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Designing zeolites for medical applications is a challenging task requiring the introduction of new functionalities without altering their intrinsic properties such as morphology, crystallinity, colloidal stability, surface charge, and porosity. Herein, we present the encapsulation of luminescent ruthenium-tris(2,2′-bipyridyl) complex in FAU zeolite nanocrystals (Ru(bpy)3-FAU) and their use as an intracellular localization tracer. Upon exciting of the Ru(bpy)3-FAU zeolite at 450 nm, the sample gives rise to an orange-red emission at 628 nm thus permitting its use for cellular imaging and localization of the zeolite nanoparticles. The nanosized Ru(bpy)3-FAU zeolite is characterized in terms of size, charge, crystallinity, morphology, porosity, thermal stability, and sorption capacity. The potential toxicity of Ru(bpy)3-FAU on U251-MG glioblastoma cells was evaluated. A safe concentration (50-100 µg/ml) for the Ru(bpy)3-FAU zeolite is identified. The luminescent properties of the ruthenium complex confined in the zeolite nanocrystals allow to detect their localization in the U251-MG cells with a main accumulation in the cytoplasm. The Ru(bpy)3-FAU nanosized zeolite is a potential candidate for biological applications for being stable, safe, capable of loading respiratory gases, and easily probed in the cells owing to its luminescent properties.

INTRODUCTION

Zeolites are crystalline microporous aluminosilicates with large surface area, and well-defined pores and cages. The size and shape of their pores and cages are the base for the selective gas sieving and discrimination of guest molecules. They allow ions and compounds with smaller dimensions than the zeolite pore apertures to diffuse into the internal voids, whereas they restrict the access for bigger compounds and complexes. The zeolite internal voids are usually occupied with charge compensating cations and water molecules; these can be exchanged for other cations or partially replaced with appropriate adsorbing compounds. [START_REF] Zaarour | Progress in Zeolite Synthesis Promotes Advanced Applications[END_REF] The admissibility of zeolites for various applications is linked to their modifiable chemical composition, high porous character, exchangeable charge compensating cations, variable hydrophilicity/hydrophobicity, and controlled adsorption properties. Recently, more attention was given to the use of zeolites in biomedical applications [START_REF] Bacakova | Applications of Zeolites in Biotechnology and Medicine -a Review[END_REF] as antimicrobial agents, [START_REF] Anfray | Acute Toxicity of Silver Free and Encapsulated in Nanosized Zeolite for Eukaryotic Cells[END_REF][START_REF] Dong | Silver Confined within Zeolite EMT Nanoparticles: Preparation and Antibacterial Properties[END_REF] anti-cancer drugs carriers, [START_REF] Vilaça | Potentiation of 5-Fluorouracil Encapsulated in Zeolites as Drug Delivery Systems for in Vitro Models of Colorectal Carcinoma[END_REF] and in the storage and controlled delivery of drugs and gases. [START_REF] Seifu | Tissue Engineering Scaffolds Containing Embedded Fluorinated-Zeolite Oxygen Vectors[END_REF][START_REF] Komaty | A Facile Route toward the Increase of Oxygen Content in Nanosized Zeolite by Insertion of Cerium and Fluorinated Compounds[END_REF][START_REF] Tavolaro | Zeolite Inorganic Supports for BSA Immobilization: Comparative Study of Several Zeolite Crystals and Composite Membranes[END_REF] More specifically, they were considered as carriers for the delivery of anti-neoplastic compounds, [START_REF] Datt | Loading and Release of 5-Fluorouracil from HY Zeolites with Varying SiO2/Al2O3 Ratios[END_REF][START_REF] Spanakis | Controlled Release of 5-Fluorouracil from Microporous Zeolites[END_REF][START_REF] Grund | Mitoxantrone-Loaded Zeolite Beta Nanoparticles: Preparation, Physico-Chemical Characterization and Biological Evaluation[END_REF] nucleic acids, [START_REF] Lülf | Multifunctional Inorganic Nanocontainers for DNA and Drug Delivery into Living Cells[END_REF][START_REF] Bertucci | Intracellular Delivery of Peptide Nucleic Acid and Organic Molecules Using Zeolite-L Nanocrystals[END_REF] both hydrophilic [START_REF] Fatouros | In Vitro and in Silico Investigations of Drug Delivery via Zeolite BEA[END_REF][START_REF] Paradee | Encapsulation of Folic Acid in Zeolite y for Controlled Release via Electric Field[END_REF] and lipophilic drugs, [START_REF] Datt | Loading and Release of 5-Fluorouracil from HY Zeolites with Varying SiO2/Al2O3 Ratios[END_REF][START_REF] Karavasili | Dissolution Enhancement of the Poorly Soluble Drug Nifedipine by Co-Spray Drying with Microporous Zeolite Beta[END_REF] anti-inflammatory drugs, [START_REF] Karavasili | Comparison of Different Zeolite Framework Types as Carriers for the Oral Delivery of the Poorly Soluble Drug Indomethacin[END_REF] and also for the delivery of gases that could be of interest in the biomedical field. [START_REF] Komaty | A Facile Route toward the Increase of Oxygen Content in Nanosized Zeolite by Insertion of Cerium and Fluorinated Compounds[END_REF][START_REF] Komaty | Incorporation of Trivalent Cations in NaX Zeolite Nanocrystals for the Adsorption of O2 in the Presence of CO2[END_REF] Faujasite nanozeolite is a potential candidate for biomedical applications due to its large surface area, high micropore volume, and the presence of supercage (1.2 nm) that can host different drugs [START_REF] Braschi | Removal of Sulfonamide Antibiotics from Water: Evidence of Adsorption into an Organophilic Zeolite Y by Its Structural Modifications[END_REF][START_REF] Zhang | Controlled Release of Paraquat from Surface-Modified Zeolite Y[END_REF] or gases. [START_REF] Tavolaro | Zeolite Inorganic Supports for BSA Immobilization: Comparative Study of Several Zeolite Crystals and Composite Membranes[END_REF] Besides, zeolites modified with luminescent metal clusters, [START_REF] Dong | Sodalite Cages of EMT Zeolite Confined Neutral Molecular-like Silver Clusters[END_REF] lanthanides, [START_REF] Wang | Luminescent Materials of Zeolite Functionalized with Lanthanides[END_REF] and metal complexes [START_REF] Ruda-Eberenz | Entrapment of Ionic Tris(2,2′-Bipyridyl) Ruthenium(II) in Hydrophobic Siliceous Zeolite: O 2 Sensing in Biological Environments[END_REF] were also used to upgrade their properties especially for optical oxygen sensors application. Confining luminescent compounds within the zeolites limits the formation of chromophore aggregates. Consequently, partial or complete loss of emission through nonradiative pathways [START_REF] Busby | Interactions of Perylene Bisimide in the One-Dimensional Channels of Zeolite L[END_REF] is eliminated, and the luminescent properties are enhanced. [START_REF] Calzaferri | Host-Guest Antenna Materials[END_REF][START_REF] Alarcos | Photochemistry and Photophysics in Silica-Based Materials: Ultrafast and Single Molecule Spectroscopy Observation[END_REF] Numerous nanoparticles enter inside the cells through a process termed "endocytosis". The particles immersed in membrane-bound vesicles are also known as endosomes (or phagosomes in case of phagocytosis), [START_REF] Iversen | Endocytosis and Intracellular Transport of Nanoparticles: Present Knowledge and Need for Future Studies[END_REF][START_REF] Sahay | Endocytosis of Nanomedicines[END_REF] which are pinched off membrane invaginations. Then the cargo is sorted through vesicles to various intracellular compartments or nuclei and recycled to extracellular environment. [START_REF] Iversen | Endocytosis and Intracellular Transport of Nanoparticles: Present Knowledge and Need for Future Studies[END_REF][START_REF] Sahay | Endocytosis of Nanomedicines[END_REF] There, the guest molecule would allow monitoring the exact location of the nanoparticles (zeolites or others) owing to their luminescent properties. Most studies of the cellular uptake and tracing of nanoparticles have been performed using luminescent labelled nanoparticles. [START_REF] Snipstad | Labeling Nanoparticles: Dye Leakage and Altered Cellular Uptake[END_REF] Experiments revealed several problems associated with such systems, especially in the case of organic dyes; photodecomposition, insolubility in the hydrophobic support matrices, and leaching from the zeolite support are often observed. A solution to these problems is to confine a luminescent molecule such as ruthenium-tris(2,2′bipyridyl) within zeolite nanoparticles, for example in the supercages of Faujasite (FAU) zeolite.

The diameter of the ruthenium-tris(2,2′-bipyridyl) complex is 12 Å, which is comparable to the size of the supercage of FAU. However, the diameter of the ruthenium-tris(2,2′-bipyridyl) complex is by far larger than the pore opening of zeolite (7.4 Å), thus cannot leach out of the pores. [START_REF] Payra | Development of a Dissolved Oxygen Sensor Using Tris(Bipyridyl) Ruthenium (II) Complexes Entrapped in Highly Siliceous Zeolites[END_REF] The use of modified FAU as optical sensor was reported in literature. [START_REF] Meier | Novel Oxygen Sensor Material Based on a Ruthenium Bipyridyl Complex Encapsulated in Zeolite Y: Dramatic Differences in the Efficiency of Luminescence Quenching by Oxygen on Going from Surface-Adsorbed to Zeolite-Encapsulated Fluorophores[END_REF] Additionally, the migration of oxygen within zeolite by studying its emission quenching, [START_REF] Coutant | Oxygen Transport in Zeolite Y Measured by Quenching of Encapsulated Tris(Bipyridyl)Ruthenium[END_REF] and detection of dissolved oxygen in aqueous media were also reported. [START_REF] Dong | Sodalite Cages of EMT Zeolite Confined Neutral Molecular-like Silver Clusters[END_REF][START_REF] Ruda-Eberenz | Entrapment of Ionic Tris(2,2′-Bipyridyl) Ruthenium(II) in Hydrophobic Siliceous Zeolite: O 2 Sensing in Biological Environments[END_REF] Herein, we present the incorporation of ruthenium-tris(2,2′-bipyridyl) complex in nanosized FAU zeolite crystals with a particle size in the range of 20-30 nm (sample Ru(bpy)3-FAU). The nanosized FAU zeolite containing the ruthenium complex, due to the optical properties inherited from the luminescent ruthenium complex is used as an intracellular localization tracer. The cytotoxicity tests of Ru(bpy)3-FAU for eukaryotic cells reveal that it is safe in the concentration range of 50-100 µg/ml. Due to its small dimensions, the modified zeolite crystals are capable of crossing the cell membrane barrier and residing in the cytoplasm.

Owing to all these features, we believe that the Ru(bpy)3-FAU nanocrystals can be used as a safe intracellular localization tracer and active carrier for various biomedical uses.

Experimental part

Materials: Al powder (Al, 325 mesh, 99.5%, Alfa Aesar, Karlsruhe, Germany), sodium hydroxide (NaOH, 97%, Sigma-Aldrich, Lyon, France), colloidal silica (SiO2, Ludox HS-30, 30 wt % SiO2, pH = 9.8, Sigma-Aldrich, Lyon, France), ruthenium chloride (99.9% (PGM basis), Ru 38% min, Alfa Aesar, Karlsruhe, Germany), 2,2'-dipyridyl (99+ %, Acros Organics), N,Ndimethylformamide (DMF, 99.8+%, Alfa Aesar, Karlsruhe, Germany), lithium chloride, (99+%, Thermo Fisher Scientific, Geel, Belgium), acetonitrile anhydrous (ACROS Organics), ethanol absolute (Sigma-Aldrich, Lyon, France), and diethyl ether (99 +%, ACROS Organics) were used as received.

A human glioblastoma cell line, U251-MG was purchased from American Type Culture Collections (ATCC, Manassas, VA, USA). Dulbecco's Modified Eagle Medium (DMEM), (Low Glucose), penicillin/streptomycin (10,000 units), trypsin-EDTA (0.25%), glutamine, Paraformaldehyde, Hoechst 33342 (10 µg/ml) were purchased from Sigma, France.

Preparation of zeolite X (sample FAU):

The nanosized FAU zeolite in sodium form free of organic template (20-30 nm) with Si / Al = 1.2 was-prepared following an original reported procedure by our group. [START_REF] Awala | Template-Free Nanosized Faujasite-Type Zeolites[END_REF] Encapsulation of ruthenium-tris(2,2′-bipyridyl) in nanosized FAU zeolite (sample Ru(bpy)3-FAU): Ru(bpy)3-FAU was-prepared by following a reported procedure after modification. [START_REF] Busby | Interactions of Perylene Bisimide in the One-Dimensional Channels of Zeolite L[END_REF] One molar equivalence (1 eq) of RuCl3 (0.128g), 2 eq of LiCl (0.06 g), and 1 eq of 2.2'-bipyridyl (0.096 g) were introduced into 5 mL of DMF. The solution was heated under stirring at 90 ºC for 7 h and then left to cool down to room temperature. The obtained product was purified by crystallization in diethyl ether, dissolved in CH3CN, and then passed over Büchner funnel to eliminate LiCl. The obtained red solution was added under N2 atmosphere to 300 mg of FAU readily preheated at 200 ºC under vacuum for 2 h; the resulting suspension was stirred for 18 h at room temperature. At the end of the reaction, the powder was collected by centrifugation (20000 rpm, 30 min) and washed several times with acetonitrile until the supernatant became colorless. The collected brownish zeolite was dispersed in 50 mL of ethanol, and then an excess of the ligand 2,2'-bipyridyl (0.528 g) was introduced. The mixture was refluxed for two days during which the color evolved from green to brownish -red to orange. The product was separated by centrifugation, washed three times by acetonitrile and two times by ethanol using centrifugation (20000 rpm, 30 min).

The product, the nanosized FAU zeolite containing ruthenium complex (Ru(bpy)3-FAU), is used as solid and colloidal suspension (distilled water as solvent) for further characterization.

Characterization Dynamic light scattering (DLS) and zeta potential:

The size of the nanoparticles in water suspension was measured by a Malvern Zetasizer Nano instrument using a backscattering geometry (scattering angle of 173°, He-Ne laser with a 3 mW output power at a wavelength of 632.8 nm). The DLS analyses were performed on water suspensions at a solid concentration of 1 wt %. The surface charge of the crystals was determined by measuring the zeta potential value of water suspensions at a constant solid concentration of 1 wt %.

X-ray diffraction (XRD):

The crystallinity of the powder samples (FAU and Ru(bpy)3-FAU) was evaluated using a PANalyticalX'Pert Pro diffractometer with a CuK monochromatized radiation ( = 1.5418 Å).

N2 adsorption:

The porosity of the samples was measured using Micrometrics ASAP 2020 volumetric adsorption analyzer. Samples were degassed at 275 C under vacuum overnight before the measurement. The external surface area and micropore volume were estimated by the alpha-plot method using Silica-1000 (22.1 m 2 g -1 assumed) as a reference. The micropore and mesopore size distributions of solids were estimated by the Nonlocal Density Functional Theory (NLDFT) and Barret-Joyner-Halenda (BJH) methods using the desorption branch, respectively.

Thermogravimetric analysis (TGA):

The amount of ruthenium-tris(2,2′-bipyridyl) and moisture in the samples were investigated using SETSYS instrument (SETARAM) analyzer.

Samples were heated with 5 °C min -1 rate under 40 ml.min -1 flow of air.

In situ Fourier Transform Infrared Spectroscopy (FTIR): Zeolite powders were pressed (~10 7 Pa) into self-supported disks (2 cm 2 area, 20 mg•cm -2 ) and placed in an IR cell equipped with KBr windows. IR spectra were recorded using a Nicolet 6700 IR spectrometer (Thermo Scientific, Villebon sur Yvette, France) equipped with a mercury cadmium telluride (MCT)

detector and an extended KBr beam splitter. Spectra were recorded in the 400-5500 cm -1 range at 4 cm -1 with 128 scans. A homemade IR cell was used to evacuate the samples; then samples were heated up to 200 °C for 2 h under vacuum before the measurements. Various amounts of oxygen (0-100 Torr) and carbon dioxide (0-20 Torr) were introduced into the cell and kept in equilibrium for 5 min at -196 °C in the case of O2, and for 1 min at room temperature in the case of CO2 before recording each spectrum. The zeolites were loaded with increasing amounts of O2 and CO2 until their corresponding FTIR bands reached saturation. To allow the comparison of different samples, the spectra were normalized to the samples' mass and plotted as absorbance per gram over the wavelength

UV-vis absorption spectroscopy:

The UV-vis absorption spectra of the zeolite suspensions were recorded on a Varian Cary 4000 UV-vis spectrometer in transmission mode using a quartz cuvette with a 1 cm path length. The as-synthesized zeolite (FAU) without Ru(bpy)3 was used as a reference.

Excitation and luminescence study: The excitation and emission spectra of the diluted Ru(bpy)3-X zeolite sample (50 µg/mL diluted 10x with dH2O in 96-well plates) were recorded using Spark microplate reader (Tecan Group Ltd., Switzerland).

Cell culture: U251-MG (Sigma-Aldrich) human glioblastoma cells were cultured in Dulbecco's Modified Eagle Medium DMEM (1x) with 10% of Fetal Bovine Serum, 1% of Penicilin-Streptomycin, and 1% glutamin. The cell line was maintained under a humidified atmosphere containing 5% CO2 at 37 º C.

Cell viability assay: Crystal violet assay followed by spectrophotometric assay were performed to assess the effect of Ru(bpy)3-FAU on cell viability. For this purpose, U251-MG cells were seeded into 96-well plates at the concentration of 7500 cells/well and incubated overnight at 37 º C under 5% CO2 atmosphere. Then the media was replaced by zeolite suspensions with increasing the concentrations of 50-100-250-500 µg/mL, and incubated for 1 day, 4 days and 7 days. At each time point, the culture medium was removed from wells and the plate was washed with warmed Phosphate Buffered Saline (PBS). Crystal violet dye solution (500 µL) was added into each well and the plate was incubated for 30 minutes at room temperature; the plate was washed with water and dried. The crystal violet dye was solubilized by adding 1 mL of 10 % acetic acid.

The plate was agitated on orbital shaker until the color became uniform with no areas of dense coloration in the bottom of wells. The absorbance at 600 nm in a microplate reader was measured. In order to verify the density of the cells after staining, light microscopy images were taken by Nikon inverted microscope.

Confocal microscopy analysis:

The cell uptake of Ru(bpy)3-FAU into U251-MG cells was investigated by confocal microscopy. The cells were seeded onto coverslips in 24-well plates with a density of 2x10 4 cells per well, and incubated at 37ºC in 5% CO2 atmosphere overnight.

Afterwards, 50 µg/mL of the zeolite was added and incubated for 3 days. At the end of the incubation period, the cells were rinsed with PBS and fixed with 4% paraformaldehyde for 15 min. After washing with PBS, nuclei were stained with Hoechst 33342 (10 µg/ml) for 10 min. In the next step, the samples washed two times with PBS (5 min each) and the cells were mounted.

Confocal images with a 60x immersion oil objective were obtained with an Olympus FV1000 confocal microscope (Olympus). Excitation and emission spectra of markers Hoescht 361/497 nm, Ru(bpy)3-FAU 488/543 nm. The images were edited using FV1000 software (Olympus) and Fiji/Image J. 34

Results and Discussion

Physicochemical characterization of nanosized Ru(bpy)3-FAU zeolite

The structure and crystallinity of the as-synthesized and the modified FAU zeolite after encapsulating ruthenium-tris(2,2′-bipyridyl) are studied by X-ray diffraction. The XRD pattern of the Ru(bpy)3-FAU zeolite perfectly matches that of the as-synthesized FAU zeolite (Figure 1).

Moreover, the broad Bragg peaks recorded for both samples suggest the presence of zeolite crystals with small dimensions. The size of the crystals in the samples was further characterized by DLS (Figure 2A). Very small discrete crystals with an average size of 20-30 nm were unveiled; a monomodal particle size distribution curve was measured with no evidence of aggregation. Confining the ruthenium complex within the zeolite nanocrystals did not impact its stability in the colloidal suspensions using water as a solvent. The as-synthesized FAU and Ru(bpy)3-FAU zeolite samples exhibited high negative zeta potential values of -51 mV and -42 mV, respectively that confirms the negative surface charge of the crystals and high stability (Figure 2B). Thermogravimetric analyses (TGA) revealed that the as-prepared FAU zeolite loses 23% of its mass at 79 °C and 120 °C. These losses are attributed to the release of H2O molecules from the surface and from the channels of the zeolite crystals (Figure 3). A different TG profile was recorded for the Ru(bpy)3-FAU sample; a single mass loss at 120 °C was measured that correspond to H2O with lower quantity (17%) than the parent FAU sample. This decrease of water content can be explained by the partial replacement of water with the ruthenium complex.

The ruthenium complex was released from the Ru(bpy)3-FAU sample in the temperature range of 280-500 °C contributing to 8 % of the total mass loss (Figure 3). The ruthenium-tris(2,2′bipyridyl) complex was eliminated from the zeolite in a step-wise manner exemplified by the appearance of 4 mass losses at high temperatures: two overlapping bands in the range of 280-350 °C, one band at 395 °C, and two partially overlapping bands at high temperature (470-500 °C)

(Figure 3Aa and3Ba). The presence of ruthenium-tris(2,2′-bipyridyl) is further confirmed by FTIR. The characteristic bands at 1600 (ν25), 1486 (ν18+ν33), 1464 (ν27), 1448 (ν18+γCH), and 1427 cm -1 (ν28) resembling those of bypyridyl ligand are present (Figure S1). The successful incorporation of the ruthenium complex in the FAU is also proved by N2 sorption analyses (Figure 4). A remarkable decrease in BET specific surface area, SBET (22%) and micropore volume (28 %) in comparison to the parent FAU zeolite was measured for the Ru(bpy)3-FAU sample (Table 1). In contrast, a negligible decrease in the external surface area less than < 3 % was observed. These results indicate that the ruthenium complex is mainly Dissociation of Ru(bpy) 3 complex localized in the internal voids and can be occasionally found on the pore openings, but it is not present on the surface of FAU zeolite crystals. The incorporation of ruthenium-tris(2,2′-bipyridyl) complex in the Ru(bpy)3-FAU zeolite sample was further validated by UV-vis spectroscopy (Figure 5A). A typical UV-vis spectrum of Ru(bpy)3 2+ was recorded which contains (i) an intense band at 285 nm attributed to the π-π* ligand-center (LC) transitions, (ii) two shoulders around 325 and 345 nm corresponding to the dd metal-centered (MC) transitions, and (iii) a band at 240 nm together with a broad band extending from 380 nm to 500 nm in the visible region attributed to the metal to ligand charge transfer (MLCT) transitions from the d-orbitals of the Ru metal center to the π* orbitals of the pyridyl rings. [START_REF] Kober | Concerning the Absorption Spectra of the Ions M(Bpy)32+ (M = Fe, Ru, Os; Bpy = 2,2'-Bipyridine)[END_REF][START_REF] Juris | II) Polypyridine Complexes: Photophysics, Photochemistry, Eletrochemistry, and Chemiluminescence[END_REF][START_REF] Kalyanasundaram | Photophysics, Photochemistry and Solar Energy Conversion with Tris(Bipyridyl)Ruthenium(II) and Its Analogues[END_REF][START_REF] Kirketerp | Absorption Spectrum of Isolated Tris(2,2′-Bipyridine)Ruthenium(II) Dications in Vacuo[END_REF] Considering that the sample was thoroughly washed before the measurement, all non-reacted species or loosely adsorbed complexes are eliminated. Consequently, the recorded spectrum corresponds only to the species associated with the zeolite. The same absorption features were also recorded for the Ru(bpy)3-FAU powder (Figure S2), thus confirming the association of these absorption features to the Ru(bpy)3-FAU zeolite sample. 

The excitation spectrum of the sample Ru(bpy)3-FAU shows a band centered at 450 nm (Figure 6B) resembling the MLCT band of the absorption profile (Figure 5A). This observation suggests that the low-lying MLCT is the emissive transition the Ru(bpy)3-FAU zeolite. Indeed, upon exciting at 450 nm, an orange-red emission at 628 nm is generated (Figure 5B). This emission is characterized by a structureless broad band, large stock shift from the excitation wave length (~170 nm), and large redshift from the emission wavelength of the free bipyrinde ligand (423 nm). [START_REF] Juris | II) Polypyridine Complexes: Photophysics, Photochemistry, Eletrochemistry, and Chemiluminescence[END_REF] These findings confirm the attribution of luminescence to 3 MLCT. Such feature permits the use of Ru(bpy)3-FAU zeolite as an intracellular localization tracer agent in cellular imaging and for localizing the zeolite nanocrystals.

Further the CO2 adsorption capacity of the as-prepared FAU and Ru(bpy)3-FAU samples were studied by in situ FTIR spectroscopy. The CO2 loaded in a carrier such as nanoparticles is highly desirable for controlled release into the vessels provoking blood dilatation. The FTIR spectra for both samples before and after delivery of CO2 (1 Torr for FAU and 20 Torr for Ru(bpy)3-FAU) are depicted in Figure S3. After the CO2 adsorption, the spectra exhibit a new band at 2345 cm -1 corresponding to physisorbed CO2 and a set of bands in the region 1725 cm -1 to 1350 cm -1 associated with the chemisorbed CO2 species. On the other hand, the chemisorbed CO2 or carbonates are produced following the chemical interaction between the extra framework cations in the FAU zeolite and CO2, these bonds are stable and cannot release CO2 at the body temperature. The FTIR bands of the chemisorbed species partially overlap with those of the ruthenium complex, which prevents their accurate quantification.

Quantifying the physisorbed CO2 via the FTIR band at 2345 cm -1 revealed a higher tendency of Ru(bpy)3-FAU towards CO2 adsorption than FAU (Figure S4). More specifically, an increase in (50 µg/mL). This observation was performed using blue excitation filter which covers excitation wavelength in the range of 420 -495nm and emission wavelength at 535 nm. That set of filter and excitation maxima of Ru(bpy)3-FAU (450nm) allows us to obtain green signal. After 72 h, a significant amount of Ru(bpy)3-FAU zeolite nanoparticles was predominantly localized around the nucleus and at much lesser extent, on the nucleus (Figure 6D). The orthogonal view was obtained following z-stacking of the region which was marked with red-dashed circle. Figure (6E) revealed that a small amount of particles entered into the nucleus. Our results are in line with the previous study demonstrating that small-nanoparticles (25 nm)

show higher nuclear delivery to gain nuclear entry in a passive manner. [START_REF] Tammam | The Effect of Nanoparticle Size and NLS Density on Nuclear Targeting in Cancer and Normal Cells; Impaired Nuclear Import and Aberrant Nanoparticle Intracellular Trafficking in Glioma[END_REF] In addition to that, the shape and size of particles was shown to have an influence on the uptake process by the cells. [START_REF] Cho | The Effects of Size, Shape, and Surface Functional Group of Gold Nanostructures on Their Adsorption and Internalization by Cells[END_REF][START_REF] Zhang | Size-Dependent Endocytosis of Nanoparticles[END_REF] The optimal nanoparticle radius for endocytosis was previously determined to be in the range of 25-30 nm, [START_REF] Zhang | Size-Dependent Endocytosis of Nanoparticles[END_REF] which is in a good agreement with prior estimates. [START_REF] Gao | Mechanics of Receptor-Mediated Endocytosis[END_REF] The current results are also in an agreement with other studies reported that nanoparticles with a size of 50 nm and 120 nm are internalized faster in comparison to 250 nm particles. [START_REF] Suen | Size-Dependent Internalisation of Folate-Decorated Nanoparticles via the Pathways of Clathrin and Caveolae-Mediated Endocytosis in ARPE-19 Cells[END_REF] In a very recent study, [START_REF] Vilaça | Internalization Studies on Zeolite Nanoparticles Using Human Cells[END_REF] the kinetics of uptake of zeolite L and NaY by Hs 578T breast cancer cells and MCF-10 epithelial mammary cells was presented. The NaY zeolite had cubic geometry with an average diameter of 700 nm, while zeolite L had disc-shaped particles with a size of around 400 nm. The cells started to engulf the NY particles with their filopodia, but only a few of them were inside the cell due to the big size and formation of aggregates. However, after 5 min of incubation more L zeolite particles were internalized than zeolite NaY.

It is also known that in addition to the size and shape, the surface charge of the particles have an impact on internalization efficacity. The surface functionalization of nanoparticles can be utilized to promote cellular uptake and determine nanoparticle sub-cellular localization. The most frequently postulated internalization pathway is endocytosis. However, the exact mechanism has been shown to be cell-type dependent. The cell nucleus intuitively becomes of primary interest for targeting nanoparticles and also has been proven to be the main interaction site for most therapeutic agents such as anticancer drugs, genes, free radicals, and heat.

Toxicity study of Ru(bpy)3-FAU zeolite nanoparticles

In vitro cytocompatibility of Ru(bpy)3-FAUzeolite nanoparticles on U251-MG cells was tested by crystal violet assay. Adherent cells detach from cell culture plates during the cell death. The difference in proliferation upon treatment with test agent is used for indirect quantification of cell death. In other words, cells that undergo cell death lose their adherence and are subsequently lost from the population of cells, reducing the amount of crystal violet staining in a culture.

U251-MG cells were treated with increased concentrations of Ru(bpy)3-FAU zeolite nanoparticles (50,100, 250 and 500 µg/mL), and viability was followed at Days 1, 4 and 7 (Figure 7). The effects of Ru(bpy)3-FAU zeolite nanoparticles on the cell growth was also shown by light microscopy images (Figure 7A). The density of the cells were relatively similar after 1 day of exposure. However, the number of the cells has decreased upon exposure to 50 and 100 µg/mL Ru(bpy)3-FAU zeolite nanoparticles after 4 days. Although the cells started to recover from the inhibitory effect of Ru(bpy)3-FAU and continue to proliferate along 7 days, concentration dependent slight decrease was observed. To further confirm these observations, the viability of the cells was quantified by measuring optical density following crystal violet staining (Figure 7B). After one day of exposure, in the range of the tested concentrations, the zeolite nanoparticles did not exhibit toxicity to the cells as confirmed by the stability (even a slight increase) in optical density. Ru(bpy)3-FAU showed concentration dependent decrease in the viability of U251-MG cells at Days 4 and 7 in a concentration dependent manner. However, the lethal dose 50% was not achieved even working with the highest concentration of Ru(bpy)3-FAU nanoparticles (500µg/ml) We can conclude that the Ru(bpy)3-FAU zeolite nanoparticles are safe for these cells. While using silver-containing zeolites even with low concentrations (as low as 50µg/ml) 3 no cells survived after 24 or 48 exposure was registered. 3

Conclusions

We successfully incorporated ruthenium-tris(2,2′-bipyridyl) complex within FAU zeolite nanocrystals. The FAU nanocrystals were loaded with 8 % ruthenium-tris(2,2′-bipyridyl). The introduction of this complex in the zeolite crystals did not change the morphology, crystallinity, and colloidal stability of the sample.

The ruthenium-tris(2,2′-bipyridyl) complex introduced in the FAU zeolite retained its absorption properties. Upon excitation at the MLCT band at 450 nm, an orange-red emission appeared at 628 nm, typical for organometallic complexes bearing π-conjugated ligands which is not common for pure zeolite.

The viability tests were performed reveling the concentration and time dependent toxicity of the Ru(bpy)3-FAU zeolite on U251 cells. The safest dose range of the Ru(bpy)3-FAU nanoparticles was in the range of 50-100 µg/mL. Furthermore, confocal microscopy imaging show the internalization of the zeolite nanocrystals in the cells owing to their luminescent properties inherited from the ruthenium complex. The Ru(bpy)3-FAU was shown to be able of crossing the cell membrane barrier and localized mostly at the perinuclear regions with some intranuclear uptake.

Being stable, safe, capable of loading various guest molecules (drugs ang gases) and instantaneously localized within the cells, the Ru(bpy)3-FAU nanosized zeolite crystals could be considered as a potential candidate for medical application.

Figure 1 .

 1 Figure 1. XRD patterns of (a) as-synthesized FAU and (b) Ru(bpy)3-FAU zeolite samples.

Figure 2 .

 2 Figure 2. (A) Particle size distribution and (B) zeta potential curves of (a) as-synthesized FAU
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Figure 3 .

 3 Figure 3. (A) Thermogravimetric (TG) analyses and (B) Differential thermogravimetric (dTG)

Figure 4 .

 4 Figure 4. Nitrogen adsorption/desorption isotherms of (a) as-prepared FAU and (b) Ru(bpy)3-

Figure 5 .

 5 Figure 5. (A) UV-vis absorption spectrum, (B) excitation (dotted line) and emission (continuous

Figure 6 .

 6 Figure 6. Epifluorescent (A, B, C) and confocal microscopy images (D, E) showing the uptake of Ru(bpy)3-FAU zeolite by U-251-MG cells. (A) (B) and (C) represent progressive uptake of the tracer molecule. (D) The top and magnified orthogonal view (E) of the U251-MG cells. Yellow and red arrows show cytoplasmic and intranuclear deposition of Ru(bpy)3-FAU, respectively.

Figure 7 .

 7 Figure 7. (A) Light microscopy images of U251-MG cells after crystal violet staining after 1 day, 4 and 7 days exposure to Ru(bpy)3-FAU zeolite. (B) The viability of human glioblastoma cells after 1 day, 4 and 7 days exposure to Ru(bpy)3-FAU zeolite samples with different concentrations (50,100, 250 and 500 µg/mL).

Table 1 .

 1 Surface area and pore volume of as-prepared FAU and the Ru(bpy)3-FAU samples determined by N2 sorption measurements.
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CO2 loading capacity of about 17 % was recorded for the Ru(bpy)3-FAU compared to the as prepared FAU zeolite. Despite its higher CO2 loading capacity, the adsorption on Ru(bpy)3-FAU was slower than on the as-prepared FAU zeolite, this is exemplified by the lower slope of the curve representing the change of the FTIR band area versus the applied CO2 pressure. This phenomenon is attributed to the partial obstruction of pores by the presence of ruthenium complex. The modified zeolite is capable of loading molecular oxygen, exemplified by the appearance of the band at 1552 cm -1 following the O2 adsoption experiment (Figure S5). The O2 loading capacity of the Ru(bpy)3-FAU sample was lower than that of the as-prepared FAU sample.

Nanosized Ru(bpy)3-FAU zeolite as an intracellular localization tracer

To exploit the potential of Ru(bpy)3-FAU zeolite nanoparticles as an intracellular localization tracer or in the future as a vector for delivery of either gases or drugs, the intracellular localization in U251-MG cells was determined. The U251-MG cells incubated with 50 µg/mL of zeolite nanoparticles for 4 h, 24 h and 72 h were studied by epifluorescent and confocal microscopy (Figure 6). After 4h of incubation, the Ru(bpy)3-FAU zeolite nanocrystals are concentrated around the cells (Figure 6A). Upon increasing the incubation time, the particles started to cross the cell membrane and accumulate into the cytoplasm around the nucleus (Figure 6B and6C). In this examination the green excitation was used. This filter encompass an excitation wavelength 510-580 nm and emission wavelength 620 nm which matches with emission maximum of the Ru(bpy)3-FAU and naturally red color was obtained. The intracellular localization of the Ru(bpy)3-FAU was studied by confocal microscopy. Figure 6D and 6E are the confocal micrographs of U251-MG cells after 72 h of incubation with the Ru(bpy)3-FAU zeolite