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Abstract 

The mesoporous silica-based material SBA-15 (Santa Barbara Amorphous-15) has been modified 

with the aminodiol ligand 3-[bis(2-hydroxyethyl)amino]propyltriethoxysilane (PADOH) to give 

the corresponding material SBA-PADOH. Subsequent functionalization with a diorganotin(IV) 

compound, SnPh2Cl2 (1), and with two titanocene derivatives, TiCp2Cl2 ([Ti(η5-C5H5)2Cl2] (2)) and 

TiCpCpPhNfCl2 ([Ti(η5-C5H5)(η5-C5H4CHPhNf)Cl2] (3) (Ph = C6H5; Nf = C10H7)), gave the materials SBA-

PADO-SnPh2 (M1), SBA-PADO-TiCp2 (M2) and SBA-PADO-TiCpCp* (M3), respectively. SBA-

PADOH and M1‒M3 have been characterized by various techniques such as FT-IR, XRD, XRF, 

solid-state NMR, nitrogen adsorption-desorption isotherms, electrochemical methods, SEM and 

TEM, observing that the functionalization has mainly taken place inside the pores of the 

corresponding porous system. In addition, mechanistic aspects of the apoptosis triggered by the 

synthesized materials have been studied in vitro in tumour cell lines derived from three distinct 

types of cancer in order to elucidate their growth inhibition and interference with the expression 

of tumour necrosis factor alfa (TNF-α) and the first apoptosis signal receptor (Fas or tumour 

necrosis factor receptor 6). It was observed that the antiproliferative and proapoptotic capacity 

of the materials depends on their functionalization with the different cytotoxic prodrugs 

(organotin or titanocene derivatives). The study shows that M1‒M3 influence the metabolic 

activity of the tumour cells and modulate the apoptotic pathways by different mechanisms, 

according to the active compound inside the material. 
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Introduction 

The use of metal-based drugs in cancer chemotherapy has greatly increased since the 

discovery and approval by the FDA of the use of cisplatin for the treatment of ovarian and 

testicular cancer in 1978.1 Following on from the application of platinum-based compounds 

against different tumours, a wide variety of alternative drugs based on other metal complexes 

have been developed and studied in vitro and in preclinical and clinical trials.2,3 

In this context, the literature is full of examples of synthesis, characterization and study 

of the cytotoxic properties of metal-based drugs as alternatives to platinum complexes.2,4,5 In 

particular, titanium(IV) compounds have exhibited very interesting properties against a wide 

variety of cancer cell lines and have also been used in preclinical and clinical trials with promising 

results.6,7,8,9,10 In addition, organotin(IV) compounds have also emerged as promising candidates 

because of their potent cytotoxicity11,12 and their ability to overcome multidrug resistance (MDR) 

as some of them are not substrates of the Pgp-protein. This protein pumps out of the cell most 

of the administered anticancer drugs, decreasing their therapeutic efficacy.13 Therefore, metal 

complexes based on titanium and tin have attracted the interest of the scientific community and 

are currently in continuous development. 

However, the high number of side effects associated with the use of platinum and other 

metal complexes in chemotherapy,14 together with low water solubility, speciation in 

physiological medium and acquisition of resistance by some of the treated cells of the tumours, 

has refocused the interest of researchers. Thus, different alternatives for the administration of 

metallodrugs are being studied, with the principle aims of avoiding or diminishing the 

decomposition processes during the transport to cells, addressing their low water solubility and 

promoting an effective protection of the metal-containing active species.15,16 

Thus, the encapsulation or incorporation of metal-based therapeutic systems in 

different scaffolds, usually porous and nanosized systems, helps enhance the cytotoxic 

properties of the studied metallodrugs and thus improving their effectivity in vitro and in vivo.15 

The systems used as encapsulators or carrier vectors for the administration of metal-based drugs 

are varied and comprise materials based on different scaffolds such as organic polymeric 

nanoparticles, proteins, metal and metal oxide nanosystems, carbon nanostructures, ceramic 

materials and polyoxometalates.15,17,18,19,20,21,22,23,24, 25,26 

Our group has focused its attention on the use of nanostructured porous silica-based 

materials as encapsulators of metal-based drugs based on titanium15,16,27,28,29,30,31,32,33 and tin34,35 

which have shown interesting properties in vitro and in vivo against a wide variety of cancers. 

Indeed, the elucidation of the mechanism of action of these materials is interesting from a 

medicinal point of view as they usually do not act as classical drug-delivery systems. They have 

a high cytotoxic action without apparently the need of releasing the loaded anticancer 

metallodrug thus considering their action to be due to the entire nanoparticulated system. This 

has been observed by our group and opens up the possibility of testing several anticancer 

metallodrugs which have been disregarded because of their lack of solubility or low stability in 

physiological medium. In addition, these metallodrug-functionalized nanostructured silica-

based materials have shown the enhancement of the metal uptake by the cancer cells in 

cytotoxic experiments in vitro, following a completely different mechanism of cell death 

compared to that of the free metallodrugs. 

All these experiments carried out by our group have led us to gain insights on cellular 

cytotoxic mechanism of action promoted by these materials in cancer cells. Thus, we have 
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observed that the metallodrug-functionalized materials induce the programmed cell death by 

impairing the damaged DNA repair mechanism and upregulating intrinsic and extrinsic apoptosis 

signalling pathways.15,36 In addition, we have recently observed that certain titanocene-

functionalized nanostructured silica materials are able to induce cell growth inhibition by 

interfering with the metabolic activity of the cell and through TNFR1 modulation.32 

In the present study we describe our efforts in elucidating mechanistic aspects of the 

apoptosis induction and the differences in the biological action of promoted by organotin- and 

titanocene-functionalized SBA-PADOH materials in vitro in tumour cell lines derived from three 

distinct types of cancer. In this context, we have considered TNF-α due to its role as an important 

biological marker in inflammatory and apoptotic processes. This arises from its binding with 

TNFR1 which in the way it takes place can be indicative of the different mechanisms leading to 

cancer cell death.37,38,39,40 We have examined the growth inhibition and the capacity to interfere 

with the expression of tumour necrosis factor alfa (TNF-α) and the first apoptosis signal receptor 

(Fas or tumour necrosis factor receptor 6), both being important players in the extrinsic 

apoptotic pathways. 

 

Experimental Section 

General remarks on the synthesis and characterization of the materials 

All reactions were performed using standard Schlenk tube techniques in an atmosphere 

of dry nitrogen. Solvents and triethylamine were distilled from the appropriate drying agents 

and degassed before use. The reagents used in the preparation of the corresponding 

metallodrug-functionalized nanostructured materials such as [TiCl4(THF)2], [Ti(η5-C5H5)2Cl2], 

[Ti(η5-C5H5)Cl3], SnPh2Cl2, TEOS, Pluronic 123 and 3-[bis(2-

hydroxyethyl)amino]propyltriethoxysilane (PADOH) and hexamethyldisilazane (HMDS) were 

purchased from Sigma Aldrich and used directly without further purification. Pyrrolidine, LiPh 

(1.8 M in dibutylether) and C10H7CHO for the synthesis of (C5H4)=CHNf, Li{C5H4(CHPhNf)} and 

[Ti(η5-C5H5)(η5-C5H4CHPhNf)Cl2] (3) were purchased from Aldrich and used directly. Preparation 

of 3 was carried out following the same synthetic method described by us.41 

13C-CP MAS spectra, 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). Ti and Sn wt % determination by X-ray fluorescence 

were carried out with an X-ray fluorescence spectrophotometer Phillips MagiX with a X-ray 

source of 1 kW and a Rh anode using a helium atmosphere. The quantification method is able 

to analyze from 0.0001% to 100% titanium and sulphur. N2 gas adsorption-desorption isotherms 

were performed using a Micromeritics ASAP 2020 analyzer. 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. 
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Synthesis of SBA-15 

The synthesis of SBA-15 was carried out following the experimental procedure reported 

by Zhao et al.42 An aqueous solution of TEOS 98% (102 g, 0.480 mol) was prepared and added 

dropwise to a stirring solution (1000 rpm) containing the Pluronic 123 surfactant (48.4 g) in 360 

mL of Milli-Q water and 1342 mL of HCl 2 M at 35 °C. The reaction was stirred (1000 rpm) at 35 

°C for 20 h more to form a white solid. Stirring was then stopped and the temperature was 

increased to 80 °C and maintained for 24 h in order to complete the ageing process. The 

suspension was then filtered under vacuum and the resulting white solid washed abundantly 

with Milli-Q water to remove impurities and the remaining surfactant. After washing, a drying 

process (at 100 °C during 18 h) and a final calcination process (during 24 h at 500 ºC) in a muffle 

oven were carried out. After the calcination process 26.88 g of a fine white powder of SBA-15 

were obtained and used for the characterization tests and subsequent functionalization 

reactions with PADOH. 

 

Functionalization of SBA-15-PADOH in the presence of hexamethyldisilazane as capping agent 

SBA-15 was treated with the aminodiol ligand 3-[bis(2-hydroxyethyl)amino]-

propyltriethoxysilane in the presence of hexamethyldisilazane (to reduce the number of free 

silanol groups in the surface of the material). The synthesis was carried out using the procedure 

recently reported by our group.43 10 g of SBA-15 mesoporous silica was suspended in 300 mL of 

dry toluene and hexamethyldisilazane (HMDS) (8.40 mL, 40 mmol). 3-[bis(2-hydroxyethyl)-

amino]propyltriethoxysilane in ethanol (20 mL, 40 mmol) was then simultaneously added 

dropwise. The reaction mixture was then stirred for 48 h at 110 °C and the resulting solid isolated 

by filtration and washed with toluene (2 × 100 mL) and hexane (2 × 100 mL). The final material 

was dried under vacuum at room temperature and stored under nitrogen. 

 

Synthesis of SBA-PADO-SnPh2 (M1) 

A solution of SnPh2Cl2, (0.58 g, to obtain a theoretical level of 15% Sn/SiO2) in toluene 

(60 mL) was added to SBA-PADOH (1.50 g). Subsequently, 4.0 mL of triethylamine was added 

and the mixture was stirred overnight at 120 °C for 48 hours. The slurry was then filtered through 

fritted discs and the solid residue washed with toluene (2 × 40 mL), and a 1:1 mixture of 

water:ethanol (2 × 40 mL). The resultant solid was dried at 70 °C for 16 hours and under vacuum 

at room temperature for 4 additional hours to give a white free flowing powder. XRD (2Ɵ, o) 0.97 

(100), 1.98 (110); BET surface area 286 m2/g; pore size 3.52 nm; 13C CP MAS NMR (ppm): 2 (O-

SiMe3), 9 and 21 (-CH2-), 52 and 61 (N-CH2-CH2-O), 130 and 142 (Ph); FRX: 12.5 % wt. Sn and 1.0 

% wt. Cl. 

 

Synthesis of SBA-PADO-TiCp2 (M2) 

The synthesis of material M2 was carried out in identical manner to that of M1. [Ti(η5-

C5H5)2Cl2] (2) (0.36 g, to obtain a theoretical level of 5% Ti/SiO2), SBA-PADOH (1.50 g) and 

triethylamine (4.0 mL). XRD (2Ɵ, o) 1.01 (100), 1.97 (110); BET surface area 347 m2/g; pore size 

3.32 nm; 13C CP MAS NMR (ppm): 2 (O-SiMe3), 9, 20, 31 and 43 (-CH2-), 48, 52 and 62 (N-CH2-

CH2-O), 117 (Cp); FRX: 3.2 % wt. Ti and 2.2 % wt. Cl. 
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Synthesis of SBA-PADO-TiCpCp* (M3) 

The synthesis of material M3 was carried out in identical manner to that of M1. [Ti(η5-

C5H5)(η5-C5H4CHPhNf)Cl2] (3) (0.62 g, to obtain a theoretical level of 5% Ti/SiO2), SBA-PADOH 

(1.50 g) and triethylamine (4.0 mL). XRD (2Ɵ, o) 1.04 (100), 1.98 (110); BET surface area 275 

m2/g; pore size 3.62 nm; 13C CP MAS NMR (ppm): 1 (O-SiMe3), 10 and 23 (-CH2-), 51 and 60 (N-

CH2-CH2-O), 70 (CH attached to Cp), 117 and 128 (Cp, Nf, Ph); FRX: 2.0 % wt. Ti and 0.8 % wt. Cl. 

 

Metal ions-release studies 

Tin and titanium release of the materials in biological conditions was carried out in a 

body simulated fluid (pH 7.4 buffer) prepared according to reported procedures.44 In duplicate, 

10 mL of simulated body fluid was added to 15 mg of the studied materials. These suspensions 

were incubated at 37 oC in a water bath for 1, 6, 24, 48 and 96 h. Afterwards, the suspension 

was filtered through a nylon filter (0.2 μm). The solution was then analysed by ICP-AES, using a 

Varian Vista AX Pro Varian 720-ES instrument. 

 

Materials and methods for in vitro cytotoxicity and apoptosis tests 

The in vitro testing was performed on immortal tumour cell lines: human DLD-1 colon 

carcinoma, A2780 ovarian carcinoma and A431 epidermoid carcinoma (cell lines acquired from 

European Collection of Cell Cultures (ECACC). DLD-1 and A2780 cells were cultivated in RPMI-

1640 cell culture media, supplemented with 10% foetal calf serum; the A431 cells in DMEM 

media with 4500 mg/L glucose, sodium pyruvate and 10% foetal calf serum. All media and 

supplements were purchased from Sigma Aldrich Company, St. Louis, USA.  

For the viability testing, the cells were cultivated on 96-well plates, at a concentration 

of 1.5 × 104 cells seeded with 200 µL media in each well. For the single-cell membrane markers 

and for the soluble proteins evaluation testing, the cells were seeded on 6-well plates, at a 

density of 2.5 × 105 cells in 3 mL on each well. In every experiment, after a 24-hours period, while 

cells adhered to the plates and the proliferation process begun, the PADOH derivatives were 

added. The cells were evaluated after 24 hour treatment in each measurement. Untreated cells 

were used as reference values, and cell culture media as blank. 

SBA-PADOH, SBA-PADO-SnPh2 (M1), SBA-PADO-TiCp2 (M2) and SBA-PADO-TiCpCpPhNf 

(M3) were dispersed in dimethyl sulfoxide (DMSO, from Merck KGaA, Darmstadt, Germany) at 

a concentration of 100 mg/mL. These stock suspensions were diluted in phosphate buffered 

saline solution (PBS, from Sigma Aldrich), to obtain 8 serial dilutions from 10 µg/mL to 5000 

µg/mL. The active precursors included in materials were also tested; they were diluted in DMSO, 

then serial dilutions were made in PBS, to obtain the analogous concentration ranges of the free 

precursors: 1.24 to 610 μg/mL SnPh2Cl2; 0.32 to 160 μg/mL TiCp2Cl2 and 0.20 to 100 μg/mL 

TiCpCpPhNfCl2. An additional concentration was included for precursors: 10% of the lowest 

analogue concentration, considering their capacity to release around 10% of active compound.    

For the viability testing, the dispersed materials replaced a proportion of 1/20 of the cell culture 

media. To establish the half maximal effective concentrations (EC50), we evaluated the 

mitochondrial activity with the colorimetric MTT method, as described earlier.45  
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The same treatment and concentrations were used for the evaluation of metabolic 

activity; the cells capacity to convert resazurin (Alamar Blue reagent from Invitrogen, Thermo 

Fisher Scientific, Waltham, USA) into resorufin was performed by fluorimetric quantification.46 

To evaluate the proportion of apoptotic cells within the tumour cell population, 6-well 

plates were used, where 2 × 105 cells were in 2.5 mL media in each well. The cells were treated 

with SBA-PADOH, SnPh2Cl2, TiCp2Cl2, TiCpCpPhNfCl2, SBA-PADO-SnPh2 (M1), SBA-PADO-TiCp2 (M2) 

and SBA-PADO-TiCpCp* (M3) for 24 hours; the sub-lethal final concentration of 200 μg/mL in 

the cell culture media was used for each material. Each sample was prepared in duplicate. The 

cells were harvested from the plate, including the detached, floating cells from the cell culture 

media. For apoptosis evaluation, the Alexa Fluor 488 labelled Anexin V, and the propidium iodide 

(PI) viability dye were used (Apoptosis kit from Invitrogen, Applied Biosystems Carlsbad, CA, 

USA). The cells were washed, resuspended in the binding buffer provided by the manufacturer, 

then incubated with the dyes and subjected to flow cytometry analysis according to the 

manufacturers protocol. Samples were analysed by flow cytometry, with a FACS Canto II Flow 

cytometer, (BD Biosciences, San Jose, CA, USA). Alexa Flour 488 dye (green) was detected using 

the 530/30 filter and PI (red) with the 575/26 filter. The total number of apoptotic cells, coloured 

in green, can be examined as two distinct subsets: the early apoptotic cells, labelled only with 

Annexin V, and the late apoptotic cells, having double green and red colouration, while the dead 

cells appear with intracytoplasmic red fluorescence. 

To perform the Elisa testing, the cells were cultivated on 6-well plates. 2×105 cells were 

seeded in 2.5 mL media and subsequently the cells attached and the proliferation begun. The 

cells were treated with 200 μg/mL SBA-PADOH, the active metal complexes and the 

functionalized materials M1-M3. Considering the metal content of M1, M2 and M3, the 

concentration of precursors were chosen accordingly: 24.8 μg/mL SnPh2Cl2; 6.4 μg/mL 

TiCp2Cl2and 4 μg/mL TiCpCpPhNfCl2, respectively. Subsequently, the cell culture supernatants 

were harvested from the plates and their protein content was measured with the Bradford 

method. The samples were aliquoted and cryoconserved at -80 ºC. The soluble Fas and 

FasLigand sandwich Elisa kits were purchased from R&D Systems (Minneapolis, USA). Before the 

testing, the samples were thawed, centrifuged, and diluted with the calibrator diluent provided 

by the kit, to obtain normalized protein concentrations: 1.8 µg/mL for DLD-1 cells, 1.5 µg/mL for 

A2780 cells and 1.7 µg/mL for A431 cells. The quantitative measurement of the soluble Fas and 

FasL levels was made on antibody-coated 96-well plates, provided by the manufacturer. In each 

well 100 μL of assay diluent was added, then 50 μL of samples, a series of 8 standard protein 

solutions and blank were pipetted in the wells, each of them in duplicates. After 2 hours of 

incubation and four automated wash cycles, conjugate antibody was added to each well, 

followed by 2 h incubation. The plates were washed, substrate solution was pipetted in the wells 

and after 30 minutes, the stopping solution was added and the plates were subjected to 

colorimetric measurement at 450/540 nm. The TNF-α human Elisa kit was from Hycult Biotech 

(Uden, The Netherlands). To assess the TNF-α level in the samples, they were diluted with 

sample diluents provided by the kit, to obtain the same protein levels as described above. 100 

µL of standard proteins or samples were dispensed on a stripwell antibody-coated plate, in 

duplicates, and they were incubated at room temperature for 1 hour. After repeated washing 

procedures, 100 µL tracer antibody was added to each well, and the samples were incubated 

another hour at room temperature. The plate was washed and 100 µL of streptavidin-peroxidase 

solution was added and finally TMB substrate and stopping solution. The plate was subjected to 

colorimetric measurements at 450/540 nm and quantitative data were obtained after 

absorbance data processing with the equipment’s software. 
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The cells were cultivated in Steri-Cycle i160 CO2 Incubator (from Thermo Scientific, 

Cleveland, USA) at 37 oC and 5% CO2 concentration and the experiments were performed in Class 

II BSC laminar hoods (acquired from Esco, Changi, Singapore). Also used were: MPW-352-R 

centrifuge with swing-out rotor (from MPW Med Instruments, Warsaw, Poland), orbital shaker-

incubator ES-20 (from Biosan, Riga, Latvia), Biobase MW9623 Micro plate washer (from Biobase, 

Shandong, China), ULF ultra-freezer 480W PRO2 (from EVERmed, Motteggiana, Italy). The 

colorimetric and fluorescence measurements were performed with the Spark10M microplate 

reader and Magellan software (from Tecan GmbH, Grodig, Austria). The data has been processed 

with the GraphPad Prism 5 software (from GraphPad Software, La Jolla, USA). 

 

Results and Discussion 

Synthesis and characterization of metallodrug-functionalized SBA-15 materials 

SBA-15 was functionalized with the aminodiol ligand 3-[bis(2-

hydroxyethyl)amino]propyl-triethoxysilane (PADOH) to give SBA-PADOH (Scheme 1). This 

material was obtained by a simple grafting reaction of PADOH and SBA-15 in the presence of 

excess hexamethyldisilazane, in order to reduce to a minimum the number of free silanol groups 

in the final material.  

Subsequently, SBA-PADOH was reacted with three different metal complexes, namely 

the tin derivative SnPh2Cl2 (1)) and two titanocene compounds TiCp2Cl2 ([Ti(η5-C5H5)2Cl2] (2)) and 

TiCpCpPhNfCl2 ([Ti(η5-C5H5)(η5-C5H4CHPhNf)Cl2] (3) (Ph = C6H5; Nf = C10H7)), the latter is 

functionalized with small aromatic rings. These metal complexes have previously demonstrated 

good cytotoxic and DNA-binding properties.41 Protonolysis reactions of SBA-PADOH were carried 

out in the presence of an organic base such as triethylamine to promote the formation of the 

supported tin(IV) or titanocene(IV) alkoxide SBA-15-based materials SBA-PADO-SnPh2 (M1), 

SBA-PADO-TiCp2 (M2) and SBA-PADO-TiCpCp* (M3), respectively (Scheme 1) 

Materials SBA-15, SBA-PADOH and M1-M3 have been characterized by different 

techniques. The XRD diffractograms show the typical signals associated with the hexagonally 

ordered silica SBA-15, consisting of a very intense diffraction peak at ca. 0.9° corresponding to 

the (100) Miller plane and a second peak of much lower intensity at around 1.8° which is 

assigned to the (110) Miller plane (Figure 1). The position of the diffraction peaks did not change 

after functionalization of SBA-15 with the PADOH ligand, however, the intensity of the peaks in 

SBA-PADOH was much lower compared to that of the unmodified SBA-15. Furthermore, for the 

tin and titanium-functionalized materials M1–M3, the intensity of the peaks decreased 

compared with those of SBA-PADOH. These results confirm the functionalization of the SBA-15 

inside the pores as the decrease of the can be attributed to the partial blockage of the dispersion 

points (pores) associated with the mesoscopic order of the SBA-15 structure. In addition, the 

observation of the diffraction peaks in the same position after functionalization with both 

PADOH and the metallodrugs suggest that the structural order of the synthesized material is 

maintained. Furthermore, in all cases, the diffractogram can be indexed as a hexagonal lattice 

with d-spacing values of between 82-95 Å (Table 1). 

The metallodrug-functionalized materials M1–M3 were also characterized by XRF in 

order to determine the metal content and thus the degree of functionalization (Table 2). The 

tin-functionalized material M1 showed a 12.4% wt. of Sn with only 1.0% wt. of Cl, to give a Sn:Cl 

molar ratio of ca. 3.8:1, indicating that most of the tin-supported complex is in the form of a 
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dialkoxide derivative (Figure 2, species B of SBA-PADO-SnPh2). The quantity of titanium in 

materials M2 and M3 was 3.2 and 2.0% wt., respectively. In addition, the amount of Cl in M2 of 

ca. 2.2% wt. (to give a Ti:Cl molar ratio of 1.1:1) suggests that the major species is that in which 

only one Ti-Cl bond of the titanocene complex [Ti(η5-C5H5)2Cl2] (2) has reacted with the PADOH 

ligand forming the fragment “Cp2TiCl{(OCH2CH2)(HOH2CH2CH2)NCH2CH2CH2Si(OEt)2}O-SBA-15” 

which has an Ti-Cl bond still intact (Figure 2, species A of SBA-PADO-TiCp2). On the contrary, the 

amount of Cl in M3 of 0.8% wt. suggests that both of the Ti-Cl bonds of the complex [Ti(η5-

C5H5)(η5-C5H4CHPhNf)Cl2] (3) have reacted with the PADOH ligand to give, as a major species 

“Cp*CpTi{(OCH2CH2)2NCH2CH2CH2Si(OEt)2}O-SBA-15” (Figure 2, species B of SBA-PADO-

TiCpCp*).  

All the studied materials SBA-15, SBA-PADOH and M1–M3 were characterized by 

nitrogen adsorption / desorption isotherms. The results show that all the synthesized materials 

give type IV isotherms (according to the IUPAC classification).47,48 In addition, in all cases an H2b 

hysteresis loop is formed which can be correlated with a typical mesoporous material (Figure 

3).47,48 Table 3 summarizes all the obtained data. The sorption study showed that the BET surface 

area (SBET) of the unmodified SBA-15 was of 931 m2/g. However, after grafting of PADOH ligand 

the BET surface area decreased to 306 m2/g in SBA-PADOH. In addition, the subsequent reaction 

with either the tin compound or the titanocene derivatives generally led to a slight decrease of 

the surface area (Table 3). The effect of the capillary condensation of nitrogen within the 

uniform mesoporous structure was also observed in all the studied systems at relative pressures 

(P/P0) of ca. 0.4. However, the inflection position changed to lower relative pressures due to the 

effect of the functionalization with the different fragments. 

Regarding the pore diameter of the studied materials, a decrease from ca. 5.4 nm of 

unmodified SBA-15 to ca. 3.3-3.6 nm for SBA-PADOH, M1–M3 was observed in the BJH average 

pore diameter (Table 3, for pore size distribution see Figure S1-S4 of Supplementary Material). 

The pore volume also decreases after functionalization with PADOH or the metallodrugs. 

Therefore, the functionalization of the porous system based can be envisaged to take place 

inside the pores of the SBA-15 particles. 

SBA-PADOH and the materials M1–M3 were also characterized by 13C CP MAS 

spectroscopy. The 13C CP MAS spectrum of SBA-PADOH (Figure 4a) showed various signals 

between 0 and 70 ppm which were assigned to the different carbon atoms of the PADOH ligand 

and the SiMe3 groups arising from the capping reaction with hexamethyldisilazane, specifically, 

a high intensity signal at ca. 0 ppm assigned to the carbon atoms of the OSiMe3 and three signals 

between 3 and 20 ppm corresponding to the three carbon atoms of the methylene groups of 

PADOH ligand (Si-CH2-CH2-CH2-N). Furthermore, between 50 and 60 ppm, two additional signals 

assigned to the carbon atoms of the methylene groups directly bound to alcohol groups (-N-CH2-

CH2-OH) were observed. 

M1 was also characterized by 13C CP MAS spectroscopy (Figure 4b) observing, between 

0 and 70 ppm, the signals described previously for SBA-PADOH with a slight modification in the 

chemical shifts and intensity, and various broad signals, between 120 and 140 ppm, which were 

assigned to the carbon atoms of the phenyl rings of the SnPh2 moiety. 

The 13C CP MAS spectra of M2 and M3 also show the signals associated with the 

incorporation of the PADOH ligand and the SiMe3 groups coming from the capping reaction with 

hexamethyldisilazane and additional signals in the aromatic region arising from the 

cyclopentadienyl ligands of the supported titanocene complexes. Thus, the spectrum of M2 
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shows a very broad signal at ca. 115 ppm corresponding to the carbon atoms of the C5H5 ligand 

(Figure 4c), while M3 shows three broad signals between 110 and 130 which were assigned to 

the carbon atoms of the cyclopentadienyl ring and the phenyl and naphthyl fragments and a 

signal at ca. 80 ppm corresponding to the carbon atom directly bound to the substituted Cp ring 

(Figure 4d). Thus, the 13C CP MAS spectra, confirm the incorporation of the PADOH ligand and 

the metallodrugs in the SBA-15 material. This functionalization was also corroborated by FT-IR 

spectroscopy (see Figures S5-S11 of Supplementary Material). Additionally, the materials were 

also characterized by DR-UV spectroscopy which shows the band corresponding to the Cp 

ligands of M2 and M3 (Figure S12 of Supplementary Material). 

Finally, all the synthesized materials were characterized by SEM and TEM microscopy 

(Figure 5). The pictures taken by the microscopes showed no significant differences between the 

different functionalized SBA-15 materials. These systems can be identified as nanostructured 

rods of ca. 545-605 nm long and ca. 330-410 nm width with narrow size distributions as observed 

in Figures S13-S16 and Table S1 of Supplementary Material. Furthermore, the TEM micrographs 

showed a highly hexagonally ordered arrangement of the pores (Figure 5h) corresponding to 

SBA-15 materials. In addition, the images show the parallel distribution of the channels along 

the particles. 

 

Electrochemical studies of metallodrug-functionalized SBA-15 materials 

In this section, differential pulse voltammetry (DPV) measurements have been 

performed to test the electroactivity of the tin and titanium-functionalized SBA-15 materials 

M1–M3. The experiments have been carried out at room temperature, using a three-electrode-

single compartment electrochemical cell. A modified carbon paste with M1–M3 materials has 

been used as working electrode, a Ag/AgCl/KCl (3 M) as reference electrode and a platinum rod 

as counter electrode. 

Differential pulse voltammograms of the materials synthesized have been studied. The 

voltammetric response recorded signals due to the metallic species tethered to the silica 

surface. Figure 6 shows the DPV recorded for M1 immediately after immersion of the 

graphite/silica working electrode into the aqueous electrolyte solution and shows one cathodic 

peak at -1.00 V attributed to the couple Sn(IV)/Sn(II). Similarly, titanium tethered complexes M2 

and M3 gave one reduction peak at -1.07 V and -1.10 V, respectively which can be assigned to 

the reduction process Ti(IV)/Ti(III) of penta- or tetra- coordinated titanium centres. Previous 

studies of our group with a titanium amine bis(alkoxy) complex immobilized in SBA-15 showed 

that this complex, possibly hexacoordinated after water incorporation to the metal coordination 

sphere, renders in aqueous solution a reduction peak at -1.46 V.49 Therefore, our current results 

show that M2 and M3 which contain cyclopentadienyl ligands are less difficult to reduce than 

the previously reported titanium amine bis(alkoxy) complex supported on SBA-15. In addition, 

previous results from our group showed than the tethered complex a system, based on Ti(OR)2-

amine-bis(phenolate) supported onto SBA-15 and which presents an octahedral coordination 

environment in aqueous medium, showed a potential peak at -1.03 V. This result can be 

explained assuming a higher coordination environment for titanium in the Ti(OR)2-amine-

bis(phenolate)-based system due to the presence of electron-withdrawing aryloxo ligands, 

which increase the reduction potential value in comparison to M2 and M3 (which contain more 

electron donating fragments, namely the cyclopentadienyl ligands).50 Finally, comparing M2 and 
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M3, the introduction of a substituent on one of the cyclopentadienyl rings makes M3 less 

sensitive to reduction slightly shifting its cathodic potential to more negative values (Figure 6). 

 

Study of the release of metallodrug-functionalized SBA-15 materials in physiological medium 

Release of tin- and titanium-containing species was studied in simulated body fluid (pH 

= 7.4) at 37 oC for 1, 6, 24, 48 and 96 h. After separation of the material of the solution by 

filtration, the solution was studied by ICP (Table 4, Figures S17 and S18). The results show that, 

in the case of the Sn-containing material (M1) a low release (ca. 10% of the loaded tin) of tin-

containing species occurred. The release is higher at longer times but it seems that reaches the 

maximum after only 24 hours. This is in agreement with our previous results in the field which 

have also shown a low release of tin-soluble species in simulated body fluid.34,35 The release of 

the supported organotin complex may probably be due to the slow hydrolysis of the Sn-O bond 

which partially releases tin-containing soluble fragments which remain in solution.  

On the other hand, the analysis of the physiological solutions obtained after release 

studies of titanium-containing materials (M2 and M3) showed almost no titanium with 

quantities of titanium slightly above the detection limit of the ICP measurements. The released 

titanium quantities were of ca. 0.2 ppm, less than a 1% of the loaded titanium in M2 or M3, see 

Table 4 and Figures S19 and S20 of supplementary material). The very low release of titanium in 

the physiological medium (less than 1% of the loaded Ti in the materials) may be due to a slow 

hydrolysis of the Ti-O bonds of the supported complexes which may give, in part, insoluble 

titanium dioxide which is filtered off before the ICP analysis of the solution. In addition, and 

more likely according to previous results of our research group, one cannot rule out the 

possibility of an insignificant release of titanium soluble species because of the relatively high 

stability of Ti-O-X bonds (X = Si or C) in physiological medium (pH 7.4).27-33 

In both cases, as the quantity of released compound seems to be very small, the 

biological activity of the functionalized materials M1–M3 is most likely due to a combination of 

the particle action (the most influential agent) and a very low amount of metal-containing 

soluble fragments released to the medium. 

 

Biological Studies. Cytotoxic activity of metallodrug-functionalized materials 

Following the MTT viability testing on treated human tumour cells in vitro, the materials 

half maximal effective concentrations were quantified through the EC50 values, derived from the 

nonlinear dose-response curves (Table 5). In all cell lines, human DLD-1 colon carcinoma, A2780 

ovarian carcinoma and A431 epidermoid carcinoma, SBA-PADOH exhibited a modest 

cytotoxicity and showed the highest EC50 values. However, all the metallodrug-functionalized 

materials M1–M3 showed a much higher cytotoxic activity. Notably, material M3 functionalized 

with the substituted titanocene complex [Ti(η5-C5H5)(η5-C5H4CHPhNf)Cl2] (3) showed the lowest 

of the studied EC50 values in all cell lines with values from ca. 167 to 335 μg/mL (Table 5). In 

addition, the results obtained for both the tin or titanium-functionalized materials M1–M3 

showed that the most resistant cell line was A431, while the highly proliferative colon carcinoma 

cells DLD-1 were the most susceptible to the treatments with the studied materials. The toxicity 

of the active compounds SnPh2Cl2, TiCp2Cl2 and TiCpCpPhNfCl2 was calculated and compared with 

those of the functionalized materials M1–M3. Alone, TiCp2Cl2 and TiCpCpPhNfCl2 exhibited 
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considerably lower growth inhibition than the functionalized M2 and M3 materials, therefore, 

their incorporation into the material seem to be very important for the enhancement of the 

cytotoxic properties of the metallodrugs. In contrast, the cytotoxicity of the SnPh2Cl2 compound 

alone is comparable, if not somewhat lower than that of the material M1 (Table 5). 

 

Biological Studies. Influence of metallodrug-functionalized materials on tumour cells 

mitochondrial metabolic activity 

The tumour cells treated in vitro with the studied materials M1–M3 suffered a loss of 

the intracytoplasmic reducing potential which is an indicator of their metabolic activity. The 

measurements were based on the transformation inside the living cells of the resazurin dye into 

its fluorescent resorufin form. The negative slope derived from the linear regression of emitted 

fluorescence indicates that the metabolic activity was reduced in all cell lines, proportional with 

the steepness of the line (Figure 7). 

All materials were able to decrease the metabolic activity of the cancer cells (Figure 7). 

However, there were significant differences between the SBA-PADOH material and the 

metallodrug-functionalized systems M1–M3 with the latter showing a much stronger decrease 

of the metabolic activity. In all cell lines, there was a significant correlation between the 

fluorescence reduction, and the EC50 values (non-parametric Spearman correlation, p value 

0.033 in DLD-1 cells; p value 0.042 in A2780 and p value 0.003 in A431 cells). 

The active precursors TiCp2Cl2 and TiCpCpPhNfCl2 influence on the metabolic rate was less 

important as that of the functionalized materials M2 and M3 (Figures S21-S23 of supplementary 

material). The metabolic rate reduction in carcinoma cells treated with free SnPh2Cl2 (without 

incorporation into the SBA-15 material, M1) was noteworthy only for SnPh2Cl2, but much lower 

compared with that of its functionalized counterpart M1. 

 

Biological Studies. Apoptosis induction promoted by metallodrug-functionalized materials 

The 24-hours exposure of the tumour cells to sub-cytotoxic concentrations of the SBA-

PADOH material and the metallodrug-functionalized systems, M1–M3, provided four distinct 

cellular subsets, evidenced by fluorescent colourations; the viable unaffected cells were 

unstained, the apoptotic cells labelled with green Alexa fluor 488-Annexin V conjugate, dead 

cells had red PI colouration on their nucleus and late apoptotic cells had double colouration 

(Figure 8). The number of viable cells was inversely correlated with the cytotoxicity of the 

materials. Thus, in the populations exposed to the highly cytotoxic M3 remained a much lower 

number of viable cells. 

At the end of the treatment, an interesting evolution of different stages was displayed 

by the cells treated with the studied materials. For example, in DLD-1 colon carcinoma the 

number of apoptotic cells was significantly higher for all types of treatment (one-way analysis of 

variance, Bonferroni post-test, p<0.0001) versus the untreated cells (Table 6, Figure 8). The 

metallodrug-functionalized materials, M1–M3, induced a significantly higher number of 

apoptotic cells when compared to the non-functionalized SBA-PADOH. Within 24 hours of 

treatment with the sub-cytotoxic doses, a small proportion of cells were already dead, except 

when using the material M3 where the shift towards late apoptosis and cell death was 

accelerated. 
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In A2780 cells the same concentrations induced higher proportions of apoptotic cells, in 

both early and late stages, and the differences between functionalized and non-functionalized 

SBA-PADOH were also statistically significant. The cell loss was at a comparable level in all the 

metallodrug-functionalized materials, M1–M3, while SBA-PADOH induced an insignificant 

proportion of dead cells when compared with the untreated reference (one-way analysis of 

variance, p<0.0001). 

Finally, the epidermal A431 cells were driven into apoptosis by all the studied materials 

(Table 6). The functionalization of SBA-PADOH with the metallodrugs benefits the evolution 

towards late apoptotic stages and cell death. In addition, the functionalization with metallodrugs 

did not dramatically increase the proportion of the cells blocked in early apoptotic stages. 

Furthermore, treatment with M3 constrained the evolution towards strongly damaged and non-

viable cells, in contrast with SBA-PADOH, where these populations were almost inexistent. 

 

Biological Studies. Modulation of apoptotic signalling pathways by metallodrug-

functionalized materials 

In order to shed light on the possible mechanism of programmed cell death induced by 

the materials, we have looked into the tumour necrosis factor signalling as we have previously 

observed the influence of titanocene-functionalized SBA-15 materials on this factor.33  

The TNF-α and the Fas receptor are two important players in the extrinsic apoptotic 

pathway. Therefore, their secretion was evaluated in tumour cells exposed to SBA-PADOH 

SnPh2Cl2, TiCp2Cl2, TiCpCpPhNfCl2 and the materials M1–M3. The soluble Fas decreased 

significantly in all cell lines treated with the materials (Figure 9), however, an exception was 

found for M3 which caused no changes in A431 cells (one-way analysis of variance, Bonferroni 

post-test, p<0.0001). The active organotin and titanocene precursors SnPh2Cl2, TiCp2Cl2, 

TiCpCpPhNfCl2 do not exhibit any statistically significant influence on Fas receptor (one-way 

analysis of variances, p<0.05) (Figure S24 of supplementary material). 

However, the FasLigand (FasL) production increased significantly in DLD-1 colon cells 

(Figure 10) after treatment with M1 or M2 (p value 0.0011). In A2780 ovary and A431 

epidermoid carcinomas, only M1 increased the FasL level (p value 0.0005 and 0.0229, 

respectively). On the other hand, the activity of the organotin and titanocene precursors 

SnPh2Cl2, TiCp2Cl2, TiCpCpPhNfCl2 was irrelevant (Figure S25 of supplementary material). 

The TNF-α secretion in the treated cells has a tendency to increase after cell contact 

with the metallodrug-functionalized materials M1–M3 (Figure 11). However, the one-way 

analysis of variance indicates a significant increase only for M2 and M3 in DLD-1 colon (p value 

0.0008) and A431 epidermoid carcinoma (p value 0.0016). The increase in TNF-α concentration 

in A2780 ovarian cells was not statistically significant in the 95% confidence interval. In this 

context, among the active precursors, only SnPh2Cl2 had demonstrated the capacity to modulate 

significantly the TNF-α level in the carcinoma cells (Figure S26 of supplementary material). 

In this context, we have observed that SBA-PADOH did not exert any influence on Fas-

FasL or TNF-α signalling pathways and the number of apoptotic cells increased after the 

prolonged contact with the tumour cells only in A2780 cell line, but the shift towards cell death 

was much slower. Almost all non-viable cells were found in early apoptotic stage, which denotes 

that the apoptotic process begun later, as in the functionalized materials, and only in 2% of the 
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population cell death did occur within 24 hours. This is in clear contrast with the metallodrug-

functionalized materials M1–M3 where the percentage of dead cells was between ca. 16‒20%. 

It is well known in the literature that organotin compounds are able to induce apoptosis 

in tumour cells, including colon,51 ovary12 and skin cell lines.52 The treatment with the organotin-

functionalized material (M1) triggered extrinsic apoptosis by influencing the Fas-FasL pathway 

with the biological target being the FasLigand and not the membranar Fas itself (Figures 9-11). 

This type of behaviour has previously been described in reports on non-supported organotin 

compounds53 and titanocenes derivatives,54 which were able to trigger apoptosis by the 

modulation of Fas levels in tumour cells. However, the results presented here are, to the best of 

our knowledge, the first in which the modulation of Fas levels in metallodrug-functionalized 

nanostructured silica-based materials is confirmed. 

In contrast, it is has been reported that certain metallocene complexes of vanadium and 

molybdenum are able to trigger extrinsic apoptosis55 and that the TNF pathway can be 

modulated by titanocene-functionalized materials through the TNFR1 receptor.33 In this study 

we have confirmed that titanocene-functionalized SBA-15 systems such as M2 and M3 are able 

to trigger apoptosis by interfering with the TNF-α pathway and not through Fas-FasL system, 

which appears to be unaffected. Bearing in mind that TNF-α has the ability to induce protein 

kinase mediated apoptosis in colorectal cancer by redirecting pro-survival heat-shock 

transcription factors to the apoptotic pathway,56 and that TNF-α triggers apoptosis57 via 

SH3KBP1-binding protein1 in ovarian cancer and stimulates the inhibition of the proapoptotic 

proteins in A431 epidermal carcinoma cells,58 our results suggest that the mechanism of action 

of titanocene-functionalized silica-based materials undergo similar pathways, which are very 

different to those described in the literature for non-supported titanocene derivatives and other 

metallodrugs.  

 

Conclusions 

SBA-15 has been functionalized with an aminodiol ligand PADOH and subsequently 

reacted with tin or titanium metallodrugs to give three different metallodrug-functionalized 

SBA-15-based materials which have been synthesized and characterized by different techniques. 

While the SBA-PADOH material did not show any significant cytotoxic activity, the metallodrug-

functionalized materials showed a moderate antiproliferative activity, showing that the role of 

the PADOH ligand is limited to facilitating the support of the tin- or titanium-containing moieties, 

which are the responsible of the cytotoxic action of the reported systems. In addition, our study 

has demonstrated that the proapoptotic capacity of the metallodrug-functionalized materials 

rely on their functionalization with active prodrugs such as organotin or titanocene derivatives. 

Thus, a simple change in the design of the nanostructured material by including a different 

metallodrug will have influence on the metabolic activity of the tumour cells, modulating the 

apoptotic pathways by different mechanisms, according to the active compound inside the 

material. It has also been demonstrated that the titanocene-functionalized SBA-15 materials are 

able to trigger apoptosis by interfering with the TNF-α pathway while the tin-functionalized SBA-

15 materials induce apoptosis through the Fas-FasL system. 

In summary, we have demonstrated that the incorporation of different metallodrugs of different 

metal ions leads to different mechanisms of apoptosis induction, confirming that acting as a 

whole particle and with the help of the release of a very small quantity of metallodrug (10% of 

Sn in M1 and less than 1% of Ti in M2 and M3), the design of the supported metal complex and 



 

14 

its functionalization have a crucial influence on their anticancer mechanism of action against a 

wide variety of cancer cell lines. 
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Scheme 1. Synthesis of metallodrug-functionalized materials 

  

O

Si
O

O
N

O

SiO

O
Si

O

O

Si
O

O
Si

O
O

O

O

O

N

N N

N

OH

HO

HO

PADOH

SBA-PADOH

OSiMe3 Me3SiO

OSiMe3

Me3SiO

Hexamethyldisilazane

Cl

Cl
Sn

2 NEt3

Ph

Ph

Cl

Cl
Ti

2 NEt3

O

SiO

O
Si

O

O

Si
O

O
Si

O
O

O

O

O

N

N N

N

O

O

SBA-PADO-SnPh2 (M1)

OSiMe3 Me3SiO

OSiMe3

Me3SiO

O

O
O

O
Sn

Sn

Sn

Sn

Cl

O
Ph

Ph

Ph
Ph

Ph

Ph

Ph

Ph

O

SiO

O
Si

O

O

Si
O

O
Si

O
O

O

O

O

N

N N

N

O

O

SBA-PADO-TiCp2 (M2)

OSiMe3 Me3SiO

OSiMe3

Me3SiO

O

O
O

O Ti

Ti

Ti

Ti

Cl

Cl

Cl

Cl
Ti

2 NEt3

Nf

Ph

C

O

SiO

O
Si

O

O

Si
O

O
Si

O
O

O

O

O

N

N N

N

O

O

SBA-PADO-TiCp*Cp (M3)

OSiMe3 Me3SiO

OSiMe3

Me3SiO

O

O
O

O
Ti

Ti

Ti

Ti

Cl

Cl

Nf

Ph

Ph

Nf

Ph

Nf

Nf
Ph

OH

HO

HO

OH

HO

OH

OH

OH

OH

OH

OH

HO

OH

OH
HO

HO

HO

HOOH

OH

OH

OH
HO

HO

HO

HOOH

OH

OH

OH
HO

HO

HO

HOOH

OH

OH

OH
HO

HO

HO

HOOH

OH

OH

OH
HO

HO

HO

HOOH

OH

OH

OH
HO

HO

HO

HOOH

OH

OH

OH
HO

HO

HO

HOOH

OH

SBA-15



 

16 

 

Figure 1. XRD diffraction patterns of SBA-15, SBA-PADOH and M1–M3 
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Figure 2. Functionalization species: A) product of the reaction with one M-Cl bond; B) product 

of the reaction with both M-Cl bonds. Major species for each material are highlighted 
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Figure 3. Nitrogen adsorption/desorption isotherms of SBA-15, SBA-PADOH and M1–M3 
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Figure 4. 13C CP MAS spectra of SBA-PADOH and M1–M3  
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Figure 5. SEM images of SBA-PADOH (a), M1 (c), M2 (e) and M3 (g) and TEM images of SBA-

PADOH (b), M1 (d), M2 (f) and M3 (h) 
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Figure 6. Differential pulse voltammograms (75 mV modulation amplitude) of M1–M3/graphite 

electrode immediately after immersion in aqueous phosphate buffer pH 7.4 vs Ag/AgCl/KCl (3 

M) as reference electrode 
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Figure 7. Metabolic activity reduction in treated cancer cells. The negative Hill slope indicates 

that the metabolic activity drop in dose-dependent manner after the cells exposure to the 

studied materials SBA-PADOH and M1–M3  
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Figure 8. Apoptosis induction in tumour cells (a) DLD-1, (b) A2780 and (c) A431 treated with SBA-

PADOH and M1–M3. In the histograms obtained by flow cytometry, the left lower quartile (Q3) 

contains the unstained, living cells, the right lower quartile (Q4) the PI-labelled dead cells, the 

upper left quartile the apoptotic cells which displays fluorescence at 488 nm (Alexa Fluor 488 

stain) and the upper right quartile the double coloured, late apoptotic cells. (d-f) Distribution of 

the early apoptotic, late apoptotic and necrotic cells within a population of 10000 cells after 

treatment; the starred columns represent the significant different proportion vs. the untreated 

control populations. 
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Figure 9. Concentrations (pg/µg total protein) of soluble Fas apoptosis signal receptor secreted 

by tumour cells treated in vitro with SBA-PADOH and M1–M3 
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Figure 10. Modulation of soluble FasLigand in cells treated with SBA-PADOH and M1–M3 
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Figure 11. Tumour necrosis factor alpha concentrations (pg/ µg total protein) in colon, ovarian 

and epidermoid carcinoma cell populations following the 24-hour treatment with sub-cytotoxic 

concentrations of SBA-PADOH and M1–M3 
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Table 1. XRD data of the synthesized materials SBA-15, SBA-PADOH and M1–M3 

Material (𝒉𝒌𝒍) 2ϴ(˚) 𝒅𝒉𝒌𝒍(Å) ao(Å) 

SBA-15 
100 0.95 93.03 107.2 

110 1.89   

SBA-PADOH 
100 0.96 92.05 106.3 

110 1.85   

SBA-PADO-SnPh2 (M1) 
100 0.97 91.24 105.4 

110 1.98   

SBA-PADO-TiCp2 (M2) 
100 1.01 87.59 101.1 

110 1.97   

SBA-PADO-TiCp*Cp (M3) 
100 1.04 84.74 97.9 

110 1.98   

 

  



 

28 

Table 2. Percentage of tin, titanium or chlorine grafted on the silica support 

Material 
Theoretical 

Sn % wt. 
Theoretical 

Ti % wt. 
Experimental 

Ti % wt. 
Experimental 

Sn % wt. 
Experimental 

Cl % wt. 

Experimental 
Molar ratio 

Sn:Cl or Ti:Cl 

M1 15.0 - - 12.4 1.0 3.8:1 

M2 - 5.0 3.2 - 2.2 1.1:1 

M3 - 5.0 2.0 - 0.8 1.8:1 
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Table 3. Physical parameters of SBA-15, SBA-PADOH and M1–M3 measured by N2 adsorption-

desorption isotherms 

Material BET Surface 
(m2/g) 

Pore Volume 
(cm3/g) 

Pore Size 
(nm) 

SBA-15 931 0.85 5.37 

SBA-PADOH 306 0.39 3.64 

M1 286 0.28 3.52 

M2 347 0.39 3.32 

M3 275 0.34 3.62 

 

  



 

30 

Table 4. Release studies of materials M1–M3 in simulated body fluid 

t (h) M1 M2 M3 

Sn (ppm) in 
solution 

% of release 
of loaded Sn 

Ti (ppm) in 
solution 

% of release 
of loaded Ti 

Ti % wt in 
solution 

% of release 
of loaded Ti 

0 0 0 0 0 0 0 

1 4.11 2.21 0.14 0.29 0.14 0.30 

6 10.40 5.60 0.15 0.33 0.16 0.36 

24 18.79 10.10 0.16 0.34 0.17 0.37 

48 19.80 10.64 0.19 0.41 0.19 0.39 

96 19.57 10.52 0.20 0.42 0.37 0.78 
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Table 5. Cell growth inhibitory effect of SBA-PADOH, metal precursors and functionalized 

materials M1–M3 against colon (DLD-1), ovarian (A2780) and epidermal (A431) carcinoma in 

vitro, expressed as half maximal effective values. 

Cell type 
Best-fit EC50 values 
(p<0.05) [µg/mL] 

of materials 
SBA-PADOH M1 M2 M3 

DLD-1 
 

EC50 515.9 224.3 207.4 167.7 

logEC50 ± SD 2.71± 0.09 2.35 ± 0.15 2.32 ± 0.09 2.23 ± 0.10 

A2780 
 

EC50 777.4 572.4 365.5 299.2 

logEC50 ± SD 2.89 ± 0.07 2.76 ± 0.08 2.56 ± 0.07 2.48 ± 0.09 

A431 
EC50 651.4 472.5 505.4 325.8 

logEC50 ± SD 2.81 ± 0.04 2.67 ± 0.05 2.70 ± 0.06 2.51 ± 0.05 

 
Best-fit EC50 values 
(p<0.05) [µg/mL] 

of precursors 
 SnPh2Cl2 Cp2TiCl2 CpCpPhNfTiCl2 

DLD-1 
EC50  250.6 456.9 317.7 

logEC50 ± SD  2.40±0.13 2.66±0.11 2.50±0.23 

A2780 
EC50  565.7 421.2 363.7 

logEC50 ± SD  2.75±0.18 2.63±0.09 2.56±0.11 

A431 
EC50  557.3 611.8 463.7 

logEC50 ± SD  2.75±0.15 2.79±0.20 2.67±0.18 
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Table 6. Proportion (%) of apoptotic cells in tumour cell populations (DLD-1, A2780 and A431) 

treated with SBA-PADOH and M1–M3 materials 

Cell type Treatment 
Early 

apoptosis 
Late 

apoptosis 
Dead cells Living cells 

DLD-1 

Untreated 2.0±0.1 6.9±0.3 1.8±0.1 89.2±0.5 

SBA-PADOH 6.3±0.3 5.8±0.4 0.2±0.1 87.7±0.5 

M1 11.2±0.5 3.6±0.2 0.4±0.1 84.8±0.1 

M2 15.7±0.2 4.7±0.3 1.6±0.4 78.0±0.5 

M3 8.3±0.6 25.2±0.7 25.5±1.3 40.9±0.5 

A2780 

Untreated 5.1±0.1 2.1±0.1 1.0±0.1 91.8±2.0 

SBA-PADOH 10.7±0.7 4.9±0.2 2.0±0.3 82.4±0.2 

M1 7.4±0.3 6.6±0.2 16.3±1.1 69.7±0.7 

M2 5.7±0.5 9.5±0.2 20.0±1.1 64.8±1.3 

M3 6.7±0.2 12.7±0.4 17.7±0.8 62.9±0.3 

A431 

Untreated 2.4±0.2 5.4±0.5 3.0±0.3 89.2±0.9 

SBA-PADOH 5.2±0.9 7.3±0.7 0.9±0.5 86.6±1.1 

M1 4.9±0.7 16.2±0.7 15.2±0.5 63.7±0.4 

M2 4.1±0.4 5.4±0.4 9.7±0.6 80.8±2.3 

M3 5.1±0.8 10.4±1.1 23.8±0.8 60.7±0.8 
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