (2.58 J .cm -2) 

MSN-CNO-Ru 278±14 
[903±40] 

>400 
[>1300] 

>400 
[>1300] 

MSN-TRI-Ru 219±21 
[295±26] 

252±16 
[340±19] 

216±18 
[291±22] 

Ru-complex  183±19 >400 329±21 

 

 

Figure 6. Representative dose-response curves of the phototoxicity assays with MSNs and 
parent Ru complex in Hela cells. Note: Concentrations are given as µM of the ruthenium 
complex in the materials.  

 

3.3. Photophysical Studies 

3.3.1 Emission, Luminescence and Lifetimes 

The low biological activity observed in section 3.2 could be potentially explained by a quenching 
of the excited state of the Ru(II) complex in the nanoparticle. In order to exclude this possibility, 
emission, luminescence and lifetimes measurements were undertaken on the most active 
nanoparticles (MSN-TRI-Ru) and compared to the Ru(II) complex itself. The values of MSN-
TRI-Ru and the Ru(II) complex presented in Table 4 are very similar and seem to rule out any 
quenching of the excited state of the Ru(II) complex. 

 

Table 4.  Spectroscopic properties of MSN-TRI-Ru in CH3CN at room temperature. 

Compound Emission λem / nm Φem / % Lifetime / ns 
   air degassed 

MSN-TRI-Ru 622 1.9 205 952 
Ru-complex  623 3.1 186 914 
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3.3.2 Singlet oxygen production 

To further explore a potential quenching of the excited state of the Ru(II) complex, the singlet 
oxygen quantum yields of MSN-TRI-Ru were determined by direct and indirect methods, as 
previously described by some of us.35,51,53,56 The values presented in Table 5 are in the same 
order of magnitude and seem to exclude a quenching of the excited state. Overall, the results 
presented in this section tend to confirm that the low Ru loading is responsible for the modest 
biological activity observed. 

 

Table 5.  1O2 quantum yields (Φ(1O2)) in air saturated CH3CN and aqueous solution determined 

by direct and indirect method upon excitation at 450 nm. Average of three independent 

measurements, +-10%. n.d.=not detectable. * = containing 5% DMSO. 

Compound CH3CN 
direct 

CH3CN 
indirect 

D2O* 
direct 

PBS* 
indirect 

MSN-TRI-Ru 62 59 n.d. 1% 
Ru-complex  92 94 n.d. 3% 

 

4. Conclusions 

We have synthesised and characterised by different methods various mesoporous silica 
nanoparticles functionalised with the photoactive ruthenium(II) complex Ru(bipy)2-dppz-7-
hydroxymethyl][PF6]2. We have observed that the covalent binding of the ruthenium complex 
can be achieved with modest functionalisation rates (between ca. 2-3% wt. Ru) by its reaction 
with chloropropyl- or isocyanatopropyl-functionalised nanoparticles via ether or urethane 
formation with the addition of different bases. In addition, physical adsorption of the 
ruthenium(II) complex leads to higher functionalisation rates of ca. 7% when using polyamine 
ligands attached to the mesoporous silica nanoparticles. The preliminary biological results on 
HeLa cervical cancer cells showed that the low loading of ruthenium complexes hampered 
phototoxicity. Future work will be in the preparation of higher-loader material. 

Supplementary Materials:  The supplementary material contains the main scheme of the reactions carried 
out in this study; experimental description of additional reactions for incorporation of ruthenium complex 
with low functionalization rates; pore size distribution of the studied materials; DR-UV spectra of the 
studied materials, FT-IR spectra of the studied materials, MSN and ruthenium complex, nitrogen 
adsorption-desorption isotherm of MSN-TRI and table with the comparison of physical parameters of MSN, 
MSN-TRI, MSN-TRI-Ru measured by N2 adsorption-desorption isotherm and emission and lifetime spectra 
of MSN-TRI-Ru. 
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