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Y aquí estoy, típica mañana parisina, en el metro yendo al trabajo mientras intento escribir la parte más jugosa de la tesis. He de reconocer que fue unas de las primeras partes que empecé a pensar antes que cualquier otra, incluso, llegue a imaginarme con tiempo suficiente para poder dar rienda suelta a los agradecimientos. Pero tal y como me ha delatado esta tesis, y mi directora puedo asegurarlo, soy una profesional de "saltarme los deadlines". Asique aquí me encuentro, después de tres años intensos y fructíferos, escribiendo esta parte en sitios insospechados para poder entregar la tesis a tiempo. Y quién me lo iba a decir a mí, cuando aquel día iba corriendo cuesta abajo por las calles de Vigo, para llegar decididamente muy tarde a una entrevista, que ya previamente había dado por pérdida tras la desastrosa conexión telefónica. Pero gracias a la confianza depositada en mi desde ese primer momento, he podido comenzar una de las experiencias más intensas y productivas, permitiéndome viajar,

 Metal-organic frameworks, biomédecine, poreux, nanoparticule, biocompatible, fonctionnalisation.

Résumé: L'émergence d'un nouveau système nanoparticulé dans le domaine biomédical, les matériaux hybride poreux du type MOF (pour Metal Organic Framework), a récemment attiré beaucoup d'attention en raison de leur grande versatilité structurale et chimique. En particulaire, le trimésate de fer(III) mésoporeux (MIL-100; MIL pour Matériau de l'Institut Lavoisier) a démontré des capacités remarquables de stockage de médicaments avec leur libération contrôlée dans des conditions physiologiques, ainsi que des propriétés en imagerie très intéressantes.

Néanmoins, avant toute bioapplication, il est nécessaire d'étudier leur toxicité et leur profile de biodistribution, lesquels sont fortement affectés par plusieurs facteurs (composition, dégradabilité, chimie de surface, etc.). Ainsi, l'objectif principal de ce travail de thèse porte sur l'évaluation de la biocompatibilité de MOFs nanométriques et leur passage de barrières physiologiques par différentes voies d'administration (en particulier, par voie intraveineuse, orale et cutanée) en fonction de leurs propriétés physico-chimiques. Title (en anglais): «Engineered Surface Metal-Organic Frameworks (MOFs) for Encapsulation and Delivery of Macromolecules»

Keywords :

Metal-organic frameworks, biomedicine, porous, nanoparticle, biocompatible, functionalization.

Abstract :

The recent emergence of nanometric porous metal-organic frameworks (nanoMOFs) in the biomedical field has recently attracted a great deal of attention owing to their large porosity and versatile composition. Particularly attractive is the mesoporous iron(III) trimesate (MIL-100; MIL stands for Material of Institute Lavoisier), which has shown exceptional loading of challenging drugs, together with their controlled release under physiological conditions and interesting imaging properties.

Nevertheless, prior to any bioapplication, it is crucial investigate its toxicity and biodistribution profile, which are strongly affected by multiple factors (e.g. composition, degradability, surface engineering, etc.). Thus, the aim of this PhD work focuses on the evaluation of the nanoMOF biocompatibility and their physiological barrier crossing from different administration routes (specifically

Introduction

Porous coordination polymers (PCPs) or Metal Organic Frameworks (MOFs) are a specific type of crystalline porous hybrid solids, built up from the assembling of inorganic units (atoms, clusters, chains, etc.) and easily tunable polycomplexant organic linkers (carboxylates, phosphonates, azolates…). [1] In the early stages of the field, and due to their often large and well-defined porosities together with an almost infinitive variety of topologies and compositions, their foremost potential applications were based on gas storage, separation or catalysis. More recently, these applications have been extended to the biomedical field, which includes active ingredient delivery (drugs, cosmetics, biologically active gases), enzymatic catalysis or imaging, among others. [2] Among the large number of suggested drugdelivery systems, [3] the nanometric porous iron(III) polycarboxylates Metal-Organic Frameworks (nanoMOFs) have been revealed as promising nanocarriers due to i) their tunable porosity and versatile composition, ii) their lack of in vivo toxicity, [4] iii) their ability to encapsulate exceptional loadings of different challenging active ingredients (biological gases, cosmetics, enzymes, drugs, etc.) together with iv) their controlled release under physiological conditions and v) their interesting imaging properties. [5] The recent miniaturization of MOFs at the nanoscale has been advantageous for their bioapplication, not only because establishes a strong influence over the choice of the administration route [6,7] but also because its governs their in vivo fate, and therefore, their toxicity and/or activity. [2] In fact, the physicochemical properties of the nanocarrier (i.e. particle size, surface charge, rheological properties, colloidal stability) will determine their affinity by different biological structures and/or matrixes (formulations), their biodistribution, and also, their efficacy. [7,8] In addition, beside the high porosity of nanoMOFs, the large external surface area provided in the nanoparticles (NPs) affords a unique opportunity for an efficient surface modification, which could be used to improve both their chemical and colloidal stability but also to modulate their biodistribution according with the selected administration route (by modifying their bloodstream circulation time, physiological barrier bypass or targeting properties, for instance). [9,10,11] Furthermore, the rapidly growing interest of these nanovectors in the biomedicine field has magnified the relevance of the nanomaterial safety. Bearing this in mind, prior to any (pre)clinical development, the identification of potential hazards of nanoMOFs by both in vitro and in vivo toxicological tests have been required. [12,13,14] Accordingly, depending on the targeted functionalities, a variety of pre-requisites must be met for the nanoMOFs such as minimal toxicity, good blood compatibility, low immunogenicity together with a tunable degradation and, often, suitable mechanical properties. [15,16] Therefore, in this PhD manuscript, it has been covered all aspects concerning the preparation of suitable and biocompatible nanostructured MOFs for overcoming the current and future requirements in diverse administration pathways, achieving thus, novel and attractive attributes of nanometric Metal-Organic Frameworks in the biomedical field.

GENERAL SUMMARY [11] 

Objectives

Bearing in mind the aspects outlined above, the aim of this thesis has been focused on the investigation of three different potential routes (i.e. intravenous, oral and cutaneous) for the administration of nanoMOF as drug delivery systems, paying a special attention to the evaluation of their biocompatibility, their physiological barrier crossing and their biodistribution. The main objectives of this PhD Thesis can be, therefore, resumed as follows:

1. Evaluate the biocompatibility (even bioactivity) of MOFs and their potential interactions with biological structures.

2. Propose alternative original MOF formulations suitable for their administration via novel pathways for their use as drug delivery systems.

Investigate their biodistribution through different administration routes.

For this purpose, the PhD Thesis work has been divided into 4 main sections:

1. Chapter 1, in which the emerging class of nanoscaled MOFs in the biomedical field has been reviewed, considering both their preparation and formulation, and their related biomedical applications.

2. Chapter 2 dealing with the complete assessment of the toxicological evaluation of the benchmarked mesoporous metal(III) trimesate nanoMOFs (MIL-100(Fe, Al, Cr ; MIL stands for Material of Institut Lavoisier), based both on their structural, chemical and colloidal stability as well as on their cell-, immune-and geno-interaction.

3. Chapter 3 focuses on the evaluation of the physiological barrier crossing of MIL-100(Fe) NPs as a function of their specific external surface modification according the three selected administration routes (oral, intravenous and cutaneous modes). 4. Chapter 4, which includes the investigation of the encapsulation and release of different active pharmaceutical ingredients, either within the MOF porosity or as a constitutive part of the MOF hybrid network.

Chapter 1

This introductory chapter has been disclosed as a recently published review:

Nanostructured metal-organic frameworks and their bio-related applications M. Giménez-Marqués £ , T. Hidalgo £ , C. Serre, P. Horcajada (£: note here that both first authors have equally contributed) Coord. Chem. Rev., 2015, doi:10.1016/j.ccr.2015.08.008).

In this chapter, an extensive overview of the last breakthroughs of nanoscaled MOFs in biomedicine has been described, focusing in the benefits of the MOF miniaturization for its bioapplications, governing aspects such as the choice of the administration route, their in vivo fate or also, their toxicity and/or activity. [7,8] The high porosity and versatile composition of the benchmarked MIL-100 NPs based on different metals (Fe, Al, Cr) make them very promising solids in different strategic industrial and societal domains (separation, catalysis, biomedicine, etc). [2,23,24] In particular, the MIL-100(Fe) NPs have recently revealed as a one of the most bright and innovative next generation tools for drug delivery due to (i) its exceptional loading capacity of several therapeutic molecules, (ii) their controlled release and (iii) its advantageous imaging properties. [2,5,25] Despite these encouraging characteristics, important toxicological concerns have arisen for their bioapplications. As described above, the physicochemical properties of nanocarriers (composition, size, molecular weight, surface chemistry…) plays a key role in the nanomaterial's performances in terms of biocompatibility, biodistribution, and biodegradability, and hence, in their toxicity and efficacy. [3,6,26] In this sense, to ensure the safety of any nanoMOF bioapplication, the toxicity profile of MIL-100(Fe) NPs and the effect of the constitutive cation has been analyzed by comparing its cytotoxicity with its Cr and Al analogue NPs. Bearing in mind the pulmonary, ingestion or intravenous exposure modes, two pulmonary (A549 and Calu-3) and two hepatic (HepG2 and Hep3B) cell lines were selected in order to mimic the targeted tissues. First of all, a full characterization of the NPs was performed by diverse techniques, including X-ray powder diffraction (XRPD), dynamic light scattering (DLS), ζ-potential, transmission electron microscopy (TEM), Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analyses (TGA), N 2 sorption isotherms and high performance liquid chromatography (HPLC), taking a special attention to their structural, chemical and colloidal stability, due to their strong impact on the interaction with biological structures, which might compromise the cell viability. Through the physicochemical characterization of the MIL-100 NPs in the physiological media (DMEM and MEM; Figure 1), it was evidenced (i) a similar superficial charge and particle size, except for the smaller dimension of MIL-100(Cr) NPs, (ii) a high colloidal stability from 24 to 48 h in both cell culture media and (iii) an important chemical stability, with very low degradation rates, except for the MIL-100(Al) NPs in contact with the MEM medium. Thus, with the exception of MIL-100(Al) NPs, the rest of the NPs have shown an important stability under the same conditions used for the cytotoxicity assays.

Once the NPs characterization was checked, the study of the nanoMOF biocompatibility was in vitro investigated by determining cell impedance, cell survival/death, generation of reactive oxygen species (ROS) and the level of deoxyribonucleic acid (DNA) damage. Shorter exposure times (up to 24 h) were selected based on the chemical degradation profiles of the MIL-100 NPs (Figure 1), taking into account mostly the primary effects induced by the "entire" MILs NPs and not by their degradation byproducts. No cell toxicity was induced by MIL-100(Fe, Al, Cr) NPs, even at high doses in the p53 wild type cell lines (A549 and Calu-3 GENERAL SUMMARY [14] (lung) and HepG2 (liver)). The only toxic effect of MIL-100(Fe) NPs was observed in the hepatocarcinoma cell line Hep3B, which is highly sensitive due to its absence of TP53 expression, the guardian of the genome (Figure 2). Through these data, the influence of the leaching of the metal and organic linker was ruled out due to the similar cytotoxic effect exhibited by MIL-100 NPs. Despite the absence of cell toxicity, further analyses such as the oxidative stress, cell cycle and genotoxicity studies were also assessed. In particular, after exposure of the four cell lines with MIL-100 NPs, no significant ROS production was induced with the exception of sensitive Hep3B cells exposed to the highest concentration of MIL-100(Fe) NPs (Figure 3). This effect strongly depends both on the cell line and on the contact time/concentration of the NPs, exhibiting a transient oxidative effect. This is in agreement with the reversible ROS production evidenced after the intravenous administration of high doses of MIL-100(Fe) NPs to rats. [5] Figure 3. Intracellular generation of ROS by A549, Calu-3, HepG2 and Hep3B cells in contact (2 h) with MIL-100(Al,Cr,Fe). NPs (6 and 64 µg.cm -2 ). Control (basal level) cells were not exposed to MIL-100 NPs. The ROS level was monitored by measurement of the fluorescence intensity of an oxidized fluorescent probe. Ratios as compared to the basal level are here reported. Statistical analysis was performed for each exposure condition compared to non-exposed cells (Student's t-test, *p < 0.01).

Finally, in order to confirm the absence of toxicity, the genotoxicity was also tested by the quantification of DNA strand breaks. No increase of DNA numbers was detected, excepting for MIL-100(Fe) NPs at the highest concentration without being fatal for the cell integrity (Figure 4). Thus, this relatively low level of DNA damages should be related with the GENERAL SUMMARY [15] observed ROS increase and consequently, with the cell death induced by MIL-100(Fe) NPs at the highest concentration.

Altogether, our data point out a high cell tolerance for MIL-100(Fe, Al, Cr) NPs under diverse simulated routes of administration (pulmonary, ingestion or intravenous exposure modes).  Subchapter 2.2.: Immunetoxicity evaluation of Metal-Organic Framework Nanoparticles T. Hidalgo, R. Simon-Vazquez, A. Gonzalez-Fernandez, M. J. Alonso, P. Horcajada To be completed and submitted.

Following the same line than in the subchapter 2.1, the potential toxicological hazards of three different nanoMOFs based on iron (MIL-100(Fe)), aluminum MIL-100(Al) or zinc (the microporous zinc imidazolate ZIF-8) were also checked from an immunological point of view. The evaluation of the immune response was studied by means of the cytokine production, complement activation, cell viability and ROS production. On the whole, these nanoMOFs exhibited i) a low cytotoxicity profile on a murine macrophage cell line (J774.A1)at high concentrations (1.2 mg . mL -1 ; Figure 5), excepting for ZIF-8 NPs, which cell viability was decreased (< 50% at 0.8 mg . mL -1 ), ii) a slight ROS induction, only at high concentrations (Figure 6), iii) the absence of an activation of the complement, with except for a slight activation in the particular case of MIL-100(Al) NPs; and finally, iv) the promotion of the Th2/Th1 immune response activation plays a key role, associated to the production of specific cytokines, emphasizing the highest induction of INFand IL12p70 (related to Th1 response) in MIL-100(Fe) together with high levels of IL-6 or IL-10 cytokines (associated to a Th2 response) detected for MIL-100(Al) (Table 1). On the whole, both nanoMOFs have induced a cytokines production from 10 to up to 10 5 times higher than the negative control, evidencing a significant activation of the immune response. Note here that the low cytotoxicity and induction of the cytokine production by MIL-100(Fe), MIL-100(Al) and ZIF-8(Zn) NPs, together with their moderate ROS induction and complement activation (being higher in case of MIL-100(Al) and ZIF-8(Zn) NPs), can be also considered as a stimulating effect of the immune response to maximize the removal of foreign pathogens and mediate the inflammation and recruitment of immune cells, making these NPs promising adjuvant candidates for an efficient vaccination. Table 1. Summary of the cytokine production. The values correspond to the variation of the concentration of cytokines (in pg.mL -1 ) in comparison with the negative control (<1, 1-10, 10 2 -10 3 , 10 3 -10 4 or >10 5 times) obtained from 3 different donors (1/3,2/3 or 3/3), with the representation of the activation showed in the positive control (LPS and PHA).

GENERAL SUMMARY [19]  Subchapter 2.3.: Understanding the colloidal stability of the mesoporous MIL-100(Fe) nanoparticles in physiological media E. Bellido, M. Guillevic, T. Hidalgo, M.J. Santander-Ortega, C. Serre, M. J. Alonso, P. Horcajada. Langmuir, 2014, 30(20), 5911-5920.

In view of a deep understanding of the intimate interaction between the NPs surface and the biological environment, considering an oral or intravenous administration, the structural, chemical and colloidal stability of the benchmarked MIL-100(Fe) nanocarrier was investigated under different physiological media, mimicking the intravenous and oral conditions. Firstly, with the purpose of simulating the intravenous conditions, the NP size evolution and surface charge were monitored in presence of specific electrolytes (majoritary, such as NaCl and CaCl 2 , or minoritary, such as PO 4 3-

) and/or macromolecules (such as the albumin, the most abundant plasma protein in mammals) usually present in the serum . As expected, the presence of rich salt solutions led to a higher aggregation and polydispersity due to the decrease on the electrostatic repulsion forces. [27] In contrast, even at low concentration, phosphate buffer solutions(PBS) were able to coordinate the coordinatively unsaturated metal sites (CUS) with a Lewis acid character present in the MIL-100(Fe),even displacing the carboxylate-metal coordination of the nanoMOFs. This led to the NP degradation, [5] obtaining 10 times higher degradation rates in PBS than in pure water (Figure 7). In presence of bovine serum albumin (BSA), the formation of a protein corona over the outer surface of the nanoMOF (Figure 7) was evidenced not only by the slight increase of the particle size, compatible with the dimensions of the BSA, but also by the reduction of the -potential. This grafting is based on the negative protein charge, which is able to replace some of the phosphate groups at the NP surface, leading to a less negative ζpotential and the increased size. [28] Moreover, the presence of this protein corona led to slower degradation rates of the NPs as well as an improvement of their colloidal stability by a steric hindrance repulsion effect (Figure 7). Degradation is represented as the wt % of the linker released in the medium, considering the maximum of degradation of 100% when the total amount of linker in the nanoparticle was released in the medium. (On the right) Aggregation kinetics of MIL-100(Fe) NPs for a period of 24 h at 37 °C in Milli-Q water (red), in PBS (green), and in PBS with albumin (blue); represented as evolution of nanoparticle diffusion coefficient (D) as a function of time (values are normalized for comparison).

Concerning the oral conditions, the digestive tract was simulated as follows i) the gastric medium (HCl, pH = 1.2), ii) the intestinal medium at different dilutions (simulated intestinal fluid, SIF, pH 6.8) and iii) low-ionic-strength (lis) SIF (SIF diluted 1/25) supplemented with the most abundant enzymatic fraction of intestine, pancreatin (1 % w/v) or with main component of the intestinal mucus, the glycoprotein mucin. . Aggregation kinetics of MIL-100(Fe) NPs over a period of 24 h at 37 °C in gastric medium (on the left) and in intestinal conditions (on the right: lis-SIF (red), lis-SIF with pancreatin (blue) and lis-SIF with mucin (green)). For clarity error bars have been removed from plots.

Under plain simulated gastric and intestinal fluids, the particle size of MIL-100(Fe) size remained stable and monodisperse, displaying progressive chemical degradation (Figure 8 and9). In more complex media, in presence of pancreatin, no aggregation effect was observed but however, a reduction of the superficial charge indicated the enzyme coating. 

HCl pH 1.2 24-h regime

SIFs 24-h regime GENERAL SUMMARY [21] Despite the pancreatin coating, these NPs exhibited a similar chemical stability than in lis-SIF. Thus, the enzymatic layer did not protect the nanostructure from degradation under these conditions. In contrast, the presence of mucin in the SIF medium led to the formation of a glycoprotein corona over the outer surface of the nanoMOF, observing a slowdown of the degradation rate and an improvement of their colloidal stability (Figure 8 and9).

Figure 9. Degradation kinetics of MIL-100(Fe) nanoparticles at 37 °C as a function of time in different physiological media: HCl pH 1.2 (green), lis-SIF (orange), lis-SIF supplemented with pancreatin (gray), and lis-SIF supplemented with mucin (light-blue). Degradation is represented as the wt % of the linker released in the medium, considering the maximum degradation of 100% when the total amount of linker in the nanoparticle was released in the medium.

On the whole, MIL-100(Fe) NPs exhibited a suitable chemical, structural and colloidal stability during the first stages of incubation in both oral and intravenous simulated conditions, mainly dependent on both the nature of their physicochemical surface and the medium composition, demonstrating their potential as drug nanocarriers.

Chapter 3

The third chapter focuses on the evaluation of the physiological barrier crossing of MIL-100(Fe) nanocarrier as a function of their administration route, mainly intravenous, oral and cutaneous modes. Thus, the external surface of the MIL-100(Fe) NPs was accordingly engineered using different biopolymers in order to modulate their biodistribution. This section has been divided in three different parts, each of them corresponding to a specific targeted route: Despite the well-known drawbacks of the intravenous route (invasive nature, pain and dangerous medical waste, etc.), [29] the immediacy and the ability to administrate the entire drug dose to the systemic circulation with dependable and reproducible effects make this pathway one of the most selected vias for drug administration. In this subchapter, the specific modification of the outer surface of the promising drug nanocarrier MIL-100(Fe) was performed, selecting the heparin (a biopolymer associated with longer-blood circulation times when intravenously administered on the surface of nanocarriers) as a surface agent. By a simple and efficient ( 88%) biofriendly one-pot method, the heparin was successfully grafted exclusively on the outer surface of the NPs, preserving their crystalline structure and characteristic porosity (Figure 10). A homogenous heparin coating of around 12 wt% and 10 nm-thick layer was obtained with an expected high-dense Moreover, their ability to accommodate high loadings of active ingredients (AIs) and to release them in a progressive manner was also kept, comparing with their uncoated homologous (as shown using the liporeductor agent caffeine, in which important encapsulation rates of 50 wt% with progressive release in about 24 h were achieved; Figure 11). While an improvement of the colloidal stability was observed for the heparin coated NPs under simulated physiological conditions (such as topical (water, pH = 6.0), serum conditions (PBS, pH = 7.4) and cell culture medium (RPMI)), the chemical degradation of the hybrid framework remained unmodified regardless the coating (Figure 11). The stability of the heparin layer was insured by the formation of cooperative strong interactions between the sulfate groups of the heparin and the iron CUS of the MIL-100(Fe), as evidenced by IR spectroscopy.

 Subchapter 3.
Figure 11. (a) Release of heparin in water (green), PBS (orange) and RPMI (blue) at 37 ºC as a function of time.

The maximum of release of 100 wt% corresponds to the total release of the amount of heparin initially coating the NPs. (b) Degradation kinetics of uncoated (red) and hep_MIL-100(Fe) NPs (green) in water (solid circles), PBS (triangles) and RPMI (stars) at 37 ºC as a function of time. Following the line of the control of the NP biodistribution by their surface modification, we have here focused our efforts in the development of an engineered MOF nanocarrier suitable for oral administration. This is one of the most commonly-used administration routes due to its non-invasive nature and the fact that avoids patient pain and discomfort. However, the administration of some molecules by this pathway presents some limitations, including inadequate intestinal absorption, poor stability under the gastrointestinal media or solubility issues. [30] The use of drug carriers has widely been proposed to overcome these drawbacks. Therefore, in this case, the external surface modification of MIL-100(Fe) NPs was successfully functionalized with chitosan (CS), a biopolymer interesting for the oral route since it can confer protection against enzymatic degradation and can improve the transport across the mucosal barriers due to its well-known bioadhesive character. In practice, a simple and efficient (94 %) green impregnation method, similar to that one of the heparin modification, was here applied. After the CS coating, the MIL-100(Fe) NPs displayed a CS grafting of around 50 wt% associated with a ca. 35 nm of a thick homogeneous layer with a high-dense "brush" conformation. First of all, a complete physicochemical characterization of the obtained CS-coated NPs was carried out, demonstrating the preservation of the crystalline structure, porosity and adsorption and release abilities. A special attention was drawn to the evaluation of their chemical and colloidal stability in different simulated oral physiological media (Figure 13), from simple media such as water or salt solutions (PBS or HBSS) to complex ones, which mimic the complete intestinal fluids (SIF, SIF-pancreatin, SIF-mucin) or the cell culture media (DMEM). On the whole, under these conditions, an improvement of nanoMOF colloidal and chemical stability was evidenced, showing the influence of the nature of the external surface agent over the uncoated NPs. In addition, the CS grafting was highly stable in different oral media, with almost no release up to 4 days (Figure 13). This is probably due to the formation of electrostatic interactions between the negative surface of the MIL-100(Fe) NPs and he positively charged CS. GENERAL SUMMARY [25] The presence of the CS corona also provided additional biological roles to the MIL-100(Fe) NPs, boosting the nanoMOF interaction with the biological environment. In particular, the biocompatibility and the intestinal barrier bypass were investigated by a panel of different in vitro techniques. Through the toxicity and immunological assays, the CS-coated NPs exhibited a non-toxic character with an absence of complement activation and a moderate inflammatory immune response. Note here that, similarly to previous heparin functionalization, the CS-coating leads to a decrease of the cytokine production from one to two orders of magnitude when compared with the uncoated NPs. The images have been taken at different times: 0.5, 2.5 and 24 h. Moreover, the controls were obtained with cells (control) after 24 h. In all the cases, the scale bar corresponded to 25 μm. All the images were taken at 63X.

Finally, the CS coating was remarkably able to boost the cell internalization of the NPs and thus, to promote their intestinal barrier bypass, as demonstrated by using a 2D in vitro model simulating the intestinal membrane. Therefore, not only a higher cell internalization of the CS-coated NPs was observed (Figure 14) but also a 20 times higher barrier crossing of the CS-coated NPs than the uncoated ones, as determined by the quantification of the GENERAL SUMMARY [26] NP content in the receptor compartment. Furthermore, the absence of any significant variation in the transepithelial resistance (TEER) of the cell membrane supported the lack of cell toxicity of both CS-coated and uncoated nanosystems, as well as the impossibility of the CS coating to provoke the reversible opening of the tight junctions. These results rule out the crossing of the NPs by the paracellular intestinal via and suggest an intestinal bypass by a transcellular route. In a nutshell, the preservation of the interesting physicochemical features of MIL-100(Fe) NPs after CS-coating and their adapted colloidal stability and progressive biodegradation, together with their improved intestinal barrier bypass, make these NPs potentially interesting for the oral administration of AIs. Despite the strong interest in the MOF processing (pellets, monoliths, films, membranes, tablets...) for separation or catalysis, [31] the biomedical formulation is still in its infancy essentially due to the novelty of this highly promising topic. One of the most innovative research area in drug delivery is the simple, no-invasive and versatile cutaneous route. [32] Transdermal route prevents from premature hepatic first pass metabolism or loss of activity due to degradation along the gastrointestinal tract, vomiting and diarrhea, which are inherent to oral administration. [32,33] Additionally, this route represents an interesting alternative to hypodermic injection due to its non-invasive nature, and is widely used for several therapies owing to the self-administration, being also the preferential route for cosmetics.

Considering the above mentioned advantages, we prepared specific topical devices based on cosmetic-containing MOF NPs with biopolymers by a simple and easy press-molding processing method. In particular, the liporeductor cosmetic caffeine (CAF) was chosen as active cosmetic ingredient in order to overcome the current drawbacks associated to their existing cosmetic formulations, such as the poor loadings of this xanthine (< 5 wt %) due to its high tendency to crystallize and its non-controlled releases. [34] Thus, the MIL-100(Fe) NPs encapsulating high loadings of this liporeductor (up to 50 wt %) were firstly mixed with different biopolymers (poly(vinyl acetate) (PVA) and gelatin (GEL)) and then press-molded obtaining polymer-nanoMOF composite patches (Figure 15). While the crystalline structure of the nanoMOF was preserved after the press-molding processing, the obtained composite patches significantly swelled under simulated cutaneous conditions (moisture, 32°C), depending on the nature (polarity, elasticity, etc) of the incorporated biopolymer. Besides to keep high capacities of encapsulation of AIs (i.e. caffeine and ibuprofen), with record loadings of 17 wt% of caffeine (in comparison with only 5 wt% in commercial formulations), these cutaneous formulations allowed controlling the release of their caffeine cargo within 24-48 hours, mainly depending on the properties of the biopolymer (hydrophilicity, gel strength and polymer-MOF interactions).

Despite an absence of a cutaneous bioadhesive character, these patches were able to provide a progressive and suitable permeation of the caffeine cargo through the skin, notably reaching the targeted adipose tissue (Figure 16).

These promising results pave the way for a topical administration of MOF-based devices for an easy cutaneous or transdermal administration of AIs. The fourth chapter deals with the encapsulation and release of different AIs, either within the MOF porosity or as a constitutive part of the framework. Thus, both possibilities were investigated using either genetic material for a gene therapy or antioxidant AIs, as discussed in the following sections.

Up to now, the majority of MOFs have been considered for controlled drug release mainly through physisorption/desorption processes. [2,35] However, the incorporation of the AIs as a constitutive part of the framework (either inorganic or organic part, even both constituents) and its release by the degradation of the framework itself has been recently proposed as a promising alternative. [36,37] Following this line, a new biocompatible and porous magnesium gallate Mg(H 2 gal) was prepared using a biofriendly hydrothermal route from the combination of phenolic derivatives such as the gallic acid, with an interesting antioxidant activity [38,39] (associated with anti-allergic, -inflammatory, -viral, -fungal, -microbial and evencarcinogenic, cardio and neuro-protective activities) and the Mg 2+ cation, also involved the in resistance to oxidative stress. [40] The crystalline structure of Mg(H 2 gal) was successfully solved from XRD data (Figure 17), being isostructural with that of Fe III , Ni II , Co II and Mn II compounds described by Weber and Cheetham. [41] Its structure consists of chains of corner sharing MgO 6 distorded octahedra (four oxygen atoms coming from the phenol groups and two from the carboxyl functions) connected through the gallate ligand, defining small channels of about 3 Å and an associated surface area of 330 m 2. g -1 . The biocompatibility of Mg(H 2 gal) was also confirmed by different in vitro assays, including cell viability tests in different cell lines (MTT) and the evaluation of the involved cell death pathway (Annexin-V-FITC assay). Finally, the potential antioxidant properties of Mg(H 2 gal) were evaluated on the human promyelocytic leukemia (HL-60) cell line by means of the production of ROS (Figure 18). Remarkably, the addition of increasing amounts of Mg(H 2 gal) to the cell culture led to a significant antioxidant effect. Note here that the antioxidant activity was not only evidenced in absence of oxidant stimulus, but also in presence of pro-oxidant species, similarly ii) iii)

GENERAL SUMMARY [29] evidencing a concentration-dependent antioxidant effect. This antioxidant effect is due to the release of the gallate ligand, as a consequence of the progressive degradation of the framework in the cell culture medium (Figure 17).

To conclude, the slow and progressive degradation of this new biocompatible porous magnesium gallate MOF led to high in vitro antioxidant activities, as a consequence of the release of the bioactive gallic acid component. Two different novel structures based on the calcium and the gallic acid ligand were isolated by a totally green hydrothermal synthetic method. The first, MIL-155 or [Ca 2 (H 2 O)(H 2 gal) 2 2 O, consists on infinite chains of edge-sharing dimers of CaO 7 polyhedra linked through the gallate ligands (Figure 1), which are only partially deprotonated (H 2 gal 2-). The second phase, MIL-156 or [Ca 3 K 2 (H 2 O) 2 (gal) 2 nH 2 O (n = 4-6), is built-up from ribbon-like inorganic subunits containing two type of calcium ions, either eight-fold or six-fold coordinated (Figure 19). These subunits are linked through fully deprotonated gallate ligands (gal 4-). Both solids contain small channels filled with water, with however no accessible porosity towards N 2 at 77K.

The antioxidant effect of both solids was in vitro evaluated (Figure 20) as a function of their structural and chemical stability (Figure 21). GENERAL SUMMARY [31] Figure 20. ROS production of HL-60 cells in contact with Mg(H 2 gal), MIL-155 and MIL-156. Negative (cells), basal (cells + DCFH-DA) and positive (cells + DCFH-DA + PMA) controls are disclosed as black, grey and red lines. Several concentrations (5, 15, 30 and 60 µg.mL -1 ) were tested, and are pictured in orange, green, blue and pink, respectively. Note that these data, corresponding to one of the triplicate experiments, are totally representative from the whole results.

GENERAL SUMMARY [32] While a high chemical stability was evidenced for MIL-156, leading to almost bioinert activity, the progressive disintegration of the MIL-155 network led to an important protective antioxidant effect. On one hand, and similarly than for the Mg(H 2 gal) solid, the antioxidant activity was here associated with the release of the bioactive gallate ligand, being concentration-dependent. On the other hand, the higher stability of MIL-156 might be related with the higher density of this solid and the complete deprotonation of the gallate ligand (MIL-156 Ca 3 K 2 (gal) 2 (H 2 O) 2 vs. MIL-155 Ca 2 (H 2 O)(H 2 gal) 2 ). It is noteworthy that the absence of degradation might also explain the lack of antioxidant activity of this solid, confirming that the effect is associated with the gallate ligand release to the media. Furthermore, both solids proved to be biocompatible, as evidenced by different in vitro assays: i) low cytotoxicity profile obtained by MTT analysis in three different macrophage cell lines (human promyelocytic leukaemia (HL-60), human non-small lung cancer (NCI-H460) and murine leukemic monocyte (RAW-264.7), ii) no necrotic and late apoptotic cells detected in both Ca gallate at low concentration (< 60 μg . mL -1 ) by annexin assays and, iii) low hemolytic effect (12% of released hemoglobin) when red blood cells were incubated with both calcium gallates.

Overall, the biocompatible 3D calcium gallate MIL-155 exhibits a suitable progressive degradation under simulated physiological conditions, which are related with the slow release of the gallate ligand and, consequently, with a potent antioxidant effect. Finally, the drug encapsulation / delivery ability of nanoMOFs by the traditional adsorptiondesorption processes was addressed using a novel therapeutic approach: the gene therapy.

GENERAL SUMMARY [33] Despite that previous recent works reported the association of genetic material on the external surface of nanoMOFs, [44,45] we here proposed for the first time the ribonucleic acid (RNA) encapsulation within the porosity of the nanoMOF. Thus, both small interfering-and micro-RNA (siRNA and miRNA, respectively) were successfully incorporated into the porosity of the biocompatible nanoMOFs, MIL-100(Fe) and the mesoporous iron(III) aminoterephthalate MIL-101_NH 2 , by an easy and biofriendly impregnation method. Note that the interest of RNA-based therapies reside on the combination of the potential down-regulation of the gene expression (gene-silencing) by siRNA, inhibiting the expression of mutant proteins, [46,47] and the important oncogene or tumor suppressor role of miRNA in cancer. [48] The RNA-containing NPs were fully characterized by different physico-chemical techniques.

While the characteristic crystalline structure and nanometric size of both NPs were preserved after the RNA association, the efficient upload of the RNA moieties within the MOF porosity was confirmed by the significant reduction of the specific surface are and pore volume of the solids after the RNA encapsulation (Figure 22). In addition, the formation of specific interaction between the phosphate groups of the RNA and the iron CUS of the solids were supported by IR spectroscopy, suggesting a strong association. Then, their low toxic character was demonstrated in contact with human colorectal carcinoma cells (Sw480) through both MTT and hemolysis studies, even at higher concentrations (up to 1.2 mg•mL -1 ). In order to evaluate the RNA delivery and activity, cell internalization and transfections assays were finally performed on Sw480 cells. Remarkably, the RNA-containing nanoMOFs were rapidly internalized by the cells, enabling to release the genetic material into the cytoplasm, leading to effective transfections and to the modification of the gene expression in the target cells (Figure 23). Therefore, these promising outcomes pave the way for developing an efficient gene delivery platform based on biocompatible porous nanoMOFs. Metal-Organic Frameworks (MOFs) are promising and innovative porous materials, which applications have been rapidly growing in different scientific fields such as energy storage, sensing, catalysis, etc. In this introductory chapter, we have pointed out the recent interest of these materials in biomedicine as drug delivery system. In particular, the miniaturization of the MOF particle size to the nanoscale provides with many advantages for the administration of these nanocarriers, allowing a better control of their biodistribution. Therefore, in this review, it has been reported both suitable green synthetic methodologies for the preparation of small and monodispersed nanoparticles, adapted to the biomedical applications (room-temperature production, conventional hydro/solvothermal routes, microemulsion chemistry, spray-drying, among others). The bio-related capabilities acquired by controlling the nanoparticle (NP) size or by new approaches such as an appropriate surface engineering, providing them with advanced functionalities. Finally, numerous examples of the divers proposed bio-related applications (imaging, sensing, enzymatic catalysis, etc.) have been also outlined in this introduction, focusing on the encapsulation/incorporation and release of different active molecules (e.g. antitumorals, nucleic acids, antivirals, biological gases, etc.).

This bibliographic report has been performed by the active contribution of all the authors. In particular, Tania HIDALGO CRESPO has participated in the writing of diverse sections of this review such as the introductory part, the description of new MOF formulation and the biomedical applications (involving toxicological considerations until different instances of drug delivery systems based on MOFs). Dr. M. Giménez-Marqués has also been involved in the writing of the introduction part, the second and third sections dealing with the synthesis, functionalization and shaping of MOFs, as well as in the fourth part, specifically on the imaging properties, sensing and biocatalysis examples. In addition, the whole manuscript has been assessed and deeply supervised by Dr. P. Horcajada, focusing from the preparation and MOF formulation until the different examples of in vitro and in vivo MOF bioapplication. In the same line, Dr. C. Serre has also supervised the whole manuscript, especially the second and third section dealing with the synthesis and shaping of MOFs.
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Introduction.

The field of hybrid ordered porous materials has been growing very rapidly within the past decade not only as a result of the still increasing number of new structures and compositions, but also due to important efforts to introduce new or optimized functionalities. Metal-organic frameworks (MOFs) or porous coordination polymers (PCPs) are a specific type of hybrid inorganic-organic solids, built up from the assembly of inorganic secondary building units (SBUs), and easily tuneable polycomplexant organic linkers, which present permanent pores in their structure. [1] In the early stages of the field, their foremost potential applications were based on storage and separations of fluid mixtures due to their regular and large porous structure. More recently, these applications have been extended to energy storage, sensors, magnetic and electronic devices, heterogeneous catalysis and biomedicine.

The miniaturization of MOFs results of great interest in order to integrate these materials in strategic applications such as sensing or drug delivery. This emerging class of nanoscaled MOFs (nanoMOFs), combining the intrinsic properties of the porous materials and the benefits of nanostructures, are expected to improve in some cases the performances of classical bulk crystalline MOFs. In the field of biomedicine, the benefits of MOF miniaturization have already been proved to be effective, not only because establishes a strong influence over the choice of the administration route but also governs their in vivo fate and Nanostructured metal-organic frameworks and their bio-related applications [48] therefore, their toxicity and/or activity. [2] For instance, when considering the use of nanoparticles (NPs) as nanocarriers, the large (external) surface area of NPs may not only favor an enhanced bioactivity but also permit an efficient surface modification, facilitating their circulation, targeting properties and improving their chemical and colloidal stability. [3] In particular, these features govern their in vivo fate. Thus, particles smaller than 500 nm usually enter the cells by endocytosis against likely phagocytosis for larger ones. [4,5] Also, it is known that the size plays a decisive role on the splenic and renal clearance: particles larger than 200 nm are more likely removed through the splenic filtration system, whereas those smaller than 10 nm are cleared through kidney's filtering system. [6] Finally, the size strongly impacts the circulating time in the bloodstream, modifying the interaction with the endothelium and then, their biodistribution. [7] As an example, particles smaller than 250 nm exhibit a higher crossing through the leaky endothelium (i.e. extravasation), being useful for tumor targeting. [8,9] Finally, depending on the targeted functionalities, these nanomaterials must meet a series of pre-requisites such as minimal toxicity, good blood compatibility, low immunogenicity together with a tunable degradation and, often, suitable mechanical properties. [10,11] The scope of this review focuses on the preparation of nanostructured MOFs and their related biomedical applications. We will cover all aspects concerning the various synthetic methods reported so far, as well as the shaping and surface engineering routes required for their use in biomedicine. In spite of the recommended definition of a nanomaterial, typically accepted as materials within the 1-100 nm range (at least one dimension and for ≥ 50 % of the particles in the number size distribution), in nanomedicine, larger particles (< 500 -1000 nm) are often considered as nanoparticles. [12] Therefore, we will cover both submicronic (< 1000 nm) and nanometric (1-100 nm) particles often using the same terminology of nanoparticles.

Synthesis of MOF nanoparticles.

In the last years, the development of suitable synthetic methodologies and novel approaches for the preparation of nanoMOFs have enabled to gain understanding on the crystal growth as well as a better control over the size of the material without hampering their intrinsic porous characteristics. [13,14,15,16,17] Consequently, advanced engineered nanoMOFs displaying improved performances and novel functionalities have been obtained. [18,19] We report here the preparation of nanoMOFs through an assortment of used methodologies different from the room-temperature production. [20] These techniques cover from the conventional hydro/solvothermal routes or microemulsion chemistry to spray-drying [21] and other continuous flow techniques. [22] CHAPTER 1: Introduction [49] Figure 1. SEM images of a microcrystal (∼1 μm) (a) nanocrystals (∼65 nm) (b) and TEM image of nanocrystals (10 nm) (c) of the microporous zeolitic imidazolate framework (ZIF) material ZIF-8. Microcrystals (a) were obtained following a solvothermal synthesis whereas nanocrystals (b, c) of different sizes were synthesized at room temperature using modulating ligands. Reproduced with permission from Cravillon et al. [20,23] Copyright 2011 American Chemical Society and 2012 Royal Society of Chemistry.

2.1. Hydro-Solvothermal synthesis. One of the most typical ways to prepare nanoMOFs is to use hydro/solvothermal synthesis. This typically involves metal precursors and polar solvents under moderate to high pressures and temperatures. Typical examples of microporous NPs are the flexible iron(III) dicarboxylates MIL-88A [2,24,25,26] (150 nm) (MIL = Materials of Institute Lavoisier), iron(III) tetramethylterephthalate MIL-88B_4CH3 [2] (40 nm) and iron(III) muconate MIL-89 [27] (30 nm), the zinc terephthalate MOF-5 [13] (100-200 nm), and the zinc imidazolate ZIF-8 [28] (40 nm) (ZIF = Zeolitic Imidazolate Framework) (Figure 1). Foremost parameters to gain control over the size are temperature, reaction time, pH and stoichiometry, although other factors, such as modulators, [13,29] can play a crucial role in controlling the nucleation and growth (crystal size and morphology) of the particles, avoiding for instance fast precipitation. Usual modulators include those that directly compete with the ligand complexation, hindering the coordination on the cation (e.g. addition of monocarboxylic acids), but also the use of polymers and/or surfactants to control the particle growth and/or shape and, therefore, the final size and morphology of the nanoMOF. A representative example is the work reported by Ranft et al., [30] who obtained the nanometric copper(II) carboxylate HKUST-1 [31] (HKUST = Hong Kong University of Science and Technology, Cu3(BTC)2) under mild conditions in a water-ethanol-dimethylformamide (DMF) mixture and NPs of IRMOF-3 [32] (IRMOF = Isoreticular Metal-Organic Framework) in DMF resulting in a fine-tuning of the particle size between 30-300 nm. The amount and nature of the polymer were varied (PAA, poly(acrylic acid) for HKUST-1) or a polymer-surfactant mixture (PVP-CTAB, poly(vinylpyrrolidonecetyltrimethylammonium)bromide) for IRMOF-3) was selected, along with the temperature and reaction time. More recently, Mirkin and coworkers solvothermally obtained in DMF three different sized porous zirconium terephthalates of the UiO-66 structure type [33] (UiO = University of Oslo) bearing an azido-N3 functionality. The crystal size was modulated (14, 19, 540 nm) using acetic acid. [34] Despite these improvements, optimizing the particle size/shape of nanoMOFs through solvothermal synthesis can be particularly time-consuming (days) and often requires highpressure/temperature conditions. As a consequence, the large scale production of nanoMOFs by hydro/solvothermal route is limited by safety and time-consuming (costly) reasons. In addition, these syntheses often require toxic solvents such as DMF. Thus, alternative methods showing often higher efficiency and lower energy costs have been explored and are discussed next.

 

Nanostructured metal-organic frameworks and their bio-related applications [50] 2. 2. Microwave and ultrasound-assisted synthesis. As alternative to the conventional heating, the use of microwave (MW) and ultrasound (US) sources have been also investigated. These techniques generally allow the fast crystallization of MOFs. In particular, MW heating favors a rapid and uniform nucleation process due to the formation of local superheated spots and fast heat transfer, leading to a more homogeneous particle size distribution. [35] For instance, IRMOF-1, 2 and 3 (submicrometric sizes) could be synthesized in diethylformamide (DEF) at 150 W in 90 s, [36] against 48-100 h for the standard solvothermal process, while both methods afforded crystals of the same quality. Another example is the chromium(III) terephthalate MIL-101(Cr); [37] whereas classical hydrothermal method in presence of hydrogen fluoride (HF) led to polydispersed crystal of few microns in 16 h, highly monodispersed NPs of 20 nm were obtained at 210 °C, 600 W for 5 min, using a HF-free microwave route in water. [38] Some of us followed a microwave-assisted solvothermal route to obtain different MIL structures at the nanosized level using non-toxic solvents. [2,25,39] For instance, the mesoporous metal(III) trimesate MIL-100(Al, Cr, Fe) were obtained as monodispersed NPs in water (for MIL-100(Al, Cr, Fe)) or a water:ethanol 80:20 mixture (MIL-100(Fe)) together with high yields > 90 %. Importantly, the green synthesis for nanoMOFs fulfils the biological requirements for their further implementation in medical applications.

In the case of US assisted methods, Qiu and coworkers reported for the first time highly efficient synthesis of different Zn-based nanoMOFs. [40] In particular, nanocrystals of a zinc trimesate MOF were produced in high yield ( 75 %) after only 5 min at room temperature and ambient pressure while the microscopic sample was obtained initially through an hydrothermal synthesis [41] carried out at 140 ºC for 24 h. [42b] The US-assisted method was lately explored by Chalati et al. for the porous flexible iron(III) fumarate MIL-88A, [25,42b] leading to very small and monodispersed NPs (< 100 nm) although in low yield. [25] Interestingly, this work includes a comparative study of the different synthetic methods for MIL-88A NPs, which concluded that MW irradiation was the most efficient method in terms of particle size, polydispersity and yield. Nevertheless, considering the wide range of chemical and structural compositions of MOFs, one will require a specific optimization for each MOF of interest to obtain suitable nanoMOF preparation routes for biomedical applications.

3. Mechanochemistry.

Another method recently applied for MOF miniaturization is based on a top-down approach, which consists in the post-synthetic mechanical grinding of large MOF crystals. This solid-state thermo-mechanical method, at first sight applicable to any type of MOFs, was first explored for the preparation of MOFs as microcrystalline powders. [42,43] Indeed, representative MOFs such as HKUST-1 and Cu3(BTB)2 (H3BTB = 4,4′,4"-benzene-1,3,5-triyl-tribenzoic acid), also denoted MOF-14, [44] were obtained by direct mechanical grinding. [45,46] This solvent-free synthesis requires a direct grinding of the precursors either in a mortar or a ball-mill, yielding the desired MOF. This method has recently used to obtain CHAPTER 1: Introduction [51] monodispersed NPs, eliminating the need of solvent (if one excepts the activation step) and thus, simplifying the processing of products. One shall, however, point out that this method seems to be limited to MOFs whose synthesis is performed under mild conditions, excluding some interesting MOF systems based on Fe, Al, Cr, Zr or Ti, more difficult to produce using hydro/solvothermal methods. When it turns to particle size downsizing, crystals of ca. 0.5 mm of the Gd-pDBI [47] MOF (pDBI = (1,4-bis(5-carboxy-1H-benzimidazole-2-yl)benzene)) have been downsized by mechanical grinding into rod-shaped NPs of ca. 120 nm with both the desired porosity and an excellent water dispersibility. [48] Although one shall consider the possibility, due to mechanical stability issues typical of low density solids, this post-synthetic mechanical grinding route results a priori suitable for the preparation of series of MOF NPs.

In addition, the absence of solvent is a green method for the synthesis of nanoMOFs in a view of biomedical applications. Though, the use of solvent may be required in a final step in order to purify the obtained nanoMOF.

4. Microemulsion synthesis.

A typical method to obtain monodispersed nanoMOFs is the reverse micelle technique. This approach uses microemulsions, which are thermodynamically stable dispersions of two immiscible liquids in the presence of an emulsifier or surfactant. These microemulsions can be viewed as nanostructured chemical reactors confining the synthesis of MOFs to the nanoscale, offering the possibility of size tuning. The first example in hybrid materials was initially applied by Mann and coworkers, leading to highly monodispersed NPs of Prussian Blue molecular magnet. [49] In the field of MOFs, this technique has been widely used by Lin and coworkers for nanostructured Ln-or Mn-based MOFs. [50] In particular, nanorods of Gd(BDC)1.5(H2O)2 (BDC = 1,4-benzenedicarboxylate; 100-125 nm) were obtained from the cationic cetyltrimethylammonium bromide (CTAB)/isooctane/1-hexanol/water system with a final yield of 84 %.

[50a] In addition, the morphologies and sizes of the nanorods were influenced by modulation of the water/surfactant molar ratio. This latter technique has been widely applied in sol-gel chemistry to tune the size and morphology of the NPs. [51] The same group obtained NPs of [Gd2(BHC)(H2O)6] [50e] (BHC = hexa(methylammonium)benzenehexacarboxylate; 50x100 nm) with ca. 84 % yield with the system CTAB/1-hexanol/n-heptane/water under solvothermal conditions at 120 ºC for 18 h. Interestingly, nanorods of [Gd 2 (bhc)(H 2 O) 8 ](H 2 O) [50e] were obtained, with however a poor 11 % yield, after heating a CTAB/1-hexanol/iso-octane/water microemulsion of the same precursors at 60 ºC in a microwave reactor (400 W) for 15 min. Other examples from the same team confirmed the versatility of this approach to modulate the size and morphology: particles of the Mn3(BTC)2(H2O)6 (BTC = trimesate or 1,3,5-benzenetricarboxylate) were produced as nanorods of 50-100 nm diameter and 1-2 μm length using mild conditions or as particles of 50-300 nm in the three dimensions through microwave heating.

[50d] Other examples, using CTAB as a surfactant, were developed simultaneously by other groups to prepare Eu-based nanoMOF [52] and UiO-66 NPs, [53] displaying controlled morphologies and sizes. However, if in the case of Eu-based MOFs, the size was reduced from 2-4 m down to 100-400 nm upon a gradual increase in the amount of surfactant, in the case of UiO-66 NPs led to an opposite effect with a significant increase in the particle size (from 100 to 300). This discrepancy might be attributed not only to the difference in chemical reactivity from these two metal Nanostructured metal-organic frameworks and their bio-related applications [52] cations and linkers, but also to the chemical approaches: a water-in-oil microemulsion at 150 ºC for the Eu-based MOF against a room temperature ethanol-water based synthesis for UiO-66. The method developed by Sun et al. [53] has been recently modified to obtain morphologyand size-controlled nano/microscale HKUST-1 material. [54] The method consists in a precipitation upon addition of CTAB at room temperature. Thus, increasing the concentration of surfactant, nanocubes (220 nm), truncated cubes (250 nm), cuboctahedrons (260 nm) and octahedrons (360 nm) were obtained. More recently, Xie and coworkers obtained a Zr-based nanoscaled coordination polymer (CP) [55] (ca. 50 nm), whose porosity has not been determined, using a fluorescent ligand. Finally, a facile emulsion-based interfacial technique permitted the synthesis of hollow ZIF-8 nanospheres of ca. 130 nm with controllable shell thickness, taking place at the water/1-octanol interface stabilized by PVP at room temperature, with a relatively high yield (50 %). [56] In general, the microemulsion approach affords poor yields and often presents reproducibility issues, mainly related to the large number of parameters associated with the processes of micelle formation and collision/coalescence of droplets by stirring or sonication. In addition, most of the surfactants and solvents employed for micelle formation are highly toxic, which may limit its practical use in a view of biomedical applications. Finally, the combination of surfactants with highly porous structures may end up with a decrease of the sorption capacity due to surfactant diffusion into the micropores.

Continuous flow production.

To date, a few micrometric MOFs have been already produced at the industrial scale by BASF and commercialized by Sigma-Aldrich. [57] One could cite Basolite A100 (MIL-53(Al)), Basolite C300 (HKUST-1), Basolite F300 (FeBTC), Basolite Z1200 (ZIF-8) and Basosive M050 (Mg formate). In addition to batch synthesis routes, high-throughput and mechanization continuous-flow methods were also proposed for the efficient production of MOFs. Among them, HKUST-1, the first MOF to be manufactured on an industrial scale, was produced through an electrochemical process [58] with reaction times from 3 to 12 hours. Note finally that, in some cases, low quality materials with moderate surface area or crystallinity (e.g. FeBTC) and/or poor yields were however obtained.

The versatility of continuous flow methodologies has recently been proved to be suitable for the production of nanoMOFs, both in terms of sample quality and control of the particle size.

For instance, Lester et al. [22] obtained microcrystalline powders of HKUST-1 and very small NPs (12-15 nm) of the Ni(II) dixocarboxylate CPO-27 (CPO = coordination polymer of Oslo) [59] through an induced crystallization from a stream of dissolved precursors reagents in organic solvents (DMF:EtOH 1:1 for HKUST-1 and DMF for CPO-27) and a rapid mixing using a pre-heated water flow at 300 ºC. Moreover, tuning some parameters, such as the temperature of water flow and the concentration of reagents, allowed a modulation of the particle size (CPO-27) together with a very high time-yield of 132 g•h -1 , while maintaining similar textural properties as those of the material obtained by conventional synthesis. This method seems very promising for the scalable production of MOFs, although one shall demonstrate not only that all type of MOFs can be produced with a good quality but also comparatively prove all the industrial parameters when relating one technique with another (cost, corrosion, solvent recycling…). More recently, Hill and coworkers [60] presented the CHAPTER 1: Introduction [53] rapid continuous flow fabrication of MOFs using a commercially available continuous flow reactor Vapourtec ® . They obtained NPs of HKUST-1 (180 ± 20 nm), UiO-66 (65 ± 15 nm) and micrometric particles of the scandium biphenyl-tetracarboxylate NOTT-400 (NOTT = University of Nottingham) [61] (2.8 m) with a controlled particle size and without loss of surface area or yield. Moreover, this technique has been scaled-up to high production (61.2 g•h -1 for HKUST-1) in a Salamander Flow Reactor. [62] Another interesting feature of this technique is the dramatic reduction of reaction times that remain typically within the minute scale, if one excepts any post-synthetic activation step, over conventional batch production (typically within 24-72 h).

Another type of continuous flow method, spray-drying or aerosol was recently applied simultaneously by two groups for the preparation of nanoMOFs. Such a strategy [63,64] was based on a previously reported aerosol technique for the preparation of ordered nanocomposite particles, [21] and later modified for the synthesis and processing of hierarchically structured hybrid porous materials. [65] The spray-drying method consists in the formation and subsequent heating of micro-droplets containing the precursors in the absence of surfactants or immiscible solvents. Maspoch and coworkers [64] have prepared a series of MOF hollow superstructures formed by the close packing of NPs, which are disassembled upon exposure to ultrasounds, forming thus well-dispersed nanocrystals. In particular, superstructures and also discrete monodispersed NPs of the copper carboxylates HKUST-1, [31] Cu-BDC, [66] NOTT-100, [67] MIL-88A,[ 2,24,25] MIL-88B, [2] MOF-14, [44] MOF-74 ([M = Zn(II), Ni(II) and Mg(II)]) [68] and UiO-66 [33] have been synthesized using DMF or mixtures of DMF/water and DMF/water/ethanol. In all cases, particle dimensions smaller than 150 nm were obtained, with optimal crystallinity and textural properties. In the particular case of HKUST-1, NPs ranging from 75 ± 28 nm to 160 ± 40 nm have been obtained in a 1:1:1 (v/v) mixture of DMF, ethanol and water by controlling several parameters such as the concentration of the metal precursor and the flow rate. Importantly, different yields have been achieved for each MOF structure: while NPs of HKUST-1, Cu-BDC, NOTT-100, UiO-66 are synthesized in high yields (70, 90, 70 and 60 %, respectively), MIL-88A, MIL-88B, MOF-14 and MOF-74 nanoMOFs are obtained in relatively poor yields (10-40 %). This lack of effectiveness has been partially overcome by implementing a three-fluid nozzle, which improved the yield in the case of MIL-88A (from 10 to 40 %) and also enabled the synthesis of other nanoMOFs including ZIF-8, [28] Cu(II) Prussian blue analogue (PB), [49] and MOF-5 (60 nm) in however low yields (10-20 %) and IRMOF-3 (60 nm) in higher yield (70 %) using two-fluid nozzle and two channels. In addition, the fabrication of hollow multicomponent MOF superstructures has also been investigated, indicating the high versatility of this method. García-Marquez et al. concurrently developed a green scalable aerosol synthesis of standard micro-or nanosized HKUST-1 (ranging from 120 to 300 nm), ZIF-8 (< 100 nm) and Fe3(BTC)2 (100-300 nm), this latter with the addition of templating agents. To evaluate the method, the space time yield (STY) of the process was compared with the batch-production.

In the case of HKUST-1, the STY value (494 kg•m-3•day-1) was twice the one of the commercial analogue Basolite C300. However, the STY value for spray-casted ZIF-8 was lower than that of the Basolite Z1200 (69 vs. 100 kg•m-3•day-1). This technique, combining Nanostructured metal-organic frameworks and their bio-related applications [54] the advantages of the sol-gel chemistry and the versatility of aerosol processing methods, constitutes a promising low-cost green alternative to the current industrial batch-production.

In addition, this paves the way, due to its versatility, for the easy preparation of superstructures such as monoliths, thin films or columns, among others.

MOF formulation.

As previously established, the control of the particle size is a limiting factor in the field of biomedicine, especially when considering their administration via the most common pathways (i.e. oral, intravenous, intranasal, cutaneous, ocular, otic and, so on). [69] The physicochemical properties of the NPs (i.e. particle size, surface charge, rheological properties, colloidal stability) will determine the NPs affinity by different biological structures and/or matrixes (formulations), their biodistribution, and also, their efficacy. Consequently, a precise control of the particle size results a crucial starting point to adequately implement any type of NPs in biomedical applications.

On the other hand, recent advances in the nanomedicine field have evidenced that the effectiveness of a given drug could be strongly influenced by the design of an appropriate carrier and/or formulation. [9,70,71,72] This fact may directly apply to the use of NPs. In addition, the appearance of new dosage forms for the NPs offers plenty of room for the improvement of their therapeutic use. Therefore, the actual challenge for the use of NPs in biomedicine applications resides not only in the fine control of the particle size but also in their suitable formulation for a given application. One example of formulation consists in the external surface modification of NPs, which represents a unique opportunity towards improving their chemical and colloidal stability and drug loading/release profiles (Figure 2). In addition, an appropriate surface engineering may also provide advanced functionalities such as targeting features to act as vectors for the specific delivery of drugs. [73,74,75,76] When considering the use of nanoMOF either as a therapeutic agent or as the drugcarrier, [1,77,78,79] these possible formulations may also apply. [80,81] Indeed, recent efforts have focused in the precise control over morphology and monodispersed size distribution of nanoMOFs together with their appropriate shaping as advanced formulations. Importantly, the choice of the dosage forms directly depend on the application and route of administration . [82] In this section, we will cover the recent examples of MOF formulation, with particular emphasis to the surface-engineered nanoMOFs as well as the different MOF devices that have been already explored for drug administration or for other uses, i.e. NPs, capsules, tablets, gels, wounds, transdermal patches and others. [81] 3.1. Surface-engineered nanoparticles. One of the most relevant features of NPs is their increased high surface-to-volume (S/V) ratio. This surface effect controls the type of interactions taking place between the NP and the surroundings, thus strongly affecting its colloidal stability, biocompatibility, recognition capabilities and then, biodistribution. This is particularly interesting in the case of biomedical applications, where a rational surface engineering is crucial to i) improve the chemical and colloidal stability in physiological media and/or into more complex formulations ii) introduce additional biological functionalities such CHAPTER 1: Introduction [55] as imaging or sensing and iii) control the in vivo fate providing the NPs with stealth, bioadhesive or targeting properties, among others. [83,84] Actually, the preparation of nanoMOFs with improved biomedical properties relies on a rational surface design. In this line, the "ideal" nanoMOF coating shallμ i) confer particle with a sufficient colloidal stability; ii) be stable enough under physiological conditions, enabling to reach the targeted biological effect; iii) be synthesized in non-toxic conditions and, in the case of porous MOFs NPs, and iv) not penetrate inside the pores, maintaining intact its porous character.

The surface modification is generally divided into two attachment techniques: covalent (i.e. condensations, click chemistry and conjugation reactions) or non-covalent (i.e. electrostatic interactions, dispersion forces and hydrogen bonding). [85] The choice of the method depends on parameters such as the shape, size and nature of the NP external surface moieties, but also on the nature of the molecule to be grafted (functional groups, size, polarity…). To date, only few examples have been reported on the surface modification of nanoMOFs for biomedical applications, whereas more efforts have been focused on the preparation of composite materials, such as membranes or textiles. This is mainly due to the early stage of development of MOFs in biomedicine. For this reason, we will cover the advances on surface modification not only of porous nanoMOFs but also of nanostructured non-porous coordination polymers (CPs).

Surface modification of dense MOF nanoparticles.

Lin and coworkers reported for the first time the surface modification, using silica shells of variable thicknesses, [86] of various NPs obtained from a surfactant-assisted synthesis[50c] or by precipitation. [50d] In addition, the concept of using silica coatings as a platform to add an extra functionalization was demonstrated trough the attachment of the fluorophore Rhodamine B and the cyclic peptide c(RGDfK) that can target angiogenic cancers (such as in human colon adenocarcinoma cells (HT-29) by binding to the upregulated  v  3 integrin. Following this methodology, an improved generation of non-porous hybrid SiO2-CPs NPs were further obtained by adding an extra functionality, poly(ethylene glycol) (PEG) or its anisamide functionalized version, which is a target molecule with a high affinity for sigma receptors overexpressed in tumors. [87] The PEG coating provides the NPs with a hydrophilic layer, protecting them from the environment and prolonging blood circulation times, a process widely used to confer NPs with longer circulation times (stealth properties). The PEG surface modification also prevents from particle aggregation and increases the dispersibility of NPs. Additionally, an external surface modification with a terminal sigma-receptor PEG-anisamide enables the use of these modified non-porous hybrid SiO 2 -CPs NPs for active tumor targeting. Despite the originality of the method, this surface functionalization encounters several disadvantages such as new toxicity issues due to the presence of exogenous silica and the above-mentioned inconveniences resulting from sol-gel chemistry. In addition, the applicability of this method to porous MOFs needs to be verified, confirming that both crystallinity and textural properties are not affected by the silica-coating. Another example is presented by Huang and coworkers, by the conjugation of folic acid on silica coated Fe(bbi) (bbi = 1,10-(1,4butanediyl)bis(imidazole)) spheres. [88] This specific conjugation is directed by the use of a silyl-derived folic acid which reacts with the silica surface activated with amino Nanostructured metal-organic frameworks and their bio-related applications [56] functionalities. The surface modification of the coordination polymer spheres with folic acid promoted the selective uptake by cancer cells through cell surface receptor-mediated mechanisms. Despite the originality of this silica-coating method, several disadvantages can be encountered such as new toxicity issues due to the presence of exogenous silica and the above-mentioned inconveniences resulting from microemulsion synthesis. In addition, the applicability of this method to porous MOFs requires an exhaustive analysis, confirming that both crystallinity and textural properties are not affected by the silica formation/coating. More recently, Lin and coworkers also stabilized different CPs NPs by an original coating with a lipid bilayer based on DSTAP/DOPE (DSTAP = 1,2-stearoyl-3-trimethylammonium-propane; DOPE = 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine). This unusual coating conferred enhanced chemical stability to the CPs NPs, which displayed superior in vitro efficacy compared to the uncoated NPs upon previous surface conjugation with target molecules such as anisamide. [89] Finally, Novio et al. presented the functionalization of amorphous NPs containing carboxyl groups on the surface with different species presenting amino groups mediated by typical condensation reaction. [90] Through this direct method, different functionalities have been added using PEG or fluorescent dyes.

Surface modification in porous nanoMOFs.

In case of porous nanoMOFs, only a few examples of surface engineering have been reported to date. Lin and coworkers reported the coating of porous Ln nanoMOFs with silica using a simple sol-gel approach. [50b] Another example reported by the same authors implies the coating of MIL-101(Fe) by a thin film of silica thus preventing the nanoMOF from its rapid degradation. [91] The use of silica as a surface coating for nanoMOFs offers several advantages: i) its high porous character keeps accessible the pores of the MOFs, in order to allow an encapsulation and release of drug molecules from the nanoMOFs even after surface modification, ii) confers enhanced water dispersibility and chemical stability to the nanoMOF and iii) acts as a platform for further functionalization via the condensation of silanols. Nevertheless, silica coatings present major drawbacks: (i) its related toxicity issues, (ii) the synthetic issues derived from sol-gel methods (i.e. poor yields and low reproducibility) and (iii) its likely formation within the MOF pores, reducing and/or blocking the porosity. Thus, the use of highly biocompatible coatings through non-toxic methods is considered as a more suitable strategy. Some of us obtained for the first time biocompatible surface engineered nanoMOFs by using conventional PEGylation, [2] which consists in the attachment of PEG polymers to another molecule or as it is the case, to the surface of the nanoMOF. A first attempt was conducted by direct incubation of a terminal reactive derivative of PEG (amino-or carboxyl-) with MIL-88A and MIL-100 nanoMOFs.

Unfortunately, this surface modification led to a partial inclusion of the PEG polymer within the pores, strongly reducing its loading capacity. Another efficient and biofriendly postsynthetic surface engineering approach has been recently proposed by some of us using different biomolecules (i.e. dextran, cyclodextrines, PEGs, heparin, chitosan) (Figure 2). [73,74] In all cases, a green one-pot surface modification route that ensures the preservation of the physicochemical features of the NPs, i.e. not interfering with the encapsulation and release of active molecules, was successfully developed. To reach such as target, the biomolecules were found to require groups able to interact with the surface of the nanoMOF either through (i) strongly through iono-groups (sulphate, phosphate, carboxylate…) or (ii) weaker interactions CHAPTER 1: Introduction [57] (Van der Waals, hydrogen bonds…) that promote a strong cooperative effect. The biomolecules shall, in addition, exhibit a rigid section larger than the accessible windows of nanoMOFs. One recent example [92] comprises the surface modification of highly porous nanoMOFs, the mesoporous MIL-100(Fe) NPs, using phosphate modified biocompatible cyclodextrins (CD). [93] These molecules, considered as ''smart'' parts of drug delivery devices, [94] strongly interact exclusively at the nanoMOF outer surface through selective coordination of phosphate groups with surface Lewis metal sites, through a simple and fast incubation period (<1 h) in aqueous medium. Importantly, the CD coating improves the stability in body fluid without disruption of the nanoMOF porosity, crystallinity, adsorption and release abilities. Moreover, the CDs can be pre-functionalized with PEG chains to escape the immune system and also with targeting ligands such as mannose. More recently, another example of surface modification was obtained using heparin as the coating material. [95] This polymer is widely known for its anticoagulant effect although it has been lately employed as surface agent of NPs in biomedicine to reduce cell recognition and therefore confer stealth properties, endorsing the ability to modify their in vivo fate. Once again, the surface engineering was carried out through a biocompatible one-pot impregnation method. The highly sulfated glycosaminoglycan polymer was able to electrostatically interact with the MIL-100(Fe) NPs surface and to coordinate the coordinatively unsaturated sites (CUS) sites. This coating improved the colloidal stability of the NPs, while the chemical stability and porous character remained unaltered. Consequently, heparin-coated MIL-100(Fe) NPs preserved their ability to accommodate high cargo loadings and to release them in simulated physiological media in a more progressive manner than their analogous uncoated NPs. More importantly, the heparin-coated NPs were shown to reduce the immune response together with reduced cell internalization when incubated in macrophages, in agreement with lower cell recognition of heparin-coated MIL-100(Fe) NPs. Finally, surface modification with the polysaccharide chitosan (CS) polymer, a biocompatible molecule with bioadhesive properties, was addressed. A simple impregnation method in water was optimized with a resulting CS coverage of the surface of MIL-100(Fe) NPs via electrostatic interactions, demonstrating with in vitro tests that the CS-coating is able to enhance the permeability of the NPs across the intestinal barrier. [96] Another innovative approach for the selective surface functionalization of porous MOFs without compromising their porosity was proposed by Rowe et al. [97] It deals with Gd-nanoMOFs with biocompatible copolymer scaffolds anchored to the Gd3+ cations on the outer surface of the NPs via reversible addition-fragmentation chain transfer (RAFT) polymerization. However, further analysis such as X ray powder diffraction (XRPD) and textural properties are required in order to confirm that the porous structure of the MOF is not affected by the polymer coating. Another innovative example of purely covalent surface functionalization has been recently presented by Mirkin and coworkers. [34] In this work, azide-functionalized UiO-66-N3 NPs (Zr6O4(OH)4(C8H3O4-N3)) were surface-decorated through a click reaction with dibenzylcyclooctyne-functionalized DNA, thus obtaining the first nanoMOF-nucleic acid conjugate, which presents superior colloidal stability and cellular transfection capabilities.

Nanostructured metal-organic frameworks and their bio-related applications [58] Figure 2. Scheme of the external surface functionalization of a nanostructured MOFs using different biomolecules.

Other formulations.

A vast number of MOF formulations have been developed so far to the specific requirements demanded for their industrial applications such as gas storage, fluid separation or catalysis, and more recently new applications, such as biomedicine. However, each of these applications needs from devices meeting specific shaping requirements. [98] In fact, the production of shaped micrometric MOFs has been previously reported, involving or not divers additives to improve their mechanical stability and performances. [72,98,99,100] At the nanoscale, new approaches have been also proposed to optimize their shaping process while preserving their physicochemical properties. This section will focused on different formulations based on both micro-and nanometric MOFs, compatible with their potential administration by different routes (mainly oral and cutaneous modes) including pellets, capsules, tablets, films, membranes, gels, wounds and transdermal patches, among others. [2] Oral administration is one of the most commonly-used routes due to its non-invasive nature and the fact that avoids patient pain and discomfort as compared with other routes. However, the administration of some molecules by this route presents some limitations including inadequate intestinal absorption, poor stability or solubility issues. [101] The use of drug carriers has been proposed to overcome these drawbacks. In the particular case of MOFs, one of the first reported MOF bioadapted formulations concerned oral tablets of the biocompatible and micrometric iron(III) carboxylates MIL-53 and MIL-100 loaded with important amounts of ibuprofen (Figure 3). Thus, tablets of around 1 cm-diameter and 2 mm-thickness were obtained through the application of low pressure in absence of any binder. Remarkably, the ibuprofen cargo was progressively and very slowly released (3 weeks) from the MIL-53

CHAPTER 1: Introduction [59] tablets to the simulated physiological medium, with a totally predictable zero-order kinetics. [102] Although pellets have been widely proposed for other applications (see for instance the currently commercialized shaped MOF-5 or HKUST-1, (Figure 3)), [103,57] to the best of our knowledge no other oral devices adapted to the drug administration in terms of biocompatibility of both the MOF and/or the excipients (binders are frequently used to improve the mechanical properties of the final pellets) have been reported so far.

In view of the recent shaping progresses, Ameloot and coworkers reported the formation of hollow microcapsules (375 m) of the HKUST-1 by combining the dispersion of droplets of two immiscible liquids containing the metal and linker precursors with the subsequent MOF layer growth on their interface. [104] In this line, Eddaoudi et al. also reported 3D hollow microcapsules (from 3 to 20 m) based on the assembling of cubic nanoparticles ( 300 nm) of the microporous iron(III) azobenzenetetracarboxylate Soc-MOF(Fe) or MIL-127 through a micro-emulsion technique. [105] Later, Zhang and coworkers also prepared hollow nanospheres composed by 10 nm MOF-5 NPs by a surface-energy-driven mechanism (Figure 3), [106] based on the minimization of the surface energy generated during the fusion process of NPs. Considering the tunable size and very important porosity (hollow core) of these hollow superstructures, they are potentially interesting for the encapsulation of high loadings of biorelated compounds. However, prior to any biomedical use, its mechanical resistance and biological stability might be evaluated. Cutaneous administration is a simple, no invasive and versatile way to administer drugs into the organism avoiding premature hepatic first pass metabolism or loss of activity due to degradation along the gastrointestinal tract. [107,108] The choice of this route is remarkable for several therapies (hormonal treatment, vaccination [109] or gene therapy) [110] being one of the most common options for cosmetic molecules. The group of Morris has significantly contributed in the topical formulation by preparing topical patches based on polymer-MOF composites. For instance, hydrocolloids (cellulose and poly-isobutanol) together with nickel 2,5-dihydroxyterephthalate CPO-27 (Ni) patches have been able to load the biologically active gas NO. [111] More recently, polytetrafluoroethylene (PTFE) patches based on M-CPO-27 (where M = Ni) or HKUST-1 NPs have been developed by the same group for the enhancement of antibacterial activity of these systems through the co-delivery of NO gas and an antibiotic drug. [112] Remarkably, Xiao and coworkers proposed nanoMOFs as new emulsion stabilizers by adsorbing the HKUST-1 NPs at the interface of non-toxic oil-water emulsion forming a continuous monolayer, which prevents the droplets from coalescence. [113] This emulsion stabilization by MOFs generates new perspectives in terms of novel stable formulations for the cutaneous route, among others. Other alternatives in topical administration concern MOF formulations as films, membranes or gels. Considering the preparation of MOF thin films, three different approaches have been proposed: i) first, Fischer and coworkers proposed a selective nucleation and growth method based on a stepwise layer-by-layer growth onto functionalized substrates, which leads to the formation of homogeneous oriented films; [114] ii) then, Bein and coworkers used a direct growth/deposition approach immersing the substrate in the solvothermal mother solution, which leads to dense films based on micrometric crystals; [115] and finally, iii) some of us introduced the chemical deposition of a metastabilized colloidal solution of preformed Nanostructured metal-organic frameworks and their bio-related applications [60] nanocrystals of MOFs, which easily allows preparing optical quality homogeneous thin films. [27] Furthermore, using an innovative micro-fluidic-assisted shaping method, Ameloot and coworkers succeeded in controlling the MOF particle size in thin films. [116] Similarly, with the aim to control the thickness of the MOF layer, Dai's group reported the transformation of nanosized metal oxide precursors (i.e. ZnO) into MOF ultrathin membranes (i.e. ZIF-8). [117] Although MOF membranes have been usually associated to gas separation purposes, they are potentially interesting for topical administration of MOFs. As it occurs in gas separation, the adequate cohesion and good permeability properties of membranes might provide with controlled diffusion of the drugs, leading to a priori long-term activities and better efficiencies. In this line, relevant examples of different MOF structures shaped as thin films or membranes have been recently reviewed. [98,118] Concerning the formulation of MOFs as gels, one may consider the competition between hydrolysis and condensation since it determines the growth of dense particles and their aggregation in a typical sol-gel process. [119] The high versatility of this method allows manufacturing the MOFs not only as stable colloidal suspensions but also as homogeneous gels by chemically controlling the nucleation-growth rate and the surface charge of the formed particles. The proof of concept was reported for two biocompatible MOFs, MIL-89 xerogel, [27] and an aero and a xerogel of an iron trimesate. [START_REF] Lohe | [END_REF] In a different approach, Bradshaw and coworkers prepared biomineral-inspired MOFs, growth by the integration of non-toxic gelatin in the solvothermal synthesis. Thus, ZIF-8 and HKUST were growth within a gelatin matrix, giving rise to MOF@gelatin composite hydrogels. [121,99] The high hierarchical porosity of gels makes these kinds of formulations very promising for supported catalysis or storage applications, including drug controlled release. However, the mechanical and structural stability of these formulations need to be evaluated under relevant biological conditions. Another interesting cutaneous approach regarding the fabrication of 3D polymer films was proposed by Tsotsalas and coworkers converting surface-mounted MOFs (SURMOFs), resulting from liquid-phase epitaxy (LPE) method, into surface gels (SURGEL) using a crosslinking mechanism of MOF ligands via copper-free click chemistry. SURGELs can not only host and deliver bioactive molecules but also be applied as bioactive coatings. In particular, the small sugar arabinose was loaded into the DA-SBDC-SURGEL, shaped by diazidostilbenedicarboxylic linker (DA-SBDC) and the cross-linker trimethylolethane tripropiolate.

In presence of this sugar, the cell adhesion could be tuned, as evidenced by in vitro tests. [122] Finally, Ostermann and coworkers shaped PVP coated ZIF-8 NPs with PVP as nanofibers via electrospining (Figure 3). [123] The electrospining technique was also selected by Rose and coworkers for the immobilization of HKUST-1 (Cu3(BTC)2) and MIL-100(Fe) NPs on polymeric fibers (polystyrene (PS), PVP and polyacrylonitrile (PAN), obtaining homogeneous textile-like layers. [124] Despite the toxic nature of these fibers, which limits their clinical use, these fibers are highly promising as protective clothing against toxic substances. Among the large number of biologically acceptable substrates, Küngsen and coworkers proposed pulp fibers, where they performed the in situ growth of Cu3(BTC)2 MOFs . [125] CHAPTER 1: Introduction Figure 3. a) Oral tablet of MIL-100(Fe) from Horcajada et al. [102] b) TEM images of FeII-MOF-5 hollow nanospheres. Reprinted with permission from Zhang et al. [106] c) c) 3D hollow superstructure of Soc-MOF(Fe) nanocapsules obtained by micro-emulsion technique. Reprinted with permission from Pang et al. [105] d) SEM images of ZIF-8 NPs in PVP, together with the non-woven ZIF-8_PVP fiber material. Reprinted with permission from Ostermann et al. [123] 4. Biomedical applications.

Recent reports demonstrate that MOFs are of potential interest in biomedical applications, acting as new therapeutic and/or diagnostic materials, among others. When considering a material for biological applications, particularly for in vivo medical uses, very strict demands are subjected for commercial activity. In the particular case of MOFs, these needs involve toxicological considerations, its chemical stability and a convenient biodistribution. Although far away from clinical applications, most of these requirements have been progressively investigated within the last years and great progress has been already accomplished. Indeed, the advances in synthetic methodologies have been able to produce suitable stability and functionality of nanoMOFs that for instance virtually offer controlled delivery, sensing capacity and biocatalytic activity. Herein, we will go mainly over the different applications of nanoMOFs, discussing also some relevant examples of micrometric MOFs that have been explored to date in the biomedical field.

Nanostructured metal-organic frameworks and their bio-related applications [62] 4.1 Toxicological considerations. Engineered NPs are already wide distributed in multiple domains of applications such as air, cosmetics, medicine or food technology. This rapidly growing interest in the nanotechnology field has magnified the relevance of the nanomaterial safety, as evidenced by the intensive debate among society, industry and regulatory authorities (REACH, European Community Regulation). [START_REF]2006 of the European Parliament concerning the Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH)[END_REF] Thus, prior to any (pre)clinical development is necessary to identify the potential hazards of nanoMOFs by both in vitro and in vivo toxicological tests. [127,128,129] Hence, this section will focus on previous studies dealing with the identification of the possible toxic effects of nanoMOFs.

In vitro tests.

In vitro toxicity tests represent a rapid, low-cost and effective way to assess potential hazards of NPs for a large number of toxicological endpoints. In addition, these methods allow evaluating the involved mechanism, disclosing information about the cellular interaction with the NPs. These assays are thus suited for high-throughput screening of most new engineered nanomaterials. [127,128,129] First toxicological studies concerned few nanoMOFs and different cell lines, making difficult the comparison of the obtained results.

For instance, on human colon adenocarcinoma cells (HT-29) and acute lymphoblastic leukemia human cells, the cytotoxicity of Ln-based nanoMOFs was found to be important with low associated half maximal inhibitory concentration (IC50) values (IC50  10 and 15 µg•mL-1, respectively) due to the cytotoxic character of the constitutive linkers, with an antitumoral activity. [50d,89a] In contrast, some Fe carboxylate MOFs (MIL-88A, MIL-100) [130,131,132] and Zn based MOFs such as the zinc terephthalate MOF (Zn 3 (1,4benzenedicarboxylic acid4•4H2O)n, [133] synthesized by Geranmayeh et al., showed high IC50 values in several cell lines, being comparable with those of currently available nanostructured systems. [134,135] In this line, Liu and coworkers reported IC50 values of 46 µg•mL -1 for the silica-coated MIL-101_NH2-Br-BODIPY NPs on HT-29, with however a not clear investigation of the influence of the fluorophore and/or the silica coating on the nanoMOF cytotoxicity. [91] More recently, two systematic studies of the cytotoxicity of nanoMOFs have brought more light into the understanding of the main parameters affecting the toxicity of MOFs. Some of us reported the first systematic cytotoxic evaluation of a series of 14 nanoMOFs with different compositions (metal cations = Fe, Zn, Zr and several polycarboxylate and imidazolate ligands) and structures, on two cell lines, a murine macrophage cell line (J774) and a human epithelial cervix carcinoma cell line (HeLa). [136] This study mainly concluded that i) the studied nanoMOFs exhibited a low cytotoxicity, comparable to that of other commercialized nanosystems; ii) the nanoMOF toxicity is strongly influenced by the nature of the cation, being less toxic the Fe-based MOFs, compared with the Zr or Zn nanoMOFs; iii) the lowest hydrophilic/hydrophobic balance of the organic linker seems to be related with lower nanoMOF toxicities; and iv) the intrinsic properties of the cells also affect the nanoMOF toxicity (e.g. cytotoxicity can be related with a higher/faster internalization ability of a given cell line). Then, Ruyra et al. later studied the cytotoxicity of 16 nanoMOFs based on different topologies and compositions (metal cations = Fe, Zn, Zr, Mn, Co, Cu, Ni, Cu, Mg) on two cell lines (HepG2 and MCF7), confirming the strong influence of the metal on the nanoMOF CHAPTER 1: Introduction [63] toxicity: while Co, Ni or Mg-based nanoMOFs showed no important cytotoxic values, Cu, Mn or Zn-containing nanoMOFs exhibited a high cytotoxicity (at 200 M). [137] Although most of the reported studies assess the cytotoxicity through the cell viability on different cell lines(Caco-2, J774.1, HL-60, Raw 264.7, NCI-H460…) in contact with the nanoMOFs, [89a,133,136,137] only few studies have evaluated other relevant parameters such as the reactive oxygen species (ROS) production, immunotoxicity or genotoxicity. [95,96,138,139] For instance, MIL-100(Fe, Al or Cr) NPs exhibited a lack of in vitro toxicity with no associated ROS generation or DNA damage, even after the incubation of high doses with different cell lines (A549 and Calu-3 (lung) and HepG2 (liver)). However, a toxic effect of the MIL-100(Fe) NPs was observed on the hepatocarcinoma cell line Hep3B, which is stress sensitive because it does not express TP53, the guardian of the genome. [139] In addition, the surface coating of the MIL-100(Fe) NPs with heparin was associated with a lower immunoresponse and reduced cell recognition. [95] 4.1.2. In vivo studies. To the best of our knowledge, only four studies dealing with the in vivo toxicological evaluation of nanoMOFs have been reported so far. First, the acute and subacute toxicity of three porous iron(III) carboxylate nanoMOFs based on different linkers (fumarate (MIL-88A), trimesate (MIL-100(Fe) and tetramethylterephthalate (MIL-88B_4CH3) have been studied by one of us. [132,140] All the studied parameters (aspect, activity, body/organ weights, water/food consumption, urine volume or feces weight, serum, enzymatic, histological, etc.) were in agreement with an absence of severe toxicity. Micro-and macroscopic examination of the organs evidenced a totally normal aspect, with however a rapid accumulation of the nanoMOFs in the reticular-endothelial system (RES; spleen and liver), both organs being involved in the recognition and sequestration of foreign NPs. In an attempt to fully understand the ADME processes (absorption, distribution, metabolization and excretion) of nanoMOFs, a second work in our group was later reported, [132,140] concluding that i) the nanoMOFs were progressively degraded within the body into their constitutive components, iron and organic linker; ii) both, the iron overload in the liver and spleen, associated with an increase of the oxidative stress, was totally reversible as a consequence of the removal of the iron excess via urine and feces; and iii) in contrast to the endogenous fumarate linker, reused in the Krebs cycle, the exogenous ligands were directly removed by the urine and feces without any further metabolization (biotransformation), the elimination kinetics depending on both the linker polarity and the nanoMOF degradation rate. Altogether, these results clearly confirmed the interest of the use of biodegradable non-toxic iron(III) carboxylate MOFs NPs for biomedical applications.

The potential in vivo toxicity of GdIII-pDBI (pDBI= 1,4-bis(5-carboxy-1H-benzimidazole-2yl)benzene) NPs was evaluated by intravenously administering concentrations between 0.05 to 0.15 mg•kg -1 using a murine model. [48] No significant health deterioration, abnormal body weight loss or mortality were observed. Essentially, all the parameters, including normal nutrition, bone metastasis, blood and serum biochemical evidences (monocytes, lymphocytes, platelets, alkaline phosphatase (ALP), lactate dehydrogenase (LHD) enzymes, creatinine, uric acid, etc) remained unaltered after the nanoMOF administration, indicating a lack of severe Nanostructured metal-organic frameworks and their bio-related applications [64] toxicity. Although no specified, minor alterations were detected in the liver associated with an accumulation of Gd-pDBI NPs. Finally, the in vivo toxicity of nine nanoMOFs with different compositions and structures (i.e. zirconium terephthalate UiO-66(Zr), zirconium 4,4'-biphenyldicarboxylate UiO-67(Zr), MIL-100(Fe), iron(III) aminoterephthalate MIL-101(Fe), ZIF-8(Zn), ZIF-7(Zn), magnesium(II) oxyterephthalate MOF-74(Mg), cobalt(II) oxyterephthalate MOF-74(Co) and HKUST-1) have been screened on zebrafish embryos in a recent study reported by Ruyra et al. [137] Upon exposition of the zebrafish to different concentrations (from 1 to 200 mM) of the nanoMOFs, no differences were found in the survival rate or phenotype after 120 h of exposure, with the exception of ZIF-7(Zn), ZIF-8(Zn) and HKUST-1(Cu) NPs associated with a decrease of the embryo survival (79, 33 and 0 %, respectively). While no morphological or physiological defects were detected in the hatched embryos treated with the MOF-74(Mg), MOF-74(Co), UiO-66(Zr) and UiO-67(Zr) NPs led to single morphological defects (yolk sac edema), and MIL-100(Fe), MIL-101(Fe), ZIF-8(Zn) and ZIF-7(Zn) NPs were associated with multiple malformations (pericardial and yolk sac edema, bent spine) and reduced hatching rate, particularly severe in the case of MIL-101(Fe) and ZIF-8(Zn) NPs.

Despite these encouraging results, the study of the MOF toxicity is still in its infancy and requires further efforts to evaluate and understand the associated hazards of a given MOF.

Drug delivery systems.

Among the different nanocarriers proposed so far (lipids, polymers, metal clusters, carbon structures, inorganic oxides, metallic nitrides and carbides, etc.), [72] MOFs have been revealed as a highly promising tool to overcome most of the limitations related to the administration of challenging drugs (unstability, low aqueous or lipidic solubility, inadequated biodistribution, toxicity…). [141] Their tunable porosity and versatile composition, together with their amphiphilic internal environment make them particularly attractive to host important amounts of a wide range of guests with different physicochemical properties. Not only a large variety of therapeutic molecules, including drugs, cosmetics, biologically active gases or nucleic acids, have been entrapped within the MOF porosity but also the active moieties can be incorporated as a constitutive part (cation or organic spacer) of the MOF's network following the so-called BioMOFs concept. [142] This section will cover the examples of both encapsulation/incorporation and release of different active molecules using nanoMOFs. [2,81,143] The release of the drug is exclusively controlled by the degradation rate of the framework. [143] In contrast, when the drug is adsorbed within the MOF porosity, the release kinetics is governed by a combination of three main processes: i) the MOF degradation under the physiological conditions, ii) the drug diffusion through the pores and iii) the drug-matrix interactions. MOF degradation might be strongly affected by different parameters such as number and type of complexing functions, metal nature, solubility, surface and so on. [144,145,146] Most of the reported studies dealing with the MOF chemical stability concerns pure aqueous media. The chemical, structural and colloidal stability of only few nanoMOFs have been recently studied under biologically relevant conditions, [147,148] evidencing the influence of the release conditions (i.e. composition, pH, temperature, time, stirring…), mainly associated with the targeted administration route, on the CHAPTER 1: Introduction [65] MOF degradation. In addition, the components of the release media could also replace the adsorbed drug, leading to the delivery of the active ingredient. Thus, the solvent diffusion through the pores and the solventmatrix interactions might be also considered. Concerning the drug diffusion and drug-matrix interactions, if the diffusion strongly depends on the porosity (pore size and shape, connectivity, tortuosity, etc.) and drug dimensions, the drugmatrix interactions are mainly related with the MOF composition/structure (presence of reactive groups from the inorganic or organic part, accessibility, conformation, etc.) and the chemical structure of the drug. However, due to the high compositional and structural diversity of MOFs as well as the different administration routes, is almost impossible to determine general rules, making essential the study of the release of each drug from a given MOF under each specific delivery condition. Finally, the effect of the drug-matrix interactions can be evidenced through different release kinetics depending in the formation of strong interactions with components of the media, competing with the own constituents of the MOF matrix.

Antitumorals.

Highlighting the interest of the cancer field, most of the reported work dealing with the encapsulation and release of drugs using MOFs, concerns antitumor molecules. Extensive investigations reported the use of amorphous coordination polymers for drug delivery. [149,150,151] Then, the first examples of nanoMOFs releasing challenging antitumoral drugs comprise silica-coated iron aminoterephthalate NPs (SiO 2 -MIL-101_NH 2 ) associated with a hydrophobic prodrug [91] and different iron carboxylate NPs loaded with busulfan and doxorubicin. [132] In particular, 13 wt % of ethoxysuccinato-cisplatin (prodrug of the antitumoral cisplatin) was loaded into SiO 2 -coated MIL-101_NH 2 NPs with, showing in addition a slow and prolonged release (up to 72 h; Table 1). In the case of the challenging busulfan, different biocompatible porous iron polycarboxylates probed exceptional drug capacities, reaching up to 25 wt % loading in the MIL-100(Fe) NPs [132,152] which represented around 60 and 4 times higher encapsulation rates than those obtained using the best performing lipid and polymeric systems, respectively. The busulfan was however rapidly released to the phosphate buffer saline (PBS) medium from MIL-100(Fe) with a burst effect of 60 % within the first 30 min (Table 1). This rapid release was probably related with a fast diffusion through the 3D mesopores. Later, the busulfan release could be slowed down by using the flexible MIL-53 MOF exhibiting a hydrophobic 1D-porous system. [152] Regarding doxorubicin, MIL-100(Fe) NPs allowed an encapsulation rate of 9 wt % associated with a slow and progressive release profile in up to 2 weeks in PBS at 37°C. [132] A more recent study evidenced the formation of specific host-guest interactions between doxorubicin (Doxo) and the iron metal sites from this MOF, explaining the slow release rate. [153] Doxo was also successfully entrapped in the ZIF-8 NPs (49 wt %) with very slow releases in PBS (pH=7.4; 66 % of drug released after 30 days). [154] The cell internalization of Doxo-loaded ZIF-8 NPs was probed on human promyelocytic leukemia cells (HL-60), demonstrating a lower cytotoxicity compared with the free drug, which was explained by the higher affinity of Zn +2 than doxorubicin by the cardiac myosin protein (with a cardioprotective effect against the drug). In the same line, Ren et al. reached exceptional Doxo loading capacities also using the ZIF-8 NPs covered with polyacrylic acid (PAA) (1.9 g•g-1; with an encapsulation efficiency of ( 95 %) with pH-sensitive release properties: 36.5 % of Doxo was released after 60 h at pH=7.4 while a faster drug release rate was found under acidic Nanostructured metal-organic frameworks and their bio-related applications [66] conditions (76 % delivered after 60 h at pH=5.5; Table .1). [155] Considering the characteristic acidic pH of the extracellular tumoral microenvironment, PAA@ZIF-8 NPs seem a very promising anticancer drug nanocarrier. Similarly, Doxo was also entrapped in the GdIII-pDBI nanoMOF (from 5 to 12 w t %) and progressively released depending on the pH (after 5 days, 44 and 22 % of drug were released at pH 5 and 7.4, respectively). [48] As previously mentioned (see section 4.1.1. and 4.1.2.), the lack of severe toxicity of these NPs either in vitro (leukemia cancer line U937) or in a murine model, together with the important encapsulation rates and controlled releases make Gd-pDBI NPs a promising drug nanocarrier candidate. Following with the same antitumoral drug, Doxo was successfully adsorbed (17 wt %) within the lanthanide-doped upconversion NPs (UCNP; NaYF 4 :YB +3 /Er +3 ) coated with MIL-100(Fe) NPs, exhibiting an in vitro biocompatible character together with a pH-sensitive drug release. [156] The outer surface of these Doxo-containing core-shell NPs was engineered with an anticancer aptamer (AS1411, 26-mer guanine-rich oligonucleotide) with the aim to target cancer cells (Figure 4, Table 1). Wang and coworkers [157] reported a highly nanoporous MOF based on zinc cations and achiral TATAT hexadentate ligands (5-5'-5''-(1,3,5-triazine-2,4,6-tyil)tris(azanediyl)trisophtalate)), exhibiting multiple metal binding modes, which allowed important loadings (50 wt %) of the anticancer drug 5-fluorouracil (5-FU) together with slow releases (86 % after 7 days in PBS; Table 1). Later, Lucena and coworkers evidenced an increase of the antitumoral activity of the Cu-BTC NPs containing around 80 wt % of 5-FU, (via apoptosis and anti-inflammatory mechanisms), explained by the progressive release of the drug to the medium (82 % after 2 days). [158] 5-FU was also entrapped in micrometric MOFs such as i) the Zn or Ni hexacarboxylate (1,2,3,4,5,6-hexakis(3-carboxyphenyloxymethylene)benzene)), reaching encapsulation rates of 37 wt % with fast releases in around 10 h; [159] or ii) the ZIF-8 material, with loading rates up to 66 wt % and a pH-dependent release of ca. 45 % of 5-FU after 1 h under acidic pH. [160] The control of the drug release as a function of the pH has been also demonstrated using other drugs. For instance, Zhuang and coworkers encapsulated the anticancer drug camptothecin (CTP; 2 wt %) together with a fluorophore (fluorescein; 1 wt %) in order to follow-up the NPs cell uptake. [161] The fluorescein was rapidly released to the PBS media at acidic pH (50 % within the first hour), limiting the cell uptake evaluation. However, the encapsulated CTP was progressively released, achieving higher cytotoxic activities than the free drug after 24 h of incubation on breast cancer cells (MCF-7; Table 1). Similarly, another interesting antitumor agent, the alendronate, used for osteoporosis treatment, solid tumor bone metastases and myeloma bone disease, was incorporated to the UiO-66 NPs. [162] This amino-bisphosphonate was probably strongly anchored to the Zr-O clusters of the UiO NPs, which promoted both high loadings (almost a 100 %) and slow and prolonged delivery patterns with pH-dependent kinetics with a faster release under acidic conditions (Table 1). In addition, UiO NPs probed a higher in vitro cytotoxicity than the free drug after 48 h in contact with the adenocarcinoma cancer cells (MCF-7) and hepatic cell line (HepG2). Apart from the pH, an effective alternative to control the drug release from nanoMOFs has been proposed by di Nunzio and coworkers based on light irradiation. [163] Specifically, oneand two-photon light irradiation was able to promote stimuli-dependent release of the CHAPTER 1: Introduction [67] antitumoral topotecan (TPT) from MIL-100(Fe) NPs. Also remarkable was the encapsulation approach of this drug: TPT was firstly adsorbed as a monomer and then self-associated within the pores of the nanoMOFs building a "ship in a bottle" structure absorption (reaching encapsulation rates from 1 to 33 wt %). The TPT aggregates seem to not only avoid the burst release but also strongly stabilize the MIL-100(Fe) NPs against degradation. A similar "ship in a bottle" encapsulation strategy was however previously reported by Rojas et al., [164] who successfully entrapped the non-conventional anticancer metallodrug [(η6pcymene) 2 Ru 2 mitoxantronato]C l2 into the MIL-100(Fe) NPs (40 wt %). The same group previously reported the encapsulation and release of other cytotoxic metallodrug, the RAPTA-C (Ru(p-cymene)C l2 (pta), pta= 1,3,5-triaza-phospha-adamantane), into a highly porous nanocrystalline [Ni 8 (OH) 4 (OH 2 ) 2 (4,4'-(buta-1,3-diyne-1,4-diyl)bispyrazolato) 6 ]n MOF exhibiting an important thermal, mechanical and chemical stability. [165] Although a remarkable encapsulation of RAPTA-C was achieved (100 wt %), the rapid release of this metallodrug into the simulated body fluid after 5 h limits the interest of this carrier association (Table 1). Finally, Lu and coworkers recently proposed the photodynamic therapy (PDT) as an effective anticancer procedure by the generation of oxidant species using a Hf-prophyrin nanoscaled Zr-MOF (DBP-UiO NPs; DBP = 5,15-di(p-benzoate)porphyrin). [166] Interestingly, the antitumoral activity, demonstrated in subcutaneous xenograft resistant head and neck cancer murine models, is here related with the Hf-phorphyrin moieties. Thus, 3.5 mg•kg-1 of DBP-UiO NPs were intratumorally administered and after 12 h of the injection, the tumor was irradiated 30 min, leading to the almost complete eradication of the tumor in the half of the mice, without any skin/tissue damage due to the irradiation, making this MOF highly promising for cancer therapy.

Nucleic acids.

A new concept in the field of MOF nanocarriers arrives with the encapsulation of oligonucleotides such as DNA or RNA in order to protect them from degradation and facilitate their cellular uptake. Firstly, Mirkin and coworkers reported a novel class of nucleic acid-MOF NP conjugates, [34] based on the UiO-66-N3 MOF. The external surface of this nanoMOF was coated with the oligonucleotides via a Cu-free strained-alkyne click chemistry approach, endowing the nanoMOFs with a steric and electrostatic stability and a higher cell penetration (using human cervical cancer HeLa cells) in absence of transfection agents (Table 1). Their ability to hybridize in a sequence-specific fashion with complementary nucleic acids was also probed, opening interesting perspectives in gene therapy.

In the same line, small interfering RNA (siRNA) was loaded (30 µg•mL -1 ) on the surface of the zirconium aminotriphenyldicarboxylate UiO-type NPs by coordination to the metal sites (with efficiencies up to 81 %), both protecting the siRNA from the nuclease degradation and enhancing its cell uptake. [167] In addition, the anticancer prodrug cisplatin, was also entrapped into these UiO NPs, reaching loading of 12 wt % (Table 1). The co-delivery of both, the cisplatin prodrug and the siRNA, led to an enhancement of an order of magnitude in the chemotherapeutic efficacy against ovarian cancer cell line (SKOV-3 cells).

Nanostructured metal-organic frameworks and their bio-related applications [68] 4.2.3. Antivirals. Further progress has been also made on the encapsulation of challenging antiviral drugs using nanoMOFs. For instance, the high polarity of the active phosphorylated forms of the antiviral cidofovir and the anti-HIV (human immunodeficiency virus) azidothymidine triphosphate (AZT-TP) strongly limits their cell penetration and then, their efficacy, imposing the administration of the inactive non-phosphorylated prodrugs, their vectorization becoming a major challenge. Both drugs were successfully encapsulated in their active forms in different nanoMOFs, reaching exceptionally high loading rates of around 20 wt % in MIL-100(Fe) NPs, and 42 wt % in MIL-101(Fe)_NH 2 NPs (Figure 4, Table 1). [131] The important affinity of these phosphorylated drugs with the nanoMOF, displaying efficiencies of encapsulation close to 100 %, was explained by the strong interaction of the phosphate groups with the iron metal sites of the nanoMOFs, [168] which was also related with a slow progressive release. The cell internalization of the NPs carrying the active form of the drug was also confirmed, demonstrating a higher anti-HIV efficacy than the free drug.

Antibacterial.

Most current antibacterial agents based on chemically modified natural components have developed multiple drug resistance, enforcing high-dose antibiotic administration and intolerant toxicity. Therefore, novel alternatives based on antibiotics nanocarriers have been proposed to overcome some of these limitations. [169,170] Bearing in mind the capacity of the MOF to accommodate multiple therapeutic agents but also the potential antimicrobial features of some MOFs based on active moieties, the use of the MOFs as antibacterial prototypes have been recently suggested by several groups. Thus, by introducing bioactive cations (Fe, Ca, Zn, Mg, etc.) or therapeutic linkers bearing several complexant groups (aminoacids, peptides, nucleotides, bioactive molecules as nicotinate, fumarate, etc), many MOFs have been proposed with additional therapeutic activities associated to the framework degradation into the media. [2,18,77,171,172,173,174,175,176] This approach has been widely applied to the preparation of new MOF structures, mostly micrometrics, based on antibacterial cations and/or ligands. As a relevant example, the extensive work of Slenters et al. based on silver ions, presents well-known antibacterial properties. The release from Ag-based nicotinate BioMOF, prevented from implant infection against two strains of S. epidermidis for dental and body implants applications. [177,178] In addition, the antimicrobial effect of cations such as zinc or copper has been also evidenced in different micrometric MOFs. Particularly interesting is the biocompatible micrometric zinc azelate BioMIL-5, exhibiting an additive time-maintained antibacterial effect in Staphylococcus aureus and Staphylococcus epidermidis as a consequence of the progressive release of their components Zn 2+ and azelaic acid (due to a very high chemical stability), both with interesting antibacterial and dermatological properties. [179] A further example of the antimicrobial metal effect is related with the bioactive Zn cation and the endogenous ligand in the zinc adeninate or BioMOF-1. [180] The copper 4,40-dicarboxy-2,20-bipyridine (H 2 dcbp) solid is another example of an antibacterial MOF. [181] Remarkably, the antibacterial activity of this Cu-MOF on different bacterial strains was shown to depend on the particle shape. Scarce examples have been nevertheless reported dealing with the antibacterial activity of nanoscaled MOFs. For instance, CuBTC NPs grafted on silk fibers by layer-by-layer (LBL) growth, demonstrated a significant antimicrobial activity against Escherichia coli and CHAPTER 1: Introduction [69] Staphylococcus aureus. [182] Also, a porous cobalt carboxylate nanoMOF, Co-TDM (H8TDM = tetrakis[(3,5-dicarboxyphenyl)-oxamethyl] methane acid) showed a relevant bactericidal activity due to the presence of Co2+ metal sites at the outer surface of the NPs with a resulting enhanced interaction with the bacteria cell wall. [183] This solid was thus proposed as a viable and potent disinfectant (10-15 ppm) towards inactivation of the Gram-negative bacteria (E. Coli), reducing the population to zero or near-zero in short times (1 h). 4.2.5. Biological gases. Biological gases such as nitric oxide (NO), hydrogen sulfide (H 2 S) and carbon monoxide (CO) are essential for life when in biologically relevant concentrations, all bearing endogenous gasotransmitter properties. [184] In all cases, the very narrow range between active or toxic concentrations and the high specificity of the active site, together with an important bio-instability, strongly limit their clinical administration, justifying the use of carriers to control their in vivo delivery. Thus, porous MOFs exhibiting Lewis acid sites able to interact with these biogas molecules have been proposed as an alternative for the delivery of biologically active gases. The strong interaction between the acid sites from the MOFs and these gases usually leads to controlled releases under the physiological conditions. Morris et al. reported for the first time the use of porous MOFs, initially as microparticles, bearing unsaturated metal sites for the delivery of NO. NO, a free endogenous radical gas with a very low in vivo stability, is related with interesting anticoagulant, anti-inflammatory and/or antibacterial properties. Thus, nanometric CPO-27 (Ni) or HKUST-1, bearing Ni and Cu cations with related antibacterial effect, [112] were able to store and release on a controlled manner the NO. Furthermore, these solids could co-encapsulate antibiotics (e.g. metronidazole) allowing a combined therapy. Interestingly, the multiple encapsulations were associated with an inter-dependence on the rates of release. Both nanoMOFs were then shaped as small disks in a blend with polytetrafluoroethylene (PTFE), evidencing a significant increase of the antibacterial activity as a consequence of the additive effect between the NO and metronidazole. Furthermore, after the complete release of the NO, the material remained still active due probably to the delivery of the antimicrobial drug and the leaching of the metal cation from the MOF (Figure 4, Table 1).

Concerning the H2S, involved vasodilatation, [185] neurotransmission or neuroprotection, [186] inflammation and asthma remodeling processes, [187] although several adsorption studies were performed in view of methane purification using either rigid [188,189] or flexible MOFs, [190,191,192] to the best of our knowledge only one investigation was reported in the biomedical field. This work dealt with the H2S-loaded on the micrometric Zn-CPO-27 for the vasodilation of porcine arteries using myography, [193] with however lower vessel relaxation than identical NO loaded MOFs. Finally, the only report dealing with the novel gasotransmitter CO, currently under investigation for the development of inhalation devices, [194] is the recently published work by Fisher and coworkers, [195] in which the CO was entrapped into the flexible iron(III) MIL-88B and MIL-88B_NH 2 microparticles. The release of CO from both MOFs, studied by a myoglobin assay in physiological buffer, resulted in a rapid delivery controlled by the degradation rate of the MOF.

Nanostructured metal-organic frameworks and their bio-related applications [70] As almost all the raised cases have been focused in microparticulate MOFs, the development of nanoparticulate carriers for the administration of biologically active gases would be interesting in order to enhance its physicochemical properties and to allow different administration modes. 4.2.6. Cosmetics. Another interesting area in the field of biomolecule encapsulation comprises all the related work on cosmetics. As it occurs in general encapsulations, many drawbacks such as instability, poor solubility or low bioavailability, strongly limit the activity of interesting cosmetic molecules. MOFs have recently been tested as a plausible solution for the encapsulation of cosmetic molecules of industrial interest. This is the case of the liporeductor molecule caffeine (Caf), with a high tendency to crystallize leading to poor drug loadings (< 5wt %), as well as uncontrolled releases, with a subsequent low efficiency. [196] This challenging molecule was satisfactorily encapsulated (up to 50 wt %) into different microcrystalline MOFs by Cunha and coworkers, [197] with in addition progressive releases under simulated topical conditions (water pH = 6.3, 37°C). Note here however that PBS media led to faster releases as a consequence of a faster MOF degradation rate. Similarly, high payloads of this xanthine (30 wt %) were achieved using other types of microparticulate MOFs, such as the series of functionalized UiO-66(Zr), [ 197,198] the ZIF-8(Zn) or the family of functionalized flexible MIL-88B type solids. [132,199] Other challenging cosmetically active compounds such as the moisturizer agent urea or different types of benzophenones (sunscreen agents) were also encapsulated within the MIL-100(Fe) or MIL-53(Fe). [24,25] Apart from the encapsulation of skin care products, the first evidence of the encapsulation and release of fragrances was reported by Vaughn et al, [200] reporting the loading and progressive release of two hydrophobic molecules, ethyl butyrate and D-limonene, through a moisturetriggered process. This proof of concept provided an attractive opportunity for the controlled release of fragrances, as well as for the encapsulation of thermolabile molecules with medicinal properties. Nonetheless, all these results concern microstructured MOFs, and still some efforts are required in order to proceed at the nanoscale level optimizing specific parameters. Reprinted with permission from Agostini et al. [131] b) The antitumoral doxorubicin (DOX) release profiles from UCNPs@MOF-DOX in PBS as a function of the pH.

Nanostructured metal-organic frameworks and their bio-related applications [72] Reprinted with the persission from Deng et al. [156] c) Delivery profiles of the antitumoral Pt from the free cisplatin prodrug and prodrug encapsulated into UiO(Zr) NPs. Reprinted with permission from He et al. [167] d) Release kinetics of NO gaz (black), the antibacterial metronidazole (red) and metal ions (Cu, blue) from the HKUST(Cu).Reprinted with permission from McKinlay et al. [112] 4.3. Imaging properties. Another possibility in the use of nanoMOFs in biomedicine lies in their capability to act as contrast agents for different medical imaging modalities. [201] The first development was carried out through the synthesis of Ln-based nanoMOFs [50a] as biomedical imaging agents evaluated initially in vitro. Although modest in terms of longitudinal relaxivity (r1) while exhibiting rather high transverse relaxivity (r2) values, their use as potential T1-weighted contrast agents was established. However, these nanoMOFs suffered both from a lack of colloidal and chemical stability, which would lead to a leaching of highly toxic Gd(III) ions, therefore rising strong toxicity issues, which would certainly rule out their practical use. To overcome these issues, and as previously discussed, silica-based coatings were further explored to increase the chemical stability of these nanoMOFs. [90] Based on another approach from Rowe et al., [97] these Gd-nanoMOFs were coated with a biocompatible polymer (PNIPAM-co-PNAOS-co-PFMA), resulting on an improved relaxivity. Pereira et al. [202] reported a series of layered Ln3+ materials, [Ln(H2cmp)(H2O)] (H5cmp = (carboxymethyl)iminodi(methylphosphonic) acid), formulated as nanosized platelets (60 nm thick with length and width varying between 400 and > 1000 nm). These nanoplatelets appeared to be very efficient as potential T2-weighted MRI contrast agents, despite the presence of one water molecule in the inner-sphere of coordination. Some of us also demonstrated interesting in vitro T2-weighted MRI imaging performances of the non-toxic iron(III) carboxylate nanoMOFs MIL-100(Fe) and MIL-88A structures (Figure 5a-b). [132] Remarkably, these biocompatible nanoMOFs were in vivo detected. However, the important detectable doses, much higher ( 20 mg•kg -1 ) than other more potent contrast agents, limit their potential use to theranostic. Another example is presented by Lin and coworkers who prepared Zr-BDC and Hf-BDC nanoMOFs of the UiO-66 structure. The Hf-nanoMOF resulted two times more efficient in attenuating X-rays as Iodixanol, due to the higher X-ray attenuation coefficient of Hf compared to I. After silica and PEG coating, the Hf-UiO@SiO 2 @PEG nanoMOF was tested as a contrast agent for in vivo CT imaging of mice. Enhanced attenuation in the liver (+131 HU) and spleen (+86 HU) was observed in mice 15 min after intravenous injection (Figure 5, c-d) thus thus confirming the in vivo performance. [203] Very recently, Maspoch, Tóth et al. succeeded in the synthesis of highly chemical stable NPs (200 nm in length) of a bimetallic Cu(II)-and Gd(III)-based MOF. [204] A strong chelating macrocyclic ligand 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetramethylenephosphonic acid (DOTP) allowed the formation of a highly stable nanoMOF displaying promising relaxometric properties. These porous NPs exhibited a suitable colloidal stability in physiological media with lack of significant cytotoxicity, although the in vivo toxicity or elimination from the body once administered need to be evaluated. Another interesting type of NPs based on magnetic coordination polymers of the Prussian Blue analogues, [205,206] non-toxic FDA [82] approved compounds, have also been evaluated with ) have been reported with high longitudinal relaxivities, using citrate stabilizing agents, [110,111] or natural polysaccharides chitosan [207,208] to coat the NPs and prevent from agglomeration. Recently, Catala et al. reported the water synthesis of porous Mn(II)-containing PB NPs (between 5 and 21 nm) with a large T1contrast enhancement. [209] The magnetic NPs were post-synthetically coated with dextran to form stable colloidal suspensions in water, while presenting low toxicity, being promising candidates for in vivo MRI diagnosis.

Finally, the association of metal or metal-oxide NPs to nanoMOFs is another way to improve their imaging properties. [210] MOF-composites could be prepared as core-shell structures by coating the MOFs particles with the inorganic NPs. Tang and coworkers followed this approach with iron oxide MOF (Fe3O4-MOF) [211] core-shell NPs to a zinc oxocluster MOF (ZnO NR@MOFphotochemical response. Adapted with permission from Horcajada. [132] Copyright 2010 Nature Publishing Group. (c,d) adapted with permission from deKrafft. [212] Copyright 2012 Royal Society of Chemistry.

Sensors and non-enzymatic catalysts.

One of the most recently investigated applications of MOFs is related to their sensing ability. [213] Molecular recognition and sensing of small molecules, cations and anions by MOFs have been reported and reviewed by Chen et al. [214] In particular, the use of nanoMOFs in biological sensing was one of the first medical Nanostructured metal-organic frameworks and their bio-related applications applications explored. Lin et al. used the Eu-doped Gd(BDC)1.5(H 2 O) 2 @SiO 2 NPs decorated with Tb-DOTA as a sensitive luminescence probe for anthrax and other bacterial spores through its binding to dipicolinic acid (DPA), the main component of the bacterial endospores. [50b] Xu et al. prepared a Eu-based nanoMOF, which exhibited a highly sensitive, - [52] Pang and coworkers have recently reported a MOF-based electrochemical sensor containing nanostructures of HKUST-1 with different morphologies, which acts as nonenzymatic electro-catalysts for glucose. [54] Interestingly, by changing the crystal morphology of the nanoMOFs from cubic to octahedral, the nonenzymatic electro-catalytic glucose property was strongly affected.

Another concept concerns the implementation of macroscopic MOFs as matrix or supports for electrochemical sensing. For instance, Ma et al. prepared ZIF-based biosensors displaying high sensitivity to glucose for in vivo measurement of neurochemicals. [215] Hosseini et al. reported a Cu-MOF acting as a mediator for a better electrochemical oxidation of Lcysteine. [216] In the case of Ln-based nanoMOFs, their use as thermal probes was assessed as versatile luminescent thermometers. This was first investigated in the micrometric scale [217] and very recently into the nanoscale. [218,219] These pioneered studies point out the possibility of using nanoMOFs to monitor physiological temperatures in medical applications.

Biocatalysts.

A remarkable application of nanoMOFs entails their use in catalytic biological processes. For this specific application the MOF structure may particularly present an appropriate chemical stability, to avoid toxicity issues. Indeed, some nanostructured MOFs may perform as enzymatic mimics, presenting several advantages over natural enzymes, such as their facile and low cost synthesis and chemical stability, which make them potential candidates in immunoassays and medical diagnostics. The inner capability of nanoMOFs to mimic enzyme activity has been recently reported by Zhang et al., who investigated the intrinsic peroxidase-like activity of micrometric MIL-68 and nanometric MIL-100 for colorimetric biosensing of ascorbic acid. [220] Another plausible use of MOFs as biocatalysts consists in their implementation in composites, thus acting as platforms to immobilize enzymes. [221] This idea was first demonstrated by Ming CHAPTER 1: Introduction [75] and Ma and coworkers who successfully developed the immobilization of microperoxidase-11 (MP-11) into the mesoporous MOF, Tb-TATB (H 3 TATB = triazine-1,3,5-tribenzoic acid). [222] The strategy relies in the appropriate dimensions of the MP-11 to enter into the pores, and consisted in the enzyme entrapment through incubation. MP-11@Tb-mesoMOF exhibited superior enzymatic catalysis performances compared to previous MP-11 encapsulation into mesoporous silica material MCM-41. More recently, the same group demonstrated the encapsulation of the heme protein Cyt c into the cavities of the same Tb-TATB MOF, despite the fact that the pore sizes are small relative to the molecular dimensions of Cyt c. [223] This is possible due to conformational changes that Cyt c undergoes during the immobilization process. Interestingly, this work establishes MOFs as a new type of platforms for protein translocation studies.

The particular immobilization of trypsin enzymes into micrometric MOFs has been explored by Huang-Lin and coworkers. [224,225,226] The approach consists in the immobilization of the proteolytic enzyme trypsin in different micrometric MOFs following a fast digestion procedure: MIL-101(Cr), MIL-100(Cr), MIL-88B(Cr), UiO-66(Zr) and the CYCU-4(Al) or [Al(OH)(SDC)] (H2SDC = 4,4-stilbenedicarboxylic acid). The conjugation takes place via nucleophilic attack of the amine groups present on trypsin, and implies either the activation of the free carboxylic acid group in MIL-101(Cr) and MIL-88B(Cr) with a common enzyme coupling agent, or the use of the amino functionalized material MIL-88B-NH2(Cr). Importantly, the size of trypsin is larger than the pore size of MOFs which prevents diffusion of trypsin into the cavities of the MOFs, and ensures preservation of sorption capacity in the MOFs. In comparison with other trypsin immobilized into NPs reported so far, the trypsin-MOF reactor provided comparable or even better proteolysis efficiency, probably due to the crystalline characteristics of MOF materials. Liu and coworkers later reported another example with the immobilisation of hemin onto MIL-101(Al)-NH2 microcrystalline powder. [227] This composite material was proved to perform as a peroxidase mimic with remarkable catalytic activity, with potential applications as a simple, sensitive, selective and cheap colorimetric assay to detect H2O2 and glucose. The conjugation of MOF with proteins was also attempted by Park and coworkers. [228] They use the postsynthetic modification of Inbased 1D MOF, 2D ([Zn(bpydc)(H 2 O) (H 2 O)]n; bpydc = 2,2'-bipyridine 5,5'dicarboxylate) [229] and 3D (IRMOF-3) MOFs. In their approach certain amount of the carboxylate groups in the MOFs are exposed and can be activated by 1-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC) or dicyclohexyl carbodiimide (DCC). Then, the activated carboxylates can be conjugated with different compounds or biomaterials such as the green fluorescent protein EGFP, which can be tracked by fluorescence microscopy. A second functional protein, CAL-B enzyme (Candida Antarctica lipase B) employed for the synthesis of organic compounds through esterification and transesterification reactions in organic solvents, has been also grafted on this MOF. The presence of this lipase immobilized on the IRMOF-3 has shown an enhancement of the catalytic activity as compared with the free enzyme in organic solvents. Moreover, the grafting of the CAL-B enzyme enhances water-resistance of IRMOF-3 with retention of the porous capacity. Using a different strategy, Bradshaw and coworkers prepared a highly porous MOF-enzyme composite material based also in the lipase CAL-B. [230] The protocol uses MOF-polymer composite Nanostructured metal-organic frameworks and their bio-related applications [76] microcapsules of ZIF-8 derived from Pickering emulsions [231] stabilised by the assembly of pre-formed UiO-66/Fe 3 O 4 NPs at the oil/water interface. The microcapsules were used to encapsulate CAL-B lipase showing their practical utility in size-selective and recyclable biocatalysis.

Finally, one could also consider the work presented by Wang et al. describing the capabilities of microcrystalline Co-ZIF-9 material as efficient artificial water oxidation catalysts (WOC). [232] The approach relies in the cooperative catalysis of cobalt centers and benzimidazole ligands in confined nanodomains for efficient water oxidation. This MOF has been found to work effectively for the electrochemical oxygen-evolution reaction in a wide pH range. Considering the large chemical tunability of both metals and ligands, one could easily envision the broad applicability of MOFs as artificial WOCs and even more challenging performances could be obtained with a proper MOF shaping.

Concluding remarks.

This review offers an extensive overview of the recent advances concerning the miniaturization of MOFs and its related biomedical applications, ranging from synthetic procedures and shaping of nanoMOFs to the foremost uses towards their integration in biomedicine.

In the first section, we summarize the most employed methodologies for the preparation of nanoMOFs, including typical procedures as hydro-solvothermal synthesis but also more innovative ones, which imply for instance continuous flow techniques. Special emphasis has been placed on parameters such as the crystal quality, the yields and their likely industrial production. Subsequently, we have presented the current strategies developed in order to control the particle size and morphology, as well as the later proposed formulations. These features are essential for determining the NPs biodistribution and efficacy, among others. All the advances in nanoMOF production as well as the improvements accomplished in terms of stability and functionality have permitted to effectively broaden their bioapplicability. Consequently, we have summarized the main investigations considering toxicological effects of nanoMOFs. Finally, we have selected the most relevant examples concerning the use of nanoMOFs in biomedical applications including controlled release, imaging, biocatalysis or sensing.

In conclusion, all the examples detailed in this review represent a clear illustration of the targets that the field of MOFs and, more specifically, the novel approach of nanoMOFs, have already accomplished in biomedicine. 
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BRIEF CONCLUSION AND GENERAL PERSPECTIVES

Through most recent advances in the biomedical field of nanoscaled MOFs, including controlled release, imaging, biocatalysis and sensing, have been possible to shed light on the state of the art of these innovative drug delivery nanosystems, demonstrating a brighter future in diverse bioapplications. Nevertheless, we have also evidenced that critical points such as toxicological considerations, chemical stability and a convenient control of the biodistribution are still areas to be improved.

In this manner, this PhD thesis has been mainly focused on these issues, investigating both the potential nanocarrier administration routes and the biological impact of these nanoMOFs, taking into account their biocompatibility, their physiological barrier crossing and the potential modulation of their biodistribution.

In detail, the toxicological profile of these nanovectors has been extensively studied under diverse conditions in Chapter 2.
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OBJECTIVES
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OBJECTIVES

Bearing in mind the aspects outlined above, the aim of this thesis has been focused on the investigation of three different potential routes (i.e. intravenous, oral and cutaneous) for the administration of nanoMOF as drug delivery systems, paying a special attention to the evaluation of their biocompatibility, their physiological barrier crossing and their biodistribution. The main objectives of this PhD Thesis can be, therefore, resumed as follows:

1. Evaluate the biocompatibility (even bioactivity) of MOFs and their potential interactions with biological structures.

2. Propose alternative original MOF formulations suitable for their administration via novel pathways for their use as drug delivery systems.

3. Investigate their biodistribution through different administration routes.

4. Study the bioactivity of diverse therapeutic MOFs.

For this purpose, the PhD Thesis work has been divided into 4 main sections:

1. Chapter 1, in which the emerging class of nanoscaled MOFs in the biomedical field has been reviewed, considering both their preparation and formulation, and their related biomedical applications.

2. Chapter 2 dealing with the complete assessment of the toxicological evaluation of the benchmarked mesoporous metal(III) trimesate nanoMOFs (MIL-100(Fe, Al, Cr ; MIL stands for Material of Institut Lavoisier), based both on their structural, chemical and colloidal stability as well as on their cell-, immune-and geno-interaction.

3. Chapter 3 focuses on the evaluation of the physiological barrier crossing of MIL-100(Fe) NPs as a function of their specific external surface modification according the three selected administration routes (oral, intravenous and cutaneous modes).

4.

Chapter 4, which includes the investigation of the encapsulation and release of different active pharmaceutical ingredients, either within the MOF porosity or as a constitutive part of the MOF hybrid network.
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«In vitro biocompatibility of mesoporous metal(III; Fe, Al, Cr) trimesate MOFs nanocarriers» [95] [96]

GENERAL OBJECTIVES AND AUTHOR CONTRIBUTION

As previously shown, the rapidly growing interest of nanoMOFs in the nanotechnology field together with the industrial and societal high-relevance of the nanomaterial safety (e.g. see REACH regulation) have led to encourage the evaluation of both in vitro and in vivo toxicological profile prior to any biological application. Thus, in this chapter, we have exhaustively studied the toxic character of these nanoMOFs, identifying the potential in vitro hazards.

In particular, the biocompatibility of these nanosystems was evaluated by assessing their cytotoxicity (cell viability, cell cycle, etc.) in different cell lines (e.g. lung, hepatic, macrophagic, etc.), the influence of their chemical/colloidal/structural stability (aggregation, degradation, etc), their genotoxicity (DNA damages, cellular oxidation, etc.) along with an immunotoxicological point of view, through the generation of reactive oxygen species (ROS), cytokine induction or complement activation.

To tackle this topic, three different subheadings have been detailed, associated with two publications and one in preparation draft: The high porosity and versatile composition of the benchmarked mesoporous metal(Fe, Al, Cr) trimesate metal-organic frameworks (MIL-100(Fe, Al, Cr)) make them very promising solids in different strategic industrial and societal domains (separation, catalysis, biomedicine, etc). In particular, the MIL-100(Fe) nanoparticles (NPs) have recently revealed as a one of the most promising and innovative next generation tools enabling multidrug delivery to overcome cancer resistance. Here, we analyzed the in vitro toxicity of the potential drug nanocarrier MIL-100(Fe) NPs and the effect of the constitutive cation by comparing its cytotoxicity with that one of its Cr and Al analogue NPs. Lung (A549 and Calu-3) and hepatic (HepG2 and Hep3B) cell lines were selected considering pulmonary, ingestion or intravenous exposure modes. First, the complete physicochemical characterization (structural, chemical and colloidal stability) of the MIL-100(Fe, Al, Cr) NPs was performed in the cell culture media. Then, their cytotoxicity was evaluated on the four selected cell lines using a combination of methods from cell impedance, cell survival/death and ROS generation to DNA damage for measuring genotoxicity. Thus, MIL-100(Fe, Al, Cr) NPs did not induce in vitro cell toxicity, even at high doses in the p53 wild type cell lines (A549) and calu-3 (lung) and HepG2 (liver)). The only toxic effect of MIL100-Fe was observed in the hepatocarcinoma cell line Hep3B, which is stress sensitive because it does not express TP53, the guardian of the genome.



Introduction.

Exceptional and regular porosities together with an extraordinary structural and compositional versatility have made Metal-Organic Frameworks (MOFs) very promising candidates for industrially and societally relevant domains (separation, catalysis, sensing, etc.) [1][2][3][4][5][6][7][8][9][10][11] . The recent emergence of nanometric porous MOFs (nanoMOFs) in the biomedical field have attracted a great interest owing to their amphiphilic internal microenvironment, well-adapted to the adsorption of diverse guests (drugs, biological gazes, cosmetics, nucleic acids) 5,[12][13][14][15][16] . Of particular relevance is the development of highly efficient and biocompatible nanocarriers for cancer treatment 17,18 . However, important toxicological concerns have arose from these promising applications, notably in biomedicine. The physicochemical properties of nanoMOFs (composition, size, molecular weight, surface chemistry…) might play a key role in the nanomaterial's performance in terms of biocompatibility, biodistribution, and biodegradability and hence, toxicity and efficacy [19][20][21][22][23][24] .

Therefore, prior to any bioapplication of nanoMOFs, it is of high relevance to investigate their toxicity profile 25 . To the best of our knowledge, only two studies have been reported dealing with the in vivo toxicity of few nanoMOFs. Few of us reported for the first time the evaluation of the in vivo toxicity of high doses (220 mg.kg -1 ) of three Fe-nanoMOFs based on different polycarboxylate ligands [(MIL-100 (trimesate), MIL-88A (fumarate) and MIL-88B_4CH 3 (tetramethylterephthalate)] 26 administered intravenously to rats, evidencing a lack of severe toxicity (behavioral, histological, biochemical, enzymatic parameters, etc.) from 1 day to up to 3 months. Besides, the nanoMOF biodegradation into their constitutive components (linker and iron) was confirmed, observing an excretion via urine and feces without any metabolization. These very encouraging results have opened new perspectives for improving treatments in nanomedicine based on nanoMOFs 26,27 . Despite these promising results obtained with few iron carboxylates and due to the high versatility of these solids, many factors could influence their toxicity such as their topology, composition, biological stability, particle size and surface properties, among others. Therefore, the understanding of the main parameters governing the toxicity of nanoMOFs is of high relevance. In this sense, a second work dealing with the screening of the in vivo toxicity of nine nanoMOFs with different structures and compositions in zebrafish embryos was recently reported by Ruyra et al. 28 , concluding a wide variation of the toxicity of the different nanoMOFs and highlighting the influence of the cation leaching coming from the hybrid network degradation.

Given the great variety and number of nanoMOFs and their application domains [29][30][31][32][33][34] , it is impossible to study their toxicity using in vivo assays for ethical, temporal and economic reasons. In vitro studies are an interesting alternative to screen the nanoMOF toxicity, providing additional mechanistic insights into toxicity pathways. In fact, cytotoxicity of a series of porous nanoMOFs with different compositions and structures have been recently evaluated in different cell lines (J774, HeLa, Caco-2, HL-60, HepG2, MCF7...), 28,[35][36][37] concluding that (i) the MOFs NPs exhibit lower cytotoxicity as compared to that of other commercialized nanosystems, and (ii) a strong dependence between the MOF composition and the cytotoxicity occurs. In particular, Co-, Ni-or Mg-based nanoMOFs showed no marked cytotoxicity on HepG2 and MCF7 cells, whereas nanoMOFs containing Cu, Mn or Zn seemed to be highly cytotoxic (at 200 M). In addition, the cellular specific response obtained after exposure with different nanoMOFs, clearly indicated cell line specific responses due to both cellular origin and genetic background. Among the nanoMOFs, the mesoporous metal(III) trimesate MIL-100 series (MIL stands for Material of Institut Lavoisier) is particularly interesting. Their cubic structure based on trivalent metal octahedra (Fe 38 , Al 39 , Cr 40 , V 41 , Sc 42 , Tb 43 ) trimers linked to trimesate anions exhibits an important porosity (BET surface area and pore volume of 2400 m 2 .g -1 and 1.2 cm 3 .g -1 , respectively) associated to two types of mesoporous cages (25 and 29 Å) accessible by microporous windows (5 and 8.5 Å). Their high thermal (300 °C) and chemical stability (organic solvent, water under reflux) together with the presence of unsaturated Lewis acid metal sites (CUS) or, even, redox sites 44,45 , make them interesting candidates for a vast number of domains such as CO 2 capture 46 , H 2 storage 47 , gas separation 45 , catalysis 38 , xylene separation 48 , N/S compound removal 49 , energy-efficient dehumification 50 , drug delivery and imaging 51,52 and so on. Notably, the MIL-100(Fe) has revealed as one of the most promising drug nanocarrier due to (i) its exceptional loading capacity of several therapeutic molecules, (ii) their controlled release and (iii) its advantageous imaging properties.

In the present work, considering the promising outcomes of the MIL-100 NPs, a selection of three MIL-100 nanoparticulate systems based on different metals (Fe, Al, Cr) has been tested for in vitro toxicity in order to (i) understand the more relevant mechanisms involved on the MIL-100 NPs toxicity, in particular, the role of the cation release. In this sense, the nature of the cation could either damage the cells, through the formation of reactive oxygen species (ROS), or at the opposite, could favor the interaction and neutralization of ROS. Overall, the presence of the cation could alter the cellular homeostasis [53][54][55][56][57] ; and ii) reveal attractive features for future applications in relevant fields, notably biomedicine thought their administration by inhalation, intravenous and gastro-intestinal routes. In addition, pulmonary route is one of the major exposure modes to NPs. Thus, cytotoxicity studies were conducted on a series of four human epithelial cell lines chosen to mimic targeted tissues (i.e. lung and liver). Thus, two lung (A549 and Calu-3) and two hepatic cell lines (HepG2 and Hep3B) were tested, selecting the Hep3B as the only one that does not express p53 (the guardian of the genome), which allows estimating NPs toxicity in a highly stress sensitive context.

Experimental section.

2.1. Materials. Iron(III) chloride hexahydrate (97 %), 1,3,5-benzene tricaboxylic acid (trimesic acid; 95 %), aluminium(III) nitrate nonahydrate (99.9%), trimethyl-1,3,5-trimesate, phosphate buffered saline (PBS) solution (0.01 M, pH=7.4), chromium(III) nitrate nonahydrate were purchased from Sigma-Aldrich. Ethanol (96 %) and methanol (99.9%) were obtained from VWR.

Nitric acid, ((R)-(-)-4-(3-aminopyrrolidino)-7-nitrobenzofurazan (furazan). Similarly, 2',7'dichlorofluorescein diacetate (2.5 µM; DCFH-DA), L-glutamine (2 mM), Tris/EDTA (10 mM, pH 7.4) were purchased from Life Technologies. Heat-inactivated fetal bovine serum (FBS), dimethylsulfoxide (DMSO; ≥ λλ.7 %) and penicillin/streptomycin (100 U.mL -1 ) were provided by Fischer. Lipopolysaccharide (LPS; InvivoGen, San Diego, CA), phorbol 12myristate-13-acetate (PMA; Abcam, Biochemicals). All materials were used as received without further purification.

Synthesis and characterization of MIL-100(Fe, Al, Cr) NPs.

2.1.1.1. Synthesis of MIL-100(Fe) NPs. MIL-100(Fe) NPs were synthesized following a microwave-assisted hydrothermal method according to a previously reported procedure 58 . 2.43 g (9.01 mmol) of iron(III) chloride hexahydrated and 0.84 g (4.00 mmol) of trimesic acid were dissolved in 30 mL of distilled water. The reaction was treated with a heating ramp of 30 seconds to 130 ºC and then, maintained for 5 minutes and 30 seconds (1600 W). Activation or purification of MIL-100(Fe) NPs consisted of successive washing steps by centrifugation (14500 rpm, 10 min) and re-dispersion of the NPs in aliquots of water (once) and absolute ethanol (5 times). Further activation was carried out by re-dispersing 2.5 g of the NPs in 20 mL of an aqueous KF solution (0.1 M). Then, the suspension was stirred for 1 h 40 min under stirring and ambient conditions. Finally, NPs were collected by centrifugation (14500 rpm, 10 min) and washed two times with 20 mL of water and once with 20 mL of absolute ethanol. Activated MIL-100(Fe) NPs were stored wet with few droplets of absolute ethanol 59 .

Synthesis of MIL-100(Al)

NPs. MIL-100(Al) NPs were hydrothermally synthesized by a microwave-assisted route as mentioned before 58 . Briefly, a solution of 1.43 g (5.68 mmol) of aluminum nitrate nonahydrate, 1.21 g (4.82 mmol) of trimethyl-1,3,5-trimesate and 4 mL of nitric acid (4 M) were dissolved in 20 mL of distilled water under vigorous stirring. The reaction was heated at 210°C for 30 min using a hydrothermal microwave-assisted method (400 W). The resulting mixture was cooled down with an ice bath and recovered by centrifugation (10500 rpm, 20 min). MIL 100(Al) NPs were then activated by dispersing the collected NPs into 50 mL of methanol overnight under vigorous stirring. The activated solid was recovered by centrifugation at 10500 rpm for 20 min, exchanged twice with ethanol and kept wet for storage.

2.1.1.3. Synthesis of MIL-100(Cr) NPs. The synthesis of MIL-100(Cr) NPs was carried following a previously reported microwave-assisted hydrothermal method 58 . 2.40 g (5.99 mmol) of chromium nitrate nonahydrated and 0.84 g (4.00 mmol) of trimesic acid were dissolved in 30 mL of distilled water under moderate stirring. The reaction was thermally treated with a heating ramp of 4 minutes to 200 ºC (800 W) and kept at this temperature for one minute. The resulting mixture was cooled down with an ice bath and dispersed in 20 mL of water, being centrifuged after (10500 rpm, 15 min). The activation of MIL-100(Cr) consisted on the dispersion of 500 mg of the recovered as-synthesized solid in 20 mL of ethanol for 5 min and centrifuged at 4000 rpm for 15 min. From the liquid fraction obtained, a new centrifugation is performed (10500 rpm, 20 min), keeping the solid and re-dispersing it in 20 mL of ethanol and centrifuged once again. This procedure was repeated two more times. Prior to use, the MIL-100(Fe, Al, Cr) NPs were redispersed in 50 mL of the selected solvent, the solid was recovered by centrifugation at 10500 rpm for 15 minutes and the liquid fraction discarded. Note that for the experiments NPs were weighted wet based on the wet: dry ratio previously determined from NPs dry at 100 ºC overnight.

Encapsulation of furazan.

The encapsulation of ((R)-(-)-4-(3-aminopyrrolidino)-7nitrobenzofurazan (here called furazan) was performed according to a previously reported procedure 37 . Briefly, furazan was encapsulated by soaking 50 mg of the NPs (based on the dried weight) in 10 mL of a furazan containing solution (0.3 mg•mL -1 ) under vigorous stirring for 2 h at room temperature. The furazan@NPs were recovered by centrifugation (15000 rpm, 10 min) and five times washed with 10 mL of water.

Physicochemical characterization. Dynamic Light Scattering (DLS) distribution and

ζ-potential were analyzed by on a Zetasizer Nano (Malvern Instruments). Size is given as the mean size distribution corresponding with the hydrodynamic diameter of the NPs. Samples were prepared by dispersing the NPs at 0.1 mg•mL -1 in the desired media by using an ultrasound tip (30 % amplitude for 30 s; Digital Sonifer 450, Branson). Fourier transform infrared (FTIR) spectra were collected using a Nicolet 6700 instrument (Thermo scientific, USA) in the 4000-400 cm -1 range using powdered samples. Thermogravimetric analyses (TGA) were performed on a Perkin Elmer Diamond TGA/DTA STA 6000 in the 25-600 ºC temperature range under a 3 ºC•min -1 scan rate and O 2 flow of 20 mL•min -1 . X-Ray powder diffraction (XRPD) patterns were collected using a high-throughput D8 Advance Bruker diffractometer working on transmission mode and equipped with a focusing Göbel mirror producing Cu Kα1 radiation (λ = 1.54056 Å) and a Lynxeye detector. Data were collected at room temperature in the 2° < 2θ < 30° range with a step width of 0.02°. N 2 sorption isotherms were obtained at 77 K using a BELsorp Maxi (Bel, Japan). Prior to the analysis, ca. 30 mg of dry sample were outgassed under primary vaccum at 140 °C for 3h.

Quantification of trimesic acid by high performance liquid chromatography (HPLC).

Release of the trimesic acid was monitored in a reversed phased HPLC system Waters Alliance E2695 separations module from Waters with a Sunfire-C18 reverse-phase column (5μm, 4.6×150 mm from Waters) and equipped with a variable-wavelength photodiode array detector Waters 2998 and controlled by Empower software. The mobile phase consisted of a mixture of 45 % v/v methanol in PBS solution (0.04 M, pH 2.5), injecting 50 μL as sample volume under a flow rate at 1 mL•min -1 and 25 ºC column-temperature. The standards used for the calibration curve consisted of trimesic acid solutions in the different complete cell culture media (FBS supplemented-DMEM and -MEM) with a concentration range from 25.00 to 0.3λ μg•mL -1 (correlation coefficient > 0.99). Chromatogram of standards showed a retention time for the trimesic acid of 3.6 min with an absorption maximum at 215 nm. Degradation kinetics of the NPs were obtained in the different media (FBS supplemented-DMEM and -MEM) at 37 °C according to a previously reported procedure 60 and represented as the wt % of the linker released, considering the maximum of degradation of 100 % when the total amount of the linker was released in the medium. 2.1.5. Colloidal stability tests. MIL-100(Fe, Al, Cr) NPs were dispersed at 0.5 mg•mL -1 in FBS supplemented-DMEM or -MEM by using an ultrasound tip (30 % amplitude for 30 s). Evolution of the NP mean size distribution and the surface charge were followed as a function of time by dynamic light scattering (DLS) and ζ-potential.

2.2.

In vitro studies.

Cell lines and cell culture.

The human A549 cell line (ATCC ® CCL-185™) was routinely grown in Dulbecco's modified Eagle medium (DMEM) with glutamax supplemented with 10% (v/v) inactivated fetal bovine serum (FBS) and 1 mM antibioticantimycotic (Invitrogen, Carlsbad, CA). This medium is considered complete DMEM. Human Hep3B cells (ATCC number ® HB-8064™), HepG2 cell line (ATCC number ® HB-8065™) and Human Calu-3 cell line (ATCC number ® HTB-55™) were cultured at 37°C in a humidified atmosphere of 5% CO2 and 95% air, cultured in modified Eagle medium (MEM) supplemented with 10% (v/v) inactivated fetal bovine serum. Human Calu-3 cells (ATCC number ® HTB-55™) were also maintained at 37°C in a humidified atmosphere of 5% CO2 and 95% air , using modified Eagle medium (MEM) supplemented with 15% (v/v) inactivated fetal bovine serum, 5 mL of 200 mM L-glutamine (Sigma-Aldrich, St Louis, MO), 1% (v/v) 100 mM sodium pyruvate (Sigma-Aldrich), 1% (v/v) 1 M HEPES (Sigma-Aldrich) and 1 mM antibiotic-antimycotic (Invitrogen). This medium is also considered to be complete MEM.

Cell exposure.

MILs NPs were suspended in water and dispersed. This suspension was diluted in appropriate culture medium to obtain final concentrations for cell treatment. Cells were exposed for 2 and 24 h with MIL-100 NPs final concentrations from 6 to 64 µg/cm² (corresponding to 10 to 100 µg/mL), depending on the assay. Test concentrations were selected according to previous studies 5, 51 performed in vivo and were dramatically increased in order to attest the toxicity or the absence of toxicity at ultra-high doses.

xCELLigence® (real-time follow-up).

Impedance measurements principle has been well described in our previous studies 61 . Adherents A549 and Hep3B cell lines were seeded 24h in E-plates prior the assay at a density of 5x10 3 cells per well, whereas Calu-3 and HepG2 cell line were plated 48h before the treatment at a density of 15x10 3 cells and 10x10 3 cells/well respectively. After 30 min of incubation at 37°C, the cells were placed in a Real-Time Cell Analyzer (RTCA) station (ACEA Biosciences, San Diego, CA). During the first 24h, the impedance was measured every 5 min for 6 h (corresponding with adhesion phase) and after this time, the measurement was performed every 10 min (proliferation phase). After at least 24h of growth, different concentration of MIL-100s NPs (6, 32 and 64 µg/cm²) were exposed to cells and monitored the impedance every 5 min for 6 h (corresponding as early effects), and then every 10 min for 74 h (known as late effects). The background of the E-plates (specific 96 wells microplates covered with electrodes; ACEA Biosciences, San Diego, CA) was determined as control where 150 μL of each cell suspension was added in a final volume of 200µL of media.

Measurement of MIL-100-cell interactions, cell death

, and NP release . Following 2 and 24 h treatments of the tested cell lines with MIL-100 NPs, supernatants were collected and the cells were trypsinized for 5 min. Trypsin was inactivated by the addition of complete medium, collected, and added to the corresponding supernatant. The tubes were then centrifuged for 5 min at 300xg and the pellet was resuspended in 500 μL of PBS (+MgCl 2 , +CaCl 2 ) containing 5% FBS and then transferred to flow cytometry-compatible tubes (BD Biosciences; Franklin Lakes, NJ). Multi-parametric analyses were performed on a BD Facscalibur using FlowJo 7.5.5 software (Ashland, OR). An initial analysis was done on size/granulometry parameters to collect living and dead cells and to remove fragmented cells. Granulometry parameter is given by the SSC channel (Side Scatter Channel) and the interaction between NPs and cells is proportional to an increase of the SSC, as previously described by Zucker and colleagues 62 . This first step allowed us to determine the gate where at least 2x10 4 events per replica were recorded. Upon these gated events, the To-Pro3 (Molecular Probes ®, Invitrogen; Carlsbad, CA) signal was subsequently collected on FL4 (λemμ 661/16 nm) after He-Ne laser excitation at 635 nm and was used for the analysis of cell viability since this dye is compatible with the equipment and with nanoparticle detection. The results were reported as the mean distribution of the cells combining SSC and To-Pro3 measurements as described in our previous study 61 .

MIL-100 NPs internalization using confocal videomicroscopy.

For each experiment, 40x10 4 Calu-3 cells were plated on 14 mm uncoated glass bottom dishes (Ref P12G-1.5-14-F, MatTek) for at least 48 h prior to the experiment. The cells were then treated at different times (15 min, 24 h) with MIL-100 NPs at concentrations of 6 and 64 µg/cm². Fluorescent images were captured through a Plan Fluor 63X objective (NA: 1.4) on a Nikon A1 confocal laser scanning videomicroscope. Images have been acquired sequentially every 10 min up to 24h with a pixel format of 1200 x 1200 and a resolution in the x,y dimensions of 60 nm/pixel and 0.3 μm/pixel in the z dimension.

Measurement of ROS level.

The cells were seeded in 6-well plate (TPP) 24h before the treatment exposure at different cell density (15x10 4 cells with A549 cells, 40x10 4 cells in Calu-3 cell line, 30x10 4 in case of HepG2 cells and 10x10 4 Hep3B cells). The medium was replaced with the different concentrations of MIL-100. Cells treated with H 2 O 2 (mixed with PBS ( + MgCl 2 , + CaCl 2 ) containing 5% FBS) during 15 min were considered as positive control for all four cell lines, whereas non-treated cells were considered as negative control negative. After 15min of incubation time, supplier's instructions were followed to measure ROS intracellular level with CM-H 2 DCFDA probe (Life Technologies). Acquisitions were performed on a BD Facscalibur using CellQuest Pro software and then monoparametric analyses were performed using FlowJo 7.5.5 software. During the acquisitions, the initial analysis was done using size/granulometry parameters. This first step allowed us to determine the gate where at least 2x10 4 events per replica were recorded. Finally upon these gated events, the CM-H 2 DCFDA (Molecular Probes®, Invitrogen; Carlsbad, CA) signal was collected using the FL1 channel (λemμ 525/50 nm) after an air-cooled Argon Ion laser excitation at 488 nm (15 mW).

Cell cycle analysis.

Adherents cell lines were put in contact with at different incubations times (2 and 24 h) with MILs NPs. After each time, the cells were washed and trypsinized for 5 min. Trypsin was inactivated by adding complete medium, cells were centrifuged for 5 min at 300 x g . After the centrifugation, the cells were resuspended in 1 mL of PBS ( + MgCl 2 , + CaCl 2 , containing 5% FBS). The resuspended cells were then fixed via the dropwise addition of 3 mL of 70% ethanol and the tubes were placed at -20°C overnight. The fixed cells were then centrifuged for 5 min at 300xg and resuspended with 300 μL of mix containing [PBS ( + MgCl 2 + CaCl 2 ) + 5% of FBS + ToPro3 (at 0.5 µM final) + RNAse A (50 μg/mL final)] in each tube. Finally, the tubes were kept at 4°C for 30min to adequately stain of the DNA. Mono-parametric analyses were performed the next day on a BD Facscalibur using FlowJo 7.5.5 software. The first analysis was done using size/granulometry parameters, allowing us to determine the gate where 2x10 4 events per replica were recorded. Upon these gated events, the ToPro3 signal (Molecular Probes®, Invitrogen Carlsbad, CA) was collected on the FL4 channel (λemμ 642/61 nm) He-Ne laser excitation at 635 nm. The FL4 signal was plotted as FL4-W vs FL4-A in a dot-plot graph which allowed to discriminate doublets (e.g. a G1 doublet from a G2/M single) or cellular aggregates 63 . The results were reported as the mean distribution.

2.2.8. Genotoxicity through the measurement of γ-H2Ax-foci. Hep3B cell line was seeded in 8-well plate (Lab-Tek™ II Chamber Slide™ (Nunc) 24 h before exposure with the stimulus. The NPs treatments were prepared at doses of 6 and 64 µg/cm² and put it in contact with cells for 24 h. After this incubation time, the protocol applied is already described in detail in our previous study 61 . The quantification of γ-H2Ax foci was performed by confocal microscopy, as described in previous studies 61 .

2.2.9. Statistical analysis. The statistical analysis selected for xCELLigence ® analysis, MILs NP/cell interactions measurements by flow cytometry and cell cycle analysis, a Student's ttest was performed for each exposure condition compared to non-exposed cells. In case of the quantification and number comparison of γ-H2Ax foci, Wilcoxon rank test was employed based on 200 observations for each condition.

Results and discussion.

3.1. Synthesis and physicochemical characterization of MIL-100(Fe), MIL-100(Al) and MIL-100(Cr) NPs. First, the synthesis of MIL-100 NPs based on different trivalent cations (Fe, Al or Cr) was successfully performed using an efficient and green microwave-assisted hydrothermal route 58,59 . These NPs were fully characterized by different techniques, including X-ray powder diffraction (XRPD), dynamic light scattering (DLS), ζ-potential and transmission electron microscopy (TEM), in order to provide qualitative and quantitative parameters to associate to their potential cytotoxicity. XRPD patterns (Figure 1) show the characteristic diffraction peaks of the MIL-100 structure, with however broad reflections in agreement with the presence of small crystals.

TEM images (Figure 1) show well-faceted NPs for MIL-100(Fe) and (Al) of around 150 and 300 nm diameter. In contrast, more or less spherical and smaller NPs ( 25 nm) are observed for the MIL-100(Cr), with however an important aggregation between them. -potential was initially performed in water and ethanol suspensions, showing in all cases quite monodispersed particles (Table 1). Particle size of MIL-100(Fe) and (Al) NPs is in agreement with the TEM observations ( 150 and 300 nm, respectively). The larger particle size of MIL-100(Cr) NPs in comparison with the microscopy images (80±41 vs. 25 nm, respectively) seems to be related with an important aggregation phenomenon in the colloidal solution, as already observed in the dry state (Figure 1).

Except for the MIL-100(Fe) NPs, in which the particle size was not significantly different in both solvents (139±25 and 168±10 nm in water and ethanol, respectively), the dimension of MIL-100(Al, Cr) NPs seems to be larger when dispersed in water than in ethanol (249±28 vs. 237±41 nm and 142±63 vs. 80±41 nm for the MIL-100(Al) and (Cr), respectively). This might be related with the lower absolute value of the surface charge (Table 1). It is well--potential values closer to the neutral charge (usually < [30] mV) lead to higher aggregation effect as a consequence of the absence of enough electrostatic repulsions to stabilize the colloids. Additionally, it was previously proposed that this aggregation phenomenon could be associated with a higher dynamic formation of the MOF in water than in ethanol solutions 58 .

-potential measurements, the external surface of these MIL-100(Fe, Al, Cr) NPs would be rationally formed from a combination of partially coordinated carboxylate/carboxylic acids and metal octahedra trimers, whose coordination sphere could typically be ensured by trimesate moieties and OH -, F -or H 2 O terminal groups. The negative charge associated to the MIL-100(Fe) surface in both solvents suggests a higher proportion of iron than carboxylate/carboxylic acid, in agreement with previously reported NPs treated with KF (see experimental section) 59 . This KF treatment, used for the complete removal of nonreacted ligand, provoke the replacement of partially coordinated linkers on the outer surface by F -anions to the metallic centers, leading to negative charges. In contrast, the highly positive superficial charges obtained in ethanol solutions of MIL-100(Al) and (Cr) NPs as well as their slightly positive or negative ζ-potential values in water, respectively, might indicate the presence on their outer surfaces of an important fraction of linkers, either pending carboxylate and/or carboxylic acid groups (Table 1). The acidification of the pH when NPs were dispersed in water solution from 6.0 to 4.5 seems to support this hypothesis.

Table 1.

Particle size and -potential of MIL-100(Fe), MIL-100(Al) and MIL-100(Cr) NPs in different media together with their pore surface. * Brunauer-Emmett-Teller (BET) surface area 3.2. Colloidal stability. Both, particle size and nature of the surface have a major impact on the interaction of MIL-100 NPs with the biological structures, conditioning their physiological colloidal stability, cell uptake, biodistribution or toxicity, among others. For better understanding the NP-cell interactions, the colloidal stability of MIL-100(Fe, Al, Cr) NPs was assessed by monitoring 11 charge over time under the conditions used for the culture of the selected cells (FBS-supplemented-DMEM and -MEM, at 37 ºC; Figure 2). 1 and Figure 2). This is probably related with the adsorption of proteins, coming from the cell culture media, on the external surface of the NPs. The formation of a protein corona onto the MIL-100 NPs surface, mainly based on the serum albumin (the most abundant protein within the mammals serum), is supported by -potential values of around (-10) mV for all the MIL-100(Fe, Al, Cr) NPs. Previous studies of MIL-100(Fe) NPs in presence of a phosphate buffer (PBS) supplemented with bovine serum albumin (BSA) already displayed an important reduction of the -potential from (-31) mV in PBS to (-10) mV in BSA-PBS 59 . In addition, despite slight differences on the chemical composition of DMEM and MEM media, the MIL-100 NPs exhibited similar initial particle size and superficial charge regardless the cell culture media, facilitating the direct comparison of cytotoxicity between the different selected cell lines (see below). Except for the MIL-100(Cr) NPs suspended in MEM, the particle size of MIL-100(Fe, Al, Cr) NPs remained constant along the time (up to 48 h). The important colloidal stability of these NPs in the cell culture media could be explained by the presence of the protein corona by avoiding the interparticle attraction through the introduction of new steric hindrance repulsions 59 . In contrast, although the particle size of MIL-100(Cr) NPs in MEM medium did not significantly change up to 24 h, at 48 h it increased from 153 ± 4 to 274 ± 39 nm. This aggregation phenomenon could be explained by the progressive decrease of the absolute superficial charge, from around (-10 to -4) mV. One could tentatively attribute the -potential modification to the replacement of the protein by other components of the medium. Additionally, this effect of the neutralization of the surface charge is also observed when the MIL-100(Cr) NPs were suspended for 48 h in DMEM, reaching -potential values similar to MIL-100(Cr) NPs in MEM after 24 h (-6.0 mV). Note here that at this value, MIL-100(Cr) NPs seem to be colloidally stable. Therefore, for further comparisons of potential cytotoxic effects of MIL-100 NPs, one can conclude that MIL-100(Fe) and (Al) NPs exhibit a similar particle size (230±22 and 320±36 nm, respectively) and -potential (ca. -10 mV) with a suitable colloidal stability in both DMEM and MEM culture media up to 48 h. The MIL-100(Cr) NPs show smaller dimensions (146±17nm) and good colloidal stability up to 24 h regardless the culture media, with however a significant aggregation effect at 48 h in MEM medium, associated to a decrease of the absolute -potential value (from -10 to -4 mV).

Medium

Chemical stability.

A crucial point to take into account for a successful and prolonged drug delivery is the provision of chemical stability to the nanocarrier in biological environment. These nanosystems must be stable in the desired physiological media for an extended period of time in order to reach the target, without compromising the cell viability.

In this sense, the chemical stability of MIL-100(Fe, Al, Cr) NPs has been investigated in both cell culture media by assessing the leaching of the constitutive organic linker (trimesic acid) by high-performance liquid chromatography (HPLC) (Figure 3).

Interestingly, with the exception of the MIL-100(Al) NPs in MEM, all the NPs show an important stability in the cell culture media with low degradations (< 6% after 48 h of exposition). In particular, less than 1% degradation was detected for the MIL-100(Cr) NPs after a contact time of 48 h in both media, in agreement with the slower exchange constant rate of the chromium ion (see rate constant for the exchange of a coordinated water molecule of the first coordination shell of a given metal ion of [M(H 2 O) 6 ] 3+ = 10 0 , 10 -2 and 10 -6 , for M = Al, Fe, Cr) 64 . In contrast, the degradation profile of MIL-100(Al) NPs in MEM reached almost 80% at 48 h. Considering the considerably higher stability of these NPs in DMEM ( 6% degradation), this dramatic instability in MEM might be related with the medium composition. Indeed, MEM comprises a different switterionic organic buffering agent (4-(2hydroxyethyl)-1-piperazineethanesulfonic acid or HEPES), as well as sodium pyruvate and additional non-essential amino acids in comparison with DMEM. The presence of highly complexant groups in the chemical structure of HEPES (sulfate, heterocyclic nitrogen, hydroxyl) and sodium pyruvate (carboxylate), able to compete by the cation coordination with the constitutive metal, could partially explain the lower stability of MIL-100(Al) NPs in MEM. Despite the MEM composition, the iron and chromium based MIL-100 NPs were chemically stable in this medium for 48 h due probably to their slower exchange constant rates 64 .

Thus, with the exception of the MIL-100(Al) NPs in MEM medium, the rest of the NPs present an important stability under the conditions used for the cytotoxicity assays. Degradation is represented as the wt% of the linker released in the medium, considering the maximum of degradation of 100 % when the total amount of linker in the NP is released in the medium.

3.4.

In vitro biocompatibility of MIL-100(Fe, Al, Cr) NPs: Real-time follow-up of cellular impedance. The in vitro toxicity of MIL-100(Fe, Al, Cr) NPs on cell growth and proliferation/viability and support adherence was measured by performing a real-time monitoring of cell impedance using the xCELLigence ® system (ACEA Biosciences, San Diego, CA), which is a powerful and sensitive high-throughput method for the real time simultaneous screening of several cell lines at different concentrations 59 , without any interaction between NPs and the signal 37 . The four selected cell lines (A549, Calu-3, HepG2 and Hep3B) were exposed for 72 h to different concentrations of MIL-100(Fe, Al Cr) NPs (6, 32 and 64 µg.cm -², corresponding to 10, 50 and 100 µg of NPs per mL; Figure 4). Note that the expression of doses in µg.cm -² was chosen to get a more accurate comparison between cell lines and all experiments performed in this study. Thus, after exposure, the variation of cellular impedance was measured by the Cellular Index (CI), an arbitrary unit that integrates possible variations in cellular morphology, viability and proliferation. Except for the Hep3B cell line, no significant differences of the CI values were observed after the exposure to MIL-100(Fe, Al, Cr) NP in comparison to unexposed control cells. These results are in agreement with the absence of severe cytotoxicity of the MIL-100, whatever the metal (Fe, Al, Cr) 37 . In contrast, the CI of Hep3B cell line significantly decreased after exposure to all MIL-100(Fe, Al, Cr) NPs, notably for the MIL-100(Fe) NPs. Contrary to the a priori higher toxicity of chromium based compounds, the cytotoxicity of MIL-100(Fe, Al, Cr) seems to be independent on the nature of the cation 65,66 . Moreover, one could rule out the influence of particle size or surface charge on the toxic effect since after the formation of the protein corona in contact with biological media very similar values were observed for all the nanoMOFs. Therefore, the specific cytotoxicity of Hep3B cell line does not come from the culture media or degradation kinetics of the MIL-100 NPs since, except for A549 which was cultivated in DMEM, the other three cell lines were cultivated in MEM medium. In this sense, the important degradation of the MIL-100(Al) NPs in MEM (80% of degradation after 48 h; Figure 3), leading to a high aluminum leaching (26.2 g.mL -1 or 16.7 g.cm -2 ), does not induce cytotoxicity in Calu-3 and HepG2 cell lines, ruling out the influence of the leaching of the metal and organic linker on the cytotoxic effect of MIL-100 NPs. Thus, the higher toxicity of the Hep3B cell line in comparison with the rest of cells might be related with intrinsic properties. Indeed, as previously mentioned, the absence of p53 expression in Hep3B cells, acting an essential repairing of the genome integrity, could explain the higher toxicity of MIL-100(Fe, Al, Cr) NPs on these cells. In any case, since modification of CI integrates different possible cell perturbation, further experiments were conducted for measuring cell death, cell cycle, oxidative stress and genotoxicity. Considering the progressive degradation of the MIL-100 NPs under physiological conditions 50,51,60 , and based on the degradation profiles (Figure 3) shorter exposure times (up to 24 h) were selected for all the following experiments in order to take into account mostly the primary effects induced by the "entire" MILs NPs and not by the degradation products. 

Cell viability.

As CI integrates different cell parameters such as viability, morphology and membrane potentials, the cell viability was also measured by flow cytometry after ToPro-3 cell exposure, which permits to discriminate alive from dead cells since this dye incorporates into DNA of dead cells 61 . Cells were analyzed after 2 and 24 h of contact time at two doses (6 and 64 µg.cm -²) of MIL-100(Al, Fe, Cr) NPs (Figure 5). Aminated polystyrene nanobeads (PSB-NH 2 ) were chosen as cell death positive control since they have been recently identified as one of four nanomaterials with an important acute toxicity profile 67 , associated to cell membrane damage 68 and activation of inflamasome pathway 69 . While PSB-NH 2 effectively induced significant cytotoxicity on A549, Calu-3 and HepG2 lines (up to 100% of cell death) after 24 h of exposure, the highest concentration (64 µg.cm -²) of MIL-100(Al, Fe, Cr) NPs did not induce any significant cytotoxic effect neither at 2 nor 24 h of incubation, in agreement with the absence of significant cytotoxicity observed by xCELLigence technique (Figure 4). In contrast, a significant increase of Hep3B cell death (15 and 39 % at 2 and 24 h, respectively) was observed after exposure at the higher concentration (64 µg.cm -²) of MIL-100(Fe) NPs. Once again, these results are in accordance with the data obtained by xCELLigence (Figure 4), indicating a toxicity associated to the iron based NPs.

Taking into account that no significant toxicity was detected for neither the MIL-100(Al) or (Cr) NPs, the lower viability observed in MIL-100(Fe) might be related with the iron cation either within the particle or released to the medium ( 6% of degradation corresponding to 2.0 µg.mL -1 or 1.2 µg.cm -² of metal). 3.6. Cell internalization of MIL-100 NPs. To fully interpret cytotoxicity data, specifically in absence of cellular effects, it is important to analyze the cellular internalization of MIL-100 NPs 70 . In addition, the cell uptake of the MIL-100(Fe) drug nanocarrier is crucial to deliver their active cargo. 71 Thus, the interaction/internalization between cells and MIL-100(Fe, Al, Cr) NPs was firstly studied by flow cytometry in terms of modification of the cell granularity through the measurement of side scatter parameter (SSC) (Figure 6 and S1), as previously described for other nanoparticulate systems such as WC-Co and TiO 2 NPs 61,62,72 . Two concentrations of MIL-100(Fe, Al, Cr) NPs (6 and 64 g.cm -2 ) were incubated with the A549, Calu-3, Hep3B and HepG2 cell lines for 2 and 24 h. It should be mentioned the significant SCC increase observed after exposure of Hep3B cells at the higher dose of MIL-100 NPs (Figure 6), which may indicate an important cell uptake of MIL-100 NPs, in accordance with previously published MIL-100(Fe) internalization onto fetal cervical carcinoma HeLa or mice macrophages J774 cell lines using confocal microcospy 37 . Indeed, such a comparison gives only a tendency since confocal microscopy is not a quantitative method, cell lines are quite different and macrophages are specifically in charge of detoxification. However, the cell granulometry did not significantly change upon the MIL-100(Fe, Al, Cr) NPs incubation with A549, Calu-3 and HepG2 cell lines (Figure 6), indicating that either NPs are not in interaction/internalized or that SSC is not well-adapted to assess the MIL-100 NPs uptake (as it is the case for other NPs, such as SiO 2 ) 73 . To elucidate if MIL-100(Fe, Al, Cr) NPs entered into these cells, we exposed Calu-3 cells to the MIL-100(Fe) NPs advantageously labelled with the fluorophore furazan (see Experimental section) to track the particles by both flow cytometry and video-confocal microscopy. Note that this polar fluorophore (i) is strongly associated to the MIL-100(Fe) NPs, being almost no released from NPs to the culture media, and (ii) is not able to penetrate into the cells, as recently published 14,37 . Calu-3 cell line was chosen to more precisely explore the MIL-100(Fe) uptake since its cell granulometry upon the contact with the NPs is strictly comparable to that of control cells, suggesting the absence of any NPs cell interaction/uptake (Figure 6). As seen in Figure 6, a rapid (almost immediate) concentrationdependent penetration of MIL-100(Fe) NPs into the Calu-3 cells was observed both by flow cytometry and confocal microscopy. The cell internalization increased as the time in all the tested cell lines, being more important in the A549 and Hep3B lines. Although the specific mechanism of internalization of nanoMOFs is still not known, one could rationally suggest a cell internalization by phagocytosis (without specifying a specific mechanism) considering the particle size of the considered MIL-100(Fe, Al, Cr) NPs. As larger particle size usually improves the phagocytosis process, one could suggest a progressive cell uptake due to particle aggregation. Note however that here the increase of the cell uptake at 24 h is not related with a particle aggregation since we have previously evidenced an appropriate colloidal stability for 24 h.

Finally, considering the less favorable case of Calu-3 cells and the similarities between the three MIL-100(Fe, Al, Cr) NPs in terms of -potential and particle size in the cell culture media, one could extrapolate that, even if the SSC is not significantly increased as compared to control cells (Figure 6), MIL-100(Fe, Al, Cr) NPs are internalized by the A549, Calu-3 and HepG2 cell lines.

Oxidative stress: generation of reactive oxygen species (ROS).

Oxidative stress is often related with NPs cytotoxicity 74,75 . Moreover, ROS quantification following exposure is of great interest, especially in the case of metal-based NPs that could induce oxidative stress and cytotoxicity. Despite the absence of toxicity for A549, Calu-3 and HepG2 cell lines, oxidative stress was analyzed after exposure of the 4 cell lines with MIL100(Fe, Al, Cr) NPs. ROS production was monitored using the H 2 DCFDA-CM probe (see experimental section), which is firstly internalized within the cells in its reduced state. This reduced form may be then oxidized in presence of different oxygen species into a detectable and quantifiable fluorescent form. The level of intracellular oxidative stress is proportional to the fluorescence intensity. Hydrogen peroxide (H 2 O 2 ) was used as positive control (6.6 mM). To ensure that MIL-100 NPs themselves did not induce any effect on the collected signal, a negative control was systematically performed at the highest concentration (64 µg.cm -²) in absence of H 2 DCFDA-CM probe (not shown). No significant ROS production was induced after 2 h of incubation with MIL-100(Al, Fe, Cr) NPs, as compared to the control group, with the exception of Hep3B cells exposed to the highest concentration of MIL100(Fe) NPs (Figure 7). In this case, a significant increase of ROS after 2 h of exposure, up to 1.8 fold the basal level, was evidenced, pointing out the putative role of the oxidative stress generated by the MIL-100(Fe) NPs on the Hep3B cells. This ROS production might be associated with the redox character of iron in comparison with either chromium or aluminum (see spontaneous standard potential E 0 (volts) Fe 3+ (aq) + e --> Fe 2+ (aq) = 0.77 in comparison with negative nonspontaneous processes in Al 3+ or Cr 3+ ). It is well-known that iron is able to promote the generation of hydroxyl radicals or other reactive species (Haber-Weiss and Fenton's reaction) [76][77][78] . Therefore, ROS induction could be related with either the reduction of the iron present within the framework (on the internal and outer surface), or with the free iron coming from the MOF degradation. The ROS production generated by the MIL-100(Fe) NPs is however strongly dependent both on the cell line and on the time/concentration. Bearing in mind the influence of the cell line on the ROS, except for the Hep3B cells, the rest of the tested cells (A549, Calu-3 and HepG2) did not exhibit any ROS induction. This is in agreement with the more sensitive character of the Hep3B line. In this sense, some of us have recently evidenced a significant increase of the ROS upon the exposure of human promyelocytic leukemia HL-60 cell line to 250 g.mL -1 of MIL-100(Fe) NPs 79 . Considering the influence of the time and concentration, only high doses led to ROS induction (100 vs. 10 g.mL -1 ), in accordance with recent results obtained with HL-60 cells (250 vs. 25 g.mL -1 ). It is noteworthy that no oxidative stress was detected at longer times (24 h), indicating a transient oxidative effect, in agreement with the reversible increase of the oxidative stress, previously evidenced after the intravenous administration of high doses of MIL-100(Fe) NPs to rats 26 . Longer contact times can be associated in vitro to higher ROS production depending on the cell line and nanoMOF doses (no ROS at  8 h while ROS production at 24 h in HL-60) 79 . 

Cell cycle analysis.

The cell cycle, almost no studied in MOFs, is an important parameter to point out since, even without direct induced cytotoxicity, the proliferative capacity of the cells can be disturbed indicating cell damages. The impact of the three MIL-100 NPs on cell cycle was studied using ToPro3 (TP3) staining by flow cytometry using FlowJo software (see experimental section). The NPs were incubated at two concentrations (6 and 64 µg.cm -²) for 2 and 24 h with the four cell lines (Figure 8). PSB-NH 2 NPs have been used as positive control since these NPs induced strong cell cytotoxicity 80 . Remarkably, no significant modification of the cell cycle was noticed in the four tested cell lines exposed to the MIL-100(Fe, Al, Cr) NPs regardless the cation and the cell line. Thus, the absence of cytotoxicity described previously for A549, Calu-3, HepG2 (MIL-100(Fe, Al, Cr) NPs) and Hep3B (only MIL-100(Al, Cr) NPs) cell lines is confirmed again since no modification of cell proliferation was observed. Concerning the more sensitive Hep3B cells exposed to the highest dose (64 µg.cm -²) of MIL-100(Fe), the cell cycle remained unchanged, although a transient increase of oxidative stress was observed together with increased mortality. This is reliable with a specificity of this cell line that does not express p53 protein, a major actor for the regulation of the cell cycle after a stress 81 . Normally, in p53 wild type cells after ROS induced DNA damages, this protein arrests cell cycle for proper initiation of DNA repair before any cell division, a crucial point essential for maintaining genome integrity.

Overall, MIL-100(Al, Fe, Cr) NPs do not alter cell cycle of A549, Calu-3, HepG2 and Hep-3B cell lines after 2 and 24 h. Indeed, this result was expected after exposure with the MIL-100(Al, Cr) that induce neither cytotoxicity nor ROS, regardless the nature of the metal, particle size or -potential. The absence of cell cycle arrest after exposure of Hep3B cells to the highest dose of MIL-100(Fe), despite de oxidative stress, is related to the absence of P53. It could explain also the observed cytotoxicity assuming that the ROS induced DNA damages in Hep3B cells are not repaired before cell division. 3.9. Genotoxicity: DNA damages. The above experiments have confirmed the absence of toxicity for the MIL-100(Fe, Al, Cr) NPs on the tested cell lines, with the exception of one condition: Hep3B exposed to a high dose MIL-100(Fe) NPs (64 µg.cm -²), where a significant increase of cell death together with a ROS production was observed. Taking into account that the potential genotoxicity of different nanoparticulate systems has been established through oxidative stress 82 , we here studied whether oxidative stress followed by cell death after Hep3B exposure with MIL-100(Fe) NPs could result from DNA damages. Thus, DNA strand breaks were quantified by labeling the Ser129 phosphorylation of histone variant H2AX. The phosphorylation of this histone, which is specifically recruited at the sites rounding double strand breaks, is considered to be the most sensitive method for monitoring DNA damages 83 as well as a powerful approach to predict in vivo genotoxicity 84 . Note here that, to the best of our knowledge, no genotoxicity studies dealing with nanoMOFs have been reported so far. Thus, Figure 9 shows the results obtained for Hep3B exposed for 24 h to MIL-100(Fe, Al, Cr) NPs at two doses (6 and 64 µg.cm -²). No significant increase of the number of γ-H2Ax foci per nuclei was observed, except for MIL-100(Fe) at the highest concentration (64 µg.cm -²), in which the median comes from 3 to 5 foci per nuclei (0.001 < p < 0.05). Considering that these cells lack p53 (contrary to HepG2 cell line) and that only one DNA double strand break may be fatal for cell integrity, this relatively low level of DNA damages should be related with the observed ROS increase and, therefore, to subsequent cell death induced by MIL-100(Fe) at the highest concentration. These results are also consistent with the xCELLigence curves, where CI is diminished in a concentration dependent way (Figure 4).

Conclusion.

Based on the high potential industrial and societal interest of MIL-100 solids, the aim of this study was to determine and understand the toxicity of the Fe, Al and Cr-based MIL-100 NPs.

To ensure safety prior to any applications, we addressed the question of the influence of the metal to trigger different cellular response using four human cell lines. Considering a pulmonary, ingestion or intravenous exposure mode, two pulmonary and two hepatic cell lines were basically selected. Despite the initial significantly different particle size and -potential of the NPs, physicochemical characterization in the physiological media (the used cell culture media: DMEM and MEM) evidenced (i) a similar superficial charge and particle size, except for the smaller dimensions of MIL-100(Cr) NPs, (ii) an high colloidal stability from 24 to 48 h and (iii) an important chemical stability, with very low degradation rates, except for the MIL-100(Al) NPs exclusively in contact with the MEM medium.

By measuring cell impedance, cell survival/death, ROS generation and the level of DNA damage, we found that MIL-100(Fe, Al, Cr) NPs do not induce in vitro cell toxicity, even at high doses in the p53 wild type cell lines (A 549 and Calu-3 (lung) and HepG2 (liver)). The only toxic effect of MIL-100(Fe) NPs was observed in the hepatocarcinoma cell line Hep3B, which is highly sensitive due to its absence of TP53 expression, the guardian of the genome. However, even if adverse effects are detected in the most sensitive cell line Hep3B, it has to be balanced with three major facts: (1) the doses that will be used for medical applications will be greatly lower than those used in this study, (2) for drug delivery in pathologies others than cancer, cells will be p53 wild type like A549, Calu-3 and HepG2, (3) in dynamic conditions, such as a living being, the progressively degraded MIL-100(Fe) NPs will be excreted, thus limiting an accumulation, as previously described 51 . These data also indicate that for cancer drug delivery, since numerous tumors are mutated for p53, the MIL-100(Fe) NPs drug carriers could be more efficient for inducing cell death (as compared to drug alone).

These original data confirm that MIL-100 NPs are able to enter into the cells. The possibility of controlling the drug concentrations parameters allows following future experiments based on the drug containing MIL-100(Fe) NPs to target diseases through NPs inhalation, intravenous or ingestion.

Altogether, our data point out a high cell tolerance for MIL-100(Fe, Al, Cr) NPs that should be further documented by in vivo studies before their use in the biomedical field or other important industrial fields.
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In The wide distribution of different nanotechnologies in multiple and important domains of applications such as air, cosmetics, medicine or food field, has magnified the relevance of the nanomaterial safety. In the particular case of nanometric Metal-Organic Frameworks (nanoMOFs), the increased potential use of these nanocarriers has prompted to investigate their toxicological hazards from different points of view. 1,2,3 With the objective of being a suitable drug delivery system and prolonging its effect, a desired feature is to evade the immune system, avoiding rapid the recognition and removal of the nanoparticles (NPs) from the body. 4 Bearing this in mind and following the same line than in the subchapter 2.1, the potential toxicological concerns of several nanoMOFs have been here addressed from an immunological point of view.

With this purpose, the immune response induced by a selection of three nanoparticulate MOFs has been investigated by means of the cytokine production and complement activation, together with their cytotoxicity and Reactive Oxygen Species (ROS) production. The chosen nanoMOFs include: i) the cubic-zeotype mesoporous metal (Fe 3+ or Al 3+ ) trimesate MIL-100(Fe, Al) (MIL stands for Material of Institut Lavoisier) with a very important porosity (surface area S BET 2400 m 2 •g -1 , pore volume V p 1.2 cm 3 •g -1 ) associated with two types of mesocages (25 and 29 Å) accessible through microporous windows (~ 4.7*5.5 and 8.6 Å) 5 and ii) the cubic microporous zinc 2-methyl-imidazolate ZIF-8 (ZIF for Zeolitic Imidazolate Framework) that can be described by a space-lling packing of regular truncated octahedral, resulting in highly porous structure (S BET 1800 m 2 •g -1 , V p 1.2 cm 3 •g 1 ). 6 The immunological response induced by these three types of NPs was studied in contact with peripheral blood mononuclear cells in order to assess their possible adjuvant effect. Iron, zinc, carbon, nitrogen and oxygen atoms are represented as orange polyhedra, yellow polyhedra, black, blue and red, respectively. Hydrogen atoms are omitted for clarity.

Experimental section.

2.1. Materials. Iron(III) chloride hexahydrate (97 %),1,3,5-benzene tricaboxylic acid (trimesic acid; 95 %), aluminium(III) nitrate nonahydrate (99.9%), glucose (99% purity), zinc(II) nitrate hexahydrate (98 %,), fumaric acid (99 %), 1,4-benzene dicarboxylic acid (99.9
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Immunotoxicity evaluation of Metal-Organic Framework Nanoparticles [132] %,), 2-methyl-terephthalonitrile (95 %), 1,2,4,5-tetramethylbenzene (98 %), phosphate buffered saline (PBS) solution (0.01 M, pH=7.4), thiazolyl blue tetrazolium bromide (MTT), Zymosan A from Saccharomyces cerevisiae, lectin (red kidney bean) were purchased from Sigma-Aldrich. Sodium hydroxide (90 %), zirconyl (IV) chloride octahydrate (99.9 %), 2amino-terephtalic acid (99,9 %), 2-methylimidazole (99 %) were purchase by Alfa Aesar. Hydrochloric acid (37 %), sulphuric acid (95 %) and N,N-dimethylformamide (99 %), acetone (99,5 %), methanol (99.5 %) were purchased by Carlo Erba. Ethanol (96 %) were obtained from VWR, titanium (IV) isopropoxide (98 %) was purchase by Acros Organics. RPMI 1640 medium supplemented with glutamax-1 from Gibco-Life Technologies (see ref 7 for composition). Similarly, 2',7'-dichlorofluorescein diacetate (2.5 µM; DCFH-DA), Lglutamine (2 mM), Tris/EDTA (10 mM, pH 7.4) were purchased from Life Technologies. Heat-inactivated fetal bovine serum (FBS), dimethylsulfoxide (DMSO; ≥ λλ.7 %) and penicillin/streptomycin (100 U.mL -1 ) were provided by Fischer. Polyvinylidene difluoride membrane (PVDF, Immun-Blot, Bio-Rad; Hercules, CA), Tris Buffered Saline with Tween 20, 1x (TBS-T), 5-bromo 4-chloro 3'-indolyphosphate p-toluidine salt (BCIP) were purchased by Bio-Rad Laboratories, Hercules, CA. Ficoll-Paque PLUS TM (GE Healthcare), lipopolysaccharide (LPS; InvivoGen, San Diego, CA), phorbol 12-myristate-13-acetate (PMA; Abcam, Biochemicals), Monoclonal Mouse anti-C3, C3b antibody Human (IgG2b mouse anti-C3/C3b, Abcam-ab1187, Biochemicals) and Goat anti-Ig mouse AP (DO486, Dako) were also used. All materials were used as received without further purification.

Synthesis of MIL-100(Fe) nanoparticles.

MIL-100(Fe) nanoparticles were synthesized by microwave-assisted hydrothermal synthesis according to a previously reported procedure. 5 Briefly, 845 mg of trimesic acid (BTC) together with 2.43 g of FeCl 3 •6H 2 O in 20 mL of distilled water were added into a Teflon lined autoclave at 130 °C for 4 min in a microwave oven (at 400 W) with a heating ramp of 2 minutes. The nanoparticles were recovered by centrifugation (10500 rpm/ 15 min). The activation of MIL-100(Fe), previously described elsewhere, 8 consisted in the re-dispersion and centrifugation (10500 rpm, 20 min) of 2.5 g of the nanoparticles in 20 mL water for 15 min. This procedure was repeated twice in water and five successive times in 20 mL of fresh ethanol. Further activation was carried out by redispersing the solid in 20 mL of a 0.1 M KF solution. The mixture was kept under magnetic stirring for 1 h 40 min under ambient conditions. Immediately after, nanoparticles were collected by centrifugation (10500 rpm, 20 min) and washed twice with 20 mL of MilliQ fresh water and once with 20 mL of ethanol following the process described above. Activated MIL-100(Fe) nanoparticles were isolated by centrifugation (10500 rpm, 20 min) and stored wet with a few droplets of fresh ethanol to avoid complete drying of the product.

Synthesis of MIL-100(Al) nanoparticles.

MIL-100(Al) nanoparticles were hydrothermally synthesized by a microwave-assisted route. 5 Briefly, A solution of 1.43 g of aluminum nitrate nonahydrate, 1.21 g of trimethyl-1,3,5-trimesate and 4 mL of nitric acid 4 M in 20 mL of distilled water was heated at 210°C for 30 min using a hydrothermal microwave-assisted method (power 400 W). The resulting mixture was cooled down with an ice bath and recovered by centrifugation (10500 rpm/20 min). MIL 100(Al) was then CHAPTER 2 : Subchapter 2.2. [133] activated by dispersing the recovered solid into 50 mL of methanol overnight under vigorous stirring. The solid was recovered by centrifugation at 10500 rpm for 20 min.

Synthesis of ZIF-8(Zn) nanoparticles.

ZIF-8(Zn) nanoparticles were synthesized by as previously reported. 6 Briefly, a solution of 1.47 g of Zn(NO 3 ) 2 . 6H 2 O in 100 mL of MeOH was rapidly poured when it be dissolved, into a solution of 3.244 g of 2-methylimidazole in 100 mL of MeOH under vigorous stirring at room temperature. The mixture slowly turned turbid and after 45 min the ZIF-8(Zn) nanoparticles were recovered by centrifugation (10500 rpm/20 min). The activation was performed readily redispersing the material in 20 mL absolute EtOH and recovering by centrifugation (10500 rpm / 20 min). Four washing cycles of the redispersion in absolute EtOH/centrifugation were carried out to fully activate the nanoparticles.

Physicochemical characterization.

X ray powder diffraction (XRPD) were collected in a D8 Advance Bruker diffractometer with Cu Kα1 radiation (lambda = 1.54056 angstroms) or in a Siemens D5000 diffractometer with Cu Kα1 radiation ( = 1.54056 Å) (see the SI for details). Fourier transform infrared (FTIR) spectra were collected using a Nicolet 6700 instrument (Thermo scientific, USA) from 4000 to 400 cm -1 . N 2 adsorption isotherms were obtained at 77K using a BELsorp Mini (Bel, Japan). Prior to the analysis, approximately 30 mg of sample were evacuated at 140°C or 180°C under primary vacuum for 3 h. Thermogravimetric analyses (TGA) of the RT samples (5-10 mg) were analyzed on a Perkin Elmer Diamond TGA/DTA STA 6000 under O 2 atmosphere (20 mL•min -1 ), at heating speed of 3°C/min for the temperature range between RT and 600 °C. Particle size was monitored by Dynamic Light Scattering (DLS) on a Zetasizer Nano (Malvern Instruments). Samples were prepared by dispersing at 0.1 mg•mL -1 of NPs at RT in the desired media by the use of an ultrasound tip (10% amplitude for 1 min; Digital Sonifer 450, Branson).

In vitro cell studies.

2.6.1. Cells and culture. The J774.A1 cell line (ATCC ® TIB-67 TM ) was maintained in RPMI 1640 medium supplemented with glutamax-1 with 10% of heated-inactivated FBS and 1% penicillin/streptomycin. 9 HL60 cells line (ATCC ® CCL-240 TM ) were cultured in RPMI medium supplemented with 10% (v/v) of heated-inactivated FBS), L-glutamine and 100 U.mL -1 of penicillin/streptomycin. Both cell lines were grown at 37°C in a humidified 5% CO 2 atmosphere and passaged twice a week (at 80% of confluence) at a density of 5 x 10 4 cells per cm 2 .

Cytotoxicity assays.

The cytotoxic activity of MIL-100(Fe), MIL-100(Al) and ZIF-8(Zn) were analyzed by the MTT assay. .9,10 Adherent J774.A1 cells were seeded 24 h prior to the assay in 96-well plates at a density of 1 x 10 4 cells per well in RPMI supplemented. The treatments were prepared at a 10-fold higher concentration (due to a 1/10 direct dilution in the well, as 20 µL of the NP solutions were added to a final volume of 200 µL per well). MIL-100(Fe), MIL-100(Al) and ZIF-8(Zn) colloidal solutions were added to the cells at different concentrations (from 200 to 1200 µg . mL -1 ) and kept at 37 °C with a 5% CO 2 atmosphere for different contact times (1, 4, 8 and 24 h). The cytotoxicity was determined after 24 h by adding the MTT reactant (0.5 mg mL -1 in PBS, incubation at 37 °C during 2 h) followed by a Immunotoxicity evaluation of Metal-Organic Framework Nanoparticles [134] PBS washing with 200 µL, ending with 200 µL of DMSO added to each well. Absorbance was determined at λ= 53λ nm under stirring.

Complement Activation.

A pool of human sera from healthy donors was incubated with two different concentrations of MIL-100(Fe), MIL-100(Al) and ZIF-8(Zn) NPs (25 and 250 μg•ml -1 ). Zymosan and PBS were used as positive and negative controls, respectively. Equal volumes of plasma, buffer and NPs (50 μL each) were mixed together and incubated at 37 °C for 1 h. The mixture was centrifuged (13200 × rpm for 30 min) in order to separate the NPs. Supernatants containing complement proteins were diluted 1/2 in Laemmli buffer (4% SDS, 20% glycerol, 0.004% bromophenol blue, 0.125 M Tris-HC and 0.4 M DTT) and loaded (2 μL) onto a 10% SDS-PAGE gel and then transferred to a PVDF membrane using the Transblot Semidry Transfer Equipment (Bio-Rad; Hercules, CA). PVDF membranes were blocked overnight at 4 °C with 5 % non-fat dry milk in TBS-T. Then, the membrane was washed and incubated for 90 min at RT with a monoclonal anti-C3 antibody (mAb) diluted 1:2000,. After intensive washes, membranes were incubated with secondary polyclonal goat anti-mouse IgG Abs conjugated with alkaline phosphatase diluted 1:2000 at RT for 1 h. The membrane was finally revealed with 5-Bromo-4-chloro-3-indolyl phosphate/Nitro blue tetrazolium (BCIP/NTB, Sigma-Aldrich Co.), evaluating the degradation of the C3 factor upon NPs addition as the ratio between the degraded and the non-degraded protein normalized to the negative control. The protein bands were quantified using the ChemiDoc XRS imaging system (BioRad Laboratories Inc.). 11 2.6.4 Cytokines profile evaluation. Cytokine production was evaluated using the FlowCytomix TM kit (Human Th1/Th2 11plex Ready-to-Use FlowCytomix Multiplex, eBioscience, Affimetrix), designed for a simultaneous quantification of several cytokines (IFN-γ, IL-1-β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12 p70, TNF-α and TNF-β). The NP prototypes were tested at two different concentrations (25 and 250 μg•mL -1 ) after 24 h of incubation with human peripheral blood mononuclear cells at a density of 2 x 10 6 cells per cm 2 (PBMCs, obtained by density gradient using Ficoll-Paque PLUS TM ). Then, samples were analyzed by flow cytometer (FC500, Beckman-Coulter; Miami, FL). PBMCs were also incubated with 5 µL of a LPS (10 μg•mL -1 ) along with 10 µL of lectin from Phaseolus vulgaris (PHA, 100 μg•mL -1 ) and with 48µL of PBS, which was used as positive control and PBMs alone were considered as negative control, respectively. 2.6.5. ROS production. The cells were seeded 24 h prior to the assay in 96-well plates (U bottom) at a density of 1 10 4 cells per well in 200 µL of cell culture medium (RPMI supplemented with 10 % FBS). The medium was replaced by the stimulus-containing solution (25 or 250 µg•mL -1 of NPs). Non-treated cells and cells treated with the ROS salt (DCFH-DA, Sigma Aldrich Co.) in absence of stimulus were considered as negative controls. As positive control, the cells were incubated with phorbol ester PMA (10 µM) at 37 °C. After different incubation times (1, 4, 8 and 24 h), cells were centrifuged (900 rpm, 5 min) and put in contact with the ROS salt (1 µL per 200 µL of cells) at 37 °C, in the dark. After 30 min incubation, twice PBS-washed were performed and, finally, the 2',7'-dichlorofluorescein (DCF) fluorescence in cells was measured by flow cytometry (FC500, Beckman-Coulter; Miami, FL). 12,13 CHAPTER 2 : Subchapter 2.2.
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Results and discussions. 3.1. Physico-chemical characterization of MIL-100(Fe), MIL-100(Al) and ZIF-8(Zn)

NPs. MIL-100(Fe), MIL-100(Al) and ZIF-8(Zn) were successfully prepared, as previously described. 5,6 They showed a small and monodispersed particle size in water suspension, both keeping their crystalline structure and their textural properties (Table 1). Note however that the larger particle size of ZIF-8(Zn) when compared to previously reported one (28 vs. 110 nm), 6 is exclusively associated to the nature of the media used for the NPs dispersion (EtOH vs. H 2 O, respectively), which leads to the formation of uniform aggregates (polydispersity index PdI = 0.2). Regarding the ζ-potential, while MIL-100(Fe) showed a negative charge, in agreement with previously reported NPs treated with KF (see experimental section), 8 MIL-100(Al) presented a quite neutral ζ-potential value. As the external surface of nanoMOFs consists of a combination of both partially coordinated carboxylate/carboxylic acids and cations, the surface charge will be affected by the proportion of both. Thus, in comparison to the MIL-100(Al), the more negative charge of MIL-100(Fe) suggests a higher amount of carboxylate/carboxylic acid than cation. In contrast, ZIF-8(Zn) exhibited an important positive charge, which could insure its dispersion thought repulsion effect. Here, the positive value of the ζ-potential could be explained by the presence of a high proportion of cations on the surface since the pH of the aqueous solution is lower than the pka of the imidazolate ligand (6.0 vs. 7.0 and 14.9). 14,15 Considering the influence of the media on the colloidal stability of nanoMOFs, both particle size and potential of MIL-100(Fe), MIL-100(Al) and ZIF-8(Zn) NPs were evaluated under different conditions: from a simple phosphate buffer solution (PBS) to a more complex medium consisting on a fetal bovine serum (FBS) supplemented cell culture medium (RPMI) at 37°C (Table 1). In both media, the particle size of MIL-100(Al) and MIL-100(Fe) was kept, whereas that one of ZIF-8(Zn) significantly increases (from 110 nm in water to 227 ± 26 and 284 ± 22 nm in PBS and RPMI, respectively). Noteworthy that the particle size was maintained within the nanometric range. The particle size increase of ZIF-8(Zn) could be related with the ζ-potential, which shifts from a highly positive value in water to a less important negative one in PBS and RPMI (+96.2 and -27.1 / -8.9 mV, respectively). In addition, on the whole, ζ-potential values become more negative in the presence of PBS and RPMI media, in agreement with the presence of either phosphate groups or other salts/proteins on their surface, as for example, the albumin (the most abundant plasma protein in mammals). 8 Immunotoxicity evaluation of Metal-Organic Framework Nanoparticles [136] Table 1. Particle size and -potential of MIL-100(Fe), MIL-100(Al) and ZIF-8 NPs in different media together with their pore surface and the amount of associated antigen. * Brunauer-Emmett-Teller (BET) surface area.

Cell viability, ROS production, cytokine secretion and complement activation.

The in vitro toxicity of the nanoMOFs was evaluated by the MTT assay 16 on a murine macrophage cell line (J774.A1) after 24 h (Figure 2, see Experimental section). Similarly to MIL-100(Fe) 8 and ZIF-8(Zn) NPs, 6 MIL-100(Al) showed a low cytotoxicity value even at very high concentrations for the MIL-100(Fe, Al) NPs (1.2 mg.mL -1 ), in the same range than other proposed vectors for vaccination. 1,17 The absence of toxicity of MIL-100(Fe) NPs was correlated with in vivo toxicological data. 18,19 Some of us also probed a higher cytotoxicity of ZIF-8(Zn) than MIL-100(Fe), as a consequence of a possible competition of the Zn 2+ with the Fe 2+ and Ca 2+ through ion channels and/or DNA damage. In presence of metal-based NPs, cell toxicity can be related with an increase of the oxidative stress. Nevertheless, a moderate production of Reactive Oxygen Species (ROS) has been also recently associated with an improved immune response via the activation of proinflammatory cells (dendritic (DC) and T helper cells (Th1)), cell signaling, immunomodulation, autophagy and chemotaxis. 20,21,22 To address this point, the ROS production was evaluated on the human promyelocytic leukemia cell line (HL60) in contact with two different doses (25 and 250 µg•mL -1 ) of MIL-100(Al) and ZIF-8(Zn) NPs at different times (1, 4, 8 and 24 h), and compared with previously obtained MIL-100(Fe) results 23 (Figure 3, see Experimental section).

Interestingly, no ROS induction was detected at shorter times (≤ 8 h) regardless the concentration, except for a high concentration of MIL-100(Al) NPs (250 µg•mL -1 ), which exhibit a slight increase of the oxidative stress at 8 h. In addition, after 24 h, all NPs induced a slight oxidative stress induction at higher concentrations, being more important in the case of MIL-100(Al) NPs. As previously mentioned, 13,22 one could consider as promising this moderate ROS induction since it might stimulate the immune response induced by the nanoMOFs.

Among the studied nanoMOFs, MIL-100(Al) NPs promoted a higher oxidative stress, when compared to its iron analogue or zinc based NPs (ROS induction: Al > Fe  Zn). Thus, the nature of the metal, among others, might affect the oxidative balance in different ways. Although the mechanism is not well-described, all these metals favor the formation of superoxide radical formation, promoting the ROS production. Despite the non-redox active character Al compounds, they are powerful in vitro and in vivo pro-oxidants, 24,25 promoting both iron auto-oxidation and ROS formation, by their binding with the superoxide radical anions. 26 Concerning the Fe +3 , it is widely reported that metal oxides (Fe 3 O 4 or Fe 2 O 3 ) can Immunotoxicity evaluation of Metal-Organic Framework Nanoparticles [138] induce the ROS production through the Fenton reaction. 27 In particular for MIL-100(Fe) NPs, the increase of the in vitro 23 and in vivo 18 oxidative stress was described by some of us, demonstrating a totally reversible effect after 2 weeks of the intravenous administration of important doses. Finally, the high solubility and easy nitrogen-or oxygen-coordination of Zn compounds lead to the formation of chelates with many biomolecules involved in the oxidative balance homeostasis, resulting in their inactivation and then, ROS and/or Reactive Nitrogen Species (RNS) induction. 28 In addition, Zn is related with a glutathione reductase inhibition. 29,30,31,32 In contrast, other authors have proposed a possible antioxidant and antiinflammatory effect of this cation, 33,34 associated to i) the potential activation of the antioxidant enzyme superoxide dismutase (SOD1 and 3), which possesses Zn and Cu in its active metal site and ii) to the inhibition of the NADPH oxidase, involved in the free radicals production. Immunotoxicity evaluation of Metal-Organic Framework Nanoparticles [140] The ability of the NPs for activating the immune system was assessed by the activation of the complement cascade, involved in the inflammatory response, and the production of cytokines. The production of these extracellular factors, involved in several aspects of the immune responses such as inflammation or immunomodulation, determines the type of immune response: either cellular (Th1) or humoral response (Th2). Note here that a suitable drug nanocarrier might avoid its immune recognition, thus, controlled and unspecific Th1 and Th2 response might be expected. 35,36,37 To evaluate the immune response induced by the nanoMOFs, the NPs were incubated at two different concentrations (25 and 250 µg•mL -1 ) with human peripheral blood mononuclear cells (PBMCs) from three voluntary donors for 24 h (see Experimental section). The cytokine profile was represented as the average of the three obtained values for each nanoMOF in comparison with the negative and positive controls (Figure 4). In addition, the variation of the cytokines concentration was represented in comparison with the negative control together with the number of donors included within this variation, in Table 2.

On the whole, the three studied nanoMOFs induce a cytokines production from 10 to up to 10 5 times higher than the negative control, evidencing the generation of an important immune response. To further determine the potential interest of these NPs as drug nanocarriers, we evaluated the cytokines production by means of the comparison of the cytokines concentrations induced by the nanoMOF and the positive control (here LPS and PHA). Deepening into Th2 interleukin type, the production of interleukin-6 (IL-6) and interleukin-10 (IL-10) was activated in presence of the nanoMOFs, regardless on the MOF nature. In particular, IL-6 and IL-10 values were in the same range than the positive control ( 10 3 -10 4 and >10 5 times higher than the negative control for the IL-10 and IL-6, respectively). As both cytokines activate B lymphocytes, which are responsible of antibodies (immunoglobulins) production and direct recognition of free antigen, nanoMOFs seem to exhibit a potential interest as adjuvants by promoting the Th2 immune response. Nevertheless, no secretion of the Th2 promoter interleukins 4 and 5 (IL-4 and IL-5, respectively) was observed in presence of nanoMOFs, regardless of their topology and composition. Considering that i) the cytokine production was investigated on PBMCs, a pool of blood cells containing both monocytes and lymphocytes, ii) these cells could differentiate, as a consequence of the nanoMOFs contact, into dendritic cells or macrophages (involved in the innate immune response) and T or B lymphocytes (involved in the adaptive immune response), respectively and finally iii) IL-4 is exclusively secreted by dendritic cells; one can suggest that the presence of nanoMOFs can promote the specific differentiation of monocytes into macrocytic cells.

Furthermore, the antibodies production in the Th2 response can be significantly influenced by the Th1 immune response. For instance, the presence of important interferon gamma (INF-) concentrations, implicated in the inflammation and in the proliferation of the macrophages, leads to a decrease of the antibody production. Conversely, the production of IL-10 by the Th2 cells leads to a decreasing of the INF- levels, among others. Therefore, despite the INF- production higher than the positive control (10 to 10 2 fold higher), one can suggest that after the NPs exposure, the higher IL-10 levels might be associated with a slight inhibition of INF- together with a production of antibodies.

Following with the Th1 cytokines, the levels of interleukin-2 (IL-2), which induces the proliferation of T and natural killer cells (NK), were reduced in presence of all nanoMOFs in around 10-times when compared to the positive control values. Similarly, the interleukin IL12p70 production in presence of MIL-100(Al) and ZIF-8(Zn) NPs was around 10 times lower than the positive control, with the exception of MIL-100(Fe) NPs, which exhibited similar values to the positive control (10 2 -10 3 values). This last interleukin, secreted by B lymphocytes, stimulates the Th1 and inhibits the Th2 response. Taking into account the overall induction of the whole cytokines production, this lower production of the Th1 cytokines can suggest that the humoral response is favoured over the cellular one in presence of nanoMOFs, making these NPs interesting adjuvant candidates.

Finally, other proinflammatory cytokines were also investigated, including the interleukin-1β (IL-1β), interleukin-8 (IL-8) and tumor necrosis α (TNF α ). Interestingly, the production of the tumor necrosis α (TNF α ), one of the most potent pro-inflammatory cytokines, and the interleukin-1β (IL-1β), relevant cytokine for the activation of lymphocyte T and B, was remarkably increased. The obtained results presented levels from 10 to 10 2 times higher than the positive control, indicating that MIL-100(Fe), MIL-100(Al) and ZIF-8(Zn) NPs significantly induce inflammation. Besides, the activation of lymphocyte T and B induced by IL-1β also favours the Th2 response, being useful for vaccine purposes. The IL-8 concentrations were in the same range than the positive control for the MIL-100(Al) and ZIF-8(Zn) NPs, being 10 times lower for MIL-100(Fe) NPs.

In parallel, the ability of nanoMOFs to activate the complement pathway, a key component of the humoral innate immune system to eliminate foreign pathogens and to mediate inflammation and recruitment of immune cells, was evaluated. 38,39 A pool of human sera from three different donors were put in contact with two different concentration (25 and 250 µg•mL -1 ) of MIL-100(Fe), MIL-100(Al) and ZIF-8(Zn) NPs. The degradation of C3, a common factor in the three described complement cascades, was evaluated by Western blot (see Experimental section).

There was no induction of the complement cascades at high concentration (250 μg•mL -1 ) whatever the MOF NPs. Remarkably, both MIL-100(Al) and ZIF-8(Zn) NPs slightly activate the complement at low concentration (25 μg•mL -1 ; Figure 5), observing a higher induction in the case of MIL-100(Al) NPs. This fact, associated to the CK production, makes them potentially interesting for stimulating the immune system and then, as adjuvants. 

Conclusions.

The activation of the Th2 and Th1 immune response thought the production of specific cytokines and the moderate ROS induction together with their low cytotoxicity, make the MIL-100(Fe), MIL-100(Al) and ZIF-8(Zn) NPs promising adjuvant candidates for an efficient vaccination. In particular, MIL-100(Al) and ZIF-8(Zn) NPs slightly activate the complement cascade, which could improve their adjuvant effect.
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Understanding the colloidal stability of the mesoporous MIL-100(Fe) nanoparticles in physiological media Abstract.

The colloidal and chemical stability of nanoparticles of the non-toxic and biodegradable iron(III) trimesate MIL-100(Fe) nanocarrier have been evaluated in the presence of a series of simulated physiological fluids for its intravenous and oral administration. MIL-100(Fe) nanoparticles exhibit an appropriate colloidal stability and biodegradability, mainly dependent both on the nature of their physicochemical surface and the media composition, being a priori compatible with their biomedical use.

Introduction.

Application of nanoparticles in biotechnology and biomedicine is one of the most relevant areas of research in the field of nanotechnology. To date, numerous types of nanoparticles have been assessed as potential drug delivery and/or bioimaging systems. 1 Among them, an emerging class of nanoparticles is the nanometric porous Metal Organic Frameworks (nanoMOFs), 2,3,4 whose unique tunable nature enables to address the highly-demanding set of requirements for their application in this field. 5 In this sense, one can select their composition (cation and organic linker) and type of porous architecture that render nanoMOFs both nontoxic and biodegradable and useful to load and deliver active molecules. 6 Their high and regular porosity combined with an internal amphiphilic microenvironment, well adapted to host a wide range of therapeutic guests, lead to exceptional high payloads and a controlled release of the entrapped drugs under simulated physiological conditions. 2,4,7,8 However, their physicochemical properties (i.e. charge, surface chemistry, colloidal and chemical stability) need to be considered prior to their use under practical conditions since it will strongly impact their efficacy and biodistribution. 9,10 The physicochemical characterization of the nanoparticles in suspension emerges thus as a prerequisite for the adequate assessment of their potential biological effect. It appears, however, that the colloidal stability of nanoMOFs against aggregation or flocculation under physiological conditions is still a challenging issue that remains almost unexplored. 11 Therefore, the understanding of the intimate interaction between surface characteristics and/or physicochemical properties of nanoparticles with their environment might pave the way towards a smart engineering of their surface to modulate their features as requested. 9,12 Among the various nanoMOFs reported so far, nanoparticles of the benchmarked cubic mesoporous iron(III) trimesate MIL-100(Fe) 13 exhibit a low toxic character 6 and possess an exceptional interest as drug delivery and bioimaging systems. 7 This solid, based on oxocentered trimers of iron(III) octahedra and trimesate anions, exhibits a very important porosity (S BET 2400 m 2 •g -1 , V p  1.2 cm 3 •g -1 ) associated with two types of mesoporous cages (  25 and 29 Å) accessible through microporous windows (~ 5.5 and 8.6 Å). 14 Furthermore, these pores are able to load and deliver a wide variety of molecules targeting at different fields of medicine (e.g. antiviral and antitumoral drugs, vasodilators, etc). 2,4,7 The aim of the present study is to analyze the behavior of the nanoMIL-100(Fe) in different simulated physiological media in order to evaluate the extent of aggregation. The complexity of the selected physiological media has been increased from simple saline media to more complex ones, including gastro-intestinal and serum-like media.

Understanding the colloidal stability of the mesoporous MIL-100(Fe) nanoparticles in physiological media [152] 2. Experimental section. 2.1. Materials. Iron(III) chloride hexahydrate (97 %), trimesic acid (95 %), calcium chloride (99.99%), sodium chloride (98%), phosphate buffered saline (PBS) solution ( pH = 7.4, 0.01 M), mucin from porcine stomach (M1778, partially purified), bovine serum albumin (BSA; A7030, lyophilized powder, ≥λ8 %) and pancreatin from porcin pancreas (P3292, powder) were purchased from Sigma-Aldrich. All materials were used as received without further purification.

2.2. Synthesis of MIL-100(Fe) nanoparticles. MIL-100(Fe) nanoparticles were synthesized by microwave-assisted hydrothermal synthesis according to a previously reported procedure. 13 Activation of MIL-100(Fe) consisted in the re-dispersion and centrifugation (10500 rpm, 20 min) of 2.5 g of the nanoparticles in 20 mL MilliQ water for 15 min. This procedure was repeated twice in MilliQ water and five successive times in 20 mL of ethanol.

Further activation was carried out by re-dispersing the solid in 20 mL of a 0.1 M KF solution.

The mixture was kept under magnetic stirring for 1 h 40 min under ambient conditions. Immediately after, nanoparticles were collected by centrifugation (10500 rpm, 20 min) and washed twice with 20 mL of MilliQ water and once with 20 mL of ethanol following the process described above. Activated MIL-100(Fe) nanoparticles were isolated by centrifugation and stored wet with a few droplets of fresh ethanol to avoid complete drying of the product. Any long-time effect of the storage medium on chemical and colloidal stability of the nanoparticles was observed by physicochemical characterization.

Preparation of physiological media.

Note that all the media were prepared at double concentration considering a ½ dilution prior to the DLS measurement. The solution of PBS with BSA was prepared by adding the protein mixture to PBS at proportions 10.8 % w/v. The medium was stirred for 1 h 30 min. Pancreatin free simulated intestinal fluid (SIF) was prepared according to the European Pharmacopeia 7.0. 15 Briefly, 38.5 mL of a 0.2 M NaOH solution were added to a vigorously stirred solution of 3.4 g of KH 2 PO 4 dissolved in 125 mL of MilliQ water. Then, MilliQ water was added to a final volume of 250 mL, adjusting the pH to 6.8 with 2 M NaOH. Simulated intestinal fluid supplemented with pancreatin was prepared by dissolving the pancreatin at 2 % w/v in low ionic strength (lis-) SIF (SIF at dilution 1/25) and stirring the mixture for 3 h. Afterwards, the solution was centrifuged (10500 rpm, 10 min) to eliminate pancreatin aggregates. The supernatant was used for measuring experiments and the pellet was discarded. In the same way, mucin was added to lis-SIF at proportions 10 % w/v, 16 keeping the mixture under magnetic stirring for 3 h 30 min. Gastric simulated conditions were obtained using a HCl solution at pH = 1.2 (0.137 M). Prior to the analysis, the biological media were kept in an incubator at 37°C.

Physicochemical characterization.

X-ray powder diffraction (XRPD) were collected in a Siemens D5000 (θ-2θ) diffractometer with Cu Kα1 radiation (lambda = 1.54056 angstroms) from 3 to 30º (2θ) using a step size of 0.02º and 4 s per step in continuous mode. Fourier transform infrared (FTIR) spectra were collected using a Nicolet 6700 instrument (Thermo scientific, USA) from 4000 to 400 cm -1 . N 2 adsorption isotherms were obtained at 77 K using a BELsorp Mini (Bel, Japan). Prior to the analysis, approximately 30 mg of sample were evacuated at 180 °C under primary vacuum for 3 h. Thermogravimetric analyses (TGA) of the RT samples (5-10 mg) were analyzed on a Perkin Elmer Diamond TGA/DTA STA 6000

under O 2 atmosphere (20 mL•min -1 ), at heating speed of 3 °C•min -1 for the temperature range between RT and 600 °C.

Colloidal stability. Particle size was monitored by Dynamic Light Scattering (DLS) on a Zetasizer Nano (Malvern Instruments). Diffusion speed of the aggregates in a solution due to

Brownian motion is related to their size. The aggregation kinetics of MIL-100(Fe) nanoparticles was investigated by dispersing the nanoparticles in MilliQ water (at 37 ºC) at concentration of 0.2 mg•mL -1 by using an ultrasound tip at 10 % amplitude for 1 min (Digital Sonifer 450, Branson). Nanoparticles were weighted out wet (based on the wet : dry ratio previously determined from nanoparticles dried at 100 ºC overnight) and washed with water by two repeated cycles of re-dispersion in water, mixing by vortex, centrifugation (10500 rpm, 20 min) and re-suspension in fresh solvent. Size measurement started as soon as 1 mL of the colloidal solution was poured into a disposable cuvette. After 1 min of recording time, 1 mL of the doubly concentrated biologically relevant medium at 37 ºC was rapidly added and mixed in, using the tip of a pipette to avoid the formation of bubbles (note: final concentration of nanoparticles = 0.1 mg•mL -1 , according to the recommended concentration for DLS measurements 17 ). Size evolution was monitored at 37 ºC over 10 min and the measurement was repeated three times. The average diameter of the particles is represented as a function of time (Confidence interval = λ5 %; σ = 2.5 % ). The stability of the nanoparticles in some selected physiological media was further evaluated over a period of 24 h. For these tests, 1 mg of nanoparticles was dispersed in 10 mL of the relevant medium at desired concentration and kept under stirring at 37 °C. In parallel experiments, the evolution of the particle surface charge was monitored by registering the ζ-potential of the colloidal solution at different times on a Zetasizer Nano instrument. This value is obtained by measuring the electrophoretic mobility of the nanoparticles in dispersion by Electrophoretic Light Scattering (ELS) technique. The principle is based on the influence of the external surface charge of the particles in their mobility through the surrounding when an electrical field is applied, that is related to electrical potential that exists at the slipping plane (also referred to as shearing plane or plane of hydrodynamic shear) and corresponds to the particle ζ-potential.

Quantification of trimesic acid release by high performance liquid chromatography (HPLC).

Release of the trimesic acid was monitored in a reversed phased HPLC system Waters Alliance E2695 separations module from Waters with a Sunfire-C18 reverse-phase column (5 μm, 4.6 × 150 mm from Waters) and equipped with a variable-wavelength photodiode array detector Waters 2998 and controlled by Empower software. The mobile phase used for the measurements consisted of a mixture of 45 % v/v methanol in PBS solution (0.04 M, pH 2.5). Injection volume was set at 10 μL, flow rate at 1 mL•min -1 and temperature of the column at 25 ºC. The standards used for the calibration curve consisted of trimesic acid solutions at concentrations ofμ 25, 12.5, 6.25, 3.13, 1.56, 0.78 and 0.3λ μg•mL -1 . The calibration curve presented a good correlation coefficient > 0.99. Chromatogram of standards showed a retention time for the organic linker of 4.6 with an absorption maximum at 215 nm. Degradation kinetics of the nanoparticle were obtained in water and PBS at 37 °C according to a previously reported procedure 18 and represented as the wt % of the linker released, considering the maximum of degradation of 100 % when the total amount of the linker was released in the medium.

Understanding the colloidal stability of the mesoporous MIL-100(Fe) nanoparticles in physiological media [154] 3. Results and discussion.

Synthesis of highly-stable MIL-100(Fe) colloidal solutions.

Early synthesis of nanometric porous MIL-100(Fe) was performed using microwave-assisted hydrothermal route in presence of hazardous precursors such as hydrofluoric acid. 14 Some of us have recently reported a facile, safer and environmentally friendly microwave-assisted hydrothermal route under mild conditions. 13 This latter not only eludes the use of HF but also leads to higher yields (8 vs. 80 % or space-time-yields-STY = 112 vs. 8.10 3 kg•m -3 •day -1 ) 19 of small and monodispersed nanoparticles (141 ± 38 nm), as determined by DLS in MilliQ water (Table 1). Typically, after successive purification or activation by intensive exchanges in water and ethanol to remove unreacted species (see Experimental Section), MIL-100(Fe) nanoparticles exhibit a positive superficial charge (ζ-potential) of + 14.5 ± 2.3 mV. External surface might comprise a combination of iron octahedra trimers, whose coordination sphere is typically ensured by trimesate moities and OH or H 2 O terminal groups, as well as organic linkers bearing either free pending carboxylate and/ or carboxylic acid groups. Indeed, these inorganic or organic components present at the outer surface of the nanoparticles, whose ratio is expected to depend on the nature of the medium, are expected to directly interact with the medium, governing the nanoparticles dispersion and their stability.

In addition, the nature of the external surface will also strongly depend on the synthesis route and the various purification post-treatments. As an illustration, when dispersing MIL-100(Fe) nanoparticles in MilliQ water at 0.1 mg•mL -1 , an acidification of the medium to pH down to 3.1 occurs, probably due to the partial deprotonation of some of the carboxylic acids from the outer surface (pKas = 3.16, 3.98 and 4.85). The slightly positive surface charge was thus at first sight assigned to a higher ratio of pending partially coordinated trimesic linkers exposed on the surface whose carboxylic groups are mostly protonated in water. However, the low net ζ-potential value suggested that electrostatic repulsion forces might be insufficient to prevent nanoparticles from aggregation. Indeed, when dispersed in MilliQ water, a rapid aggregation was observed (Figure 1) after only one hour (140 nm vs. 200 nm) reaching 450 nm nanoparticles at 4 h and then more than 1 micron particles after 24 h (see Figure 1). Moreover, the degree of polydispersity increased accordingly (PdI from 0.20 to 0.40). Therefore, alternative post-treatment procedures needed to be considered to enhance the colloidal stability of the nanoparticles. Even more, although fluorine free synthesis exhibits important advantages such as safer synthetic route and higher yields, the absence of fluorine atoms strongly affects the quality of the sample. The HF free nanoparticles exhibited indeed a surface area about the half of the expected BET specific surface area of the bulk solid and/or the MIL-100(Fe) nanoparticles synthesized through the HF route (1350 ± 230 vs. 2100 ± 270 and 1780 ± 180 m²•g -1 , respectively). 14,19 One possible explanation could arise from the presence of organic linkers partially coordinated to the coordinatively unsaturated Lewis acid sites from the MIL-100(Fe) structure. 20 In fact, previous solid state NMR studies have shown the presence of extra-framework trimesate species coordinated to aluminum Lewis acid sites in MIL-100(Al), whose synthesis route was also achieved in the absence of any fluorine. 21 It appeared appropriate to consider additional purification processes that specifically pushed further the activation of the nanoparticles by desorbing the partially coordinated linkers. This in turn was expected to alter the nature of the external surface of the nanoparticles and finally their colloidal behavior.
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In this context, some of us have recently reported a successful activation treatment for MIL-100(Fe) microparticles based on a post-synthesis activation based on NH 4 F aqueous solutions at 70°C. 22 This procedure has been here slightly adapted to more fragile nanometric MIL-100(Fe) synthesized from the fluorine free route. The treatment consisted in a simple incubation of the nanoparticles in a 0.1 M KF solution at room temperature, subsequent recovery by centrifugation and repeated washings to remove the non-reacted KF and the free trimesic acid (see Experimental Section). A significant enhancement of the porosity of the KF-treated nanoparticles was leading to a surface area of 1780, vs. 1270 m²•g -1 for the non-treated nanoparticles (Supporting Information, Figure S1). One expects here that F -anions strongly coordinate the Lewis acid sites, replacing the COOH groups from the pending bulky trimesic acid leading to a significant increase in the porosity. This assumption is confirmed by elemental analysis that show both a concomitant decrease of carbon content and the presence of fluorine within the KF treated sample (C/Fe = 6.2 vs. 6.4 and F/Fe = 0.3 vs. 0) (Table S1). Similarly, Fourier transform infrared (FTIR) spectroscopy revealed that activation by KF resulted in a substantial diminution of the free acid content as deduced from the decrease of the intensity of the free carboxylic acid (C=0) band at 1701 cm -1 (Figure S2). Preservation of the crystalline MIL-100(Fe) structure was confirmed by X-ray powder diffraction (XRPD, Figure S3). Note that upon exposure to the KF-treatment over more than 2 h or using more concentrated solutions, a partial disruption of the crystalline structure of the nanoparticles occurred, as illustrated by the broadening of the peaks in XRPD and by the formation of micron-sized aggregates (results not shown). Understanding the colloidal stability of the mesoporous MIL-100(Fe) nanoparticles in physiological media [156] Even though no change of the nanoparticles size was detected after KF-treatment (141 ± 18 nm 141 ± 38 nm for nanoparticles treated or not with KF, respectively), a significant shift towards negative values of the ζ-potential was observed (-21.5 ± 3.8 mV vs. 14.5 ± 2.3 mV).

In addition, the acidification of the pH of the medium was less pronounced, ~ 4.1, than with the non KF-treated nanoparticles (~ 3.1). This suggests a diminution of the amount of free pending COOH groups at the outer surface due to the KF-induced interchange of the partially coordinated linkers by F anions that strongly coordinate with the Lewis acid unsaturated sites (CUS) of the MIL-100(Fe). In addition, the negative ζ-potential value suggests the presence of F -anions coordinating the metallic centers in the MIL-100(Fe) structure and thus the presence of negatively charge species on the external surface of the nanoparticle was increased. In this sense, the higher the net ζ-potential value, the higher the electrostatic interparticle forces are. This leads here to an enhancement of the colloidal stability for the KF-treated nanoparticles suspension (Figure 1) with a slow-down of the aggregation kinetics, the initial size remaining constant during the first 4 h. After 6 h, average size of the aggregates however increases reaching 820 ± 50 nm and finally a micron after 24 h. As a conclusion, it was established that the KF-treatment is an efficient method both to purify and enhance the colloidal stability of MIL-100(Fe) nanoparticles up to 4 h, making them more attractive for biological applications in aqueous solution.

In a second step, the effect of more complex simulated physiological media, containing potential destabilizing agents (e.g. salts and more complex media), over the nanoparticle colloidal stability has been investigated in the forthcoming studies. 

Colloidal stability of MIL-100(Fe) under intravenous (i.v.) conditions.

The presence of electrolytes in the physiological medium influences the colloidal stability of nanoparticles. This justifies the analysis of the colloidal stability of KF-treated MIL-100(Fe) nanoparticles in the presence of specific electrolytes and/or macromolecules present in physiological fluids to shed some light on the nature of their interaction with the surrounding media as well as of their surface properties. To this aim, the size of MIL-100(Fe) nanoparticles was monitored by DLS in the presence of increasing concentrations of electrolytes usually present in serum i.e.
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NaCl and CaCl 2 (see Experimental section). The corresponding kinetic of aggregation of MIL-100(Fe) is represented in Figure 2 as a function of the time over a period of 10 minutes. In both cases, the higher the salt concentration, the faster the aggregation kinetic, up to a maximum value given by the salt concentration at which the energetic barrier that keep stable the system is reduced to zero. 23 This is in agreement with the classical Derjaguin and Landau, Verwey and Overbeek (DLVO) theory and suggests that the system becomes unstable due to the cancellation of the electrostatic repulsive potential between two approaching particles due to the presence of the electrolytes. 24 At the same time, the polydispersity of the nanoparticles evolved in a similar manner for both systems. While nanoparticles remained monodisperse in pure water with PdIs of 0.15-0.19, they became more polydisperse in the presence of salts up to a PdI of 0.40 for the highest salt concentration (Figure S5). From these experimental results, it was possible to determine the colloidal stability of the system as a function of the destabilizing electrolyte through the Fuchs factor (W) defined by, 25

W = k f / k s
where the rate constant k f refers to the fastest aggregation kinetic (observed either with NaCl or CaCl 2 ) while k s is the rate constant for the slower coagulation regimes (refer to SI for details on calculations). Basically, the Fuchs factor (also known as stability factor) is a parameter directly related with the stability of the system by considering the number of collisions that two particles have to undergo before they finally stick together. 23 In this sense, when W →1 the system became totally unstable whereas W → ∞ indicates a good stability of the system. Plotting the Fuchs factor as a function of salt concentration in a doublelogarithmic scale (Figure 2) enabled to determine the critical coagulation concentration (ccc), as the salt concentration at which W reduces to one (details concerning the experimental determination of Fuchs factor W and ccc values can be found in refs. 23,26 ). Figure 2c and2d show the evolution of W as a function of the salt concentration using NaCl or CaCl 2 , respectively, as destabilizing agents. The ccc value is clearly higher in NaCl than in CaCl 2 (280.0 vs. 4.8 mM) in agreement with the higher capacity of the divalent cation Ca 2+ to diminish the interparticle repulsion forces. 27 In parallel, it was investigated whether nanoparticles aggregate in the presence of salts by a mechanism of flocculation (i.e. reversible process) or coagulation (i.e. irreversible process). 28 Both mechanisms can be easily identified after a significant dilution of a suspension which has already been aggregated by salt-inducing. This process of redispersion, commonly referred to as repeptization, was evaluated by forcing aggregation though increase of salt concentration and then diluting the system by a factor of 1:100. It led to particle sizes, at 1 and 1/100 dilution, of 620 vs. 590 nm for NaCl and 790 vs. 775 nm for CaCl 2 , respectively. This indicates an irreversible aggregation process (coagulation) in the presence of both electrolytes. 27 If MOFs nanoparticles tend to aggregate irreversibly in the presence of large concentrations of salts, our results obtained with NaCl (ccc NaCl 280 mM), the main electrolyte present in serum, suggest however that colloidal suspensions of MIL-100(Fe) nanoparticles might be colloidally stable under serum physiological conditions (138 mM). 23 Understanding the colloidal stability of the mesoporous MIL-100(Fe) nanoparticles in physiological media [158] However, it is also important to analyze the role of other minority electrolytes, such as PO 4 3-, that are able to coordinate the Lewis metal centers even at low concentrations or even displace the carboxylate-metal coordination, leading to the degradation of the nanoparticle. 7 Other major components of serum are proteins, which can also play an important role in the colloidal stability of these systems under i.v. conditions. 29,30 Bearing this in mind, the effect of phosphates as well as the role of albumin (the most abundant plasma protein in mammals) was assessed over the colloidal behavior of MIL-100(Fe) nanoparticles under simulated i.v. conditions. Since typical in vivo experiments require structural and colloidal stability for extended times, the colloidal stability of these systems was also studied over a longer time scale (up to 24 h). The stability of nanoparticles was first evaluated in PBS (138 mM NaCl, 2.74 mM KCl and 10.0 mM Na 2 HPO 4 /NaH 2 PO 4 , pH = 7.4), with and without the bovine serum albumin (5.4 % w/v of BSA), as well as in their successive dilutions for a period of 10 minutes. Note that the albumin concentration was in the upper levels usually found in normal human physiological conditions (i.e. 3.5 -5.0 % w/v) in order to better observe the impact of the albumin over the colloidal stability. MIL-100(Fe) colloidal dispersions were stable in both systems over the short-term regime set of experiments (10 min; Figure 3). Nanoparticles mixed with PBS showed a negligible change in their average size during the experiment, associated with an increase of their net ζpotential from -21.5 (in MilliQ water) to -31.5 mV (Table 1). This increase in net ζ-potential is typical from nanoparticles with carboxylic groups on their outer [159]

surface and suggests that the system should be even more stable at physiological pH (7.4) than in MilliQ water (pH 6.0), even at high concentration of the main salt (ccc NaCl =280 mM). However, another factor to take into account is the presence of surface iron(III) sites that bear several OH or H 2 O groups, which are anchoring sites for phosphate groups thus modifying the ζ-potential. One cannot also exclude possible exchange of carboxylate ligands by phosphate groups.

Nanoparticles in the presence of PBS+BSA experienced a size increase of  20 nm. Albumin is hydrodynamically described as an ellipsoid of 4 × 14 nm (short and long axis, respectively), 31 too large to be adsorbed within the pores of MOFs. Thus, this size increment is in agreement with the deposition of the protein at the external surface of the MIL-100(Fe) nanoparticles. This was supported by the evolution of the superficial charge in PBS or PBS+BSA. Incorporation of BSA to the PBS resulted in a clear reduction on the ζ-potential magnitude of the MIL-100(Fe) from -31 mV (PBS) to -10 mV (PBS+BSA; Table 1). This confirms the formation of a protein corona onto the surface of the MIL-100(Fe) nanoparticles.

One could rationally suggest that the proteins, negatively charged at pH 7.4 (isoelectric point of BSA = 4.7), replace some of the phosphate groups at the outer surface, leading to a less negative ζ-potential. 32 However, the reduction of the ζ-potential magnitude could not be correlated at first sight with the similar colloidal stability observed in PBS and PBS+BSA.

To get a better insight on the process involved in the colloidal stability of MIL-100(Fe) nanoparticles, size evolution along 24 h-regime experiments was followed in PBS and PBS+BSA and compared to MilliQ water (Figure 4). Nanoparticles incubated either in MilliQ water or PBS remained stable for an extended period (up to 4 h). However, after 6 h, the average size in water reached 820 ± 50 nm against 320 ± 12 nm in PBS (Figure 4). After 8 h in PBS, MIL-100(Fe) nanoparticles however also experienced a clear aggregation process. This difference might be in line with the evolution of the ζ-potential. Surprisingly, in spite of the clear ζ-potential magnitude reduction of the nanoparticles when they were incubated in PBS+BSA medium (-9.9 mV; Table1; protein coating), this system possessed the best colloidal performance.

Although the colloidal stability of MIL-100(Fe) in the presence of NaCl and CaCl 2 was predictable by DLVO theory, 24 the behavior in PBS and PBS+BSA media requires a deeper investigation to understand the colloidal behavior of nanoMIL-100(Fe). This has been shown previously that iron(III) carboxylate MOFs nanoparticles undergo a progressive degradation in phosphate buffer solutions, which could be here the driving force for colloidal destabilization. 7 Thus, MOF degradation was examined by monitoring the release of the organic linker in the different media by HPLC over 24 h (see Experimental Section). Nanoparticles were stable in water with a very low amount release of linker after 24 h (2.5 ± 0.4 wt%), as shown in Figure 5, which confirms that their loss of colloidal stability is mainly due to their low ζ-potential magnitude in water (Table 1). 23,33 Conversely, nanoparticles incubated in PBS exhibited a faster initial degradation corresponding to 22.3 ± 2.1 wt% during the first 6 h and a smoother degradation profile until 29.9 ± 2.1 wt% after 24 h. To clarify whether this behavior was due to the pH, due both to the carboxylic groups of the linker (pkas = 3.16, 3.98 and 4.85 vs. pH = 7.4) or the well-known behavior of iron(III) in water that tend to form insoluble iron hydro-oxides when the pH increases 34 or the formation of more stable iron phosphates. To assess this, a similar experiment was performed at the Understanding the colloidal stability of the mesoporous MIL-100(Fe) nanoparticles in physiological media [160] same pH in absence of phosphates (0.3 mM NaOH, pH 7.4). Interestingly, a minimal degradation of the nanostructure was observed, similar to that observed in MilliQ water (Figure 5). These results indicate that MIL-100(Fe) colloidal stability in the presence of complexant groups (phosphate, tris) 7,35 cannot be explained on the basis of classical DLVO theory. This would rely more on a specific interaction between the MOF and the phosphate groups from PBS which would replace progressively the carboxylate linkers step by step, leading to the progressive dissembling of the solid. 7 The addition of BSA to the PBS medium (5.4 % w/v) resulted in an important reduction of the kinetics of degradation (15.1 ± 2.7 wt% vs. 29.9 ± 2.1 wt% in PBS, after 24 h; Figure 5). Presumably, this effect can be attributed to the presence of the BSA protein corona around the nanoparticles (as stated previously by the size and the ζ-potential determination), that could hamper the diffusion of the phosphates inside the MOF structure and hence the progressive replacement of the linkers by phosphates. Beyond this effect, the presence of the protein corona is also advantageous because it improves the colloidal stability of the solution by screening the inter-particle attraction by introducing steric hindrance (Figure 4b). Therefore, it appeared that under these conditions the colloidal stability of the nanoparticles is mediated by the combination of two effects: (i) a slowdown of the degradation kinetics and (ii) the steric repulsions between the BSA molecules rather than electrostatic forces. Bearing in mind that albumin is the main protein present in plasma and then the main component of the protein corona just after the i.v. administration of nanoparticles, 36,37 our results clearly show that the formation of a protein corona after MOF i.v. administration should both enhance the stability of the MOF structure and insure a suitable colloidal stability in the serum medium. (brown), dilution 1/50 (red) and dilution 1/100 (green). In the bottom: PBS supplemented with albumin at various concentrations: non-diluted albumin (blue), dilution 1/10 (brown), dilution 1/50 (red) and dilution 1/100 (green). Note that stability of the nanoparticles in non-diluted albumin is represented by its diffusion coefficient (D) because at high albumin concentrations DLS mostly detects the size of the proteins. For clarity error bars have been removed from plots (available as Supporting Information). 
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Understanding the colloidal stability of the mesoporous MIL-100(Fe) nanoparticles in physiological media [162] 1/25) supplemented with pancreatin (1 % w/v). In this sense, a facile way to discriminate the effect of the pancreatin on the colloidal stability of the solution was to use the lis-SIF instead of SIF, and hence prevent the salt-induced destabilization of the system by reducing the concentration of destabilizing electrolytes in solution Finally, the potential interaction of MIL-100(Fe) nanoparticles with intestinal mucosa was analyzed by the incubation in lis-SIF supplemented with mucin (5 % w/v), as well as in the successive dilutions. Without enzymes or mucin, that is plain simulated gastric and intestinal fluids, nanoparticles remained stable and monodisperse (PdI ~ 0.2) showing just slight changes in their mean size (Δsize ~ -10 nm in gastric and ~ 20 nm in intestinal fluid), as depicted in Figure 6a and 6c. To throw light on whether the enhanced colloidal stabilization of the system can be attributed to a degradation process or not, the leakage of the organic linker from the MIL-100(Fe) nanostructure incubated in both media was followed by HPLC (Figure 7). It is noteworthy that 24h-degradation of the particles in gastric (21.0 ± 6.6 wt%) and intestinal (18.2 ± 0.3 wt%) conditions was similar as in PBS (29.9 ± 2.1 wt%), with a progressive degradation up to 6 h to almost reach a plateau over 24 h. Consistently, the presence of phosphates in intestinal conditions is inducing a progressive replacement of the carboxylic linkers in the structure and thus the dissembling of the nanoparticle. Also, highly acidic conditions (pH 1.2) favor the presence of soluble Fe 3+/2+ species (see Pourbaix diagram) 39 as well as protonated linker leading to the structure degradation. For a better understanding of the interaction of MIL-100(Fe) with the enzymes secreted by the pancreas in the intestinal track, these studies were carried out in lis-SIF supplemented with pancreatin under the short-term (10 minutes) and long-term (24h) regime conditions (Figure 6d and6f). No massive aggregation of the nanoparticles was observed. Reduction of the superficial charge magnitude of the nanoparticles by the presence of pancreatin from -50.6 mV to -6.8 mV as well as the increase of their size (~20 nm) clearly indicates the coating of MIL-100(Fe) nanoparticles by the enzymes (Table 1). As done previously, degradation of the nanoparticles was monitored by the release of the organic linker followed by HPLC. A similar degradation pattern was observed in both, lis-SIF (21.3 ± 0.1 wt%) and lis-SIF supplemented with pancreatin (21.9 ± 5.1 wt%; (Figure 7). This suggests that contrary to what was observed with the protein corona, the coating with enzymes does not protect the nanostructure from its degradation. These findings may indicate that pancreatin possesses different physicochemical properties than albumin, which could lead to a more compacted corona, which protects nanoparticles from degradation. In addition, enzymatic degradation cannot be excluded. Further investigations are needed to gain understanding over this interesting phenomenon. Finally, the interaction of the system with the intestinal mucosa was simulated by the incubation of MIL-100(Fe) nanoparticles in lis-SIF supplemented with mucin 5% w/v (Figure 6e and6f). An increase in size occurred regardless the dilution within the first 30 s until reaching a plateau. Interestingly, the size reached values up to 400 -500 nm in non-diluted mucin, whereas for the rest of dilutions the system reached a size of around 250 nm. This difference can be attributed to the combination of two effects: (i) the high viscosity of the 5 % w/v mucin solution; and (ii) the presence of depletion forces induced by the crowd protein environment. 40 This result, in parallel with the reduction of the ζ-potential magnitude of the nanoparticles (from -50.6 to -6.1 mV), clearly shows that MIL-100(Fe) nanoparticles are able to interact with mucin, suggesting a certain degree of bioadhesion of the nanoparticles that CHAPTER 2 : Subchapter 2.3. [163] could promote their grafting to the intestinal mucosa after oral administration. Interestingly, analysis of the nanoparticle degradation after their incubation with mucin showed that this glycosylated protein coating was able to isolate (or stabilize) the MIL-100(Fe) nanoparticles from the surrounding medium, preventing from a significant release of the organic linker (1.6 ± 0.1 wt%). This would indicate a strong interaction between the nanoparticle and mucin that once again would be worth of an additional in-depth study.

On the whole, nanoparticles displayed an optimal stability during the first stages of immersion in simulated digestive media. However, stability was ensured for the first 6 h and then nanoparticles experienced destabilization and, as a consequence, aggregated. This value seems however well adapted for oral administration considering the small bowel residence time (3.5-8 h). 41 
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Understanding the colloidal stability of the mesoporous MIL-100(Fe) nanoparticles in physiological media [164] Figure 7. Degradation kinetics (on the left) of MIL-100(Fe) nanoparticles at 37 ºC as a function of time in different physiological media: HCl pH 1.2 (green), lis-SIF (orange), lis-SIF supplemented with pancreatin (grey) and lis-SIF supplemented with mucine (light-blue). Degradation is represented as the wt% of the linker released in the medium, considering the maximum of degradation of 100 % when the total amount of linker in the nanoparticle was released in the medium. XRPD patterns (on the right) of MIL-100(Fe) nanoparticles after 24 h at 37 ºC in different physiological media: HCl pH 1.2 (green), lis-SIF (orange), lis-SIF supplemented with pancreatin (grey) and lis-SIF supplemented with mucine (light-blue).

Conclusions.

The colloidal stability of MIL-100(Fe) nanoparticles in physiological media has been addressed by monitoring the time evolution of their size and surface charge. It has been shown that MIL-100(Fe) nanoparticles become significantly more stable in water after a simple soft post-synthesis treatment with a KF solution due to the replacement of pending non-framework carboxylate groups by F -atoms. The colloidal stability of the nanoparticles in the presence of specific destabilizing electrolytes (i.e. NaCl and CaCl 2 ) is described, as expected, by the cancellation of the electrostatic repulsion forces between the nanoparticles at high concentrations, leading to aggregation phenomena as stated by DLVO theory. However, additional parameters play a role when these nanoparticles are in contact with more complex media, such as intravenous or oral conditions. The presence of phosphates, able to replace the carboxylates from the nanostructure, provokes a progressive degradation of the MIL-100(Fe) solid, emerging as an additional important factor that governs the colloidal stability of the nanoparticles. In this line, the presence of BSA in the solution leads to the formation of a protein corona, which slowdowns the degradation rate and to improve the colloidal stability of the nanoparticles. However, the pancreatin corona coating formed after exposure of the MIL-100(Fe) nanoparticles under oral conditions leads to a faster degradation rate, suggesting different physicochemical properties of this coating and/or enzymatic degradation. On the other side, the glycosylated coating observed after incubation with mucin suggests the existence of a certain bioadhesive character of the nanoparticles that further stabilizes the nanoparticles from rapid degradation. In summary, nanoparticles of MIL-100(Fe) exhibit an optimal stability during the first stages of incubation in both oral and intravenous conditions and demonstrate their potential to act as drug nanocarriers. Understanding the colloidal stability of the mesoporous MIL-100(Fe) nanoparticles in physiological media [171] Table S1. Elemental analysis of MIL-100(Fe) nanoparticles before and after KF activation. [172]
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BRIEF CONCLUSION AND GENERAL PERSPECTIVES

The toxicological in vitro assessment, deeply addressed in Chapter 2, it has been able clarify the cytotoxicity profile, immune-toxicity and geno-toxicity induced by these nanoMOFs.

Through the investigation of the NP-cell interaction, has been possible to demonstrate the high colloidal and chemical stability and non-toxic character of these nanoMOFs under diverse simulated biological media, making them promising drug nanocarrier candidates since a priori associated with prolonged half-life of these NPs and more extensive drug releases.

These promising features have allowed to proceed with the study of potential route of administration by these nanocarriers. A better understanding of their direct interaction in each specific environment will boost the activity of these drug delivery systems as well as the activity of the targeted active molecule. Thus, the next section has been focused on the modulation of the nanoMOF biodistribution in the intravenous, oral and cutaneous pathways as potential areas of action.
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«Heparin-engineered mesoporous iron Metal-Organic Framework nanoparticles: towards stealth drug nanocarriers» [176] [177]

GENERAL OBJECTIVES AND AUTHOR CONTRIBUTION

The appropriate design of a carrier and/or a formulation can strongly determine the effectiveness of the active ingredient. In this sense, the surface engineering of NPs can provide them with advanced functionalities such as the improvement of their chemical and colloidal stability, biocompatibility, recognition capabilities and biodistribution.

In Chapter 3, the analysis of the potential nanoMOF administration has been tackled by the evaluation of the physiological barrier crossing as a function of their pathway (mainly intravenous, oral and cutaneous modes) as well as the modulation of their biodistribution. Thus, the external surface of these nanosystems was accordingly engineered with different biopolymers, which will endow the nanocarriers with advanced properties. This section has been divided in three different parts, each of them corresponding to a specific targeted administration route, submitted as three independent articles:  In the first subchapter 3.1., «Heparin-engineered mesoporous iron Metal-Organic Framework Nanoparticles: towards stealth drug nanocarriers (Adv. Healthc. Mater., 2015, 4(8), 1246-1257)», the biopolymer heparin has been selected for the external surface modification of the MIL-100(Fe) nanocarrier since is associated with longer-blood circulation time for the intravenous administration. Notably, all authors have actively contributed in this work. The introduction, synthesis and characterization of coated and uncoated materials as well as the drug loading and release capacity have been performed by Dr. E. Bellido, whereas the colloidal stability under simulated physiological media has been addressed for the same researcher together with M. Guillevic and Tania HIDALGO CRESPO. This latter has carried out the experimental work for the evaluation of the chemical stability of these NPs in the different studied physiological conditions, as well as the evaluation of the biological interaction of these nanoMOFs (cell uptake, viability, ROS induction and cytokine production). Moreover, this in vitro experimental work has been performed by the doctorate student under the supervision of Dr. M.V. Lozano, for the cytotoxicity test and cellular internalization, together with Dr. R. Simon-Vazquez, for the ROS studies, cytokine production and complement activation. The PhD student has also participated in the writing of this article (mostly in the section 2 and 3, regarding the degradation process and in vitro studies). The whole manuscript has been assessed and actively supervised by Dr. P. Horcajada, focusing from the characterization of the benchmarked MIL-100(Fe) until the biological evaluation. In the same line, Prof. M.J. Alonso, Prof. A. Gonzalez-Fernandez and Dr. C. Serre have supervised the whole manuscript, especially in vitro interaction of MOFs and their biological impact and the nanoMOFs properties before and after the functionalization, respectively.

 In the second subchapter 3.2., «Chitosan-coated mesoporous MIL-100(Fe) nanoparticles as improved bio-compatible oral nanocarriers (to be submitted)», the oral administration pathway has been also tackled by selecting as surface agent the cationic polysaccharide chitosan (CS), widely used in drug delivery due to its bioadhesive and enzyme protection abilities, which a priori facilitate the NPs transport across mucosal barriers.
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All authors have actively contributed in this work. The preparation and characterization of the CS functionalization has been started by Dr. E. Bellido, following with a complete characterization of this grafting by Dr. M. Giménez-Marqués (full characterization, colloidal and chemical coating stabilities). M. Guillevic has been involved in the experimental evaluation of the colloidal stability of the functionalized MOF. Particularly, Tania HIDALGO CRESPO has worked on the study of the degradability of these NPs as well as their intestinal barrier crossing (toxicological profile, cell internalization, chemical stability, intestinal crossing evaluation, cytokine profile induced as well as the complement activation.) For the cytotoxicity test, cellular internalization and intestinal crossing evaluation, Dr. M.V. Lozano has collaborated, whereas, for the cytokine production and complement activation, Dr. R. Simon-Vazquez has been actively involved. Furthermore, the whole manuscript has been assessed and actively supervised for Dr. P. Horcajada, focusing in the preparation and evaluation of the functionalization of these nanoMOFs. Finally, Prof. M.J. Alonso, Prof. A.

Gonzalez-Fernandez and C. Serre have supervised the whole project.

 In the last subsection 3.3., «Polymer-MIL-100(Fe) composite patches for the cutaneous administration of active molecules (to be submitted)», the cutaneous administration of nanoMOFs was also proposed for cosmetic delivery. In this case, polymer-nanoMOF composite patches, containing high loadings of the challenging liporeductor agent caffeine, were prepared with the objective of being reach the fatty layer. It must be emphasizing that, despite not being one of the cosmetic most commonly highlighted nowadays, the caffeine has been selected due to the specific interests of a French collaborating company in this project. [179]
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Heparin-engineered mesoporous iron Metal-Organic Framework Nanoparticles: towards stealth drug nanocarriers E.Bellido, 1,£ T. Hidalgo, 1,£ M.V.Lozano, 1 M. Guillevic, 1 R. Simon-Vazquez,2 M. J. Santander-Ortega, 3 A. Gonzalez-Fernandez, 2 C. Serre, 1 M. J. Alonso, 2 P. Horcajada [181]

Abstract.

The specific modification of the outer surface of the promising porous metal-organic framework nanocarriers (nanoMOFs) preserving their characteristic porosity is still a major challenge. We report here a simple, fast and biofriendly method for the external functionalization of the benchmarked mesoporous iron(III) trimesate nanoparticles MIL-100(Fe) with heparin, a biopolymer associated with longer-blood circulation times. First, the coated nanoparticles showed intact crystalline structure and porosity with improved colloidal stability under simulated physiological conditions, preserving in addition its encapsulation and controlled release capacities. The effect of the heparin coating on the nanoMOF interactions with the biological environment was evaluated trough cell uptake, cytotoxicity, oxidative stress, cytokine production, complement activation and protein adsorption analysis. These results confirmed that the heparin coating endowed the nanoMOFs with improved biological properties such as reduced cell recognition, lack of complement activation and reactive oxygen species production. Overall, the ability to coat the surface of the nanoMOFs using a simple and straight-forward approach could be taken as a way to enhance the versatility and, thus, the potential of porous MOF nanoparticles in biomedicine.

Introduction.

Down-sizing materials to the nanoscale confers matter completely different properties from those of the bulk analogue, enabling numerous new applications. [1,2,3] Nevertheless, a prerequisite for a large number of 'nano' applications is that nanoparticles (NPs) possess suitable surface properties, which in turn determines their intimate interaction with their surrounding allowing to i) prevent them from aggregation, ii) improve their compatibility with a second phase, or iii) control their self-organization, e.g. by introducing appropriate functional groups or entities on the particle surface. This is particularly true for biomedical applications whereas modification of the NPs outer surface has a major impact, providing a unique tool to i) control the stability of both the colloidal suspension and the chemical integrity of NPs against the physiological conditions, ii) tune their in vivo biodistribution through stealth, targeting or bioadhesive properties, and iii) provide NPs with additional properties such as imaging or responsive properties against specific external stimulus. [4,5,6] Among the large number of particles proposed as potential drug delivery and/or bioimaging systems, nanometric porous metal-organic frameworks (nanoMOFs) have recently attracted a great attention owing to their unique tuneable nature that enables the proper choice of their composition (cation and organic linker) and structure to render them non-toxic and biodegradable. [7,8,9] In addition to their high and regular porosity, their internal amphiphilic microenvironment, well-adapted to host diverse therapeutic guests, leads in most cases to exceptional high loadings and a controlled release of the entrapped drugs under simulated physiological conditions. Despite their remarkable properties, reports dealing with the external surface of nanoMOFs are still scarce. [10,11,12,13,14,15,16] In addition, only two studies reported the use of coated porous nanoMOFs. [17,18] This is mainly due to the very early stage of development of MOFs in biomedicine, initiated by some of us in 2006, [19] but also to several intrinsic limitations related to their porous hybrid nature. The challenge was recently highlighted by some of us to modify the external surface of porous crystalline nanoMOFs with the widespread poly(ethylene glycol) (PEG) bearing functional groups able to directly Heparin-engineered mesoporous iron Metal-Organic Framework Nanoparticles: towards stealth drug nanocarriers [182] react with the nanoMOF surface. [17] However, the surface modification led to a strong decrease of the porous character due to the intrusion of the polymer within the framework. [20] In addition, this led to a strong decrease of the loading capacity as well as an uncontrolled release of the encapsulated drugs. To overcome this drawback, Lin et al., using an alternative approach, have essentially encapsulated the iron-carboxylate MIL-101 nanoMOF in silica shells to prevent from its fast degradation, [18] further slowing down the release of the encapsulated drug and allowing modification using the silica chemistry, albeit raising new toxicities issues due to the presence of exogenous silica.

Other methods have been developed so far for the selective external modification of other types of porous NPs such as mesoporous silica NPs. [21] The larger pore size and the presence of free pending silanol groups allow here an easier post-synthetic modification of their external surface without any impact on the pore accessibility. In addition, the covalent functionalization of reactive Si-OH groups of the external surface is performed before the removal of the surfactants, used as templates to make the silica network, thus preventing from the intrusion of the surface agent within the porosity. [22] Additionally, the silicon-based solgel chemistry makes possible to synthesize the NPs by initially using precursors that already display functional bioactive moieties. [21] However, such methods are not applicable to nanoMOFs due to the absence of surfactants in their synthesis. Therefore, there is still a strong need to develop novel strategies for the efficient surface modification of nanoMOFs. NPs of the mesoporous iron(III) trimesate MIL-100(Fe) have been selected and synthesized via a biologically and environmentally favourable method, [23,24] due to their lack of in vivo toxicity, [25] as well as for their ability to encapsulate and release biologically relevant cargoes and their interesting theranostics properties. [17,19,26] In essence, the ideal nanoMOFs coating should: (i) be selectively attached on the external surface while avoiding intrusion inside the porous; (ii) not interact with the encapsulated moieties; (iii) display suitable stability under physiological conditions and finally (iv) enhance nanoMOF performances for bioapplications, such as improvement of their colloidal stability or modulate their biodistribution. From the chemical point of view, the surface agent shall exhibit either functional groups able to strongly interact with nanoMOF surface or many weak interactions that promote a strong cooperative effect, and present a rigid section larger than the size of the accessible windows of nanoMOFs. [20] Heparin thus was chosen here due to the presence of various functional groups (i.e. sulphate, carboxylic and hydroxyl) prone to interact with MOF surface together with larger molecular dimensions (heparin unit  8.2 × 8.9 Å vs.  5.0 and 8.6 Å for the pentagonal and hexagonal windows of MIL-100(Fe), respectively). [23] Beyond the appropriate features of heparin for avoiding intrusion in nanoMOFs, the polymer might endow NPs with novel biologically interesting properties. [27] In this sense, although heparin is best known for its anticoagulant properties, [28] this negatively charged polysaccharide plays an important role in the evasion of the heparin-coated NPs from the recognition and phagocytosis by innate immune cells. On one hand, this sulfated glycosaminoglycan is not able to activate the complement cascade or the production of ROS. On the other hand, it also confers hydrophilic properties to the NPs surface, allowing an enhancement of the colloidal stability under physiological conditions, [29,30] as well as a lower uptake by the macrophages. [31] CHAPTER 3 : Subchapter 3.1.
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Consequently, longer blood circulation times are expected in order to modify their in vivo fate. [32,33,34,35,36] Finally, we describe here a new method to coat the outer surface of porous nanoMOFs through a green one-pot method that ensures the preservation of the physicochemical features of the porous NPs. [37] for composition). antibody Human (IgG2b mouse anti-C3/C3b, Abcam-ab1187, Biochemicals) and Goat anti-Ig mouse AP (DO486, Dako) were also used. All materials were used as received without further purification.

Synthesis of MIL-100(Fe)

NPs. MIL-100(Fe) NPs (abbreviated as uncoated MIL-100(Fe) or uncoated NP) were synthesized by microwave-assisted hydrothermal synthesis according to a previously reported procedure. [23] Activation or purification of 2.5 g of MIL-100(Fe) consisted of the re-dispersion and centrifugation (10500 rpm, 20 min) of the NPs in 20 mL of distilled water and five successive times in 20 mL absolute ethanol. Further activation was carried out by re-dispersing the solid in 20 mL of a 0.1 M KF solution. The mixture was kept under magnetic stirring for 1 h 40 min under ambient conditions. Immediately after, NPs were collected by centrifugation (10500 rpm, 20 min) and washed twice with 20 mL of distilled water and once with 20 mL of absolute ethanol following the process described above. Activated MIL-100(Fe) NPs were isolated by centrifugation and Heparin-engineered mesoporous iron Metal-Organic Framework Nanoparticles: towards stealth drug nanocarriers [184] stored wet with few droplets of fresh absolute ethanol to avoid complete drying of the product. Prior to the in vitro experiments, NPs were exchanged in ultrapure water.

2.3.

Heparin external surface modification. 50 mg of dry NPs were dispersed in 35 mL of absolute ethanol (note: NPs were weighted wet based on the wet: dry ratio previously determined from NPs dry at 100 ºC overnight). Then, the colloidal solution was mixed with 15 mL of a 0.5 mg•mL -1 heparin solution in distilled water. NP and heparin concentration in the reaction mixture was 1 mg•mL -1 and 0.15 mg•mL -1 , respectively (molar ratio = 200:1). The mixture was kept under magnetic stirring for 3 min followed by ultrasounds for 1 min. The heparin-coated NPs are isolated by centrifugation (10500 rpm, 20 min) and washed once with 50 mL of distilled water. The product was left to dry and stored under ambient conditions. The powder could be rapidly re-dispersed in water and biological relevant media by the use of an ultrasound probe (Digital Sonifier 450 from Branson).

Encapsulation of caffeine and furazan.

For the entrapment of caffeine inside the MIL-100(Fe) NPs, 10 mg of the dry NPs were impregnated in 1 mL of a caffeine solution (20 mg•mL -1 ) during 24 h under magnetic stirring at room temperature (RT; note: NPs are weighted wet based on the wet : dry ratio previously determined from NPs dry at 100 ºC overnight). [38] Thereafter, caffeine-containing NPs were collected by centrifugation (10500 rpm, 20 min) and washed once with 1 mL of fresh water. ((R)-(-)-4-(3-Aminopyrrolidino)-7nitrobenzofurazan (here noted as furazan) encapsulation was performed according to a previously reported procedure. [39] Briefly, encapsulation of furazan was carried out by initially weighting 50 mg of the dry NPs and soaking them in 10 mL of a furazan containing solution (0.3 mg•mL -1 ) under magnetic stirring for 2 h at RT. Then, NPs were isolated by centrifugation (10,500 rpm, 20 min) and washed five times with 10 mL of distilled water.

Physicochemical characterization.

X ray powder diffraction (XRPD) were collected in a D8 Advance Bruker diffractometer with Cu Kα1 radiation (lambda = 1.54056 angstroms) or in a Siemens D5000 diffractometer with Cu Kα1 radiation ( = 1.54056 Å) (see the SI for details). Fourier transform infrared (FTIR) spectra were collected using a Nicolet 6700 instrument (Thermo scientific, USA) from 4000 to 400 cm -1 . N 2 adsorption isotherms were obtained at 77K using a BELsorp Mini (Bel, Japan). Prior to the analysis, approximately 30 mg of sample were evacuated at 140°C or 180°C under primary vacuum for 3 h. Thermogravimetric analyses (TGA) of the RT samples (5-10 mg) were analyzed on a Perkin Elmer Diamond TGA/DTA STA 6000 under O 2 atmosphere (20 mL•min -1 ), at heating speed of 3°C•min -1 for the temperature range between RT and 600 °C (note: heparin wt% is given with respect to dry MIL-100(Fe) weight). Particle size was monitored by Dynamic Light Scattering (DLS) on a Zetasizer Nano (Malvern Instruments). Samples were prepared by dispersing at 0.1 mg•mL -1 of NPs at RT in the desired media by the use of an ultrasound tip (10% amplitude for 1 min; Digital Sonifer 450, Branson).Transmission electron microscopy (TEM) was performed on a JEOL JEM-2100F at an accelerating voltage of 200 kV. Carbon-coated TEM grids, carbon type-B, 200 mesh copper grids were purchased from Ted Pella, Inc. Samples were prepared by dispersing the dried NPs at 0.1 mg•mL -1 in absolute ethanol by means of ultrasounds, and drop casting the solution on a carbon-coated TEM grid and allow the solvent evaporate under air. Fourier [185]

transform infrared (FTIR) spectra were collected in a Nicolet 6700 instrument from Thermo scientific.

Quantification of rhodamine-labeled heparin and furazan by UV-visible and fluorescence spectroscopy.

UV-visible spectra of rhodamine-labeled heparin were performed in a UV/Vis/NIR spectrometer Lambda 1λ from Perkin Elmer. The determined excitation (λ ex ) and emission (λ em ) wavelengths are respectively 519 and 573 nm in water, and 520 and 574 nm in PBS. The calibration curve of rhodamine-labeled heparin in water, PBS and RPMI was obtained in a FluoroMax-3 from Jobin Yvon Horiba. A linear response equation was obtained in both media between an interval of 10 -2 to 10 -5 mg•mL -1 with regression factors > 0.99. The amount of heparin coating the NP was obtained from the heparin concentration values in the initial reaction conditions (0.1470 ± 0.0106 mg•mL -1 ) and in the supernatant collected after coating reaction and removal of the NPs by centrifugation (0.0177 ± 0.0204 mg•mL -1 ).

Similarly, the concentration of heparin in the supernatant collected after washing step with water was measured to determine the amount of heparin that is released in this step (2•10 -5 ± 3•10 -5 mg•mL -1 ). It is noteworthy that in further washing steps no heparin was any longer detected in the supernatant. Overall, a percentage of 87.9 ± 13.8 wt% of the initial amount of heparin was grafted on the NP surface. From this data, it is concluded that a percentage of 12.5 ± 1.8 wt% of heparin was present in the heparin coated NP samples (note: heparin wt% is given with respect to dry MIL-100(Fe) weight). The amount of heparin released in water and PBS at 37 ºC was determined by monitoring the concentration of rhodamine-labeled heparin in the solution for a given time during a period of 48h. For the study, 2 mL of a dispersion of heparin coated NPs at 0.2 mg•mL -1 in distilled water or PBS at 37 ºC was prepared and kept under bidimensional stirring at 37 ºC. Aliquots of 1 mL of the supernatant were collected by centrifugation (14,500 rpm, 5 min) and replaced with the same volume of fresh medium at 37 ºC. Immediately after, the collected aliquots were filtered with Supor ® (PES) membrane filters of 0.20 μm pore size, purchased from Acrodisc ® . The amount of heparin released in the media was then determined by fluorescence spectrometry. The results are represented as the wt% of heparin released in each medium, considering the maximum of delivery of 100 % when the total initial amount of heparin coating the NPs was released. The excitation (λ ex ) and emission (λ em ) wavelengths of furazan in water are 500 nm and 535 nm, respectively. Furazan calibration curve was y = 6,35484•10 8 x + 52893,54 with correlation coefficient > 0.99 within the range from 0.625 μg•mL -1 to 1•10 -3 μg•mL -1 . The amount of furazan entrapped in the NP was obtained from the analysis of the initial reaction conditions, the supernatant collected after removal of the NPs and supernatant collected from the washing waters. From this data, the amount of furazan encapsulated inside the uncoated and heparin coated MIL-100(Fe) NPs was 7 and 5 wt%, respectively (note: furazan wt% is given with respect to MIL-100(Fe) weight).

Quantification of caffeine and trimesic acid by high performance liquid chromatography (HPLC).

Release of the trimesic acid was monitored in a reversed phased HPLC system Waters Alliance E2695 separations module from Waters with a Sunfire-C18 reverse-phase column (5μm, 4.6×150 mm from Waters) and equipped with a variablewavelength photodiode array detector Waters 2998 and controlled by Empower software. The mobile phase used for the measurements consisted of mixture of 45 % v/v methanol in PBS Heparin-engineered mesoporous iron Metal-Organic Framework Nanoparticles: towards stealth drug nanocarriers [186] solution (0.04 M, pH 2.5). Injection volume was set at 10 μl, flow rate at 1 mL•min -1 and temperature of the column at 25 ºC. The standards used for the calibration curve consisted of trimesic acid solutions at concentrations ofμ 25, 12.5, 6.25, 3.13, 1.56, 0.78 and 0.3λ μg•mL -1 .

The calibration curve presented a good correlation coefficient > 0.99. Chromatogram of standards showed a retention time for the organic linker of 4.6 min with an absorption maximum at 215 nm. Degradation kinetics of the NP were obtained in water and PBS at 37 °C according to a previously reported procedure [38] and represented as the wt% of the linker released, considering the maximum of degradation of 100 % when the total amount of the linker was released in the medium. Caffeine loading and release in water and PBS at 37 ºC was determined by using the same HPLC system and measurement conditions. The caffeine solutions used as standards for the calibration curve were: 25, 12.5, 6.25, 3.13, 1.56, 0.78 and 0.3λ μg•mL -1 . The calibration curve presented a good correlation coefficient > 0.99.

Chromatogram of standards showed a retention time for caffeine of 2.7 min with an absorption maximum at 272 nm. The amount of caffeine entrapped inside the NPs and delivered thereafter during incubation of NPs in distilled water and PBS at 37 °C was determined by HPLC according to a previously reported procedure. [38] Data is represented as the wt% of the caffeine delivered in the medium, considering the maximum of delivery of 100 % when the total amount of the caffeine initially encapsulated in the NPs was released.

Colloidal stability tests.

Uncoated and heparin coated NPs were dispersed at 0.1 mg•mL -1 in the different media (water, PBS, PBS implemented with albumin 5.4% w/v and RPMI) by the use of ultrasounds. NP size evolution was monitored by dynamic light scattering (DLS) over different time periods while considering time t=0 right after mixing the NPs in the medium.

2.9.

In vitro cell studies. 2.9.1. Cells and culture. The murine macrophages J774.A1 cell line (ATCC ® TIB-67 TM ) was maintained in RPMI 1640 medium supplemented with glutamax-1 with 10% of heatedinactivated FBS and 1% penicillin/streptomycin. [39] HL60 cells line (ATCC ® CCL-240 TM ) were cultured in RPMI medium supplemented with 10% (v/v) of heated-inactivated FBS), Lglutamine and 100 U•mL -1 of penicillin/streptomycin. Both cell lines were grown at 37°C in a humidified 5% CO 2 atmosphere and passaged twice a week (at 80% of confluence) at a density of 5 x 10 4 cells per cm 2 .

2.9.2. Cytotoxicity assays. The cytotoxic activity of MIL-100(Fe) and heparin coated MIL-100(Fe) was analyzed by the MTT assay. [39,40] Adherent J774.A1 cells were seeded 24 h prior to the assay in 96-well plates at a density of 1 • 10 4 cells per well in RPMI supplemented. The treatments were prepared at a 10-fold higher concentration (due to a direct 1/10 direct dilution in the well, as 20 µL of the NP solutions were added to a final volume of 200 µL per well). MIL-100(Fe) and heparin coated MIL-100(Fe) colloidal solutions were added to the cells at different concentrations (from 200 to 1200 µg . mL -1 ) and kept at 37 °C with a 5% CO 2 atmosphere for different contact times (1, 4, 8 and 24 h). The cytotoxicity was determined after 24 h by adding the MTT reactant (0.5 mg mL -1 in PBS, incubation at 37 °C during 2 h) followed by a PBS washing with 200 µL, ending with 200 µL of DMSO added to each well.

Absorbance was determined at λ= 53λ nm under stirring.
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2.9.3. Cellular penetration assays: Confocal fluorescence microscopy. For MIL-100(Fe) and heparin coated MIL-100(Fe) uptake studies, adherent J774.A1 were seeded at a density of 7•10 3 cells•per well on glass coverslips placed in 24-well plates. After 48h of incubation, the cells were washed with PBS and incubated with a concentration of 250 µg•mL -1 / well of uncoated and hep_MIL-100(Fe) NPs for different times (1, 4 and 8 h) in complete cell culture medium (supplemented RPMI). Untreated cells and cells treated with free Furazan (at 8 h) were included as controls. [39] After appropriate incubation times, cells were extensively washed with PBS to remove the excess of non-internalized NPs, fixed with 4 % p-formaldehyde for 10 min and incubated with the nuclear dye DAPI (1:100 in PBS, 5 min). Finally, coverslips were mounted with Mowiol Fluorescent mounting medium onto glass slides and cells were examined using a Leica AOBS-SP5 spectral confocal microscope with resonant scanner, mounted on DMI 6000B inverted microscope, equipped with an Ar laser excitation lines 5 (456, 476, 488, 496, 514 nm), laser diode (561 nm), laser diode (594 nm) and 633 nm blue laser diode (405 nm). The images were collected at 405/397 (Ex/Em), 558/568, 500/542 and 488/409 nm to observe the nucleus, actin (Bodipy ® Phalloidin), the encapsulated furazan fluorophore and Fe selffluorescence of the NPs, respectively (Figure S11). Then, images were analyzed using the Leica Application Suite 1.7.0 built 1240, LAS AF software. Triplicate experiments were carried out in two independents experiments (n = 6).

Complement Activation.

Western blots with a monoclonal anti-C3 antibody (mAb) were carried out to evaluate the degradation of the C3 factor upon NPs addition. A pool of human sera from healthy donors was incubated with two different concentrations of MIL-100(Fe) and hep_MIL-100(Fe) NPs (25 and 250 μg•ml -1 ). Zymosan and PBS were used as positive and negative controls, respectively. Equal volumes of plasma, buffer and NPs (50 μL each) were mixed together and incubated at 37 °C for 1 h. The mixture was centrifuged (13200 × rpm for 30 min) in order to separate the NPs. Supernatants containing complement proteins were loaded (2 μL) onto a 10% SDS-PAGE gel and then transferred to a PVDF membrane using the Transblot Semidry Transfer Equipment (Bio-Rad; Hercules, CA). In order to follow the progress of SDS-polyacrylamide gel electrophoresis, for assessing transfer efficiency onto PVDF membranes, a ladder of protein mixture was used (10 to 250 kDa). PVDF membranes were blocked overnight at 4 °C with 5 % non-fat dry milk in TBS-T. Then, the membrane was washed and incubated for 90 min at RT with a mouse mAb against human C3 diluted 1:2000. After intensive washes, membranes were incubated with secondary polyclonal goat antimouse IgG Abs conjugated with alkaline phosphatase diluted 1:2000 at RT for 1 h. The membrane was finally revealed with 5-Bromo-4-chloro-3-indolyl phosphate/Nitro blue tetrazolium (BCIP/NTB, Sigma-Aldrich Co.) and quantified using the ChemiDoc XRS imaging system (BioRad Laboratories Inc.). [41] 2.9.5. Cytokines profile evaluation. Cytokine production was evaluated using the kit FlowCytomix TM kit (Human Th1/Th2 11plex Ready-to-Use FlowCytomix Multiplex, eBioscience, Affimetrix), designed for a simultaneous quantification of several cytokines (IFN-γ, IL-1-β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12 p70, TNF-α and TNF-β). The NP prototypes were tested at two different concentrations (25 and 250 μg•mL -1 ) after 24 h of incubation with human peripheral blood mononuclear cells (PBMCs, obtained by density Heparin-engineered mesoporous iron Metal-Organic Framework Nanoparticles: towards stealth drug nanocarriers [188] gradient using Ficoll-Paque PLUS TM ). Then, samples were analyzed by flow cytometer (FC500, Beckman-Coulter; Miami, FL). PBMCs were also incubated with 5 µL of a LPS (10 μg•mL -1 ) along with 10 µL of lectin from Phaseolus vulgaris (PHA, 100 μg•mL -1 ) and with 48µL of PBS, which was used as positive control and PBMs alone were considered as negative control, respectively.

2.9.6. Human plasma protein adhesion tests. Fibrinogen and globulins plasma protein fractions were separated by the salting out method using ammonium sulfate as precipitating agent, whereas the albumin was used from the commercial product. An aliquot of 0.5 mL of human plasma from a healthy donor was suspended in Tris/EDTA (10 mM, pH 7.4, 3.5 mL). Ammonium sulfate was added at 20, 60 and 70 % at 4 °C to precipitate fibrinogen, globulins and albumin, respectively. Every precipitated fraction was collected by centrifugation (10000 × rpm at 4 °C for 15 min), then suspended in 1 mL of PBS pH 7.4 and, finally, exhaustively dialyzed against PBS in dialysis cassettes with a membrane of 10 kDa MWCO (ThermoScientific Inc., Slide-A-Lyzer Dialysis Cassettes). Protein fractions were kept at -20 °C and thawed at 4 °C prior to their use for fluorescence spectroscopy studies. Fluorescence spectra were taken on a Envision Multidetector (Fluorescein High Precision Monocromator, Perkin Elner). Plasmatic proteins were excited at 270 nm, collecting the emission spectra from 300 to 450 nm after stirring. Three spectra were recorded for each sample and an average calculated using the Walac Envision software. PBS was used as negative control to confirm that the medium in which the NPs were suspended did not lead to any protein conformational change. Different concentrations of the NPs prototypes (5, 15, 50 and 100 µg•mL -1 ) were added to each one of the plasmatic protein PBS-solutions (440 / 160 / 1000 µg of globulin / fibrinogen / albumin, respectively) in a 96 well plate (NUNC TM Delfic, strip plate). The emission spectrum of the protein was recorded before and after the addition of the corresponding NPs, allowing 5 min of incubation before the acquisition of the second spectrum.

2.9.7. ROS production. The cells were seeded 24 h prior to the assay in 96-well plates (U bottom) at a density of 1•10 4 cells per well in 200 µL of cell culture medium (RPMI supplemented with 10 % FBS). The medium was replaced by the stimulus-containing solution (25 or 250 µg•mL -1 of NPs). Non-treated cells and cells treated with the ROS salt (DCFH-DA, Sigma Aldrich Co.) in absence of stimulus was considered as negative control. As positive control, the cells were incubated with phorbol ester PMA (10 µM) at 37 °C. After different incubation times (1, 4, 8 and 24 h), cells were centrifuged (900 rpm, 5 min) and put in contact with the ROS salt (1 µL per 200 µL of cells) at 37 °C, in the dark. After 30 min incubation, twice PBS-washed were performed and, finally, the 2',7'-dichlorofluorescein (DCF) fluorescence in cells was measured by flow cytometry (FC500, Beckman-Coulter; Miami, FL). [42,43] 3. Results and discussions. 3.1. Heparin coating and physicochemical characterization. Modification of the external surface of MIL-100(Fe) NPs with heparin (abbreviated as hep_MIL-100(Fe)) was carried out through a biocompatible one-pot method consisting on the simple impregnation of NPs using CHAPTER 3 : Subchapter 3.1.
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a water : ethanol (30 : 70) solution containing the polysaccharide (see Experimental section; Figure 1). NPs, isolated by centrifugation and washed with water, were simply stored dried for their complete characterization.

The amount of heparin associated with the NP was determined by combining fluorescence spectrometry, thermogravimetric (TGA) and elemental analyses. A highly efficient grafting of the heparin was reached after only 4 min of contact time, with an association of the 87.9 ± 13.8 wt% with respect to the total amount of heparin incubated with the MIL-100(Fe) NPs. This indicates a fast grafting kinetics and an important affinity of the polysaccharide for the MIL-100(Fe) outer surface. Remarkably, the incorporation of the heparin, expressed as % with respect to the dry NPs weight, reached 12.5 ± 1.8 wt% o, as deduced from a fluorescent rhodamine-labeled heparin, which is in fully agreement with TGA and elemental analysis (8.7 and 14.5 wt%, respectively; see Table S1 and Figure S1). Interestingly, the important loading and very high efficiency of this process make it very attractive for the development of a lowcost method and paves the way for the scale-up of the process for future industrial applications. X-ray powder diffraction (XRPD) patterns confirmed that the crystalline structure of MIL-100(Fe) NPs was not altered after surface modification process (Figure S2). Note that although a peak broadening is observed in comparison with the bulk material, consistent with the smaller particle size, the full width at half maximum (FWHM) of the MIL-100(Fe) before and after heparin modification remained unaltered, indicating a similar particle size. The particle size of MIL-100(Fe) NPs, determined by dynamic light scattering (DLS) in water before and after surface modification, was 141 ± 43 and 173 ± 51 nm, respectively, together with polydispersity indices consistent with well-monodispersed NPs (PdI < 0.2; Table 1). Interestingly, the slight increase in particle size (~ 30 nm) after coating is in agreement with the presence of a 15 nm-thick heparin coating around the NP. Additionally, the presence of a highly negatively charged polymer such as heparin covering the surface is expected to endow NPs with a negative surface charge. However, uncoated NPs dispersed in water already display a negative ζ-potential of -21.5 ± 3.8 mV, which makes rather difficult to see the impact of the heparin coating considering the charge of the heparin coated MIL-100(Fe) NPs of -26.5 ± 5.0 mV. To further clarify this point, the coating was also performed using MIL-100(Fe) NPs with a positive surface charge, corresponding to NPs before the post-synthesis activation step in diluted KF (see Experimental section). Their ζ-potential is typically positive (+ 19.1 ± 4 mV), assigned to a higher presence of partially coordinated trimesic linker on the NP external surface whose carboxylic groups are still protonated in water. [44] As a reminder, the KF treatment induces a replacement of the partially coordinated linkers by F anions, [44,45] as well as a notable enhancement of the colloidal stability. [44] After coating the non-KF treated NPs with heparin, a significant shift of the ζ-potential towards negative values is observed (-20.7 ± 5 mV), in agreement with the presence of heparin covering the external surface of the NP. Noteworthy, the possibility of coating similar heparin amounts on either negatively or positively charged NPs tentatively suggests the participation of a combination of not only electrostatic interactions but also coordination to the CUS sites, van der Waals interactions or hydrogen bonding, as driving forces for the interaction of MIL-100(Fe) NPs with heparin molecules.

Heparin-engineered mesoporous iron Metal-Organic Framework Nanoparticles: towards stealth drug nanocarriers [190] To get more evidences on the nature of the interaction, NPs before and after heparin modification were studied by Fourier transform infrared (FTIR) spectroscopy along with the reference spectrum of heparin alone (Figure S3). In addition to the main bands assigned to MIL-100(Fe) (ʋ (C=O) carboxylate at 1577 and 1450 cm -1 ), the hep_MIL-100(Fe) exhibit additional bands at 1027, assigned to the sulfate groups of heparin (possibly ʋ as / ʋ s (SO 2 )), a clear indication of the presence of heparin. The shift of this band when compared with the free heparin from 1020 to 1027 cm -1 suggests the formation of interactions via the sulfate group. In addition, the ʋ as (Fe 3 O) band, indicative of the iron oxocluster core of MIL-100(Fe), reported previously at 619 cm -1 for the parent MIL-100(Fe), [46] is here shifted down to 616 cm -1 . This concomitant shift (sulfate, iron core) suggests a coordination of the sulfate groups of the heparin on the iron Lewis acid CUS of MIL-100(Fe), in a similar way to the phosphate groups of the antiretroviral azidothymidine triphosphate on the Fe-CUS. [47] Therefore, albeit sulfates are not as strong complexing groups as phosphates, one can rationally expect a rather stable coating as a consequence of the cooperative interaction effect of the large number of sulfate groups from the heparin polymer. Further evidences of the presence of the heparin coating were obtained by studying the morphology of the NPs by electron microscopy (Figure S4). In contrast to the well-defined edges observed for the uncoated octahedral-shaped MIL-100(Fe) NPs, heparin coated MIL-100(Fe) exhibited a low-contrast continuous phase resembling a thin film of ~ 10 nm thick, in agreement with the presence of the polysaccharide homogeneously covering the NP surface. This value, estimated on the vacuum-dried NPs is in concordance with the previously 15 nmthick determined by DLS on the NPs aqueous solution.

So far, we have assumed that the polymer lies on the outer surface of the NPs. However, due to the microporous character of MIL-100(Fe), one could not exclude that part of the polymer is also located within the porous framework. To address this issue, N 2 adsorption isotherms were measured before and after the coating (Figure S5; see Experimental section). Noteworthy, no significant change is observed with BET surface area of respectively 1480 and 1250 m 2 •g -1 . The slight decrease of the surface area might be related only to the increase in density due to the presence of a significant amount of the non-porous heparin moieties. Thus, if one applies a simple weight correction considering the amount of grafted heparin, this leads to no significant differences in terms of specific surface area values (1480 vs. 1530 m 2 •g -1 ). Therefore, the absence of any decrease in the accessible porosity of the NPs after surface modification strongly indicates that our method leads to the grafting of the polymer only at the external surface of the NPs leaving accessible the pores of MIL-100(Fe) for the sorption of small gas molecules. Finally, considering that all the heparin moieties are located on the outer surface of the NP, one can estimate that around 6500 heparin chains coat each NP. This means that the surface area occupied by a single heparin chain is close to 10 nm 2 with a corresponding surface density of 0.1 heparin chain•per nm 2 . The polymer density can also be described in terms of the conformation that the heparin chains is expected to exhibit on the NP external surface based on the following parameters: (i) the thickness of the grafted heparin layer (~ 15 nm), (ii) the length of heparin (Mw ~ 18000 Da, n ~ 30 monomer repeats, extended heparin length ~ 33 nm) and (iii) the length of a single monomer of heparin (~ 10.9 Å, as determined by CHAPTER 3 : Subchapter 3.1. [191] molecular simulation under vacuum, Figure S6). Upon the basis of the distance between grafted chains (D) and the Flory radius of the polymer graft (R F ), the conformation of the polymer can be defined over a range from two main regimes, named "mushroom"-or "brush"like arrangements. [48,49,50] In the present case, the calculated distance between heparin chains on the 140 nm MIL-100(Fe) NPs is D ~ 3 nm, while the Flory radius is R F ~ 8.4 nm (see Supporting information for details on calculations). Since the distance between heparin chains is much lower than the Flory radius (D << R F ) and the thickness of the grafted heparin layer experimentally determined by DLS is ~ 15 nm, and keeping in mind the calculated length of an extended heparin strand is of ~ 33 nm, heparin chains are expected to interact laterally and extend partially out from the surface in a dense "brush" regime. As a consequence, it is likely that the conformation of heparin will strongly impact the final behavior of the NPs in biological environments as well as on its biological activity as described below. Heparin-engineered mesoporous iron Metal-Organic Framework Nanoparticles: towards stealth drug nanocarriers [192] 3.2. Drug loading and release capacity. Once demonstrated the successful selective heparin coating of the outer surface of the NPs, it is crucial to check if the pores of the NPs are able to encapsulate and release biological relevant cargoes through post-coating impregnation (Figure 1). One expects that the coating might impact both the loading and release kinetics through a decrease in the diffusion of guests through the coating layer. To evaluate this effect, the liporeductor agent caffeine was selected as model molecule whose dynamics of loading and release from MIL-100(Fe) were very recently assessed by some of us. [26] The encapsulation of this amphiphilic xanthine is still a challenging issue for the cosmetic industry due to its high tendency to crystallize, giving rise to poor payloads and uncontrolled releases together with low efficiencies on previous formulations. [51] Figure 1. Schematic illustration of the formation of heparin coated MIL-100(Fe) NPs loaded with specific cargoes via two differentiated pathways: (A) Heparin is selectively coated on the external surface of the NP followed by the post-loading with caffeine; and (B) pre-loading with furazan followed by external coating of the NP with rhodamine-labeled heparin. The two systems are examined to evaluate the heparin content and robustness, the cargo loading-release profiles and to perform in vitro studies under simulated physiological conditions.

The encapsulation of caffeine using both uncoated and heparin coated MIL-100(Fe) NPs was carried out by simple impregnation in a caffeine-containing aqueous solution for 24 h and the amount of entrapped caffeine determined by HPLC (Experimental section). Both samples do not exhibit any change in their crystallinity as well as no traces of recrystallized caffeine (Figure S7). The payloads for the uncoated and hep_MIL-100(Fe) NPs are similar: 43 ± 2 wt% and 42 ± 6 wt%, respectively (see Table 1), validating the permeability of the coating for caffeine moieties to diffuse through the pores of the NPs, and thus confirming that the drug loading capacity of nanoMOFs is preserved while coated with heparin. The impact of the surface modification over the kinetics of drug release was then studied in simulated serum or topical physiological media (phosphate buffered saline PBS pH = 7.4 or water pH = 6.3 at 37°C, respectively) by HPLC. The release profiles for the uncoated NPs in both media present two different stages of delivery, similar to those previously obtained with micron-sized particles of MIL-100(Fe) (Figure S8). [38] During the first hour, an important caffeine release CHAPTER 3 : Subchapter 3.1. [193] of 65 ± 1 wt% in water and 73 ± 4 wt% in PBS occurs; then, a second stage (incubation up to 48 h) corresponds to a more progressive delivery of the remaining caffeine (Figure 2). As previously reported, [38] the first step might correspond to the release of the drug molecules located at the center of the cages, whereas the second stage would be associated to the entities in interaction with the pore walls via dispersive interactions (van der Waals, π-π stacking).

Noteworthy, this two-stage delivery process is maintained for the heparin coated MIL-100(Fe) NPs, the process of delivery being however slightly slowed down (Figure 2), particularly during the first hours. In particular, 46 ± 3 and 56 ± 4 wt% were released from the uncoated NPs after 1 h in water and PBS, respectively, while only 20 wt% of caffeine is released during the same period for the coated NPs. This suggests that the dispersive interaction of caffeine molecules with heparin slows down their diffusion outwards the NPs.

The decrease in the release kinetics once NPs are coated might be advantageous to better control the drug release, particularly for the challenging drugs that are not currently satisfactory released (i.e. the antitumoral busulfan) [52] simultaneously with the modulation of their in vivo fate. Release is represented as the wt% of the caffeine released in the medium, considering the maximum of 100% when the total amount of caffeine initially entrapped in the NP was released in the medium.

Stability in solution.

One crucial point dealing with the external functionalization of NPs for biological applications is the robustness of the coating itself. It must be stable under the chosen physiological conditions for an extended period of time, enough to allow their action. This in turn could affect : (i) the degradation profiles of nanoMOFs, (ii) the release of the encapsulated entities, (iii) the NP colloidal stability and, last, but not least, (iv) the interaction with the biological environment. In an attempt to investigate the stability of the coating, NPs coated with rhodamine-labeled heparin were incubated under three different simulated physiological conditions including topical (water, pH = 6.0, 37°C), serum conditions (PBS, pH = 7.4, 37°C) or cell culture medium (Fetal bovine serum supplemented RPMI noted here as RPMI-, 37°C; see Figure 1 and3a). In the first case, water immersion leads to the release of a small quantity of heparin (up to 1 wt%) at the very early stages of the incubation with no Heparin-engineered mesoporous iron Metal-Organic Framework Nanoparticles: towards stealth drug nanocarriers [194] further release as shown by the plateau that remains constant along the 24 h of the assay. A similar stability is observed in RPMI medium with the release of 2 wt% only during the first hours of immersion. Conversely, up to 60 wt% of heparin is released in PBS, most of it being released during the first hour.

Even if the robustness of the coating in water and RPMI is noticeable, these results also evidence to some extend the poor stability of an important fraction of the coating in PBS. This might be due to the phosphate groups from PBS that are stronger complexing groups able to replace the sulfate groups of the heparin and coordinate to the iron metal sites of MIL-100(Fe). [47] Nevertheless, 40 wt% of the initial heparin coating is still maintained in PBS, which, considering the significant initial amount of heparin coating the NP, might be enough to endow NPs with stealth or furtive properties. In parallel with the effect of the electrolytes, one should consider also the effect of serum proteins on the outer surface of the NPs on the coating stability. If the much stronger stability of the heparin coating in RPMI media compared to PBS (note that this medium contains fetal bovine serum; see in Experimental section) could be explained through the lower phosphates concentration in the media (i.e. 5.6 mM in RPMI vs. 10.0 mM in PBS), it is likely that serum proteins behave as a protecting agent preventing the NPs against fast degradation. In parallel, the influence of the coating on the kinetics of degradation in simulated physiological media (water, PBS and RPMI, 37 °C) was assessed by monitoring the release of the organic linker by HPLC (Experimental section, Figure 3b). Both uncoated and heparin coated NPs soaked in the three different media exhibited similar degradation profiles regardless the heparin coating. These results suggest that despite to the NPs coating, the fast diffusion of electrolytes, more specifically phosphates, within the inner pores of the nanoMOFs triggers their degradation. The pH might also play an important role, being several units above the pKa of the carboxylic functions (pH = 7.4 in PBS, respectively, vs. pKa  4) as well as the chemistry of iron itself (see Pourbaix diagram), [53] the precipitation of iron hydroxides at such pH being the most thermodynamical state. [44] Figure [195]

3.4. Colloidal stability in simulated physiological media. The modification of the external surface of NPs is expected to affect both the interparticle and the NP-medium interactions, with a great impact not only on their colloidal stability but also on their biodistribution. [54,55] In a first step, the effect of the functionalization on the colloidal stability in different simulated physiological conditions is discussed followed by the study of their interactions with cells. Despite to the almost negligible effect of the heparin coating on the MIL-100(Fe) ζ-potential, the presence of the coating layer might prevent aggregation through steric stabilization. The impact of the colloidal stability of the heparin coated MIL-100(Fe) was thus analyzed through the temporal evolution of the diameter of the NPs in simulated physiological media. The stability of the unmodified MIL-100(Fe) NPs has previously been described in a recent publication. [44] Initially, the colloidal stability against salt induced aggregation was examined in water or PBS (at 37 ºC) (Figure S9). The role of proteins on the colloidal stability was evaluated in a more complex media, namely, PBS supplemented with albumin (Alb), the most abundant plasma protein in mammals, and cell culture medium RPMI (Table 1 and Figure S10). For a better understanding of the in vivo fate of the NPs colloidal stability, we compare here these results with the biological tests performed in the following section (see Experimental section).

In water, uncoated NPs tend to aggregate after 4 h. In addition, the polydispersity (PdI) increases (from 0.15 up to 0.30). However, no aggregation of the heparin coated MIL-100(Fe) is observed in 4 h and polydispersity is maintained (< 0.20), up to 2 days with a constant PdI. Similarly, in PBS, the uncoated NPs exhibit a progressive aggregation, with a sudden increase of the PdI from 0.15 to 0.39 immediately after the immersion in the medium. Interestingly, although hep_MIL-100(Fe) also tends to aggregate, the size evolution is less pronounced with a PdI that also immediately increase up to 0.3. The effect of the protein coating on the colloidal stability in PBS was first tackled down by the addition of Alb. Hep_MIL-100(Fe) NPs showed an improved stability with a size increase of ~ 70 nm and similar evolution in PdI. This beneficial effect could be related to the adsorption of Alb on the surface of the NPs, allowing a stabilization of the coated NPs in PBS up to 6 h. Similar studies were performed also in RPMI, in a view of the more complex medium used in the in vitro tests described in the following section. In this case, uncoated NPs present a clear aggregation pattern right after incubation with a pronounced increase of PdI up to 0.4 after 5 min of incubation only. In contrast, hep_MIL-100(Fe) displayed a high stability in this medium for a long period of time with a PdI maintained at 0.25 -0.35 over the entire assay (8.5 h), insuring the particle stability for the cell uptake tests.

Overall, the coating with heparin leads to an improvement of the colloidal stability in physiological conditions. This is probably due to the steric hindrance introduced by the presence of the polymer chains on the NP outer surface rather than bringing additional repulsive electrostatic interactions, as suggested by the maintenance of ζ-potential values before and after heparin coating regardless the examined media (Figure S10 and Table 1).

Uptake by macrophages, cell viability, ROS production and cytokine secretion.

The influence of the coating on the cell toxicity and uptake was evaluated. First, the low cytotoxicity profile of both uncoated and hep_MIL-100(Fe) NPs was confirmed, even at very Heparin-engineered mesoporous iron Metal-Organic Framework Nanoparticles: towards stealth drug nanocarriers [196] high concentrations (1.2 mg•mL -1 ), on a macrophage cell line (J774.A1) after 24 h of incubation through the MTT assay [56] (Figure S11). These results are in good agreement with the reported in vitro 39 and in vivo biocompatibility of MIL-100(Fe) NPs. [25] However, iron overload can be associated with oxidative stress toxicity. [42] To address this point, the production of Reactive Oxygen Species (ROS) was then evaluated on the human promyelocytic leukemia cell line (HL60) in contact with two different doses (25 and 250 µg•mL -1 ) of uncoated and heparin coated MIL-100(Fe) NPs at different times (Figure S12; see Experimental section). [43] None of the NPs induced the ROS production at shorter times (≤ 8 h) regardless the concentration. In contrast, the higher concentration (250 µg•mL -1 ) of both uncoated and hep_MIL-100(Fe) induced a similar and significant oxidative stress after 24 h. This is in concordance with the reversible increase of oxidative stress, previously observed after the intravenous administration of high doses of MIL-100(Fe) NPs due to the higher hepatic iron concentration. [25] As previously mentioned, heparin coating plays a dual role in the avoidance of the recognition and the removal of the coated NPs from the blood through the phagocytic innate immune cells. This is obviously an advantage for drug carriers or contrast agents to allow longer circulation times, enabling their biodistribution to other organs than the reticuloendothelial system (RES), commonly involved in the removal of foreign NPs. Therefore, the murine macrophage cell line J774.A1 was used as a model in order to evaluate the stealth properties of fluorescent hep_MIL-100(Fe). For that purpose, we have selected the recently published fluorescent furazan-containing MIL-100(Fe) NPs as control (see Experimental section; Figure 1) due to their good stability in the cell culture medium long enough to follow the cell penetration. [39] Remarkably, cell internalization of MIL-100(Fe) NPs cannot only be indirectly followed through the green fluorescent signal of furazan but also directly through the signal produced by the particles themselves (Figure S13, S14 and S15). The iron self-reflection signal can indeed be easily detected in reflection mode, allowing the direct observation of the iron-based MOF NPs.

In contrast with the rapid cell penetration of the uncoated NPs, even at short incubation times of 30 min., confocal images (Figure 4, S14 and S15) suggest a decreased uptake of the hep_MIL-100(Fe) NPs. In agreement to this, upon the MOF NPs uptake the initial roundshape cell morphology is remodeled, adopting an elongated conformation, consistent with an activate state of the macrophages. This difference is particularly noticeable at short times (1 and 4 h) while after 8 h of incubation no significant difference is observed. This seems however not to be related to the release of the heparin coating since, in sharp contrast with the PBS medium, this coating is rather stable in the RPMI medium (Figure 3). This suggests that the heparin coating seems able of significantly slowing down the internalization process at early stages of incubation (i.e. a few hours), but not at longer term. This might be associated with the recognition and removal of the NPs avoiding toxic effect derived from accumulation.

Although the heparin coating approach has been previously reported for preventing from the rapid macrophage uptake for different classes of NPs, [33,34,35,36] to the best of our knowledge, this is the first time that the surface heparin-engineering of MOFs is reported, providing them with remarkable potential stealth properties. In light of these findings, the capacity of the NPs for evading the immune system was assessed through induction of inflammatory responses tests mediated by the activation of the complement cascade and the production of pro-inflammatory cytokines by immune cells. The ability of both NPs to activate the complement pathway, a key component of the humoral innate immune system to eliminate foreign pathogens and to mediate inflammation and recruitment of immune cells, was evaluated. [57,58] A pool of human sera from three different donors were put in contact with two different concentration (25 and 250 μg•mL -1 ) of uncoated or heparin coated MIL-100(Fe) NPs. The degradation of C3, a common factor in the three Heparin-engineered mesoporous iron Metal-Organic Framework Nanoparticles: towards stealth drug nanocarriers [198] described complement cascades, was evaluated by Western blot (see Experimental section).

Remarkably, there was no induction of the complement cascades for both uncoated and heparin coated MIL-100(Fe) (Figure S16).

To evaluate the cytokines production, extracellular factors involved in several aspects of the immune responses such as inflammation or immunomodulation were tested, where the NPs were incubated at two different concentrations (25 and 250 µg•mL -1 ) with human peripheral blood mononuclear cells (PBMCs) from voluntary donors for 24 h (see Experimental section).

On the whole, hep_MIL-100(Fe) NPs induced a one to two order of magnitude lower production of cytokines than the uncoated MIL-100(Fe) ones, depending both on the cytokine nature and the NPs concentration (Table S2 and Figure S17). Remarkably, the cellular response (Th1 cytokines) seems to be much less activated by the heparin coated MIL-100(Fe) than the uncoated ones. In addition, except for the interleukin-6 (IL-6), the rest of proinflammatory cytokines production is lower when the NPs are coated with heparin. In particular, the secretion of the tumor necrosis α (TNF α ), one of the most potent proinflammatory cytokines, was highly activated by the presence of the MIL-100(Fe) NPs, but not with the hep_MIL-100(Fe) NPs. Therefore, the heparin coated MIL-100(Fe) NPs appear as a promising candidate for drug vectorization since they could a priori escape to the very fast recognition by the macrophages, probably allowing longer circulation half-lives (furtive NPs). Moreover, the transitory character of this immunological system inhibition, due to the progressive release of the heparin coating in presence of the biological media, might insure its lack of toxicity at longer times. Following this line, it is well known that the surface functionalization strongly influences the biodistribution of the nanocarriers. In fact, after the intravenous administration of NPs, plasma proteins are adsorbed on the external surface creating the called "protein corona", which will considerably affect the physicochemical properties of the NPs and their in vivo fate. [59,60] Additionally, serum proteins can also be affected by the presence of NPs. As recently shown by some of us, NPs can induce conformational changes on proteins, altering also their function. [61] To gain further understanding, we investigated if upon adsorption of the main plasma proteins (fibrinogen, albumin and globulins) on both the uncoated and heparin coated NPs, the proteins could undergo conformational changes. Thus, both NPs were incubated in presence of increasing concentration of each protein fraction, analyzing the conformational changes by using fluorescence spectroscopy (see Experimental section). Except for the globulin fraction, no significant changes were observed for both albumin and fibrinogen fractions, even at high NP concentrations (Figure S18). In contrast, a slight red region-shift on the emission band of the globulins suggests an adsorption of these proteins exclusively on the MIL-100(Fe) surface, which may exhibit a more unfolded conformation with more exposed tryptophan residues. [61] Interestingly, transferrin, an iron-binding blood plasma glycoprotein belonging to the globulin family, could be the responsible of this slight conformational change, only visible at high NP concentration (100 g.mL -1 ), as a consequence of their interaction with iron.

Conversely, the heparin coated MIL-100(Fe) NPs did not show any significant shift, in agreement with the absence of conformational changes of globulins. One could suggest the formation of a different protein corona in both coated and uncoated NPs, leading to a different CHAPTER 3 : Subchapter 3.1. [199] cell recognition and uptake. However, further experiments will be required for a deeper understanding of the protein-matrix interactions.

Conclusion.

We have reported a simple and efficient (88%) green one-pot approach for the selective external surface modification of the non-toxic mesoporous iron (III) trimesate nanoMOFs nanocarriers with the biocompatible, heparin polymer, well-known for their related stealth properties. Highly-porous NPs bearing 12.5 ± 1.8 wt% of heparin distributed on the external surface of ca. 10 nm-thick homogeneous layer with a high-dense "brush" conformation could be obtained. The stability of the heparin coating in the physiological media was insured by the formation of cooperative strong interactions between the sulfate groups of the heparin and the iron metal sites of the MIL-100(Fe). An improvement of the colloidal stability of the NPs after surface modification was observed while NP degradation profiles remained unmodified.

In addition, the high porous character of these NPs was preserved after the heparin coating, maintaining their ability to accommodate high cargo loadings and to release them in simulated physiological conditions in a more progressive manner than their uncoated equivalents. Heparin-coated MIL-100(Fe) NPs evidenced a low toxicity and effectiveness on decreasing the cell recognition and uptake at early stages of incubation, providing them with potential stealth properties. In addition, low inflammatory responses are expected in vivo with these heparin coated NPs, as evidenced by the results obtained on the complement activation, cell toxicity, macrophage uptake, cytokine profile and ROS production. Given the simplicity of this surface modification method to ensure the preservation of the physico-chemical features of the NPs and potentially modifies their in vivo fate, this might broaden the possibilities for designing porous nanoMOFs for therapeutic and/or diagnostic applications.

Supporting Information.

Supporting Information is available from the Wiley Online Library or from the author. Further experimental data is presented as supporting information, including: uncoated and heparin coated MIL-100(Fe) characterization by TGA, elemental analysis, XRPD, FTIR, HR-TEM, STEM, N2 adsorption isotherms, molecular simulation of heparin, optical images of colloidal solutions, caffeine release profiles, colloidal stability studies, confocal images, complement activation, cytotoxicity test (MTT), cytokine production, interactions with plasmatic proteins and ROS production.

Acknowledgements.

Authors would like to acknowledge Mercedes Rivas Cascallar, Marta Alonso Nocelo and Beatriz Sánchez Correa for their help in the microscopy and flow cytometry characterizations. This work was partially supported by supported by the UVSQ and the CNRS, the French ANR 2010-MatePro VirMIL, ERC-2007-20λ241-BioMOFs ERC and the Laboratoire d'Excellence NanoSaclay. We also thanks to the BIOCAPS project (316265, FP7/REGPOT-2012-2013.1) and Xunta de Galicia: Agrupación Estratégica para la Investigación en Biomedicina (INBIOMED) and grupo de potencial de Crecimiento (GPC2013-005).

Heparin-engineered mesoporous iron Metal-Organic Framework Nanoparticles: towards stealth drug nanocarriers [200] The manuscript was written through contributions of all authors. E. Bellido and T. Hidalgo equally contributed to this work. All authors have given approval to the final version of the manuscript. Heparin-engineered mesoporous iron Metal-Organic Framework Nanoparticles: towards stealth drug nanocarriers [211] Figure S12 ROS production of HL-60 cell line (widely chosen as ROS model) [i,ii] Heparin-engineered mesoporous iron Metal-Organic Framework Nanoparticles: towards stealth drug nanocarriers [217] Table S2. Summary of the cytokine production. The values correspond to the variation of the concentration of cytokines (in pg.mL -1 ) in comparison with the negative control ( <1, 1-10, 10 2 -10 3 , 10 3 -10 4 or >10 4 Chitosan-coated mesoporous MIL-100(Fe) nanoparticles as improved bio-compatible oral nanocarriers T.Hidalgo Abstract.

Despite the recent deal of attention attracted to the large porosity and variable composition of nanometric porous metal-organic frameworks (nanoMOFs) for the biomedical field, only a few examples of nanoMOF surface engineering preserving their characteristic porosity have been reported to date, being still a great challenge. We bring here a facile, versatile, biofriendly and efficient method for the external functionalization of the benchmarked mesoporous iron(III) trimesate nanoparticles (NPs) with chitosan (CS), a well-known bioadhesive polysaccharide polymer. A complete physicochemical characterization of the obtained CS-coated NPs was performed, paying a special attention to the evaluation of their chemical and colloidal stability in different simulated oral physiological media. In addition, the biocompatibility and the intestinal barrier bypass were assessed by a panel of different in vitro techniques. This chitosan grafting has improved the colloidal and chemical stability under oral simulated physiological conditions, preserving intact its crystalline structure, porosity, adsorption and release abilities. Furthermore, while keeping intact the high biocompatibility of these nanosystems, the CS coating has provided additional biological roles, boosting the nanoMOF interaction with the biological environment. On the whole, it has been evidenced here, the versatility and efficacy of the engineering at the nanoMOFs surface by a straightforward and bio-friendly approach, broadening the potential application of porous MOF NPs in biomedicine.

Introduction.

Recent advances in the nanomedicine field have evidenced that the effectiveness of drug administration could be strongly affected by the design of an appropriate carrier and/or formulation. 1,2 This is the case of drug delivery nanosystems such as nanoparticles (NPs), exhibiting physicochemical properties (i.e. particle size, surface charge, rheological properties, colloidal stability) that will determine their affinity with different biological structures, their biodistribution, and also, their efficacy. Therefore, the actual challenge for the NPs use in biomedical applications resides not only on the fine control of the particle size but also in their suitable multifunctional design for a given bioapplication. Following this line, one of the most relevant features of NPs is their increased high surface-to-volume (S/V) ratio.

The efficient surface engineering of the large (external) surface area of nanoparticulated delivery systems may: i) improve the chemical and colloidal stability in physiological media and/or into more complex specific formulations, ii) favor an enhanced bioactivity, iii) permit the tuning of their in vivo fate, recognition capabilities and biocompatibility 3 and iv) introduce additional biological functionalities such as imaging or sensing. 4,5 Among the different drug nanocarriers proposed so far (e.g. lipids, polymers, metal clusters, carbon structures, inorganic oxides), nanometric porous metal-organic frameworks (nanoMOFs) have recently attracted a great deal of attention owing to their large porosity and versatile composition and topology, enabling remarkable loadings of a large variety of active molecules (drugs, cosmetics, biological gases, etc) together with their progressive releases under physiological conditions. 6,7 Despite their remarkable features, only few examples on the surface modification of porous nanoMOFs have been reported to date. 8,9,10 As initially evidenced by the nanoMOF functionalization with poly(ethylene glycol) (PEG) chains, 6 the challenge here is to specifically modify the external surface of the NP avoiding the adsorption within the Chitosan-coated mesoporous MIL-100(Fe) nanoparticles as improved bio-compatible oral nanocarriers [224] pores, which is associated with a reduction of the MOF porosity, and then, its loading/release capabilities. The first examples were reported by Lin and coworkers, which presented the silica coating of porous Ln-based nanoMOFs with different shell thicknesses, conferring a better stability on .the nanoMOF. Despite their silica-related drawbacks (toxicity, poor yields, low reproducibility,..), 8 the same group has also proposed the silica grafting as a thin film format on MIL-101(Fe) NPs to prevent from its rapid degradation. 11 Another innovative approach for the selective surface functionalization of porous MOFs proposed by Rowe et al. 9 uses biocompatible copolymer scaffolds that are anchored to the Gd 3+ cations on the outer surface of the NPs via reversible addition-fragmentation chain transfer (RAFT) polymerization. Another innovative example of purely covalent surface functionalization has been recently presented by Mirkin and coworkers. 12 In this work, azide-functionalized UiO-66-N 3 NPs were surface-decorated through a click reaction with dibenzylcyclooctynefunctionalized DNA to obtain the first nanoMOF-nucleic acid conjugate with superior colloidal stability and cellular transfection capabilities.

We recently proposed several efficient and biofriendly post-synthetic surface engineering approaches using different biomolecules (i.e. cyclodextrins (CDs), 13 heparin 14 ...) through a green one-pot surface modification route, which ensures the preservation of the textural and physicochemical features of the nanoMOF. In particular, the surface engineering in iron(III) trimesate NPs with the biocompatible CDs 13 and the heparin polymers 14 has improved the stability in body fluid of the NPs, whereas maintaining intact their porosity, crystallinity, adsorption and release abilities. Moreover, these graftings have provided to the nanoMOFs, advanced functionalities for the intravenous administration such as the increase of nanoMOF interactions with specific receptors (targeting) and/or the favored escape from the immune system, associated with longer circulation times (stealth).

The vast majority of the investigations dealing with bioapplications of nanoMOFs focus in the intravenous via, albeit the oral administration is one of the most commonly-used routes due to its non-invasive nature and the fact that avoids patient pain and discomfort. Despite these clear advantages, the oral route also presents some limitations in the administration of certain molecules, including inadequate intestinal absorption, poor stability to the aggressive gastrointestinal conditions or solubility issues. 15 In this line, some of us reported for the first time oral tablets based on micrometric iron(III) carboxylates (MIL-53 and MIL-100) MOFs 16 loaded with important amounts of ibuprofen. However, to the best of our knowledge, no oral nanoMOF devices bioadapted to the drug have been reported so far. Therefore, the present works aims to i) demonstrate the reliability and reproducibility of our nanoMOF surface engineering approach using a different biopolymer and ii) prepare an engineered MOF nanocarrier suitable for oral administration. For this purpose, the benchmarked mesoporous iron(III) trimesate MIL-100(Fe) material in the form of NPs (MIL stands for Material of Institute Lavoisier) has been selected due to (i) its easy and totally biofriendly multigram-synthesis at the nanoscale, 17,18 (ii) its lack of in vivo toxicity, 19 (iii) its exceptional loading of challenging drugs, together with their controlled release under physiological conditions, (iv) its interesting imaging properties 20 and v) the potential tuning of its biodistribution by the functionalization of its external surface. 14,17 On the other hand, the positively charged polysaccharide chitosan (CS) has been chosen as surface agent. The presence of this biocompatible polymer on the NP surface may serve to CHAPTER 3 : Subchapter 3.2.

[225]

protect the NPs against enzymatic degradation and provide them with bioadhesion properties, a priori facilitating their transport across mucosal barriers. 21,22 Thus, we here describe an easy and simple biocompatible method for the grafting of the biopolymer CS on the outer surface of the MIL-100(Fe) NPs. The resulting CS coated NPs have been fully characterized by Dynamic Light Scattering (DLS), Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analyses (TGA), X-Ray powder diffraction (XRPD), N 2 adsorption isotherms, fluorescence spectroscopy and high performance liquid chromatography (HPLC), taking a special attention to their structural, chemical and colloidal stability on the simulated physiological oral conditions. Furthermore, the ability of these NPs to bypass the intestinal barrier has been also evaluated in vitro, as well as their biocompatibility. 

Experimental

Synthesis of MIL-100(Fe)

NPs. MIL-100(Fe) NPs were synthesized following a microwave-assisted hydrothermal synthesis according to a previously reported procedure. 18 Activation or purification of MIL-100(Fe) NPs consisted of successive washing steps by

Chitosan-coated mesoporous MIL-100(Fe) nanoparticles as improved bio-compatible oral nanocarriers [226] centrifugation (15000 rpm, 10 min) and re-dispersion of the NPs in aliquots of water (x1) and absolute ethanol (x5). Further activation was carried out by re-dispersing 2.5 g of the NPs in 20 mL of an aqueous KF solution (0.1 M). Then, the suspension was stirred for 1 h 40 min under ambient conditions. Finally, NPs were collected by centrifugation and washed with 20 mL of water (x2) and with 20 mL of absolute ethanol (x1). Activated MIL-100(Fe) NPs were isolated by centrifugation and stored wet with a few droplets of absolute ethanol. 23 2.3. Preparation of chitosan coated MIL-100(Fe) NPs. 30 mg of MIL-100(Fe) NPs (note: NPs were used wet, and therefore wet : dry ratio was previously determined from NPs dried at 100 ºC overnight) were dispersed in 6 mL of ethanol using an ultrasound tip (10 % amplitude for 1 min; Digital Sonifer 450, Branson). In a different vial, 32 mg of CS were suspended in 7 mL of water. With a pKa value of 6.5, CS is typically insoluble in water at neutral pH, and only in more acidic solutions protonation of the amino group may occur, thus improving the solubility. Then, the two suspensions were mixed and kept under stirring for 30 min. Importantly, in these circumstances the acidic nature of the MIL-100(Fe) NP suspension (pH = 3.8) contributes to the partial protonation of the amino functionality in CS, therefore favoring its solubilization. The molar ratio between MIL-100 NPs and CS in the reaction mixture was 72:1, with MIL-100(Fe) and CS concentrations of 2.3 and 2.5 mg•mL -1 , respectively. The CS-coated NPs were collected by centrifugation and washed with aliquots of 15 mL of AcOH 1% (v/v) (x1) and water (x5). Finally the product was stored wet in water. Then, until a volume of 250 mL of Milli-Q water was added, adjusting the pH to 6.8 with 2 M NaOH (note that the medium was prepared at double concentration). Simulated intestinal fluid (SIF) supplemented with pancreatin at double concentration was also prepared by dissolving the pancreatin at 2 % w/v in low ionic strength SIF (SIF at dilution 1/25) and stirring the mixture for 3 h. Then, the solution was centrifuged (10500 rpm, 10 min) to eliminate pancreatin aggregates. Prior to the analysis, the biological media were kept at 37 °C. Size is given as the mean size distribution corresponding with the hydrodynamic diameter of the NPs. Samples were prepared by dispersing the NPs at 0.1 mg•mL -1 in the desired media (or in water for ζ-potential) by using an ultrasound tip (10 % amplitude for 1 min; Digital Sonifer 450, Branson). Fourier transform infrared (FTIR) spectra were collected using a Nicolet 6700 instrument (Thermo scientific, USA) in the 4000-400 cm -1 range using powdered samples. Thermogravimetric analyses (TGA) were analyzed on a Perkin Elmer Diamond TGA/DTA STA 6000 in the 25-600 ºC temperature range under a 3 ºC•min -1 scan rate and O 2 flow of 20 mL•min -1 (note that CS wt % is given with respect to dry MIL-100(Fe) weight). X-Ray powder diffraction (XRPD) patterns were collected in a D8 Advance Bruker diffractometer using Cu Kα1 radiation (λ = 1.54056 Å). Profiles were generally collected in the 3° < 2θ < 30° range with a typical step size of 0.02° in continuous mode. N 2 adsorption isotherms were obtained at 77 K using a BELsorp Maxi (Bel, Japan). Previous to the analysis, CHAPTER 3 : Subchapter 3.2.
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ca. 30 mg of dry sample were activated at 140 °C under primary vacuum for 3 h. UV-vis analysis was performed in a UV/Vis/NIR spectrometer Lambda 19 from Perkin Elmer and fluorescence measurements were collected in a FluoroMax-3 from Jobin Yvon Horiba.

Fluorescence-based studies: Quantification of coated CS and stability of coating by

CS release studies. The synthetic procedure for CS coating described above was conducted using a rhodamine-labeled CS, which enables fluorescence quantification, and therefore determination of the amount of CS coating the NP. First, UV-visible spectra of rhodaminelabeled CS were performed in different media to determine the excitation (λ ex ) and emission (λ em ) wavelengths which are respectively 552 and 574 nm in water, SIF, SIF-pancreatin and HBSS. Calibration curves of rhodamine-labeled CS in water, SIF, SIF-pancreatin and HBSS were obtained between an interval of 10 -2 to 10 -5 mg•mL -1 with regression factors > 0.995. Fluorescence-based controlled release studies of the coated CS fluorescent probe were performed in water, SIF, SIF-pancreatin (SIF-panc) and HBSS at 37 ºC over 6 days. In a general procedure, CS-coated NPs were dispersed in the different media at 0.2 mg•mL -1 , while maintained at 37 ºC and constant bi-dimensional stirring. The release of CS was quantified by collecting aliquots of the supernatant after centrifugation of the NP suspension at certain times. The same volume of fresh medium at 37 ºC replaced these aliquots. All results are denoted as the wt % of CS released, considering as 100 % of delivery the release of the total amount of CS coating the NPs.

2.7.Quantification of trimesic acid by high performance liquid chromatography (HPLC).

Release of the trimesic acid (or 1,3,5-benzenetricarboxylic acid or BTC) was monitored in a reversed phased HPLC system Waters Alliance E2695 separations module from Waters with a Sunfire-C18 reverse-phase column (5μm, 4.6×150 mm from Waters) and equipped with a variable-wavelength photodiode array detector Waters 2998 and controlled by Empower software. The mobile phase used for the measurements consisted of mixture of 45 % v/v methanol in PBS solution (0.04 M, pH 2.5), injecting 10 μL as sample volume under flow rate at 1 mL•min -1 and 25 ºC in the temperature of the column. The standards used for the calibration curve consisted of trimesic acid solutions in the different media processed, from aqueous or salts medium (water, HBSS) to complex media as cell culture media or in the presence of proteins (DMEM, SIF, SIF-panc). The standards used for the calibration curve consisted of trimesic acid solutions at concentrations in the range of 25.00-0.3λ μg•mL -1 (correlation coefficient > 0.99). Chromatogram of standards showed a retention time for the organic linker of 3.6 min with an absorption maximum at 215 nm. Degradation kinetics of the NPs were obtained in the different media tested (water, HBSS, DMEM, SIF, SIF-panc) at 37 °C according to a previously reported procedure 25 and represented as the wt % of the linker released, considering the maximum of degradation of 100 % when the total amount of the linker was released in the medium.

Colloidal stability tests.

Uncoated and chitosan coated NPs were dispersed at 0.1 mg•mL -1 in different media (water, SIF (1/25), SIF complemented with pancreatin 5.4% w/v, SIF supplemented with mucin 5 % w/v, DMEM and HBSS) by using an ultrasound tip. Evolution of the NP mean size distribution was followed as a function of time by dynamic light scattering (DLS).

Chitosan-coated mesoporous MIL-100(Fe) nanoparticles as improved bio-compatible oral nanocarriers [228] 2.9. In vitro cell studies. 2.9.1 Cells and culture. Human colon carcinoma Caco-2 cell line (ATCC® HTB-37™) was maintained in DMEM medium supplemented with glutamax-1 with 10 % of heatedinactivated FBS, 1 % penicillin/streptomycin, 1 % L-glutamine, and 1 % non-essential amino acids. Caco-2 cells were routinely grown at 37°C in a humidified 5 % CO 2 atmosphere. Media was changed twice per week and cells were passaged at 80 % of confluence (cell density at 8 x 10 4  1 x 10 5 cells per cm 2 ), being harvested by trypsinization (1 % trypsin-EDTA solution).

2.9.2. Cytotoxicity assays. The cytotoxic activity of CS-coated MIL-100(Fe) was analyzed by the MTT assay, as previously described in case of MIL-100(Fe) NPs. 14,26,27 Adherent Caco-2 cells were seeded 48 h prior to the assay in 96-well plates at a density of 1 x 10 4 cells per well in supplemented DMEM. The treatments were prepared at a 10-fold higher concentration (due to a direct 1/10 direct dilution in the well, as 20 µL of the NP in PBS solutions were added to a final volume of 200 µL per well). Different concentrations (from 200 to 1200 µg . mL -1 ) of MIL-100(Fe) and CS-coated MIL-100(Fe) suspensions were put in contact during 24 h, keeping Caco-2 cells at 37 °C with a 5 % CO 2 atmosphere. The cytotoxicity was determined by measuring the absorbance (at λ = 53λ nm) under stirring, after the desired incubation times in MTT reactant (0.5 mg mL -1 in PBS, incubation at 37 °C during 2 h) followed by a PBS washing with 200 µL, and finally adding 200 µL of DMSO to each well.

Transepithelial electrical resistance (TEER)

. Caco-2 cells were seeded on tissue culture polycarbonate membrane fiaco-2 (0.4 µm pore size, 4.67 cm 2 growth area) in 6-well Transwell ® plates at a seeding density of 25×10 4 cells/insert. The culture medium was added to the donor and the acceptor compartments (1.5 mL per well in the apical side, together with 2.5 mL at the basolateral compartment). Medium was changed every two days. After 21 days in culture, a cell monolayer was obtained and used in the following assays. The integrity of the monolayers was monitored by measuring the transepithelial electrical resistance (TEER) before and after each experiment at 37 °C, using a Millicell ® ERS-2 meter. The results are expressed in terms of specific permeability (/cm 2 ). The apical-to-basolateral permeability of MIL-100(Fe) and CS-coated MIL-100(Fe) NPs across monolayers was evaluated. For this purpose, prior to the experiment, the cells were pre-equilibrated for 1 h with fresh transport medium (HBSS) at pH 7.4 in both compartments.

After removing the medium, the cells were incubated with uncoated and coated NPs, adding 1.5 mL of each formulation (at a concentration of 620 µg•mL -1 in HBSS) in the apical side. In the control wells, the same media (HBSS and DMEM) without NPs were used. At set time points (every 30 min up to 2.5 h), 1 mL of the medium was collected from both sides of the chamber and replaced with fresh medium. After 2.5 up to 24 h, the cells were carefully washed twice with HBSS and replaced with fresh cell culture media, collecting in the last set time the entire medium in the apical and basolateral compartments. TEER values exceeded that period (up to 25 h) to assure the recovery of the monolayer. Finally, the quantification of the linker of the NPs in the basolateral compartment was analyzed by HPLC (see Experimental Section), whereas the NP internalization into the cell monolayers after the CHAPTER 3 : Subchapter 3.2.
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incubation times were assayed by confocal fluorescence microscopy, described in the section below. Each experiment was performed in duplicate. 28,29,30 2.9.4. Cellular penetration assays: Confocal fluorescence microscopy. The performance of CS-coated MIL-100(Fe) NPs into Caco-2 cell monolayers during the transport studies (TEER) was monitored by confocal laser scanning microscopy, as previously reported in case of the MIL-100(Fe) uptake. 14,26,27 Adherent Caco-2 cells were seeded (at density of 25•10 4 cells per well) from cover glasses (24 mm) onto 6-Transwell tissue culture plates. Following the TEER protocol performed, the cells were washed with HBSS and incubated with uncoated and CS_MIL-100(Fe) NPs (at concentration of 640 µg•mL -1 per well) during the desired incubation times (0.5, 2.5 and 24 h) first in HBSS solution until 2.5 h and changing to fresh culture media (supplemented DMEM) up to 24 h. Once the transepithelial resistance was measured, the cell monolayers were extensively washed with PBS to remove the excess of non-internalized NPs, and then fixed with 4 % p-formaldehyde for 10 min. For immunofluorescence microscopy, the nuclei of cell monolayers were stained with the nuclear dye DAPI (1:100 in PBS, 5 min). Finally, coverslips were mounted with Mowiol Fluorescent mounting medium onto glass slides and cells were examined using a Leica AOBS-SP5 spectral confocal microscope with resonant scanner, mounted on DMI 6000B inverted microscope, equipped with an Ar laser excitation with different lines (λ = 456, 476, 488, 496, 514 nm), laser diode (λ = 561 nm), laser diode (λ = 5λ4 nm) and blue laser diode (405 nm). The images were collected at 405/3λ7 and 488/40λ nm (λ Ex / Em ) to observe the nucleus and Fe self-reflection of the NPs, respectively (Figure 3). Then, images were analyzed using the Leica Application Suite 1.7.0 built 1240, LAS AF software.

2.9.5. Complement Activation. The NP influence in the degradation of the complement factor (C3) was evaluated by western blot with a monoclonal anti-C3 antibody (mAb). A pool of human sera from healthy donors was incubated with two different concentrations of MIL-100(Fe) and CS_MIL-100(Fe) NPs (25 and 250 μg•mL -1 ), considering as positive and negative controls, the Zymosan and the PBS respectively. For this purpose, during 1 h equal volumes of plasma, buffer and each formulation (50 μL each) were mixed together and incubated at 37 °C. By the centrifugation of the mixture (13200 × rpm for 30 min), the NPs were removed, keeping the supernatants. Subsequently, they were loaded (2 μL) into a 10 % SDS-PAGE gel and transferred to a PVDF membrane using the Transblot Semidry Transfer Equipment (Bio-Rad; Hercules, CA). In order to follow the progress of SDS-polyacrylamide gel electrophoresis, for assessing transfer efficiency onto PVDF membranes, a ladder of protein mixture was used (10 to 250 kDa). PVDF membranes were blocked overnight at 4 °C with 5 % non-fat dry milk in TBS-T. Then, the membrane was washed and incubated for 90 min at RT with a mouse mAb against human C3 (diluted 1:2000). After intensive washes, membranes were incubated with secondary polyclonal goat anti-mouse IgG Abs conjugated with alkaline phosphatize (diluted 1:2000) at RT for 1 h. The membrane was finally revealed with 5-Bromo-4-chloro-3-indolyl phosphate/Nitro blue tetrazolium (BCIP/NTB, Sigma-Aldrich Co.) and quantified using the ChemiDoc XRS imaging system (BioRad Laboratories Inc.). 31 Chitosan-coated mesoporous MIL-100(Fe) nanoparticles as improved bio-compatible oral nanocarriers [230] 2.9.6. Cytokines profile evaluation. Cytokine production was evaluated using the kit FlowCytomix TM kit (Human Th1/Th2 11plex Ready-to-Use FlowCytomix Multiplex, eBioscience, Affimetrix), designed for a simultaneous quantification of several cytokines involve in the immune response (IFN-γ, IL-1-β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12 p70, TNF-α and TNF-β). During 24h of incubation with human peripheral blood mononuclear cells (PBMCs, obtained by density gradient using Ficoll-Paque PLUS TM ), two different concentrations of NPs (25 and 250 μg•mL -1 ) were tested. Then, samples were analyzed by flow cytometer (FC500, Beckman-Coulter; Miami, FL). PBMCs were also incubated with 5 µL of a LPS (10 μg•mL -1 ) along with 10 µL of lectin from Phaseolus vulgaris (PHA, 100 μg•mL -1 ) and with 48µL of PBS, which was used as positive control and PBMs alone were considered as negative control, respectively.

2.9.7. Human plasma protein adhesion tests. The principal plasma protein fractions were obtained by the salting out method, using ammonium sulphate as precipitating agent, in case of the fibrinogen and globulins, whereas the albumin was used from the commercial product.

An aliquot of 0.5 mL of human plasma from a healthy donor was suspended in Tris/EDTA (10 mM, pH 7.4, 3.5 mL). Ammonium sulfate was added at 20, 60 and 70 % at 4 °C to precipitate fibrinogen, globulins and albumin, respectively. Each precipitated fraction was collected by centrifugation (10000 × rpm at 4 °C for 15 min), then suspended in 1 mL of PBS pH 7.4 and, finally, exhaustively dialyzed against PBS in dialysis cassettes with a membrane of 10 kDa MWCO (ThermoScientific Inc., Slide-A-Lyzer Dialysis Cassettes). Protein fractions were kept at -20 °C and thawed at 4 °C prior to their use for fluorescence spectroscopy studies. Fluorescence spectra were taken on Envision Multidetector (Fluorescein High Precision Monocromator, Perkin Elner), exciting the plasmatic proteins at 270 nm, and collecting the emission spectra from 300 to 450 nm after stirring. Three spectra were recorded for each sample and an average calculated using the Walac Envision software. PBS was used as negative control to confirm that the medium in which the NPs were suspended did not lead to any protein conformational change. Different concentrations of the NPs (5, 15, 50 and 100 µg•mL -1 ) were added to each of the plasmatic protein PBS-solutions (440 / 160 / 1000 µg of globulin / fibrinogen / albumin, respectively) in a 96 well plate (NUNC TM Delfic, strip plate).

The emission spectrum of the protein was recorded before and after the addition of the corresponding NPs, allowing 5 min of incubation before the acquisition of the second spectrum.

Results and discussion. 3.1. Preparation of CS_MIL-100(Fe) NPs and physicochemical characterization.

The CScoating procedure of the MIL-100(Fe) NPs is based in a fast and simple impregnation method recently developed for the heparin polymer by some of us, with some specific modifications. 14 Thus, the outer surface of MIL-100(Fe) NPs was efficiently modified by a biofriendly and rapid (only 30 min) reaction of an ethanolic suspension of the NPs with an aqueous solution of CS (see Experimental Section). After being washed thoroughly, CS-coated NPs were collected by centrifugation and stored wet for subsequent physicochemical analysis. The successful grafting and preservation of the main features of the porous structure in the CHAPTER 3 : Subchapter 3.2.
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CS_MIL-100(Fe) NPs were characterized with an assortment of techniques such as DLS, TGA, fluorescence and FT-IR spectroscopies, XRPD and N 2 -adsorption measurements.

Analysis of the particle size by DLS was performed in water before and after surface modification, affording a mean size distribution of 135 ± 20 and 204 ± 32 nm, respectively, both analyses acquired with low polydispersity indexes (PdI) < 0.3. The increase of around 70 nm in the hydrodynamic diameter after the CS functionalization suggests the presence of an external corona of ca. 35 nm in thickness. The analysis of ζ-potential is an extremely valuable characterization to describe the effectiveness of an external chemical modification, since a change on the NP surface may provoke substantial differences in the observed charge surface.

The drastic conversion from negative to positive ζ-potential values before and after external functionalization (-18 ± 5 and + 38 ± 5 mV, respectively; see Table 1) clearly supports the presence of CS moieties coating the surface of the NPs, in agreement with the presence of the protonated amino groups (pka  6.5; pH = 6.0) of the CS (Figure S5). In addition, ζ-potential is one of the fundamental parameters known to affect stability, therefore it can be anticipated that CS_MIL-100(Fe) NPs present a different colloidal stability in water than the uncoated NPs (see below).

The extent of CS coating on MIL-100(Fe) NPs was quantified by fluorescence spectrometry and TG analysis. The amount of CS coating on the NPs was indirectly estimated by the difference between the CS concentration in the initial reaction mixture (2.50 ± 0.01 mg•mL -1 ) and the supernatant collected after reaction and subsequent washing steps (0.06 ± 0.03 mg•mL -1 ). These values conclude that 49.1 ± 0.3 wt % of the final coated CS_MIL-100(Fe) NPs corresponds to CS coating. Consequently, a highly efficient CS grafting of 94.4 ± 0.4 % was obtained in only 30 min. of reaction (considering as 100 % the total amount of CS in the initial impregnation conditions). These values were also confirmed by direct quantification of the supernatant of coated-NPs upon degradation in NaOH (1 M) (note that MIL-100(Fe) NPs are not stable under this highly basic condition; see Pourbaix diagramme). 32 Additional TG analysis of CS-coated NPs displayed a weight loss that corresponds with ca. 38 ± 10 wt %, which further confirms the fluorescence results (Figure S1).

Chitosan-coated mesoporous MIL-100(Fe) nanoparticles as improved bio-compatible oral nanocarriers

[232] In the meantime, other techniques were performed such as the FT-IR spectra of the MIL-100(Fe) NPs, CS-coated material and commercial CS, depicted for comparison in figure S2.

Focusing on the spectrum of CS-coated material, the main absorption bands assigned to carboxylate groups in MIL-100(Fe) (1577 and 1450 cm -1 ) are clearly observed, whereas amides absorption bands of the CS (1662, 1605 and 1393 cm -1 ) are not detected, mainly due to an overlapping with the carboxylic bands of MIL-100(Fe). Importantly, some of the absorption bands characteristic of the CS saccharide structure (1164, 1092 and 1042 cm -1 ) can be distinguished in the CS_MIL-100(Fe) material, confirming the presence of the CS on the NPs. Finally, in order to verify the integrity of the original microporous crystalline structure of the uncoated NPs after surface modification, it is essential to perform both, structural and sorption studies. The crystal structure and phase purity of the samples before and after chemical modification were investigated by XRPD analysis, confirming that the crystallinity of MIL-100(Fe) NPs remains unaltered after surface modification (Figure S3). Patterns corresponding to uncoated and coated NPs perfectly match to the simulated pattern of MIL-100(Fe) and display the typical peak broadening due to the reduced crystallite size. Once the phase purity was confirmed, N 2 adsorption isotherms were measured before and after coating (Figure S4) [233]

Medium
affording comparable Brunauer-Emmett-Teller (BET) surface areas of 1570 and 1590 m 2 •g -1 , respectively (note that for the CS-coated NPs a weight correction is applied considering the amount of grafted CS). Interestingly, this similarity of surface areas confirms the preservation of the sorption capacity in the CS-coated NPs, and exclusively locates the CS molecules on the external surface of the NPs rather than filling the internal cavities or blocking the pores with the resulting loss of porosity.

In this line, considering that all the CS molecules are located on the external surface of the NP, it can be estimated that 17100 CS chains are coating one NP, which is consistent with a surface density of 0.3 CS chain•nm -2 . As in the case of PEGylated NPs, the polymer density can also be estimated using the conformation of the polymer chains on the NP external surface, which is mainly determined by: (i) the distance between grafted CS chains (D) (ii) the length/thickness (L) of the grafted CS layer and (ii) the Flory radius of the grafted CS (R F ). 33,34,35 Considering these parameters, there are two main conformations: if the surface density is low (D > R F ) the CS chains adopt a "mushroom" conformation and remain not fully extended away from the NP surface. In case of increased coating densities (D < R F ), the CS chains acquire a "brush" conformation with a thick layer of CS chains extended away from the NP surface. In our case, we have estimated the conformation of CS chains considering the following parameters: (i) the thickness of the coating CS layer (~ 35 nm, as determined by DLS measurements), (ii) the length of a single monomer of CS, taking as the monomer 9 units linked through β-(1-4) bridges: 6 units of D-glucosamine and 3 of N-Acetyl-D-glucosamine (~ 30.6 Å, as determined by molecular simulation under vacuum, Figure S5) and (iii) the length of CS chains (MW ~ 50000 Da, n ~ 30 monomers per chain, extended CS length ~ 90 nm). The calculated distance between grafted CS chains is D ~ 3 nm, whereas the Flory radius is R F ~ 23 nm (see Supporting information for details on calculations). Then, as the distance between CS chains is lower than the Flory radius (D < R F ) and the thickness of the grafted CS layer (L) is of ~ 35 nm (L < calculated length of a CS chain), CS chains are expected to organize in a "brush" conformation with partial folding of the polymer. One could in principle consider that with this conformation, the CS coating may influence the interaction of the NPs with biological structures.

Chemical stability evaluation.

One of the main abilities pursued in a coating when performing surface modification could rely on its capacity to confer chemical stability to the NP. An appropriate grafting is expected to be chemically robust in the desired physiological media for a considerable time. This modification may therefore alter the specific chemical stability of MIL-100(Fe) NPs, as it has been already demonstrated in heparin-coated MIL-100(Fe) 14 or stable CDs-based coating in MIL-100(Fe). 17 In order to establish both, the chemical stability of the CS coating and the effect of this surface modification on the degradation of the NPs framework, we have investigated separately i) the release of CS molecules by using a fluorescent-labelled CS and ii) the degradation profile of coated and non-coated NPs by quantifying the delivery of the organic linker (BTC) coming from the nanoMOF disintegration. CS_MIL-100(Fe) and MIL-100(Fe) NPs were suspended in different physiological media at 37°C, from simple pure water to more complex conditions, as intestinal simulated media, such as SIF (fluid simulating the inorganic composition of the intestine) or SIF-panc (SIF supplemented with pancreatin, a mixture of digestive enzymes -Chitosan-coated mesoporous MIL-100(Fe) nanoparticles as improved bio-compatible oral nanocarriers

[234]
amylases, lipases and proteases-secreted by pancreas to the intestine; see experimental section). Besides, in view of the in vitro tests described later, the stability was also addressed in cell culture media such as DMEM and HBSS (a high concentrated saline solution used to keep the osmotic pressure and pH in cells). Consequently, the stability of the coating was investigated by monitoring the release of Rh-CS coated material in water, HBSS, SIF and SIF-panc at 37 ºC over 6 days (See Experimental section). In case of the CS_MIL-100(Fe) incubated in water (pH = 6.0), the release of CS was negligible up to 48 h and then, continued to be < 2 % after 6 days, which maybe directly related with the both the high stability of CS coating and the poor solubility of CS in water. [36] For the other media, HBSS, SIF and SIF-panc, different stabilities profiles were observed, although affording values < 4 % of CS release in all cases after 4 days (Figure 1). In particular, after 6 days, the stability profile of CS in HBSS and SIF similarly increases to reach release values of 21 and 23 %, respectively; this indicates that ca. 80 % of the coating remains grafted on the NPs in SIF and HBSS over this period of time. The higher CS release under these buffer solutions might be related with the presence of a high concentration of ions (e.g. calcium-and magnesium-free versions), able to form interaction with the MOF surface, replacing the electrostatic interactions of the CS with the MIL-100(Fe) surface. protein (or here enzymes) containing media are known to enhance the colloidal stability of MIL-100(Fe) NPs and this may be attributed to the formation of a protein corona on the surface of the NP that prevents from the release of the coating moieties. This might be the case when pancreatin supplemented medium is used, in which the nanoMOF surface charge CHAPTER 3 : Subchapter 3.2.
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dramatically changes likely due to the adsorption of proteins on their surface (around -6 mV for both coated and uncoated NPs vs. -50 and -5 mV in pure SIF, respectively). Another significant parameter examined to address the chemical stability of the CS coating is the impact of the grafted molecules on the degradation profile of the NPs hybrid network. Evaluation of nanoMOF stability was followed by the accumulative release of the organic linker (trimesic acid, BTC), quantified by HPLC (See Experimental Section) in different media (water, HBSS, DMEM, SIF, SIF-panc, and PBS). In the case of pure aqueous solution both, uncoated and CS-coated NPs display similar degradation profiles with high chemical stability, where less than 3 % of the ligand is released after 24 h (Figure 2, see Experimental section). The same stable behavior is observed with a simple solution rich in salts (HBSS), with ca. 2 % of BTC released after 24 h (Figure 2). In contrast, in more complex media, such as cell culture media (DMEM), the BTC release profile displayed a slight increase of the NP degradation for both cases, the uncoated and CS-coated NPs, with ca. 9 and 7 % of degradation, respectively. The different stability exhibited in HBSS and DMEM could be related with the media composition: the presence of a high concentration of phosphate (0.4 vs. 1.0 mM), sodium bicarbonate (4 vs. 44 mM) and sodium pyruvate (0 vs. 0.1 mM) that could compete with the iron coordination might lead to a faster degradation, in agreement with previous results as well as with the enhanced stability conferred by the CS coating in PBS, in which uncoated MIL-100(Fe) NPs were rapidly degraded. 20 ,23 Under this medium, consisting in 138 mM NaCl, 2.74 mM KCl and 10.0 mM Na 2 HPO 4 /NaH 2 PO 4 at pH = 7.4, degradation profiles of the uncoated and CS-coated NPs were considerably distinct likely due to the higher phosphate concentration. In the case of MIL-100(Fe) NPs, the typical degradation profile was indeed observed (ca. 30 %), whereas the CS_MIL-100(Fe) NPs exhibited a significant decrease of the BTC release (ca. 7 %). The stabilization of the CS-coated MIL-100(Fe) NPs could be tentatively assigned to a slower diffusion of the phosphates through the CS layer, which would hamper the exchange with the carboxylate ligands. In addition, other simulated intestinal complex media have been evaluated as is the case of SIF, composed by 50.0 mM KH 2 PO 4 and 15.4 mM NaOH at pH 6.8, 37 °C. After 24 h in SIF, only 6 % of the BTC ligand is released in the CS-coated NPs compared with ca. 80 % of BTC for the uncoated NPs. This significant difference of the BTC release in intestinal fluid clearly indicates a remarkable positive effect of the CS-coating. As mentioned before, the CS coating is likely to hinder the diffusion of phosphate groups as well as the interaction of the inorganic salts with the NP surface, albeit the higher concentration of inorganic salts in SIF as compared with PBS or cell culture media (50 vs. 10 vs. 1 mM in SIF, PBS and DMEM, respectively). Consequently, the surface modification effectively enhances the chemical stability of the NPs, protecting them from the degradation process. Similarly, when this SIF medium is complemented with pancreatin, the chemical stability of the two systems intensely improves, presenting degradations that remain at ca. 20 % (vs. 80 % in pure SIF) of BTC release in the case of MIL-100(Fe) NPs, and even much lower (< 12 % vs. 6 % in pure SIF) in the case of CS_MIL-100(Fe) NPs (Figure 2). Although one could a priori expect a lower NP chemical stability as a consequence of an enzymatic degradation, this result supports the proposed model of the formation of a protein corona on the surface of the NP, which highly improves the chemically stability of the two different materials.

Chitosan-coated mesoporous MIL-100(Fe) nanoparticles as improved bio-compatible oral nanocarriers [236]

Considering these studies we can resolve that CS-coating effectively improves the chemical stability of MIL-100(Fe) NPs in simulated physiological media. This contrasts with the results observed in analogous studies developed by some of us, using heparin as the coating material, in which similar degradation profiles were exhibited regardless the heparin coating. 14 This evidences the influence of the nature of the external surface agent on the chemical stability of NPs.
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[237] cellular membrane permeability, immune responses and in vivo fate. 1,2 For this reason, we have intensively investigated the colloidal stability of the CS-coated and non-coated MIL-100(Fe) NPs. The colloidal stability of uncoated MIL-100(Fe) NPs was studied recently by some of us in different simulated physiological media. 23 As established in our previous studies, the uncoated NPs present an average size of 135 ± 20 nm, whereas a negative value of the ζ-potential of -18 ± 5 mV is observed in water. The colloidal stability of CS-coated MIL-100(Fe) NPs was evaluated as a function of time at 37 ºC in diverse composition mediums in view of their in vitro tests and potential oral administration. Consequently, pure water, PBS, cell culture media (DMEM and HBSS) and different intestinal physiological media such as the diluted low-ionic-strength (lis) SIF (dilution 1/25), SIF-panc or SIF-muc have been selected (Figure S6, see Experimental section). Using the lis-SIF avoids destabilizing processes (due to the higher concentration of electrolytes present in pure SIF) and therefore permits to specifically evaluate the influence of pancreatin on the NP colloidal stability. Similarly, the effect of mucin (a glycosylated proteins family, which is the major macromolecular constituent of intestinal mucus) on the colloidal stability of coated or non-coated NPs was evaluated by using a SIF complemented with mucin (SIF-muc in 5 % w/v; SIF diluted 1/25). When monitoring the NP size, the uncoated MIL-100(Fe) NPs exhibited suitable colloidal stability in water up to 4 h, whereas CS-coated MIL-100(Fe) started to aggregate after 1 h (Figure S6). This might be related with the poor solubility of the CS in water, 36 which slightly favours the interparticle aggregation. In case of PBS medium, both uncoated and CS-coated NPs showed a slight progressive aggregation up to 6 h (155 ± 61 vs. 182 ± 50 nm in MIL-100(Fe) and CS_MIL-100(Fe) NPs, respectively), maintaining a higher monodispersity the coated NPs (PdI < 0.3). This destabilization process is in agreement with previous data, [23] where the phosphate groups of the PBS medium achieve to disrupt the NP structure. In SIF solution in absence of enzymes or mucin, uncoated MIL-100(Fe) NPs remained stable up to 24 h, whereas in the case of the CS-coated material a clear aggregation was rapidly observed. This aggregation could be related with the mucoadhesive properties of the CS and with the tendency to display neutral values on its surface, 22 associated with no enough electrostatic repulsion forces able to stabilize the colloids (ζ-potential values of -50.6 ± 1.1 vs. -5.5 ± 3.0 mV in MIL-100(Fe) and CS_MIL-100(Fe) NPs, respectively). In the case of protein-containing media, SIF-panc and SIF-muc, the CS_MIL-100(Fe) NPs displayed poor colloidal stability with a tendency of aggregating earlier than the non-coated material (168 ± 45 vs. 908 ± 36 nm in SIF-panc, together with 254 ± 40 vs. 478 ± 85 in SIF-muc from MIL-100(Fe) and CS_MIL-100(Fe) NPs, respectively). Similarly, this aggregation effect might be explained by the absence of electrostatic repulsions associated with neutral ζ-potential values (-6.8 ± 1.8 vs. -5.8 ± 3.2 in SIF-panc vs. -6.1 ± 0.8 vs. -13.4 ± 8.8 mV in MIL-100(Fe) and CS_MIL-100(Fe) NPs, respectively). In addition, the potential mucoadhesive effect of mucin and CS and/or the possible enzymatic effect, promoting the destabilization of the nanoMOF structure, could also affect the colloidal stability. Finally, the colloidal stability was also addressed in DMEM and HBSS (Figure S6). In the particular case of HBSS, the CS-coated material showed an improved colloidal stability as compared with the uncoated NPs, as shown with a significant size different at the shorter times (735 nm ± 38 vs. 431 ± 8.0 in case of in MIL-100(Fe) and CS_MIL-100(Fe) NPs, respectively). This may be attributed, in principle, to a shielding effect of CS, which prevents from degradation and coalescence of the NPs. However, this CS grafting when was incubated in cell culture media, did not shown an enhanced stability as in case of HBSS. On the contrary, the presence of the protein-containing DMEM provided a protein corona on the surface of the CS coated NPs, leading to a clear aggregation effect, in agreement with the previous data observed in oral simulated media (SIF).

Toxicological concerns and intestinal barrier crossing.

Specific coatings can strongly affect the NPs biological interactions. Taking into account that cationic polymers are often associated to cytotoxic effects, 28,37 cell viability of CS coated and non-coated NPs was firstly evaluated prior to study the cell uptake and membrane transport assays. Remarkably, both coated and uncoated NPs exhibited a similar and low cytotoxic profile (maximal inhibitory concentration (IC); IC 80 = 800 µg . mL -1 ) when incubated 24 h with human colorectal carcinoma cells (Caco-2), as confirmed by the MTT tests (Figure S7, See Experimental section). 38 These results are in good agreement with the absence of severe toxicity in other cell lines, 26 or in previous in vivo studies of MIL-100(Fe) NPs, 19 ruling out the negative influence of the CS on the toxicity of this CS-coated nanocarrier. Furthermore, NPs can induce reversible or permanent conformational changes in proteins, sometimes strongly altering their functions and leading to associated cell damages. Consequently, the adsorption of the main plasmatic proteins (i.e. fibrinogen, albumin and globulins) was monitored on the nanoMOFs surfaces by fluorescence spectroscopy (see Experimental section). No significant shifts of the aminoacid bands were observed in any of the tested protein fractions regardless the surface coating, even at high nanoMOF concentrations (Figure S8). This suggests that the protein conformation remained unaltered, in accordance with previous results using heparin coated MIL-100(Fe) NPs. [14] Both a low cytotoxicity and the absence of protein conformational changes support the low toxicity of CS-coated and uncoated NPs. In absence of cytotoxicity, the intestinal bypass of the NPs was evaluated as a function of the surface modification by using an in vitro model based on two chambers (donor or apical and receptor or basolateral compartments) separated by a polarized Caco-2 cells monolayer, which is widely used due to its analogy to human intestinal epithelium as well as by its ability to open the epithelial tight junctions upon specific stimuli. 39 We initially investigated the nanoMOF intestinal crossing by incubating the NPs with the cell monolayer in the donor (apical) chamber (0.5 and 2.5 h) and taking confocal fluorescence microscopic images at different times (0.5, 2.5 and 24 h), directly following the iron self-reflection signal of the hybrid NPs (Figure 3). 14,26 After 2.5 h of NPs-cell monolayer contact time, the apical media was removed and renewed with fresh cell culture media with the aim to eliminate the excess of nanoMOFs, keeping only the cell-interacting NPs, which were incubated up to 24 h (see Experimental Section). Interestingly, CS_MIL-100(Fe) NPs exhibit a significantly higher cell uptake than the uncoated NPs, in which only few NPs were observed (Figure 3). This observation is in agreement with previous described results using CS-coated NPs of differentnature, 22,40 in which the mucoadhesive capacity of CS is associated with the increase of NPs cell penetration through an improvement of NP-cell contact. 41,40 Chitosan-coated mesoporous MIL-100(Fe) nanoparticles as improved bio-compatible oral nanocarriers

[240] observed by iron self-reflection signal (green channel) and the nucleus stained by DAPI (blue channel). The images have been taken at different times: 0.5, 2.5 and 24 h. Moreover, the controls were obtained with cells (control) after 24 h. In all the cases, the scale bar corresponded to 25 μm. All the images were taken at 63X.

To further determine whether these NPs were internalized into the cells, confocal microscopy images were collected at different levels of the Z-axis (Figure S10-S12), observing the iron self-reflection fluorescence coming from the MOF NPs at different depths. While the higher internalization of CS-coated NPs is observed from the shortest (30 min) to the larger studied times (24 h), the amount of CS_MIL-100(Fe) NPs within the intestinal cells was extremely important after 2.5 h of incubation (Figure 3 and S10). In this line, the amount of NPs crossing the intestinal barrier was estimated in the basolateral compartment by HPLCquantifying the BTC ligand (see Experimental Section). These results indicate a higher intestinal crossing of CS-coated NPs than uncoated ones, confirming the better cell penetration of the CS_MIL-100(Fe) NPs. While at longer times (24 h), the barrier crossing of the CS-coated NPs was 20 times higher (4.10 ± 0.03 vs. 0.20 ± 0.09 %), at shorter contact times the differences are lower (0.44 ± 0.03 % vs. 0.30 ± 0.02 at 30 min [241] and 0.50 ± 0.07 vs. 0.10 ± 0.04 % at 2.5 h for CS-coated and uncoated NPs, respectively) In contrast with the slower uptake of heparin coated MIL-100(Fe) NPs by macrophages, 14 the presence of CS-coating is able to boost the cellular internalization and thus, to promote their intestinal barrier bypass. In addition, particle size was determined in the basolateral media after 24 h, observing three different populations: i) 500 nm, probably corresponding to cellular debris, ii)  80 nm, associated with the protein fraction present within the cell culture media and iii)  200 nm, which could be related with the nanoMOFs dimensions (initially  200 and 100 nm for CS_MIL-100(Fe) and MIL-100(Fe), respectively), suggesting that the detection of trimesate ligand within the receptor media corresponds to the bypass of intact colloidal NPs and not only with possible by-products from NP degradation. Furthermore, the viability and integrity of the intestinal barrier were evidenced in presence of MIL-100(Fe) and CS_MIL-100(Fe) NPs along the study (24 h) by measuring the transepithelial resistance (TEER; see Experimental section), 42 supporting the lack of cell toxicity of both nanosystems. Importantly, TEER values remained no significantly different to the control ones, indicating that the presence of a CS coating on the NPs surface was not able to provoke a reversible opening of the tight junctions (Figure S12), ruling out the paracellular intestinal crossing via. Therefore, one could rationally suggest an intestinal bypass by a transcellular route, which is partially supported by the NPs uptake within the cells. However, the mechanism of internalization of these NPs is not clear, and further specific studies are required to fully understand the process.

Complement activation, cytokine profile and plasma protein adhesion.

In the particular area of oral administration, it is well known that polymeric NPs can induce a systemic and mucosal immune response. 3,43 Thus, the inflammatory response by the CS_MIL-100(Fe) was investigated in comparison with the uncoated MIL-100(Fe) NPs by complement activation tests and by the cytokine profile. First, the complement activation was studied by incubating different concentrations of CS-coated and uncoated NPs (25 and 250 µg•mL -1 ) in a pool of human sera (from different donors) and quantifying the common factor of the complement cascades C3, which is degraded in presence of specific stimulus (see Experimental section). Remarkably, there was no induction of the complement for both nanosystems, regardless the CS coating (Figure S13), dismissing the inflammation activation by this route. Additionally, foreign NPs such as nanoMOFs, could induce the secretion of extracellular factors involved in inflammation or immunomodulation (cytokines). Cytokines production was tested by incubating two concentrations of the CS-coated and uncoated NPs (25 and 250 µg•mL -1 ) with human peripheral blood mononuclear cells (PBMCs) from different voluntary donors (see Experimental section). Except for the interleukins IL-6 and IL-8 (involved in the pro-inflammatory response and in the antibodies production), after 24 h in contact with two different concentrations of the nanoMOFs, the production of cytokines decreased from one to two order of magnitude in the case of CS-coated NPs when compared with the uncoated MIL-100(Fe) NPs (Figure S14 and Table S1). This suggests that the CS coating reduces the immunoresponse, which might be related with a lower NP recognition by the immune system. Indeed, decreasing the NP immune recognition is often suitable for drug delivery nanosystems since this could improve the half-life times of the nanocarriers within Chitosan-coated mesoporous MIL-100(Fe) nanoparticles as improved bio-compatible oral nanocarriers [242] the body. These observations are in agreement with the previously evidenced significantly lower macrophage recognition of heparin coated MIL-100(Fe). 14 

Conclusions.

The recent emergence of nanometric porous MOFs in the biomedical fields has served to establish new approaches to obtain additional biological features of these nanocarriers. In particular, we have demonstrated that a successful surface engineering on these highly porous MOFs leads to a stable, versatile and biodegradable advanced system. In practice, a simple and efficient (94 %) method for the selective external surface modification has been here reported using the benchmarked mesoporous iron(III) trimesate NPs, and a well-known bioadhesive polymer, chitosan (CS), allowing to preserve both the high porous character and crystalline structure of MOFs. Nearly 50 % of the CS final coated MIL-100(Fe) NPs, corresponds to CS grafting on the external surface of the NP, providing ca. 35 nm of a thick homogeneous layer with a high-dense "brush" conformation. This CS grafting has insured NP colloidal and chemical stability in diverse physiological media, notably simulated physiological oral fluids. Furthermore, while keeping a high biocompatibility, the CS-coating endows MIL-100(Fe) NPs with additional biological functionalities, such as an efficient cell uptake and intestinal barrier bypass. In a nutshell, the preservation of the interesting physicochemical features of MIL-100(Fe) NPs after CS-coating and their adapted colloidal stability and progressive biodegradation, together with their improved intestinal barrier bypass, make these NPs potentially interesting for the oral administration of active ingredients.

References.

Nanomedicine 6, 715-728 (2011). 36 Riva, R., Ragelle, H., des Rieux, A., Duhem, N., Jérôme, C. & Préat, V. Chitosan and chitosan derivatives in drug delivery and tissue engineering. Adv. Polym. Sci. 244, 19-44 (2011). 37 Fischer, D., Li, Y., Ahlemeyer, B., Krieglstein, J. & Kissel, T. In vitro cytotoxicity testing of polycations: influence of polymer structure on cell viability and hemolysis, Biomaterials 24, 1121-31 (2003). 38 Arora, S., Rajwade, J. R. & Paknikar, K. M. Nanotoxicology and in vitro studies: the need of the hour. Toxicol. Appl. Pharm. 258, 151-165 (2012). 39 .Artursson, P. Epithelial transport of drugs in cell culture. A model for studying the passive diffusion of drugs over intestinal absorptive (Caco-2) cells. J.Pharm.Sci. 79, 476-482 (1990). 40 Jintapattanakit, A., Junyaprasert, V. B. & Kissel, T. The role of mucoadhesion of trimethyl chitosan and pegylated trimethyl chitosan nanocomplexes in insulin uptake. J.Pharm.Sci, 98, 4818-4130 (2009). 41 Hu, C., Chiang, C., Hong, P. & Yeh, M. Influence of charge on FITC-BSA-loaded chondroitin sulfate-chitosan nanoparticles upon cell uptake in human Caco-2 cell monolayers. Int. J. Nanomedicine 7, 4861-4872 (2012). 42 Kudsiova, L. & Lawrence, M. J. A comparison of the effect of chitosan and chitosan-coated vesicles on monolayer integrity and permeability across Caco-2 and 16HBE14o cells. J.Pharm.Sci, 97, 3998-4010 (2008). 43 [245]

Supporting Information

Chitosan-coated mesoporous MIL-100(Fe) nanoparticles as improved bio-compatible oral nanocarriers T.Hidalgo 

Chitosan-coated mesoporous MIL-100(Fe) nanoparticles as improved bio-compatible oral nanocarriers

[257]

Table S1. Summary of the cytokine production. The values correspond to the variation of the concentration of cytokines (in pg.mL-1) in comparison with the negative control (<1, 1-10, 10 2 -10 3 , 10 3 -10 4 or >10 4 times) obtained from 3 different donors (1/3, 2/3 or 3/3), with the representation of the activation showed in the positive control (LPS and PHA).

*IL-4 and IL-5 secretion was not observed with both MIL-100(Fe) and CS_MIL-100(Fe) NPs. [262]

NPs dose (µg

Abstract.

Despite the increasing societal and economic interest of metal-organic frameworks (MOFs) in the biomedical field, specific formulations suitable for the different administration routes are still a major challenge. Here, we propose a simple, fast and bio-friendly press-molding method for the preparation of composite cutaneous patches based on the benchmarked drug nanocarrier MIL-100(Fe) and different biopolymers. The physicochemical properties of the patches (structure, hydration, bioadhesive and swelling properties), as well as their encapsulation and release capabilities (both in ex vitro and ex vivo models) were evaluated using the challenging cosmetic liporeductor, caffeine, and the model analgesic and antiinflammatory drug, ibuprofen. In particular, the exceptional caffeine loadings, entrapped within these cutaneous devices, were progressively released under simulated physiological cutaneous conditions as a consequence of the important patch's swelling associated to their high hydrophilicity. Despite an absence of a cutaneous bioadhesive character, these patches were able to provide a progressive and suitable permeation of their cosmetic cargo through the skin, interestingly reaching the targeted adipose tissue. This makes these cosmeticcontaining composite MOF-based patches promising cutaneous devices for real cosmetic applications.

Introduction.

Among the potential and highly interesting societal and economical applications of metalorganic frameworks (MOFs), [1] one of the most recent and promising is the biomedical field. [2] In particular, these crystalline hybrid solids have recently attracted a great deal of attention owing to their large porosity and versatile hybrid composition, enabling remarkable loadings (much higher than traditional systems) of a large variety of active molecules (drugs, [3,4,5,6] cosmetics, [7,8,9] biological gases) [10,11,12,13] together with their progressive releases under physiological conditions. [2,3] Despite these encouraging results and the vast number of MOF devices developed to the specific requirements demanded for their use in other industrially relevant fields such as gas storage, fluid separation or catalysis, [14] the biomedical formulations are still in its infancy essentially due to the novelty of this highly promising topic. For this reason, the production of shaped nanometric MOFs has been recently requested. In fact, this strong interest in the MOF processing (pellets, monoliths, films, membranes, tablets...) [15] has given rise to new approaches for the development of suitable devices, preserving their physicochemical properties. In particular, specific shaping requirements are demanded according with the potential administration route of these MOF formulations (mainly intravenous, oral and cutaneous modes). To the best of our knowledge, apart from their manufacturing as nanoparticles (NPs), mainly focused on their intravenous injection, [2,3,16,17,18] only three MOF-based devices have been reported for oral or cutaneous administration: i) tablets of the ibuprofen-containing iron(III) carboxylates MIL-53 and MIL-100(Fe), without any binder, for oral controlled release of the drug, [2,19] ii) a wound healing antibacterial dressing based on a NO-loaded nickel(II) carboxylate CPO-27 (Ni) with two different hydrocolloids (cellulose and polyisobutanol) for NO-delivery through the skin [20] and iii) polytetrafluoroethylene (PTFE) patches based on CPO-27 (Ni) or HKUST-1(Cu) NPs for the topical co-delivery of NO gas and an antibiotic drug. [11] However, the presence of toxic Polymer-MIL-100(Fe) composite patches for the cutaneous administration of cosmetic molecules [263] metals, such as Ni, associated with a nickel-induced contact hypersensitivity in human skin (allergic contact dermatitis), [21] restrains the further use of these last two examples as commercial drug release devices. Among the different administration routes, cutaneous one is a simple, no invasive and versatile route to administer active ingredients (AIs). It currently ranks with oral treatment as the most successful innovative research area in drug delivery with around 40% of potential products under clinical evaluation related to transdermal or dermal systems. [22] Cutaneous route prevents from premature hepatic first pass metabolism or loss of activity due to degradation along the gastrointestinal tract, vomiting and diarrhea, which are inherent to oral administration. [23,24] Additionally, this drug administration route represents an interesting alternative to hypodermic injection due to its non-invasive nature, avoiding pain and the generation of dangerous medical waste. [25] Finally, this pathway is widely used for several therapies owing to the self-administration, including addiction (nicotine) or hormonal treatment (e.g. osteoporosis prevention [26] and contraception), [27] vaccination [28] and gene therapy, [29] being also the preferential route for cosmetics. In particular, global skin care market was USD 110 billion in 2014, and is expected to reach around USD 150 billion in 2020. However, the instability of some AIs within the formulation or on the skin (e.g. degradation, precipitation), their uncontrolled release and the poor control of their skin permeation, seriously hurdle the use of this versatile route. [30] Although other drug carriers have been proposed to overcome these drawbacks, [31,32] to the best of our knowledge, no cutaneous administration of MOFs has been reported so far for cosmetics delivery. Here, we describe a simple and easy processing method for the preparation of specific topical devices based on cosmetic-containing MOF NPs and biocompatible polymers. With this aim, we firstly selected the rigid mesoporous iron(III) trimesate NPs MIL-100(Fe) (MIL stands for Material of Institute Lavoisier). This cubic-zeotype mesoporous structure, built up from iron(III) octahedra and trimesate ligands, presents a very important porosity (S BET  2400 m 2 •g -1 , V p  1.2 cm 3 •g -1 ) associated with two types of mesoporous cages (25 and 29 Å) accessible through microporous windows (~ 4.7*5.5 and 8.6 Å; Figure 1). [33] MIL-100(Fe) is one of the most promising MOF structures in the biomedical field due to: i) its easy and totally biofriendly multigram-synthesis at both the micro or nanoscale, ii) its in vivo proven lack of toxicity, [34] iii) the exceptional loading rates and controlled deliveries upon physiological conditions of a large number of bioactive molecules with different chemical structures and therapeutic activities (anti-inflammatory, [11,35] antitumoral, [3,4,36,37,38] antiretroviral, [3,39] cosmetics [40,41,42] …), iv) its interesting imaging properties [3,43,44,45] and v) the potential tuning of its biodistribution by the functionalization of its outer surface. [46,47] On the other hand, the liporeductor cosmetic caffeine (CAF) was chosen as active cosmetic ingredient in order to overcome the current drawbacks associated to the existing cosmetic formulations such as the poor loadings of this xanthine (< 5 wt %) due to its high tendency to crystallize and its non-controlled releases. [48,49,50,51] In addition, micrometric MIL-100(Fe) has recently proven to be highly efficient for the encapsulation (up to 50 wt %) and progressive release of this liporeductor agent (up to 48 h in a phosphate buffer or distilled water). [7] With the aim to prove the generality of this processing method to other AIs, we select as a model [264] drug the simple anti-inflammatory and analgesic ibuprofen, exhibiting a different chemical structure and physicochemical properties. Considering the above mentioned, the formulation of caffeine-containing MIL-100(Fe) patches, well-adapted for a cutaneous administration, might represent an excellent alternative for the topical caffeine delivery in the cosmetics field. Our strategy consisted on the preparation of a specific device combining the MIL-100(Fe)-CAF NPs with different biologically acceptable polymers via an innovative and simple press-molding approach to later study their delivery and permeation profiles using in vitro and ex vivo tests.

Experimental section.

2.1. Materials. Gelatin from porcine skin (300 g bloom, Mw ≈ λ0000), polyvinylalcohol (Mw = 18000), phosphate buffered saline (PBS) solution (0.01 M, pH = 7.4), sodium bicarbonate (NaHCO 3 , 1 M, pH=10), 1,3,5-benzenetricarboxylic acid (99%, trimesic acid or BTC) and iron (III) chloride hexahydrate (97 %) were purchased from Aldrich and used as received. Sodium dodecyl sulphate (SDS; 0.01 M), caffeine were provided by Alfa Aesar. The adhesive films were purchased from local drug store I (3M TM Blenderm), whereas the Ultra-Turrax PRO 200, Bio-Gen Series in Pro Scientific. Also, the Dermatome GA630 was purchase from Aesculap®, the TA-XT plus Texture Analyzer from Stable Microsystems and Franz chambers were provided by Microette®, Hanson Research Corporation.

Synthesis of MIL-100(Fe) nanoparticles.

MIL-100(Fe) nanoparticles were prepared as previously reported. [52] Briefly, a 30 mL aqueous solution of 2.43 g (6.01 mmol) of iron(III) chloride hexahydrate and 0.84 g (4.00 mmol) of trimesic acid was heated at 130ºC for 5 minutes and 30 seconds, with a heating ramp of 30 seconds (1600 W). The purification of the recovered MIL-100(Fe) NPs consisted of successive washing steps by centrifugation (15000 rpm, 10 min) and re-dispersion of the NPs in aliquots of water (x1) and absolute ethanol (x5). Further activation was carried out by re-dispersing 2.5 g of the NPs in 20 mL of an aqueous KF solution (0.1 M). Then, the suspension was stirred for 1 h 40 min under ambient conditions. Finally, NPs were collected by centrifugation and washed with 20 mL of water (x2) and with 20 mL of absolute ethanol (x1). Activated MIL-100(Fe) NPs were isolated by centrifugation and stored wet with a few droplets of absolute ethanol to avoid dryness, already described by some of us. [53] 

Physicochemical characterization.

Particle size distribution and Zeta potential (ζpotential) were analyzed by Dynamic Light Scattering (DLS) on a Zetasizer Nano (Malvern Instruments). Size is given as the mean size distribution corresponding with the hydrodynamic diameter of the NPs. Samples were prepared by dispersing the NPs at 0.1 mg•mL -1 in the desired media by using an ultrasound tip (10 % amplitude for 1 min; Digital Sonifer 450, Branson). Fourier transform infrared (FTIR) spectra were collected using a Nicolet 6700 instrument (Thermo scientific, USA) in the 4000-400 cm -1 range using dry powdered samples. Thermogravimetric analyses (TGA) were analyzed on a Perkin Elmer Diamond TGA/DTA STA 6000 in the 25-600 ºC temperature range under a 3 ºC•min -1 scan rate and O 2 flow of 20 mL•min -1 . X-Ray powder diffraction (XRPD) patterns were collected in a D8 Advance Bruker diffractometer using Cu Kα1 radiation (λ = 1.54056 Å). Profiles were generally collected in the 2° < 2θ < 30° range with a typical step size of 0.02° in continuous mode. N 2
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[265] adsorption isotherms were obtained at 77 K using a BELsorp Maxi (Bel, Japan). Previous to the analysis, ca. 30 mg of dry sample were activated at 140 °C under primary vacuum for 3 h.

Caffeine encapsulation.

Caffeine encapsulation was performed as previously reported. [7] Briefly, 500 mg of MIL-100(Fe) were dispersed on 100 mL of a 10 mg.mL -1 caffeine aqueous solution for 24 h under stirring. The caffeine loaded nanoparticles were recovered by centrifugation (10500 rpm, 25 min). The amount of encapsulated caffeine was determined by TGA and high performance liquid chromatography (HPLC) (see the sections below).

Caffeine release.

Drug release was carried out in triplicate by soaking each patch in 10 mL of ultrapure Milli-Q water (pH = 6.3) at 37°C. At different incubation times, an aliquot of 5 mL of the supernatant was recovered by centrifugation (10500 rpm, 15 min) and replaced with the same volume of fresh medium at 37°C. The caffeine concentration was then determined by HPLC (see section below).

2.6. Press-molding preparation. 50 mg (0.02 mmol) of caffeine-loaded MIL-100(Fe) nanoparticles and 50 mg of polymer (2.10 -6 and 5.10 -7 mmol of PVA or GEL, respectively) were separately milled on a mortar. Then, the materials were mixed and milled together again. The resulting powder was readily put onto a 12 mm diameter-size wafer molded and pressed at 10 ton during 30 seconds. For the pure MIL-100_CAF patches, 50 mg of caffeine-loaded MIL-100(Fe) nanoparticles and 50 mg of empty MIL-100(Fe) nanoparticles were similarly treated. The pure polymer based patches were similarly prepared from a mixture of 100 mg of polymer and 15 mg of caffeine.

Patch characterization.

Thickness. The thickness of each patch was measured in three different regions with a gauge at room temperature and humidity as well as after being kept at 37 °C in an incubator for 24 h. Swelling behaviour. Dried patches of 10 mg were accurately weighted (W 0 ) and place in aqueous atmosphere at 37 °C (20 mL of Milli-Q water) together with simulated saliva solution (phosphate buffer saliva solution at pH= 6,75 [54] in a sealed container. After 24 h, the patches were removed and weighted again (Ws). The experiment was performed in triplicate. The swelling degree was estimated by: [55] Q (%) = [(Ws -W 0 ) x100] / W 0 2.8. In vitro bioadhesion strength evaluation. The bioadhesion properties of the studied patches were quantitatively evaluated using a TA-XT plus Texture Analyzer (Stable Microsystems, Haslemere, UK). Full thickness goat leather was attached with adhesive tape to a lower platform, together with goat-leather segments of 1 cm 2 covering the upper punch using double-sided adhesive tape. The patches were previously exposed to an artificial human sweat being placed under the punch and evenly spread on the surface of the goat tissue. The adhesion was initiated by lowering the punch at a speed of 0.1 mm.s -1 with a force of 5N for 60 s of contact time upon contact with the patch (performing 4 cycles). Adhesion was recorded as the resistances offered to detachment the patch from the goat-covered punch. The data collection and the calculations were achieved using XTRA Dimension software. Work of adhesion and peak detachment force was used to evaluate the bioadhesion strength of the CHAPTER 3 : Subchapter 3.3.

[266] patches. Work of adhesion was calculated from the area under the force-distance curve, and the peak detachment was taken as the maximum force needed to detach the patch to the tissue. Results were reported as the mean (±S.D, in kg.s) of 4 replicates. [ 56,57,58 ] 2.9. Caffeine permeation tests. Porcine ears were obtained from the local slaughterhouse (Pamplona, Spain) and after their cleaning, the outer region of the ear was cut. Afterwards, the skin was dermatomed to 1,2 mm (Dermatome GA630, Aesculap®, Tuttlingen, Germany) and stored at -20°C. The skin samples were placed in a simple model of Franz static diffusion cells with the inner area of the stratum corneous faced to the donor compartment and the dermis to the receptor one, leaving an available diffusion area of 0.636 cm 2 (Microette®, Hanson Research Corporation, USA). Receptor compartment was filled with 4 mL of PBS (pH = 7.4), kept at 32 °C and stirred at 300 rpm using magnetic stirring bars for 24 h. The different formulation patches together with their respective controls (PVA_MIL-100-CAF / GEL_MIL-100-CAF / PVA_CAF / GEL_CAF / MIL-100-CAF / commercial cream (<5% CAF)) were readily placed on the top of the stratus corneous and covered by an impermeable polymeric film (Blenderm®) to avoid skin/patch dryness due to air interaction. Ex vitro permeation studies were performed for 24 h, collecting 1 mL of receptor fluid after 4, 8, 16 and 24h, being replaced immediately with 1 mL of fresh medium at same temperature. At the end of experiment, all the receptor fluid (4 mL) was recovered and analyzed in order to quantify the caffeine and BTC contents by HPLC, described further on. The permeability coefficient (P) was calculated using the following equation: P = (dM/dt)/(M0A), where dM/dt represents the permeability rate, M0 stands for the initial concentration in the donor chamber, and A is the effective surface area of the mucosa. All the experiments were carried out in triplicate for each experimental data. Finally, the formulations (patch or cream) remaining on the skin surface were removed, cleaning the skin with PBS. Subsequently, the excess of moisture of the skin surface was dried and cut for caffeine quantification via the extraction method described below. [59,60] 2.10. Caffeine extraction from the skin. A mixture of 250 µL of sodium dodecyl sulphate (SDS, 0.01 M) and 250 µL of sodium bicarbonate (NaHCO 3 ,1 M, pH=10) were added to 100 mg of skin in an assay tube. After homogenization of this mixture with a dispersing Ultra-Turrax T50 basic (Ika, France), 1 mL of methanol was added and the mixture was stirred for 1 minute using a vortex and 5 minutes using an ultrasound bath. Finally, the samples were centrifuged at 14500 rpm for 15 minutes and the supernatant kept for HPLC quantification. The extraction yield was 87%.

Quantification of caffeine and trimesic acid by high performance liquid chromatography (HPLC).

The amount of encapsulated and released caffeine was determined using a reversed phase HPLC system Waters Alliance E2695 separations module (Waters, Milford, MA, USA), equipped with a variable-wavelength photodiode array detector Waters 2998 and controlled by Empower software. Durashell-C 18 reverse-phase column (5 µm, 4.6x150 mm Waters) was employed. The mobile phase consisted of 35% solution (v/v) of methanol in PBS (0.04 M) at pH 2.5. The injection volume was set at 150 µL with a flow rate of 1 mL . min -1 and the column temperature was fixed at 25ºC. Several aqueous caffeine solutions (0.00, 1.50, 3.00, 3.75, 6.00, 7.50, 15.00 and 30.00 µg•mL -1 ) and BTC Polymer-MIL-100(Fe) composite patches for the cutaneous administration of cosmetic molecules [267] concentrations in aqueous solutions (0.00, 0.78, 1.56, 3.12, 6.25, 12.50, 25.00 and 50.00 µg•mL -1 ) were used as standards, as previously reported. [7] The standard calibration curve showed a good correlation coefficient > 0.99. Chromatogram of standard solutions showed a retention time of 3.6 min, identify with the caffeine by its characteristic UV-Vis spectrum with an absorption maximum at 272 nm (Figure S9). The release quantification of caffeine assays were performed under the same conditions cited above. Release chromatograms exhibited one retention peak corresponding to the caffeine.

Results and Discussion. 3.1. Patch preparation and characterization.

Prior to the patch processing, caffeine was successfully encapsulated within the MIL-100(Fe) particles by a previously reported simple and bio-friendly impregnation method based on the suspension of the MOF in an aqueous caffeine solution (see Experimental section). [7] Although previous reported results shown excellent caffeine uploads (up to 50 wt%) using micrometric particles of MIL-100(Fe), the larger and polydisperse particle size was associated to aggregation and a lack of a reliable homogeneous dispersion (data not shown). For this reason, the caffeine encapsulation was finally performed into monodispersed nanometric MIL-100(Fe) (170 ± 20 nm; Figure S1) [52] using the previously cited impregnation method . [7] The maximum caffeine loading achieved after a contact time of 24 h evidenced no significantly different encapsulation kinetics and capacities between the micro and nanometric MIL-100(Fe) particles (52.4 ± 1.3 and 53.5 ± 6.3 wt% respectively), indicating that the encapsulation rate does not depend on the particle size (Figure S2). In order to provide the patches with suitable topical properties such as biocompatibility, prophylaxis against infections, lubricity, cell/microorganism adhesion or susceptibility to an external stimulus (pH, temperature, ionic strength, etc.), [61,62,63] different polymers are often incorporated into the formulations. Here, among the large palette of biologically compatible polymers, gelatin from pig skin (GEL) and low molecular weight polyvinylalcohol (PVA), were selected due to their high biocompatibility, good mechanical strength and thermal stability, excellent film formation qualities, low cost and commercial availability in order to study the influence of their structure and physicochemical properties on the patch preparation and the release and permeation of the caffeine (Figure 1). The composite patches were then prepared by an easy and rapid press-molding approach consisting on three simple steps: i) components milling, ii) a mixing step and iii) the preparation of a wafer with the resulting mixture by applying pressure (Figure 1). The pressmolding of the diffusive layer was therefore performed, obtaining 5 types of patches of 12.0 ± 0.1 mm diameter and 0.6 ± 0.1 mm thickness (Figure 1) containing similar caffeine contents (16.9 ± 0.6 wt%) : the polymer_caffeine-loaded-MOF composites, denoted PVA_MIL-100_CAF and GEL_MIL-100_CAF; as well as the respective controls based on the pure caffeine-loaded MIL-100 patches (named MIL-100-CAF) and the caffeine-loaded pure polymeric patches (called PVA-CAF and GEL-CAF). After the press-molding processing, field emission gun scanning electron microscopy (FEG-SEM) studies revealed a quite homogeneous wafer surfaces (Figure S3). In the case of pure MIL-100_CAF patches, the NPs are easily distinguished although strongly fused, whereas in the polymer-MOF based patches, the NPs can be only discerned within a smoother surface. In addition, the intact crystalline structure of the MIL-100(Fe) solid was confirmed in all the different devices by X-ray diffraction (XRD; Figure S4, see Experimental section). Nevertheless, a significant peak broadening was observed as a consequence of the presence of a large proportion of polymer and/or a possible contraction of the framework upon the pressure. In addition, in case of PVA_MIL-100-CAF patch, additional Bragg peaks appeared (at around 22°), being assigned to crystallized caffeine, suggesting a first caffeine exchange equilibrium between the PVA and the MIL-100(Fe) during the patch preparation that leads to a slight crystallization of the caffeine outside the MIL-100(Fe) pores (Figure S4). In this line, other methods, based on wet processes, by drop-casting the caffeine-containing MIL-100(Fe) NPs over a film (Blenderm ® ) led to an important release (66 % of the total loading, Figure S5) of the cosmetic molecule during the manufacturing process associated with an important amount of crystallized caffeine at the outer surface of the MOF, ruling out the application of this wet processing method. 

Swelling properties and in vitro bioadhesion evaluation.

Water sorption rate, mainly related with the hydrophilic/hydrophobic balance of the MOF composite patches, [64] might play a crucial role on the delivery rate of the active compound as well as on the contact degree with the skin, and then, with the cosmetic cutaneous permeation. In addition, the water content directly influences the surface and mechanical properties (typically increasing elongation and reducing strength by effectively plasticizing the material) of the polymer/polymeric devices, as well as its permeability and biocompatibility. [55,64,65] To bring some light on these properties, the water adsorption as well as the swelling effect of the patches were studied under simulated cutaneous conditions (relative humidity = 50 % at 32°C; see Experimental section for further details). [54] After a contact time of 24 h, a general tendency accompanied with an important water uptake (from 34 to 78 wt%) was observed in all the cases (Table 1), achieving the higher water content on the pure gelatin patch (78 wt%), followed by the PVA-MIL-100_CAF, PVA_CAF and MIL-100_CAF (47 wt%) and finally, the GEL-MIL-100_CAF patch (34 wt%) (Figure S6). The water content in a polymer basically depends on the hydrophilic nature of the constitutive monomer and the crossing type and density, as well as other conditions (temperature, ionic strength and pH). Despite the similar reported aqueous solubility of both polymers (50 mg.mL -1 ), [66] the experimental data showed lower values (15 mg.mL -1 ) with a higher aqueous solubility for the PVA than GEL, in agreement with a higher polarity and lower gel strength of the PVA when compared with GEL. Indeed, the high strengths of GEL (300 g bloom for this particular GEL) related with the high number of pyrrolidines and triplex helixes, which give rise to the formation of strong gels, might be related with a higher water adsorption within this polymer. [67,68] In this line, except for pure caffeine-containing MOF, an important variation of the patch volume (from 200 to 290 %) was associated and directly related to the water adsorption process, indicating a significant swelling probably due to the polymer elasticity. In contrast, despite the important water adsorption of the pure caffeine-containing MOF (ca. 45 wt%), no volume variation was observed in agreement with the water adsorption within the MOF porosity as well as with a good cohesion between the NPs within the patch upon the pressure treatment. While the PVA-MIL-100_CAF and PVA_CAF exhibit a similar behavior (ΔV = 280 vs. 290 % and H 2 O = 50 vs. 46 %, respectively), the GEL-MIL-100_CAF and GEL_CAF show different features. More precisely, the lower water content in GEL-MIL-100_CAF in comparison with the GEL_CAF could be related with the formation of interactions between the coordinatively unsaturated iron(III) sites (CUS) of the MIL-100(Fe) solid [69] and the CHAPTER 3 : Subchapter 3.3.
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reactive groups of the GEL (amino acids). Indeed, GEL, with an isoelectric point of 7-9, would possess coordinative species such as deprotonated carboxylate groups in pure water (pka  3-5; pH  6), able to strongly interact with the MIL-100(Fe) CUS. This will lead to a more compacted structure in the GEL-MIL-100_CAF than GEL_CAF, in agreement with the lower volume variation upon the water adsorption (200 % vs. liquid state, respectively). In parallel, the differences between the PVA-MIL-100_CAF and GEL-MIL-100_CAF patches could be related with the high pka of the hydroxyl groups of PVA ( 16), which makes that this polymer in pure water can a priori exclusively form weak interactions with the MIL-100(Fe), leading to a more extended polymer-MOF network (ΔV = 280 vs. 200 %, respectively). This would be in good agreement with the similar hydration and swelling behavior observed for the pure PVA and the PVA-MIL-100_CAF patch. In addition, the presence of a large number of -OH groups in the PVA might be associated to the formation of hydrogen bonds with the water moieties, leading to a higher hydration in PVA-MIL-100_CAF and GEL-MIL-100_CAF patches (as confirmed by the water content: 50.0 vs. 34.4 %, respectively) and then, to a larger swelling (ΔV = 280 vs. 200 %, respectively). Additionally, the relatively low molecular weight of PVA, and its rapid hydration/disintegration could be also associated to a low entanglement between polymer chains. [70] On the other hand, the hydration state of topical devices can strongly influence the bioadhesive behavior of the polymeric and composite patches. [71] Hence, the potential bioadhesive properties of the patches to the skin were evaluated using a goat leather under the humidity of artificial human sweat. [56] The patches were put in contact with the sweat-wet goat leather and the peak adhesion force measure by a vertical texture analyzer equipment (see Experimental section). [72] After the bioadhesion tests, the patches showed a different aspect (Figure S7) due to the swelling phenomena as in contact with the swear, in agreement with the previous estimated volume variation for water adsorption. However, after the leathercovered punch contact, very low resistances were offered to the patch detachment with values from 0.0015 to 0.0037 N . seg, being the higher adhesive values reached by the GEL_CAF and MIL-100_CAF patches (0.004 N . seg; see Table S2). Considering the reported values using a similar technique for different bioadhesive materials (formulated as films, gels, patches or tablets), 65 with peak detachment forces of around 5 N . seg, [57] one could conclude that all the tested patches possess a non-bioadhesive character.

In vitro delivery tests.

To investigate the impact of the composition and the formulation on the active ingredient release, the caffeine delivery was assessed by immersing the different patch formulations in pure liquid phase water at 32°C, following the amount of caffeine delivered by HPLC (see Experimental section). Except PVA-CAF patch, associated with a fast release of the caffeine (80 % released within the first 30 min), the caffeine was progressively release from the rest of the patches within 48 h, with a more or less important initial release (commonly known as "burst" release; Figure 2A). While the MIL-100_CAF, PVA-MIL-100_CAF and GEL-CAF exhibited respectively an initially high caffeine release of about 50, 42 and 36 %, the caffeine was much slower delivered from GEL-MIL-100_CAF with a burst release of only 15%. This slower release might be related with several factors: i) the lower hydrophilic/hydrophobic balance of GEL in comparison with PVA, as previously

Polymer-MIL-100(Fe) composite patches for the cutaneous administration of cosmetic molecules [271] evidenced by their experimental aqueous solubility; ii) the high gel strengths of the used GEL (300 g bloom), which might lead to a slower diffusion of the caffeine through the polymer frame. [67,68] In contrast, the planar zigzag disposition of the PVA polymer might be related with faster caffeine diffusion. [73] and finally, iii) the presence of possible specific interactions between the CUS of MIL-100(Fe) NPs and the reactive groups of the GEL, creating a more complex hybrid network as discussed above. [69] In a general trend, a more controlled release was demonstrated from the polymer-based MIL-100-CAF patches than from the pure polymers, suggesting that the presence of the caffeine within the MIL-100(Fe) porosity might control the release of the molecule. Thus, the caffeine might diffuse through the MOF porosity and then, through the polymer network to finally reach the medium. When compared with the PVA-based patches (PVA-MIL-100_CAF and PVA _CAF), the GEL-based patches (GEL-MIL-100_CAF and GEL _CAF) seem to better control the delivery of caffeine. This fact could be explained by the lower hydrophilicity and high strength of the GEL polymer, as previously discussed.

Except for the PVA-MIL-100_CAF, exhibiting an incomplete release (60% at 24 h), the caffeine was completely delivered after 24 h (PVA_CAF) or 48 h (MIL-100_CAF, PVA-MIL-100_CAF, GEL_CAF and GEL-MIL-100_CAF). Note however that most of the cargo (60 %) was released within the first 6 hours, with a slower progressive release up to typically 24-48 h. Considering that a classic cutaneous cosmetic administration typically requires controlled releases within 8 to 24 h, these release profiles are highly encouraging. In addition, one could also expect slower releases at the first hours due to the presence of a water vapor pressure on the skin instead to a liquid phase aqueous medium. Finally, in order to extend this cutaneous MOF-based patch approach to other active molecules as well as to check the influence of the physicochemical properties of the encapsulated molecule on the processing, other AI was entrapped within the MOF and then, the patch formulation performed. Thus, the encapsulation of the hydrophobic analgesic and anti-inflammatory drug, ibuprofen (IBU) was tested reaching loadings (33 wt% in the MIL-100(Fe)). [74] In particular, GEL_MIL-100-IBU patches were successfully prepared following similar conditions than those for the caffeine-based patches, confirming that this easy press- [272]

molding procedure could be taken as a processing platform. The GEL_MIL-100-IBU patches contained important amount of the drug, up to 17.5 wt% within the patch. The ibuprofen release profile was however slower than that observed with the caffeine (45 vs. 30 % after 2 h, respectively; Figure 2B), in agreement with the higher hydrophobic character of ibuprofen, which might diffuse slower through both the MOF porosity and polymer network.

Overall, considering the slow and progressive release of the caffeine over 48 h under simulated skin conditions, the GEL_MIL-100-CAF patches seem to be the most promising cutaneous systems. However, the permeation of the caffeine might be also considered (see below).

Skin permeation studies.

The high caffeine encapsulation rate and its progressive release to the physiological media encourage us to investigate the cosmetic permeation through the skin. Thus, permeation assays were carried out using Franz diffusion chambers, consisting on two compartments (receptor and donor) separated by a skin membrane (the inner region of porcine ear as a suitable model for the human skin permeability; see Experimental section). [75] The stratum corneum of the skin was placed to the donor compartment in contact with the patch formulations covered by an impermeable film (Blenderm®) to avoid the dryness, and the receptor chamber was filled with a phosphatebuffer (PBS) solution. The porcine skin was previously dermatomed to a 1.2 mm-thickness, removing the fatty layer and keeping the upper layers. Considering that the lipolytic effect of the caffeine should take place at the adipocyte level, [76] and the removal of the fatty layer with the dermatomization process, the amount of caffeine able to reach the adipose tissue can be easily quantified within the receptor chamber. The caffeine content was quantified by HPLC in the receptor chamber (referred as diffused caffeine), within the skin (named as retained caffeine) and lastly, in the patch after the permeation study (called entrapped caffeine).The same permeation study was also performed on a commercial caffeine body cream, containing 5 wt % of cosmetic cargo, considered as the control test to evaluate both the caffeine release and the cutaneous crossing through the skin barrier of the prepared patches. The diffused caffeine was estimated in the receptor chamber over the time (expressed as the % with respect of the total caffeine cargo). Remarkably, a slow and progressive bypass of the liporeductor molecule was observed for all the patches (Figure 3), indicating that caffeine could reach the fatty layer. While the amount of diffused caffeine was very small for the MIL-100_CAF patches ( 15% at 24 h), for the rest of the polymeric and composite patches the diffused content was higher (reaching  50% after 24 h), evidencing the effect of the polymer on the caffeine permeation through the skin. [77,78] Indeed, the hydrophilicity and swelling effect of the polymer might promote the release of the caffeine and, then, its skin permeation.

Considering the initial caffeine loading ( 17 wt%), a cosmetic crossing of around 8.5 of caffeine per 100 g of patch was achieved with a contact surface of ca. 0.64 cm 2 . In contrast, the caffeine bypass to the receptor chamber was almost insignificant (0.03 %). Despite a higher caffeine skin crossing of the tested patch formulations than the commercial cream, a large amount of the initially loaded caffeine did not reach the receptor compartment (8.5 wt%). In this line, the caffeine remaining in the patch after the permeation was estimated as well as that one retained within the skin, confirming that caffeine was mainly kept into the patches (Figure 4). Only 3 to 28 % of the caffeine was retained within the skin (more precisely 2.8, 3.3, 4.9, 6.5 and 28% corresponding to 0.5, 0.6, 0.8, 1.1 and 4.7 g of caffeine per 100 g patch for MIL-100-CAF, GEL-MIL-100-CAF, PVA-MIL-100-CAF, GEL-CAF and PVA-CAF, respectively). Despite the high percentage of caffeine remained in the patch, the quantity in the skin precedent for polymeric formulation was higher than commercial creams, improving its bypass. Therefore, one could suggest that the polymeric effect was effective since, in the end, 30 % of caffeine reached the fatty layer where its activity will take place. [274]

On the whole, GEL-MIL-100-CAF and PVA-MIL-100-CAF represent a good alternative for the control release of the liporeductor agent caffeine by the topical route, exhibiting not only high cosmetic contents, much higher than the commercial products (17 vs. 5 wt%), and progressive releases within contact times suitable for cutaneous route (24 h), but also an appropriate skin permeation, which allows to reach the target site (adipose tissue).

Conclusions.

We have successfully prepared composite patches based on the benchmarked drug nanocarrier MIL-100(Fe) and different biopolymers (PVA and GEL) by a simple and rapid press-molding approach, maintaining both the crystalline structure and the porosity of the nanoMOF. The homogeneous patches, compatible with a cutaneous administration route, present a high hydrophilic character associated with an important swelling effect under simulated cutaneous conditions (moisture, 32°C), while a non bioadhesive behavior. Besides to keep high capacities of encapsulation of AIs (i.e. caffeine and ibuprofen), with record loadings of 17 wt% of caffeine (in comparison with only 5 wt% in commercial formulations), these cutaneous formulations allow controlling the release of their caffeine cargo within 24-48 hours, depending on the nature of the biopolymer (mainly hydrophilicity, gel strength and polymer-MOF interactions). In addition, the lipolytic cosmetic caffeine progressively released from the composite patches was able to permeate through the skin, reaching the targeted adipocyte region. These promising results pave the way for the topical administration of MOF-based devices for the cutaneous or transdermal administration of AIs. The AI-loaded nanoMOF could be incorporated in AI-containing formulations, as a double function of a protective scaffold and a reservoir of the AI for further progressive release. [284]

[285]

BRIEF CONCLUSION AND GENERAL PERSPECTIVES

In Chapter 3, three important administration routes (intravenous, oral and cutaneous) have been mimicked, leading to a better understanding of the NP biointeraction at the different studied biological barriers. The functionalization of the outer surface of porous nanoMOFs with attractive biopolymers has been successfully achieved, maintaining intact their structural and textural properties as well as their outstanding encapsulation/release capabilities.

The investigation here performed was able to demonstrate that the specific external grafting selected for the desired administration route can improve the colloidal/structural/chemical stabilities to these nanosystems, providing, additional biological features for their suitable administration such as longer blood circulation time (stealth) for the intravenous route with the heparin, higher intestinal crossing provided by the chitosan or cutaneous bypass for the oral and topical administration through the MOF patches.

These promising outcomes will enable us to enhance the drug delivery by these nanocarriers, and therefore, the drug activity in different routes of administration. Thus, Chapter 4 has been orientated to the ability of these NPs for the encapsulation and release of potential active ingredients, both within the MOF porosity or as a constitutive part of the framework.

[286]
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GENERAL OBJECTIVES AND AUTHOR CONTRIBUTION

The last chapter of this PhD thesis manuscript deals with the encapsulation and release of different active ingredients (AIs), either within the MOF porosity or as a constitutive part of the framework. This section is divided in three subchapters, associated with their respective publications:

 The first part deals with the controlled release of AIs building the MOF structure, outlined in the subchapter 4. HIDALGO CRESPO has worked on the degradability test under physiological media, the cytotoxic activity by MTT, hemolysis and annexin assays together with the evaluation of the bioactivity of these MOFs (ROS production). Thus, the bioactive behaviour of these gallate MOFs has been carried out by the important contribution of an immunological research group, highlighting the participation of T. Lozano-Fernández, Dr. R. Simón-Vázquez and Prof. Á. González-Fernández. Moreover, the PhD student has also actively participated in the writing of both articles, mostly in the introduction and in the discussion of their bioactivity (antioxidant properties, toxic character and chemical biostability). Furthermore, the whole manuscript has been assessed and actively supervised by Dr. T. Devic and Dr. P. Horcajada, focusing from the preparation and characterization of these MOFs and the biological evaluation, respectively.

 The third subchapter 4.3., «Biocompatible iron (III) carboxylate Metal-Organic Frameworks as promising siRNA nanocarriers; (in preparation)», concerns the encapsulation of macromolecules. In particular, a small interfering ribonucleic acid (siRNA) and microRNA (miRNA) was successfully encapsulated into the porosity of two biocompatible iron carboxylate based nanoMOFs in an attempt to provide with a promising platform for gene delivery, being the intravenous pathway the most suitable for this type of therapeutics.

[290]

In order to perform these experiments, the collaboration with a cancer research group has been decisive. Whereas the synthesis and full characterization of the iron(III) carboxylate MOFs (XRD, IR, TGA, N 2 adsorption, etc.), before and after the nucleic acid encapsulation, have been carried out by Tania HIDALGO CRESPO, the bioactivity of these drug delivery systems as well as the transfections have been undertaken by the same doctorate student with the participation of other students (C. Abuín-Redondo, M. Alonso-Nocelo, B. Lopez-Bouzo and S. Reimóndez-Troitiño), focusing on the cell internalization, western-blot quantification and transfection studies. In addition, the writing of this publication has been carried out by Tania HIDALGO CRESPO, under the active director supervision. S. Reimóndez-Troitiño has supported the discussion of the transfection section. Furthermore, the whole manuscript has been assessed and actively supervised for Dr. P. [292]

Abstract.

A microporous magnesium gallate MOF was prepared from highly biocompatible reagents under environmentally friendly conditions. Its slow degradation in physiological fluids leads to the release of gallic acid and hence a high antioxidant activity, which was illustrated in the HL-60 cell line.

Introduction.

Amongst the potential uses of Porous Coordination Polymers (PCPs) or Metal-Organic Frameworks (MOFs), biomedical applications have recently emerged as one of the most appealing. 1,2 Whatever the application (drug release, imaging, detoxification, etc…), the prime prerequisite is the biocompatibility of the MOF, 3 and hence, of each of its components. In this respect, the development of new solids synthesized from non-toxic endogenous cations (M = Zn, Fe, Mg, Ca,...) and ligands (especially naturally occurring derivatives 4 ) is considered here. Among such ligands, phenolic derivatives 5 are abundant molecules known for their antioxidant activity, which protect cells from reactive oxygen species (ROS) arising either as by-products from normal cell metabolism or from external environmental causes. 6 For example, the potent antioxidant activity of gallic acid (H 4 gal) has been widely studied and it is associated with numerous beneficial therapeutic effects, including anti-allergic, antiinflammatory, antimicrobial, cardioprotective, neuroprotective and even, anticarcinogenic activities. 7,8 We focused here on the combination of this natural ligand 9,10,11,12 with Mg II . While this cation has already been used in the formation of several MOFs of interest, 13,14 it is also involved in resistance to oxidative stress and so could lead to additional benefits when coupled with antioxidative species. 15 In the present work, we report the aqueous synthesis and characterization of a biocompatible porous magnesium gallate, together with the in vitro demonstration of its remarkable antioxidant activity, through the progressive delivery of its therapeutically active organic linker upon degradation of the MOF.

Experimental section.

2.1. Synthesis. Gallic acid (H 4 gal), potassium hydroxide and magnesium chloride were obtained commercially and used without any further purification.

Exploratory synthesis.

Exploratory syntheses were performed using the hydrothermal high-throughput setup developed by Stock et al.,ref which combines miniaturization (volume of the reactor ~1.5 mL), parallelization (reaction performed with 24 reactors in parallel) and automation of the analysis (use of high throughput Bruker D8 Advance X-ray diffractometer), allowing both the fast identification of new crystalline phases and the determination of phase diagrams. 16 Among the parameters explored, temperature, heating time and concentration of the reactants did not play a significant role. Although Mg(OH) 2 could be used as the magnesium precursor, it sometimes led to residual unreacted Mg(OH) 2 being present in the final product; for this reason it was eventually replaced with MgCl 2 . As shown in Figure S1, the key parameters influencing the nature of the resulting product were found to be the pH and the ligand to metal ratio. Mg(H 2 gal)•2H 2 O is isolated in pure form over various H 4 gal/Mg(II) ratios (1:2 -2:1). However the KOH/H 4 gal ratio needs to be around 2:1, which corresponds to pH range 7-8.
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The second magnesium phase requires more basic conditions with a KOH/H 4 gal ratio = 4-5 which corresponds to pH ~10 and the most repeatable synthesis conditions for isolating phase 2 in pure form use a H 4 gal/Mg(II) ratio of 1:2. Optimized hydrothermal syntheses of both phases are summarized in Table S1.

Round bottom flask synthesis of Mg(H 2 gal)•2H

2 O. 0.99 g of MgCl 2 , 3.76 g of H 4 gal and 100 mL of water were placed in a 250 mL round bottom flask, and stirred. A 5 M aqueous solution of KOH was added to adjust the pH to 8-9 (V~5 mL), and the mixture was heated under reflux for 24 hour. The light grey solid was recovered by filtration, washed with water and dried in air. Yield ~ 35 %. 111) monochromator producing Cu Kα 1 radiation (λ = 1.540598 Å) and a LynxEye detector. Extractions from the peak positions, pattern indexing as well as Rietveld refinement were carried out with the TOPAS program. 17 The structure of the Ni analogue 18 was used as a starting point of the Rietveld refinement. the final Rietveld plot (Figure S3) corresponds to satisfactory model indicator and profile factors (R Bragg = 0.016, Rp = 0.031, R WP = 0.044). It involves the following parameters: 20 atomic coordinates (H atoms were fixed during the refinement and soft restrains were maintained on distances and angles of the organic moiety), 1 overall thermal factor, 1 scale factor, 1 zero-point, 2 cell parameters, 10 background parameters and 5 ones to model the evolution of asymmetric and anisotropic diffraction lines shape. Two views of the final structure are shown in Figure S4, highlighting that the microporosity could arise both parallel (left) and perpendicular (right) to the 3-fold axis. Xray thermodiffraction was performed using a θ-θ Bruker D8 Advance diffractometer equipped with a HTK-1200N (Anton Parr) high temperature chamber and a LynxEye XE detector (Cu radiation). Diagrams were collected every 10 °C between 20 and 200 °C. The data for Mg(H 2 gal)•2H 2 O are shown Figure S5, and the corresponding unit-cell parameters summarized in Table S2. 13 C Solid state NMR. The solid-state NMR spectra were recorded on an Avance Bruker 500 NMR spectrometer (B 0 = 11.7 T, corresponding to Larmor frequencies of 500.1 and 125.7 MHz for 1 H and 13 C, respectively). The sample was packed in a 3.2 mm outer diameter rotor. The 1 H→ 13 C cross-polarization (CPMAS) and two-dimensional heteronuclear (HETCOR) NMR spectra were acquired at MAS 10 kHz, using an initial 1 H 90° pulse length of 3 μs, a contact time of 3 ms, and radiofrequency (RF) fields of 60 and 50 kHz on 1 H and 13 C, respectively, during the polarization transfer. 1 H step small-phase incremental alternation (SPINAL-64) 19 decoupling was applied during the 13 C signal acquisition (~ 70 kHz RF field). The recycle delay was 3.5 s. 192 transients were accumulated for the 1D spectrum, 16 for the [294]

Material characterization.

Powder X-ray

Thermogravimetric analysis. TG analyses were performed on a Mettler

1 H and

2D spectrum (60 t 1 slices). The 1 H 1 D Hahn-echo and 2D back-to-back (BABA) 20 NMR spectra were recorded at MAS frequency of 20 kHz. The λ0° pulse length was 3.0 μs, and the inter-pulse delay was synchronized with one rotor period for the Hahn-echo. For the BABA spectrum, the excitation time of the double-quantum coherence was 100 μs. The 1 H and 13 C chemical shifts were referenced to proton and carbon signals in TMS. The spectra were collected on the as-synthesized sample. Analysis of the spectra was done using the DMfit software. 21 The 13 C CPMAS NMR spectrum of Mg 2 (H 2 gal)•2H 2 O, displayed in Figure S7 (left), shows the presence of one inequivalent gallic acid linker, in agreement with the structural model. The 13 C isotropic chemical shifts calculated by DFT (see the modelling section) agree well with the measured values, and allow the assignment of the 13 C resonances to the corresponding carbon atoms in the structure (Table S3). The 1 H MAS NMR spectrum (Figure S7, right) contains three resonances: resonance 2, characteristic of the C-H hydrogen from the gallic acid, resonance 1, which might be free and rather mobile water contained in the pores (since it does not correlate with the other protons from the structure in the 2D 1 H-1 H double-quantum single-quantum NMR spectrum, Figure S8, left), and resonance 3, which corresponds to a particularly acidic proton (isotropic chemical shift around 11 ppm). This proton is very close in space to the C-H proton from the gallic acid as shown by the correlation peak of strong intensity on the 2D 1 H-1 H NMR spectrum (Figure S8, left), and is also very close to one C-O carbon atom, as observed on the 2D 1 H- 13 C NMR correlation spectrum (Figure S8, right). These observations are consistent with the localization of this acidic hydrogen on a phenol function located in meta position of the carboxylate group. This acidity is further confirmed by the high 1 H isotropic chemical shift value calculated by DFT from the structural model, which match well the observed value (Table S4).

Nitrogen sorption measurements.

Mg(H 2 gal)•2H 2 O was heated overnight at 100 °C under primary vacuum (BEL Japan, BELSORP Prep) before recording nitrogen adsorption isotherms at 77 K using a BEL Japan Belsorp Mini apparatus. Adsorption desorption isotherms are shown in Figure S9.

Modelling. -Pore size distribution

The methodology reported by Gelb and Gubbins 22 was used to calculate the pore size distribution (PSD) of Mg(H 2 gal). In these calculations, the van der Waals parameters of the framework atoms were taken from the DREIDING force field 23 except for Mg which was adopted from the Universal force field (UFF) 24 as this atom is not described in the former force field. As a comparison, the calculations were also considered by using the van der Waals parameters for all atoms available in UFF. Figure S10 shows that the resulting pore diameter of this solid is comprised in the range 2.75-2.90 Å depending on the force fields employed.

-Theoretical surface area

We have previously pointed out that the geometric method 25 using a nitrogen-sized probe molecule rolling over the framework surface does not lead to reliable calculated values for the accessible surface area when the pore size of the considered solid is comparable or smaller than the dimension of N 2 (3.64 Å). 26 
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The theoretical BET area was thus computed from the adsorption isotherm simulated for N 2 . Indeed as a preliminary step, Grand Canonical Monte Carlo (GCMC) simulations using the CADSS software 27 were performed to determine the N 2 adsorption isotherms at 77 K. These simulations considered electrostatic and Lennard-Jones (LJ) interactions for N 2 /N 2 and N 2 /Mg(H 2 gal) interactions. The N 2 molecule was described by the TraPPE force field. 28 For the Mg-gallate, the partial charges for all framework atoms were extracted from the application of the Mulliken charge partitioning method based on periodic Density Functional Theory (DFT) calculations using PBE GGA density functional 29 and the double numerical basis containing polarization functions on hydrogen atoms (DNP) 30 as implemented in the Dmol 3 code. nd. The resulting set of charges is reported in Table S4 together with the labelling of the atoms. The LJ potential parameters for the framework atoms were considered in a similar way than for the calculations of the PSD. The simulation box consisted of 48 (4x4x3) unit cells and a cutoff radius of 12.0 Å was applied to the Lennard-Jones (LJ) interactions, while the long-range electrostatic interactions were handled by the Ewald summation technique. For each state point, GCMC simulations consisted of 5x10 7 steps to ensure the equilibration, followed by 5x10 7 steps to determine the absolute adsorbed amounts (N abs ) which were assimilated to excess adsorbed amounts (N excess ) as the explored range of pressure is very low. We thus applied the general BET equation as defined by Bae et al. 31 (1)

In this equation, V excess , expressed in cm 3 (STP)/g corresponds to the excess adsorbed amount of N 2 under a given equilibrium pressure P and 77 K; x is the relative pressure P/P °, where P ° (=1.0 atm) is the saturation vapor pressure of N 2 at 77 K; V m is the monolayer adsorbed amount expressed in cm 3 (STP)/g and c is the BET constant. The BET area of this microporous solid was further estimated with the two consistency criteria proposed by Rouquerol et al. 32 (i) within the pressure range chosen for a BET calculation,  excess (1x) should always increase with x increasing, (ii) the straight line fitted to the BET plot must have a positive intercept to yield a meaning value for the c parameter (c>0). The so-obtained value of V m is then used to calculate the BET area in unit of m 2 /g by the following expression:

STP a m BET V N s V S 0  (2)
where N a is Avogadro's number, s 0 is the cross section area (16.2 Å 2 ) of one nitrogen molecule at the liquid state 11 . V STP is the molar volume of N 2 at standard temperature and pressure (273 K, 1 atm) and its value is 2.24 ×10 4 cm 3 (STP) mol -1 . The details of the theoretical estimation of the BET area are provided in Figure S11. One can observe that the two different force fields employed for representing the MOF framework lead to a BET are ~500 m 2. g -1 which is slightly higher than the experimental data (~330 m 2. g -1 ). As mentioned earlier, such discrepancy may arise from an experimental underestimation of the surface area, associated with strong diffusion issue in this ultra-micropore solid.

(

-) = -1 + 1 1 
CHAPTER 4 : Subchapter 4.1.
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-Theoretical pore volume The pore volume of the Mg-gallate was calculated by the thermodynamic method of Myers and Monson. 33 The numerical Monte Carlo integration technique was carried out using 10 7 cycles, with helium modeled as a LJ fluid ( = 2.58 Å, /k B = 10.22 K) and the MOF framework described by the two different set of LJ potential parameters mentioned above.

The corresponding pore volumes are comprised in the range 0.1612 cm 3 g -1 (all MOF atoms UFF) -0.1803 cm 3. g -1 (all MOF atoms UFF except Mg DREIDING).

-DFT calculations of the NMR parameters

The DFT calculations of the 13 C isotropic chemical shifts were performed with CASTEP 34 using the PBE functional and ultrasoft pseudopotentials generated "on the fly". 35 The wave functions were expanded on a plane wave basis set with a kinetic energy cut-off of 610 eV. The Brillouin zone was sampled using a Monkhorst-Pack grid spacing of 0.04 Å -1 (6 calculated k-points). The resulting values compare very well with the experimental ones (see Table S3). degradation of the solid, with the appearance of Mg(OH) 2 concomitantly with the gallic acid release.

2.4

In vitro cell studies. ). Subsequently, all these stimuli were added into the cells for 24 h, keeping at 37°C with a 5 % CO 2 atmosphere in both experiments. From one site, the cytotoxicity was determined by adding the MTT reactant (0.5 mg . mL -1 in PBS, incubation at 37 °C for 2 h) after the contact time, followed by a PBS washing with 200 µL, ending with 100 µL of DMSO added to each well, together with their measurement of the absorbance (at λ= 53λ nm) after stirring. Results are summarized in Figure S13.

In addition, the cytotoxicity was measured by determination of the apoptotic and necrotic index after 24 h in contact with the treatment. The cells were analyzed using Annexin-V FITC kit (Immunostep, Salamanca, Spain), following manufacturer's instructions. Data acquisition and analysis were done by flow cytometry (BD Accuri™ C6, Biosciences) using Accuri software. For each analysis, 10,000 events were acquired. S6). The latter could also be prepared under reflux at ambient pressure, allowing for a larger scale preparation (see SI for details). While it was not possible to characterize the structure of the first solid because of its poor crystallinity, the second phase was found to be isostructural with Fe III , Ni II , Co II and Mn II compounds described by Weber 12 and Cheetham. 10,11 Its structure was refined from powder X-ray diffraction (XRD) data (Figure S3) and consists of chains of corner sharing MgO 6 distorted octahedra (four oxygen atoms coming from the phenol groups and two from the carboxyl functions) connected through the organic ligands which define small channels containing water molecules (Figure 1a and Figure S4). 13 C and 1 H solid state nuclear magnetic resonance (NMR) analyses (Figure S7-S8) confirmed that both O atoms in meta positions from the carboxylate groups remained protonated, consistent with previous neutron diffraction studies on the Ni II and Co II analogues. 11 Temperature dependent powder XRD (Figure S5) indicated that the solid remains stable under air up to ~150°C, again in agreement with previous findings on isostructural solids. Water is eliminated from the pores around 100°C without any noticeable structural modification (see Table S2). As a consequence, the porosity of Mg(H 2 gal) was evaluated by nitrogen sorption measurements at 77 K. Although the porosity of the parent transition metal-based solids has not been previously described, 10,11,12 the Mg derivative exhibited a type I isotherm with a capacity at saturation of around 90 cm 3 (STP) g -1 and a BET surface area of ca. 330 m 2 g -1 (Figure 1b). This value is slightly lower than the theoretical one (~ 500 m 2. g -1 , see SI for details). This can be explained by the ultra-small pore size of this solid (~3 Å, see the calculated Pore Size Distribution Figure S10) associated with a small pore volume (~0.16 cm 3 /g see SI) which is expected to lead considerable diffusion limitation, hence making it difficult to reach equilibrium during sorption experiments at 77K (see Figure S9). While this value is modest in the MOF field, it compares well with other Mg-based MOFs, 43,44,45,46,47,48 with the notable exception of the CPO-27/MOF-74 solid14 and its derivatives. 13 A biocompatible porous Mg-gallate Metal Organic Framework as an antioxidant carrier
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Bioactive behaviour.

As previously highlighted, Mg(H 2 gal) is prepared from a biofriendly cation, ligand and solvent. This bio-compatibility, together with the established antioxidative activity of H 4 gal, prompted us to assess the bio-activity of this compound. Although MOFs were initially considered for controlled drug release through mainly physisorption/desorption processes, 1,2 the incorporation of the active molecule within the framework and its release by degradation of the framework itself was recently proposed as a promising alternative. 49,50,51,52 In comparison with the traditional sorption-based method, this approach allows for the release of a larger amount of active molecule (in wt%) with a release kinetics dependent on the degradation rate, while avoiding the use of exogenous compounds of unknown toxicity. With this in mind, the stability of Mg(H 2 gal) in both water and cell culture medium (RPMI) at 37°C was first studied. The solid was dispersed (1 mg . mL -1 ) in both media, and the solid and liquid phases were analyzed after varying incubation times, by XRD and high performance liquid chromatography (HPLC) respectively (see SI for details).

The degradation profiles (Figure 2) show that, in both cases, gallic acid is released to the solution slowly (45 % after 1 day) and progressively, confirming that Mg(H 2 gal) acts as a controlled release source of gallic acid. The faster release in RPMI than in water (after 24 h: 48 % ± 5 vs. 37 % ± 1) is in line with the XRD analysis, which shows that the solid remains crystalline for 8 h < t < 24 h and t > 24 h respectively (Figure S12). This lower stability of Mg(H 2 gal) in RMPI could be a consequence of the complexing ability of the phosphate (found in RPMI). Subsequently, the toxicity of Mg(H 2 gal) was assessed. Its high biocompatibility was demonstrated in vitro using the cell viability assay MTT with three different cell lines (see SI for details). After an incubation time of 24 h, a very limited cytotoxicity was observed, with high lethal dose 50 values (LD 50 ~ 125 µg mL -1 for the human promyelocytic leukemia (HL-60) and non-small cell lung cancer (NCI-H460) cells, and LD 50 ~ 60 µg mL -1 for the murine leukemic monocyte (RAW-264.7; see Figure S13). Further to this, in order to clarify the cell death pathway induced, an additional Annexin-V-FITC assay was performed on the HL-60 cell line. Necrotic and late apoptotic cells were absent at concentrations of Mg(H 2 gal) below 60 μg mL -1 , while late apoptosis became prominent at high concentrations ( 125 µg . mL -1 , see Figure S14). These results are in line with the MTT assay and confirm the low toxicity of this solid. Complementary tests performed on both isolated constituents (Mg(OH) 2 and H 4 gal, see [300]

Figure S15) indicated that the toxicity at high concentration arises from the ligand. This phenomenon was expected for high concentrations of phenolic compounds, and is associated with a pro-oxidant behavior inducing the apoptotic cell death by oxidative degradation. 26 Finally, the antioxidant properties of Mg(H 2 gal) were evaluated on the HL-60 cell line by means of the production of Reactive Oxygen Species (ROS). Increasing doses of solid (from 5 to 60 µg mL -1 ) were put in contact with the cells in the presence or not of phorbol 12myristate-13-acetate (PMA) during 8 hours, PMA acting as a ROS inducer. After the treatment, cells were incubated with dichlorofluorescin diacetate (DCFH-DA) and were then analyzed by flow cytometry (see SI for details). Cells incubated in the presence of DCFH-DA and either with and For the sake of comparison, H 4 gal and Mg(OH) 2 were also studied. As shown in Figure 3 (top left), the addition of an increasing amount of Mg(H 2 gal) to the cell culture led to a shift in the peaks towards the negative control, consistent with a concentration-dependent antioxidant effect. While at lower concentrations (5 and 15 µg . mL -1 ) no or very limited reduction of ROS production were detected, higher doses led to a significant antioxidant effect. In fact, the oxidation of cells treated with 60 µg . mL -1 Mg(H 2 gal) was lower than that of the negative control. Although magnesium could potentially be involved in the resistance to oxidative stress, 15 no antioxidant effect was observed for Mg(OH) 2 alone (Figure 3, top right). As expected, the antioxidant effect of gallic acid was detected 7 (Figure 3, top center), confirming that the activity of Mg(H 2 gal) arises from the ligand. In this sense, the slow and progressive release of gallate (44 ± 1% of the total content after 8 h, see Figure 2) explains the lower anti-ROS effect found when the cells are in contact with Mg(H 2 gal), in comparison with the same amount of H 4 gal in solution (Figure 3). Interestingly, an uncommon effect was observed at higher concentrations of Mg(H 2 gal), with a ROS production even lower than the negative control, close to the value of the basal cell control. Similar concentration-dependent antioxidant activities were observed when the treatments (Mg(H 2 gal) or H 4 gal) were put in contact with cells previously exposed to an oxidant molecule (PMA) for one hour (Figure 3, bottom). High concentrations of the Mg(H 2 gal) (60 µg . mL -1 ) thus significantly reduced the ROS production caused by PMA, confirming the effective antioxidant activity of this solid.without were used as positive and negative controls respectively, with PMA acting as a ROS inducer.

A biocompatible porous Mg-gallate Metal Organic Framework as an antioxidant carrier

[301] 

Conclusion.

In summary, we have reported the green synthesis of a new porous magnesium gallate based MOF prepared solely from biocompatible reagents. This solid degrades in physiological fluids, slowly releasing gallic acid and leading to strong antioxidant activity, as highlighted in the case of HL-60 cells. While its porosity is rather modest (S BET ~ 330 m 2 g -1 , calculated pore volume ~0.16 cm 3 /g), it might, in a near future, be used to trap and release small bio-gases (NO, CO,...) and hence to achieve combined bio-activities. 

Introduction.

Over the past twenty years, porous coordination polymers (PCPs) or metal organic frameworks (MOFs) have been widely studied with regards to various potential applications, mostly associated with the sorption properties of these materials. 1,2,3 Besides conventional applications in the fields of fluid storage/separation or catalysis, bio-related properties have recently attracted much attention. .4,5,6 While MOFs were initially considered as carriers for the delivery of divers active ingredients (AIs), 7 other topics, such as bio-imaging, 8 sensing 9,10 or enzyme immobilization 11 have also been proposed. Although the traditional use of MOF as drug carriers is based on the adsorption/desorption process (physi-or chemi-sorbed) of the AI within the MOF porosity, the incorporation of the AIs as a constitutive part of the hybrid framework has recently attract a great attention. 12,13,14,15,16 This last strategy allows not only to control the AI release as a consequence of the network degradation, but also to avoid the possible toxicity inherent to the exogenous compounds (i.e. cations, ligands, solvents), typically used for the MOF synthesis. Therefore, it is generally admitted that the combination of abundant endogenous cations (M = Zn, Fe, Mg, Ca,...) and naturally occurring ligands 17 using non toxic solvents is an appealing strategy to achieve more sustainable biofriendly materials. Potential metal alternatives include the endogenous rare earth cations, magnesium and calcium which, though less studied until now, are of interest due to their abundance and high biocompatibility. The low density of these metals could also be a great advantage in the formation of low density MOFs, which would enable a high weight percent uptake (w/w %) of small gas molecules (H 2 , CO 2 , CH 4 ). Calcium is particularly an advantageous candidate for biomedical applications due to its low cost and most-abundant presence in the body (1 kg in the average human body) together with its high recommended intake ( 1 g per day). 18,19 In particular, calcium is involved in the bone health and other important physiological processes such as enzyme activation, nerve impulse transmission, hypertension and obesity modulation, and muscle contraction, among others. 20,21,22 By comparison, reports of calcium porous coordination polymers are even rarer than those based on magnesium. This may be due to the bigger ionic size of Ca 2+ compared to Mg 2+ (1.00 Å vs. 0.72 Å), which results in less predictability over the coordination number and geometry of the cation (it can be 6, 7 or 8 coordinated). Indeed, despite a large number of Ca-based structures has been reported, most of them are eithr dense solids, 2-D calcium layers separated by the linker or low dimensionality isolated complexes. 23 Therefore, 3-D Ca-MOFs are still very scarce. 24 Among the large panel of biologically occurring or bioactive molecules potentially used as ligands (nucleobases, 25 carboxylates, 26,27,28 carbohydrates, 29 amino acids, small peptides 30 ), phenolic derivatives [31][32] appear also as suitable spacers due to their natural abundance and their known antioxidant activity. 33,34 In particular, gallic acid (H 4 gal) is an abundant naturally occurring hydroxycarboxylic acid with interesting antioxidant properties, associated with various beneficial therapeutic effects, including anti-allergic, -inflammatory, -viral, 35 -fungal, -microbial 36 and even -carcinogenic, 37,38 as well as cardio 39 and neuro-protective 40 activities. However, to the best of our knowledge, only one single 3-D coordination polymer structure has previously been reported using this ligand. This solid is built up from transition metal cations (Fe III , Co II , Ni II and Mn II ) and formulated Fe(galH

)•2H 2 O or M(galH 2 )•2H 2 O.
Its structure is made up of infinite chains of corner-sharing MO 6 octahedra connected through gallate ligands to define triangular shaped channels. We also recently reported a microporous analogue built up from Mg ions. 41,42 This solid demonstrated a high biocompatible character together with a strong antioxidant activity for HL-60 cells. 43 With this in mind, our aim wasexplore the reactivity of gallate with other non-toxic cation (here the calcium), determine the composition/structure -properties relationship for the bioactivity of such materials, and comparing it with teh one of the afore mentioned Mg based solid.

Herein we report the synthesis under green hydrothermal conditions of two novel 3-D calcium gallate coordination polymers. The two crystal structures were solved by single-crystal X-ray diffraction and then fully characterised by infrared (IR) spectroscopy, thermogravimetric analysis (TGA), N 2 sorption measurements and X-ray thermodiffraction. In addition, their chemical and structural stability was evaluated under different conditions, from simple aqueous solution to more complex physiological media. Finally, the potential protective antioxidant bioactivity of these solids was assessed by means of the reactive oxygen species (ROS) production, investigating their in vitro biocompatibility by different viability, cell proliferation/death balance and haemolysis assays. ) was dissolved in distilled water (10 ml) at room temperature. Calcium hydroxide (Ca(OH) 2 ) (0.074 g, 1 mmol) was then added to the solution followed by KOH 5M solution which was added dropwise to take the solution to pH 14 (~800 µl = ~1 mmol). The reaction mixture was then sealed and placed in an oven, and heated to 120 °C in 1 h then kept at this temperature for 24 h, the final pH was 14. Once cooled to room temperature the resulting solid was filtered, repeatedly washed with distilled water and dried at room temperature to reveal needle like crystals.

Single crystal X-ray diffraction.

MIL-155: [Ca 2 (H 2 O)(H 2 gal) 2 ]•2H 2 O

The crystals obtained of this solid were too small to be studied using a conventional laboratory diffractometer. The structure was determined for a microcrystal (dimensions: 0.02 x 0.02 x 0.004 mm; Table S1) from data collected on the Cristal beamline at Synchroton Soleil, using a set up adapted for small crystals at 100(2) K on a Xcalibur, Atlas four-circle diffractometer and with CCD plate detector. Data reduction was performed using CrysAlis. An empirical absorption correction was applied using spherical harmonics on the basis of multiple scans of equivalent reflections, implemented in SCALE3 ABSPACK scaling algorithm.

MIL-156:

[Ca 3 K 2 (H 2 O) 2 (gal) 2 ]•nH 2 O (n = 4-6)
For MIL-156, the crystals synthesised were of sufficient size to be measured using a laboratory diffractometer. The chosen crystal (dimensions: 0.2 x 0.04 x 0.03 mm; Table S1) was analysed at room temperature 293(2) K using a Bruker Nonius X8 APEX diffractometer with CCD area detector. SAINT software was used to integrate and scale intensities and a semi-empirical absorption correction (SADABS) were applied on the basis of multiple scans of equivalent reflections. The structures of both MIL-155 and MIL-156 were solved by direct methods using SHELXS-97 and refined with the full matrix least squares routine SHELXL-97. None H-atoms were refined anisotropically. The aromatic protons attached to gallate ligands were added as rigid bodies whilst acidic hydrogen atoms and the ones bound to the water molecules in MIL-155 were located using difference Fourier maps. The exact positions of the protons in the water molecules in MIL-156 have not been determined.

Pysicochemical characterisation.

TGA analysis was carried out using a Mettler Toledo TGA/DSC 1, STAR®System apparatus under O 2 , at a heating rate of 3 °C min -1 up to 800°C (Figure S4-S5). IR spectra were measured using a Nicolet 6700 FT-IR Thermo scientific spectrometer between 500 a 4000 cm -1 (Figure S1). Prior to the N 2 sorption measurements, samples were heated overnight at 100 °C under primary vacuum (BEL Japan, BELSORP Prep). Then, N 2 sorption isotherms were collected at 77 K on a BEL Japan Belsorp Mini apparatus. Chromatogram of standards showed a retention time for gallic acid at 2.7 min with an absorption maximum at 210 nm . [44][45] Finally, the degradation kinetics of Mg(H 2 gal), MIL-155 and MIL-156 were represented as the wt % of the linker released (Figure 6). The reaming solids were studied by X ray powder diffraction (XRPD), the corresponding patterns are shown Figure S9. This study confirmed the slow degradation of the solid, with the appearance of Mg(OH) 2 , Ca(NO 3 ) 2 and Ca(OH) 2 concomitantly with the gallic acid release.

Degradation tests.

In vitro studies.

2.6.1. Cells and culture. NCI-H460, RAW-264.7 and HL-60 cell lines (ATCC®HTB-177TM, ATCC®TIB-71TM and ATCC®CCL-240TM, respectively) were cultured in RPMI 1640 GlutaMAX™, supplemented with 10% FBS, and 100 units . mL -1 of penicillin/streptomycin. Cell lines were grown at 37°C in a humidified 5% CO 2 atmosphere.

Cytotoxicity assays.

The cytotoxic activity of Mg(H 2 gal), MIL-155 and MIL-156 as well as their precursors (Mg(OH) 2 , Ca(NO 3 ) 2 , Ca(OH) 2 and H4gal was analyzed by the MTT and Annexin assays. [46][47] Adherent NCI-H460 and RAW-264.7 cells were seeded 24 h prior to the assay in 96-well plates at a density of 1 x 10 4 cells per well in RPMI supplemented with 10% FBS. The HL-60 cell line, with cells in suspension, was used directly at a density of 1 x 10 5 cells per well in RPMI supplemented with 10% FBS. The treatments were prepared at a 10-fold higher concentration (due to a direct 1/10 direct dilution in the well, as 30 µL of the sample in PBS were added to a final volume of 300 µL per well). Based in this first concentration, a dilution series of Mg(H 2 gal), MIL-155 and MIL-156were performed with cell culture media, obtaining different concentrations (from 250 to 1 µg . mL -1 ). Subsequently, all these stimuli were added into the cells for 24 h, keeping at 37°C with a 5% CO 2 atmosphere in both experiments. From one site, the cytotoxicity was determined by adding the MTT reactant (0.5 mg . mL -1 in PBS, incubation at 37°C for 2 h) after the contact time, followed by a PBS washing with 200 µL, ending with 100 µL of DMSO added to each well, together with their measurement of the absorbance (at λ= 53λ nm) after stirring. 48 Results are summarized in Figure S10. In addition, the cytotoxicity was measured by determination of the apoptotic and necrotic index after 24 h in contact with the treatment. The cells were analyzed using Annexin-V FITC kit (Immunostep, Salamanca, Spain), following manufacturer's instructions. 49,50,51 Data acquisition and analysis were done by flow cytometry (BD Accuri™ C6, Biosciences) using Accuri software. For each analysis, 10,000 events were acquired.

Results are summarized in Figures S11-S12.

ROS production.

The cells were seeded in 96-well plates (U bottom) at a density of 1•10 5 cells per well in 100 µL of cell culture medium (RPMI supplemented with 10 % FBS).

The stimulus-containing solutions in 100 µL was added to the cells to a final concentration of 5, 15, 30 and 60 µg•mL -1 of either each MOF such as Mg(H 2 gal), MIL-155 and MIL-156 as well as their precursors (Mg(OH) 2 , Ca(NO 3 ) 2 , Ca(OH) 2 and H 4 gal. Negative and basal controls were considered as the cells in absence of stimulus and cells in presence of ROS reactant (2′,7′-Dichlorofluorescin diacetate, DCFH-DA, Invitrogen™), respectively. As positive control, the cells were incubated with an oxidant component, phorbol 12-myristate-13-acetate PMA (10 µM) at 37 °C. After 8 h of incubation, cells were centrifuged (900 rpm, 5 min) and put in contact with the ROS reactant, (1 µL per 200 µL of cells) for 30 min at 37 °C in dark conditions. Twice PBS-washed were performed after the incubation and, finally, the 2',7'-dichlorofluorescein (DCF) fluorescence in cells was measured by flow cytometry (BD AccuriTM C6 Flow Cytometer). [52][53] All data are represented in Figure 5 and S8.

2.6.4. Hemolysis assay. Fresh rat erythrocytes were washed with PBS, followed up with a centrifugation (1000 RCF, 10 min, 4°C), keeping the pellet for the future washing cycles (± 3-4 cycles). Once a clear supernatant was obtained, a suspension of 3 % of erythrocytes was incubated 1:1 with two concentrations (25-250 µg•mL -1 ) of Mg(H 2 gal), MIL-155 and MIL-156 at 37°C. After 4 h of incubation, the 96-well plate was centrifugated, determining the hemoglobin release in the supernatant by the absorbance recollected at λ=570 nm. In this experiment, the PBS and de Triton X-100 solutions were using as negative and positive controls, respectively (Figure S13). 54,55 3. Results and discussion.

Synthesis and crystal structures.

The reactivity of H 4 gal with calcium salts in water under hydrothermal conditions was thoroughly investigated. By systematically varying the pH of the reaction mixture (upon addition of a KOH solution), it was possible to isolate two crystalline phase: one under slightly basic conditions (pH = 8-9, later denoted MIL-155), and one under very basic conditions (pH= 14, later denoted MIL-156). Single crystal X-ray diffraction analysis revealed that both solids are 3-D coordination polymers. Nevertheless, both the nature of the inorganic subunits and the protonation state of the ligands differ. Furthermore, potassium is present in the structure of MIL-156 and absent from MIL-155. The structure of MIL-155, [Ca 2 (H 2 O)(H 2 gal) 2 2 O, is made up of infinite dimeric chains of edge sharing CaO 7 polyhedra, linked together by corners (Figure 1). The two calcium cations (Ca1 and Ca2) are crystallographically independent, but are both surrounded by 6 oxygen atoms coming from the ligands (both carboxylate and phenolate) and one water molecule. The inorganic chains are interconnected through two crystallographically independent gallate ligands to define small rectangular channels running along the a axis and containing two independent hydrogen-bonded water molecules. One of the ligands (H 2 galA) is connected to six Ca cations (3xCa1, 3xCa2), two being chelated by the phenolic oxygen and four being connected through the carboxylate ones. The second ligand (H 2 galB) is coordinated to three Ca ions (2xCa1, 1xCa2), two being connected through phenolic oxygens (one chelated, on single

Protonation states of gallate ligands.

Bond valence calculation (see SI) indicate that OW1 (see Figure 2) is indeed a bridging watermolecule rather than an anionic (OH -, O 2-) ligand. Considering the Ca to ligand ratio (1:1), it is thus expected that the ligand are only partially deprotonated. Indeed, a peak in the infrared spectrum at 3400 cm -1 , attributed to acidic O-H groups, confirms this hypothesis (Figure S1). For ligand H 2 galA, bond valence calculations suggest that both meta-phenoxy oxygen atoms are protonated, while other oxygen atoms are deprotonated (Table S2), similarly to what was found in the already reported Mg gallate solid MgH 2 gal. The comparison of the C-O bond lengths in both solids also support this finding (Table S3). However, for ligand H 2 galB, where one of the meta phenolic and one of the carboxylate oxygen atoms are not coordinated to the calcium cation, bond valence calculations only allowed us to establish the protonation state for the coordinated oxygen atoms: the coordinated meta oxygen is protonated. For the uncoordinated meta-oxygen, the examination of the C-O bond length (see Table SX) also suggest that it is protonated. Finally, based on the assumption that both meta-phenoxy oxygen atoms in H 2 galB are protonated, the uncoordinated carboxylate oxygen must be deprotonated in order to have an overall charge of (-2). This hypothesis was supported by the examination of the infrared spectrum, for which no band characteristic of C=O vibrations (region 1690-1650 cm -1 ) was detected. Finally, it was possible to locate on the Fourier map the hydrogen atoms bonded to metaphenoic oxygens and of the water molecules.

Hydrogen bonding.

There is a complex network of hydrogen bonding between the water molecules and the phenolic and carboxylic groups of the ligands, Table 4 and Figure S2. The doubly coordinated water molecule Ow1H2 donates hydrogen bonds to the carboxylate O12 and to one of the water molecules present in the pores, Ow3H2 (Ow1...Ow3 = 2.703(4) Å). This same water molecule donates and accepts hydrogen bonds from the third water molecule Ow 2 H 2 (Ow3...Ow2 = 2.819(5) Å, Ow2...Ow3 = 2.802(4) Å) and also acts as a hydrogen bond donor to the bonded), one through the carboxylate one uncoordinated carboxylate oxygen O11 (Ow3...O11 = 2.716(4) Å). O11 accepts two further hydrogen bonds from the protonated phenolic groups O3H3 (O3...O11 = 2.723(4) Å) and O5H5 (O5...O11 = 2.658(4) Å). In return O5H5 accepts a hydrogen bond from the phenolic group O13H13 (O13...O5 = 2.791(4) Å). As well as being involved in hydrogen bonding with Ow3H 2 , the third water molecule Ow2H 2 also donates a hydrogen bond to O13 (Ow2...O13 = 2.683(4) Å) and accepts one from the final protonated phenolic group O15H15 (O15..Ow2 = 2.646(4) Å). Although the protonation state of the gallate ligands and the formula of MIL-155 are similar to the known magnesium gallate [M(H 2 gal)] solid, both compounds are not isotructural. 43 The different mainly relies on the coordination sate of the Ca ions: its larger ionic radius allowed coordination number higher than six (here seven), hence leading to a completely different structure. MIL-156 also presents a three dimensional structure but based on a more condensed inorganic subunit (Figure 3). This can be explained due to the more basic synthesis conditions, implying a totally deprotonated ligand and therefore, more negatively charged, resulting in a higher M/L ratio. Rather than the dimeric chains of MIL-155, here the structure is made up of triple chains of infinite Ca polyhedra containing two crystallographically independent Ca 2+ cations. The calcium cation Ca1 is in an octahedral environment (CaO 4 (H 2 O) 2 ), two of the coordinated oxygen atoms coming from water molecules (Ow1H2: Ca1-Ow1 = 2.516(3) Å; Ca1-Ow1ii = 2.555(3) Å), the other four coming from four gallate ligands. The second calcium(II) cation, Ca2, is coordinated to eight oxygen atoms coming from four gallate ligands. Each inorganic subunit is linked to four others through fully deprotonated gallates ligands, hence leading to channels running parallel to the ribbon axis (c axis; Figure 4). Potassium ions are incorporated in these channels to balance the charge, together with disordered water molecules. Each gallate ligand is connected to six Ca, five through the phenolate oxygene (among which two are chelated), and one through the carboxylate moieties. The bond valence calculations (Table 5) confirmed the presence of H 2 O, rather than OH -as well as the protonation state of the phenolate moieties, which was further confirmed by the analysis the the infrared spectrum (no band in the 3400 cm -1 region). The potassium cation interacts with two phenolate oxygens O3 (2.824(3) Å) and O5 (2.826(3) Å) and three water molecules (2 x Ow3H 2 : 2.832(6) Å; 2.929(6) Å and Ow2H 2 : 3.193(5) Å). Two of the water molecules (Ow3H 2 ) bridge two potassium cations and the third water molecule (Ow2H 2 ) connect to only one potassium cation. Viewing the structure along the caxis it is possible to see that the potassium cation sits very close to the centre of aromatic ring of the gallate ligand, hence suggesting the occurrence of an electrostatic supramolecular K +interaction. 

Infrared spectroscopy.

The difference in protonation state of the gallate ligands between MIL-155 and MIL-156 is highlighted in the infrared spectra of the two phases. As mentioned above, the spectrum of MIL-155 (black line, Figure S1) exhibits a band at ~3500 cm -1 which is corresponds to OH vibration band, hence attributed to the protonated metaphenol groups (as already observed in Mg(H 2 gal). 43 For MIL-156 (red line, Figure S1), the absence of the band at ~3500 cm -1 indicates that the phenolic groups of the gallate ligands are totally deprotonated , in agreement with the XRD analysis.

Thermal behaviour.

In order to investigate the thermal behaviour of phases MIL-155 and MIL-156, both thermogravimetric analyses (TGA) and X-ray thermodiffraction experiments were also carried out. The TGA curve of MIL-155 shows an initial weight loss from ~60 °C up to 100 °C which is associated with the departure of the free water molecule (obs. ~4 %, calc. 3.8 %; Figure S6). The second drop in mass, which starts to occur at ~130 °C, corresponds to the departure of the two coordinated water molecules. This last is immediately followed by the decomposition of the gallate ligands, probably to form calcium carbonate CaCO 3 (obs. 47.2 %, calc. 42.5 %). The decomposition of CaCO 3 into calcium oxide CaO through the loss of CO 2 then occurs at around 580 °C (obs. 26.5 %, calc. 23.8 %). The thermodiffraction experiments shows that this solid remains crystalline upon the departure of the coordinated water molecule (~220 °C), and that the departure of the free water molecules induces a slight shift of the Bragg peaks at ~90 °C. For MIL-156, the TGA curve shows a two step weight loss below 120 °C, attributed to the departure of the two water molecules to give rise to Ca 3 K 2 (gal) 2 (obs. 84.5 %, cal. 83.1 %; Figure S6). The gradual decrease in mass between ~200 and 580 °C of would be the start of ligand decomposition (likely beginning with the loss of carboxylate group). The final set of weight losses, above 580 °C, is assigned to the total decomposition of the gallate ligand to leave 3CaO + K 2 CO 3 (obs. 50.8 %, cal. 48.0 %). Single crystal diffraction data collected on several different crystals of this compound showed the quantity of free water in the structure is variable (Figure S6-S7). This explains the slight differences between the calculated and observed values for the TGA curve. The analysis of thermodiffraction diagrams indicates that the weight loss at 100 °C is associated with a pronounced structural change. It is thought that the departure of the coordinated water molecules would force the potassium ion to move to a more stable position. However, it was not possible to solve structure of the high temperature form.

Nitrogen sorption.

Nitrogen sorption experiments, performed after activation under primary vacuum overnight at 100 °C, showed that neither of the phases is porous to N 2 at 77 K.

Bioactive behaviour.

Antioxidant activity and stability studies.

Considering the probed antioxidant effect of the constitutive gallate ligand, the potential antioxidant activity of the obtained MIL-155 and MIL-156 structures was assessed by evaluating the production of Reactive Oxygen Species (ROS) from cells in contact with increasing concentrations of the MOFs (from 5 to 60 µg mL - 1 ). The macrophage lineage HL-60 was here selected since it has been widely recommended as model for the study of the cellular oxidation state. 53 After 8 h contact time, the incubation with dichlorofluorescin diacetate (DCFH-DA, ROS salt) allowed to reveal the diverse oxidation states of the cells by flow cytometry (see Experimental section). It should be noted that three different controls were here considered: i) a positive control, incubating the cells with the oxidant molecule (ROS inducer), the phorbol 12-myristate-13-acetate (PMA), ii) a negative control, based on the cells in absence of any treatment and adding the ROS salt (DCFH-DA) and iii) an additional negative control, called basal control, incubating the cells without treatment and in absence of the ROS salt. Interestingly, in contrast with the MIL-156 structure, a significant antioxidant effect was evidenced for MIL-155, being concentration-dependent (Figure 5). With the aim to elucidate the role of both gallate and calcium constituents, the ROS activity was determined for the synthesis precursors (Figure S8). If any of the calcium precursors (Ca(OH) 2 and Ca(NO 3 ) 2 ) did not lead to any significant effect on the oxidation state of the cells, the isolated gallic acid presented an important antioxidant effect, in agreement with previous works reporting this activity as well as our previous results dealing with the Mg(H 2 gal) structure. 43 Therefore, one could rationally propose that the gallate release is essentially involved in the evidenced antioxidant effect. In order to shed some light to this point, the structural and chemical stability of MIL-155 and MIL-156 were evaluated by suspending the solids in different media, from a simple aqueous solution to simulated physiological conditions such as cell culture medium (RPMI) at 37°C. After 24 h of incubation, the structural stability of the solid was assessed by XRPD and the chemical degradation evaluated by means of the gallate ligand release to the media, determined by HPLC (see Experimental section). Remarkably, while MIL-156 exhibits an exceptional chemical stability regardless the media, with almost no release of its constitutive gallate linker media (0.05 ± 0.01 vs. 0.4 ± 0.1% in water and RPMI, respectively), MIL-155 progressively degrades within both media (48 ± 22 and 27 ± 12% in water and RPMI after 24 h, respectively). This might be related with the higher density of this solid and the complete deprotonation of the gallate ligand in MIL-156

Ca 3 K 2 (gal) 2 (H 2 O) 2 vs. MIL-155 Ca 2 (H 2 O)(H 2 gal) 2 .
It is noteworthy that the absence of degradation might also explain the lack of antioxidant activity of this solid, confirming that the effect is associated with the gallate ligand release to the media. However, when one considers the structural stability, a totally different scenario is observed. Despite the higher chemical stability of MIL-156, this solid shows a complete amorphization since the very short incubation times regardless the media (data not shown). On the opposite, in water, in spite of a peak broadeningMIL-155 is crystalline, indicating that the structure remains (at least partially) stable up to at least 24 h. However, the presence of a high salt concentration (such as phosphates able to compete by the calcium coordination) in RPMI, leads to a more pronounced amorphization, with only extremely broad diffraction peaks visible at around 6.5 and 10° 2 after 8 h. This is in concordance with the lower chemical stability in RPMI (Figure 6 and S9), as well as with previous stability data obtained for the Mg(H 2 gal). 43 Note here that both Mg(H 2 gal) and MIL-155 exhibit similar chemical and structural degradation profiles. Despite the different nature and coordination of the cation (six-fold coordinated Mg vs. seven-fold coordinated Ca), the similar Ca:ligand stoichiometry and protonation state of the gallate might support a similar stability regardless the media (water and RPMI). Concerning the ROS effect, the observed concentration-dependent antioxidant activity supports the fact that the antioxidant effect is due to the progressive delivery of its constituents, the gallate and the Ca +2 cation. In fact, depending on the dose of MIL-155, we can observe the emergence of a double cell population related with a different oxidation state, being more prominent from 30 µg mL -1 (Figure 5). While the oxidation state of a fraction of the cells is not affected by the presence of MIL-155, the ROS of the other cell population is notably shifted to the negative control values, even reaching a similar oxidation state than the negative control. The proportion of this last population strongly depends on the dose of the solid in contact with the HL-60 cells. These observations suggest that the amount of gallate released from the material degradation is not able to affect the total pull of cells, but only a fraction. Therefore, the antioxidant effect would depend not only on the material concentration but also on its degradation rate (time-dependent effect). In parallel, the potential oxidative protective effect of the calcium gallates was also evaluated in presence of oxidant species by putting in contact the cells with different doses of the MOFs [330]

in presence the oxidant molecule (ROS inducer), the PMA (Figure 5). As expected, MIL-156 does not exhibit any antioxidant effect in agreement with its high chemical stability. Interestingly, MIL-155 demonstrates a significant antioxidant protective effect, dependent on the material concentration. If one compares these results with the previously reported Mg(H 2 gal), also exhibiting a protective antioxidant activity, one can remark a higher efficacy of the MIL-155 than Mg(H 2 gal). Indeed, while only the highest tested doses of Mg(H 2 gal) (60 µg mL -1 ) were antioxidant, MIL-155 shows an protective activity at much lower concentrations (from 5 µg mL -1 ; Figure 5). If we consider the concentration of released gallate from each of the solid taking into account their different chemical composition, very similar levels of ligand can be detected within the medium for both solids (0.17 vs. 0.19 µg mL -1 of MIL-155 and Mg(H 2 gal), respectively), suggesting an influence of the cation on the oxidant effect. In fact, in contrast with the magnesium, calcium is indirectly involved in the ROS balance. 56,57 However, it seems that high intracellular calcium levels can induce the ROS production, being associated with the disruption of the mitochondrial membrane, and consequently, to potential cell apoptosis. These observations are however in contradiction with our results, evidencing a lower ROS. Indeed, although more specific studies are needed to elucidate the antioxidant mechanism, one could hypothesise that the presence the gallate linker can also modify the intracellular calcium levels (by coordination, for instance).

Biocompatibility evaluation.

First, the in vitro toxicity of different concentration of MIL-155 and MIL-156 was evaluated in three different macrophage cell lines (human promyelocytic leukaemia (HL-60), human non-small lung cancer (NCI-H460) and murine leukemic monocyte (RAW-264.7) by means of the cell viability MTT assay (see Experimental section). Remarkably, very low cytotoxicity profiles were observed after 24 h of cell contact time (Figure S10), associated with important values of the half maximal inhibitory concentration (IC 50 = 125 and 250 µg . mL -1 for MIL-155 and MIL-156, respectively, regardless the cell line). The lower toxicity of MIL-156 could be probably associated with its higher chemical stability. Note here that totally comparable IC 50 values were also obtained for the reported Mg(H 2 gal). 43 Then, in order to provide some information about the cell proliferation/cell death balance as well as the potential activation of a specific death pathway, annexin-V-FITC assays 49,50 were carried out using the HL-60 cell line (see Experimental section). In these studies, the living cells, early and late apoptosis cells (programmed cell death by normal and healthy process) together with necrotic cells (cell death that is triggered by external factors, such as trauma or infection) can be discerned. A low concentrations (< 60 μg . mL -1 ), both Ca gallates did not show any necrotic and late apoptotic cells (Figure S11). It is nevertheless distinguished a substantial late apoptotic state (88 %) for MIL-155 at higher concentrations (≥ 60 μg . mL -1 ).

On the other hand, MIL-156 exhibited similar patterns than Mg(H 2 gal), 43 with 50 % of late apoptotic cells, observed at higher concentrations (125 μg . mL -1 ). These outcomes are in accordance with the higher cell viability of MIL-156 when compared with MIL-155 (see above). Additional experiments, performed on the isolated constituents (Ca(NO 3 ) 2, Ca(OH) 2 and H 4 gal; Figure S12), indicate that the cell toxicity observed at high concentrations arises from the ligand (20 vs. < 2 % of apoptotic cells in H 4 gal than the cation precursors). This is in agreement with previous data reported for the Mg(H 2 gal), 43 in which the high concentration of

[331]
phenolic components was associated with a pro-oxidant behaviour of high concentrations of gallate, inducing the apoptotic cell death by oxidative degradation. 58 Finally, the potential haemolytic effect of the solids on red blood cells was evaluated by determining the percentage of released haemoglobin when this cells are in contact with 25 µg•mL -1 of MIL-155 and MIL-156 (Figure S13). A low haemolytic effect was observed with around 12 % of released haemoglobin when in contact with both Ca gallates. With the aim to compare the haemolysis of the Ca and Mg gallates, similar tests were performed on this last solid, evidencing no significant differences. On the whole, the two new prepared calcium gallate present a suitable in vitro biocompatibility.

Conclusions.

Two new calcium based coordination polymers, MIL-155 or

[Ca 2 (H 2 O)(H 2 gal) 2 ]•2H 2 O and MIL-156 or [Ca 3 K 2 (gallate) 2 ]•6H 2 O
, have been prepared under biofriendly hydrothermal conditions using the naturally occurring hydroxycarboxylic ligand, gallic acid. Both solids are 3-D coordination polymers consisting of infinite chains of CaO x polyhedra connected through the gallate ligand. However, the exact nature of the chains, the coordination geometry of the calcium cations and the protonation state of the ligand are different in each phase. These structural differences lead to difference in term of biological activity. While MIL-156 does not presents any of antioxidant effect because of its high chemical stability, the progressive release of the gallate ligand from the MIL-155 in the biological medium leads to a remarkable protective antioxidant activity, which is even higher than those previously reported for the Mg(H 2 gal). The marked difference between MIL-155 and MIL-156 could be related to their relative solubility in the medium, which seems to be driven by the charge of the ligand (-2 and -4 in MIL-155 and MIL-156 respectively). Finally, the biocompatible character of both materials is evidenced by the high cell viability and the low presence of apoptotic cells when several macrophage cell lines were incubated with the solids, as well as by the absence of an important haemolytic effect.

Therefore, these new biocompatible 3-D calcium gallate MOFs represent an interesting antioxidative approach, paving the way to future bioapplications.
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MIL-155: [Ca 2 (H 2 O)(H 2 gal) 2 ]•2H

Abstract.

Despite the great interest of effective gene therapies able to both protect the nucleic acids and deliver them into the target cells, the development of adapted gene nanotherapies is still a major challenge. We propose here for the first time the efficient entrapping of either siRNA or miRNA into the porosity of biocompatible nanometric porous iron(III) carboxylate metalorganic frameworks (nanoMOFs) using an easy and biofriendly method. The RNA was efficiently located within the important nanoMOF porosity establishing specific interactions between their phosphate groups and the iron metal sites of the solids, while preserving the characteristic crystalline structure and nanometric size. In addition, the RNA-containing nanoMOFs were rapidly internalized by cells, enabling to protect and release the genetic material in the cytoplasm, leading to effective transfections.

Introduction.

Cell internalization of genetic material (DNA, RNA, oligonucleotides) has emerged as a promising strategy for the treatment of different high-societal concerned severe diseases. 1,2 Recently, the emergence of RNA-based therapies based on small-interfering RNA (siRNA) or microRNA (miRNA) have been proposed as novel and highly specific gene therapeutics. 3 In particular, siRNA can potentially down-regulate the gene expression (gene-silencing), inhibiting the expression of mutant proteins, 4,5 whereas miRNA plays a very important role in various cellular processes (apoptosis, development and differentiation) as well in cancer, in which it is mis-expressed exerting its effect as oncogenes or tumor suppressors. 6 Despite their high potential, genetic material delivery presents many limitations such as a poor cellular uptake and a rapid degradation. 7 Although viral delivery systems represented promising candidates due to their high transfection rates, their difficult large-scale production and the adverse drawbacks associated with these vectors (e.g. host immune responses, residual pathogenicity and potential induction of neoplasic growth), 8,9 have strongly restricted their application. Therefore, effective gene therapies are still a major challenge. In this context, several gene delivery systems have been proposed for gene transfection over the last few years. 10 In this sense, the carriers need to bypass different physiological barriers (capillary vessels, extracellular tissue matrix, etc.) up to reach their target, delivering this associated active molecule into the cytoplasm (RNA) or nucleus (DNA) in order to express a specific protein. 11 . Among the different number of suggested vehicles, nanometric porous metal-organic frameworks (nanoMOFs) have been recently emerged as an original alternative in several domains of the biomedical field (drug delivery, imaging, enzyme immobilization, biosensing, etc.). In particular, to the best of our knowledge, only three very recent works have dealt with the association of genetic materials to nanoMOFs. If first, Wei et al. reported in 2013 the association of DNA to a MOF for developing a serum H 5 N 1 antibodies fluorescent biosensor, it not was up to 2014 when two groups proposed the grafting of nucleic acids to MOF surfaces for their subsequent release with therapeutic purposes. Thus, while Lin group initially proposed the efficient association of siRNA on the outer surface of cisplatincontaining zirconium aminotriphenyldicarboxylate UiO-type nanoparticles (NPs), 12 [353]

approach. 13 Although this DNA_UiO-66-N 3 conjugate exhibited an improved steric and electrostatic colloidal stability and a higher cell uptake, their potential nucleus internalization and transfection efficacy was not here demonstrated. In contrast, the co-deliver of cisplatin and siRNA from the UiO-type NPs led to ten times higher chemotherapeutic in vitro efficacies than the cisplatin alone. Despite these promising results, up to now, the grafting of the genetic material has been exclusively performed on the outer surface of nanoMOFs, which might be related with a lower protection from degradation than their association within the MOF porosity. In addition, some toxicological and practical issues can limit the final biomedical use of the reported nucleic acids-containing nanoMOFs: i) the absence of deep toxicological in vivo studies of the linker precursors and the hybrid NPs, together with the need of well-known toxic precursors for their synthesis (e.g. dimethylformamide) and ii) both constitutive organic ligands, azidoterephthalate and aminotriphenyldicarboxylate, require from complex and time-consuming, even dangerous (explosive azides), home-made protocols with relatively low yields. Bearing this in mind, iron(III) carboxylate nanoMOFs have demonstrated interesting features for the biomedical field. 14 In particular, the benchmarked mesoporous iron(III) trimesate MIL-100 15 and iron(III) aminoterephthalate MIL-101_NH 2 NPs 16 (MIL stands for Material of Institute Lavoisier), have shown (i) a lack of both in vitro and vivo toxicity, 17,18 (ii) a biofriendly and fast synthesis of monodispersed NPs at the gram-scale based on biocompatible and commercially available precursors (either cations, linkers and solvents), (iii) an exceptional loading of challenging drugs, together with the controlled release of this cargo under physiological conditions, (iv) a potential tuning of their biodistribution through the easy engineering of their external surface 19,20 and (v) interesting imaging properties. 14 Both nanoparticulate systems present a crystalline cubic zeotype structure based on iron(III) octahedra trimers connected by either the trimesate or the aminoterephthalate anions, leading to a very important porosity (Brunauer-Emmett-Teller (BET) surface area of  1600 and 1800 m 2 .g -1 for MIL-100 and MIL-101_NH 2 , respectively) associated with two types of mesocages ( 25 & 29 or 29 & 34 Å, respectively) accessible through microporous windows (5 & 8.6 Å; 12 & 16 Å, respectively). Consequently, the encapsulation of RNA agents into the highly mesoporous biocompatible MIL-100 and MIL-101_NH 2 NPs nanocarriers could overcome the above mentioned inconvenients, associated to the RNA instability and space/time-controlled delivery and to the previously reported nanoMOFs, providing them with i) an adequate gene protection against degradation, ii) a potential control of their in vivo fate to reach the target cells, iii) a progressive release of their gene cargo into the cellular environment and iv) an easy green safe and low-cost scale-up. Herein, we report the encapsulation of ribonucleic acids (a model siRNA and the mIR 145, a miRNA mis-expressed in the carcinogenic genes, typically in endometrial adenocarcinoma and Ewing sarcoma) 21,22 into the porosity of biocompatible iron(III) carboxylate nanoMOFs, together with a full characterization of their crystalline structure, porosity, RNA-matrix interactions, surface chemistry, colloidal stability, N 2 sorption, Fourier transform infrared (FTIR), ζ-potential and dynamic light scattering (DLS), respectively. Finally, both cell uptake localizing the NPs and the RNA, and the transfection efficiency were investigated using in vitro models.

Experimental section.

Biocompatible iron(III) carboxylate Metal-Organic Frameworks as promising siRNA nanocarriers
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2.1. Materials. Phosphate buffered saline (PBS) solution (0.01 M, pH=7.4), 4',6-diamidino-2phenylindole dihydrochloride (DAPI), dimethylsulfoxide (DMSO; ≥ λλ.7 %), hyClone trypsin protease and heat-inactivated fetal bovine serum (FBS), from Gibco-Life Technologies. Similarly, L-glutamine (2 mM) and Tris/EDTA (10 mM, pH 7.4), SYBR® Gold stain were provided from Life Technologies. Boric acid, ammonium persulfate, electrophoresis ladder (100bp low scale ladder), Tetramethylethylenediamine (TEMED), Tris-borate-EDTA buffer (TBE) and penicillin/streptomycin (100 U.mL -1 ) were purchased by Fischer. Iron(III) chloride hexahydrate (97 %), 1,3,5-benzene tricaboxylic acid (trimesic acid; 95 %), DMEM medium supplemented with glutamax-1, mowiol fluorescent mounting medium (Mowiol®4-88), pformaldehyde 4%, agarose, acrylamide/Bis acrylamide (30%) solution, Trizma base, glyczrol, ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA, 0.5M, pH=8) and aminoterephthalic acid (98%) were purchased from Sigma-Aldrich. The reactive thiazolyl blue tetrazolium bromide (MTT) was provided by Alfa Aesar. The non-specific siRNA duplexes containing the sequences sense: 5' AGG UAG UGU AAU CGC CUU G 3' antisense: 3' CAA GGC GAU UAC ACU ACC U 5', together with the RNA oligo (miRNA 145) containing the sequences senseμ 5'GUC CAG UUU UCC CAG GAA UCC CU 3' and the non-specific siRNA containing a fluorescent Cy5 labelled sense strand used for cellular uptake studies were purchased in Eurofins Genomics.MicroRNA Purification Kit was bought in Norgen Biotek Corporation. qScript TM microRNA cDNA Synthesis kit, PerfeCta® Universal PCR Primer and PerfeCta® SYBR® Green SuperMix, Low ROX TM were supplied for Quanta Biosciences. Primer miRNA 145 (has-miR-145-5p and the housekeeping small RNA control primer (RNU6) were bought to IDT and Fisher Scientific, respectively.

Synthesis of MIL-100 and MIL-101_NH 2

NPs. MIL-100 NPs were synthesized by microwave-assisted hydrothermal synthesis according to a previously reported procedure. 23 Activation or purification of 2.5 g of MIL-100 consisted of the re-dispersion and centrifugation (10500 rpm, 20 min) of the NPs in 20 mL of distilled water and five successive times in 20 mL absolute ethanol. Further activation was carried out by re-dispersing the solid in 20 mL of a 0.1 M KF solution. The mixture was kept under magnetic stirring for 1 h 40 min under ambient conditions. Immediately after, NPs were collected by centrifugation (10500 rpm, 20 min) and washed twice with 20 mL of distilled water and once with 20 mL of absolute ethanol following the process described above. Activated MIL-100 NPs were isolated by centrifugation and stored wet with few droplets of fresh absolute ethanol to avoid complete drying of the product. Prior to the in vitro experiments, NPs were exchanged in ultrapure water. MIL-101_NH 2 NPs was obtained from a solution of 90.5 mg of aminoterephthalic acid and 135 mg of FeCl 3 •6H 2 O in 25 mL of distilled water placed into a Teflon-liner at 60°C for 5 min under microwave irradiation at 400W. 24,25 The obtained product was recovered by centrifugation at 10500 rpm for 10 min. With the purpose of removing the free acid, the solid was washed with absolute ethanol for 5 min, centrifuged and kept wet. Prior to the in vitro experiments, NPs were exchanged in ultrapure water.

Physicochemical characterization.

X ray powder diffraction (XRPD) were collected in a D8 Advance Bruker diffractometer with Cu Kα1 radiation (lambda = 1.54056 angstroms).

CHAPTER 4 : Subchapter 4.3.

[355]

Fourier transform infrared (FTIR) spectra were collected using a Nicolet 6700 instrument (Thermo scientific, USA) from 4000 to 400 cm -1 . N 2 adsorption isotherms were obtained at 77K using a BELsorp Mini (Bel, Japan). Prior to the analysis, approximately 20 mg of sample were evacuated at 37°C under primary vacuum for 3 h. Thermogravimetric analyses (TGA) of the RT samples (5-10 mg) were analyzed on a Perkin Elmer Diamond TGA/DTA STA 6000 under O 2 atmosphere (20 mL•min -1 ), at heating speed of 3°C•min -1 for the temperature range between RT and 600 °C. Particle size was monitored by Dynamic Light Scattering (DLS) on a Zetasizer Nano (Malvern Instruments). Samples were prepared by dispersing at 1 mg•mL -1 of NPs at RT in the desired media by the use of an ultrasound tip (30% amplitude for 2 min; Digital Sonifer 450, Branson). NP size evolution was also monitored before and after the incubation of NPs with the siRNA. Fourier transform infrared (FTIR) spectra were collected in a Nicolet 6700 instrument from Thermo scientific.

siRNA encapsulation into MIL-100 and MIL-101_NH 2 NPs.

For the entrapment of small interfering RNA (siRNA) into the MIL-100 and MIL-101_NH 2 , NPs were previously suspended in aqueous solutions (1 mg•mL -1 , note here that NPs are weighted wet based on the wet : dry ratio previously determined from NPs dry at 100 ºC overnight), 26 adjusting the pH to either 2 or 4 using a HCl 0.1 M solution. Then, 125 µL of a siRNA aqueous solution (at a concentration of 0.1 mg•mL -1 ) were added to 125 µL of the previously prepared NPs suspension (keeping a molar ratio 20:1). The resulting suspension was magnetically stirred at room temperature (RT) for 1 h. The siRNA associated nanoMOFs were recovered by centrifugation at 14500 rpm for 15 min and kept wet.

Gel Retardation Assay.

The association of siRNA with MIL-100 and MIL-101_NH 2 NPs was assessed by electrophoretic mobility shift assay. 27 For this purpose, 12.5 µg•mL -1 of non-specific siRNA of each formulation as well as naked siRNA (used as a control) were added in a total volume of 30 µL, placed in a 15% (w/v) polyacrylamide gel at 100 V for 90 min in TBE buffer (Figure S3) . For visualization, 2 µL of SYBR ® Gold (in 1:1000 fold dilution of stock dye solution), a fluorescent cyanine dye used for staining the RNA, were added in each well. The nucleic acid gels were detected by the fluorescence of SYBR ® Gold using Gel Doc TM XR+ system. 28 The association efficacy was also indirectly determined, by quantifying the amount of nonassociated siRNA in the supernatant, collected by centrifugation (14000 rpm, 15 min) upon the siRNA association. The amount of free siRNA was determined by fluorescence spectroscopy, quantifying the SYBR ® Gold-labelled siRNA (Table 1). The fluorescence spectra of siRNA-loaded NPs were performed on RNase free H 2 O medium to determine the excitation (λ ex ) and emission (λ em ) wavelengths, which were respectively 300 and 537 nm, being measured on an Envision Multidetector (Fluorescein High Precision Monocromator, Perkin Elner). The calibration curves of siRNA in RNAse free H 2 O were obtained between an interval of concentrations from 2, 1.75, 1.5, 1.25, 1, 0.75, 0.5 to 0.25 μg•mL -1 with regression factors > 0.99.

2.6.

In vitro cell studies.

2.6.1. Cells and culture. SW480 cell line (ATCC ® CCL-228 TM ) was maintained in DMEM medium supplemented with glutamax-1 with 10 % of heated-inactivated FBS and 1 %

Biocompatible iron(III) carboxylate Metal-Organic Frameworks as promising siRNA nanocarriers [356] penicillin/streptomycin at 37°C in a humidified 5 % CO 2 atmosphere and passaged twice a week (at 80 % of confluence) at a density of 5 x 10 4 cells per cm 2 .

Cytotoxicity studies.

The cytotoxic activity of MIL-100(Fe) and MIL-101_NH 2 NPs were analyzed by the MTT assay. 29,30 Adherent Sw480 cells were seeded 24 h prior to the assay in 96-well plates at a density of 1x10 4 cells per well in DMEM supplemented. The treatments were prepared at a 3-fold higher concentration (due to a direct 1/3 direct dilution in the well, as 50 µL of the NP solutions were added to a final volume of 200 µL per well). Increased doses of MIL-100(Fe) and MIL-101_NH 2 NPs solutions were incubated with the cells at different concentrations (from 50 to 1200 µg . mL -1 ) and kept at 37 °C with a 5 % CO 2 atmosphere. The cytotoxicity was determined after 24 h by adding the MTT reactant (0.5 mg mL -1 in PBS, incubation at 37 °C during 4 h) followed with 200 µL of DMSO added to each well. Absorbance was determined at λ= 53λ nm under stirring.

2.6.3. Hemolysis assay. Fresh human erythrocytes were washed with PBS, followed up with a centrifugation (1000 rpm, 10 min), keeping the pellet for the future washing cycles (± 3-4 cycles). Once a clear supernatant was obtained, a suspension of 3 % of erythrocytes was incubated 1:1 with different concentrations of MIL-100 and MIL-101_NH 2 NPs, from 0.5 to 0.01 mg•mL -1 at 37°C. After different incubation times (15 min and 1 h), the 96-well plate was centrifugated, determining the hemoglobin release in the supernatant by the absorbance recollected at 537 nm. In this experiment, the PBS and de Triton X-100 solutions were using as negative and positive controls, respectively. 31,32 2.6.4. Cell internalization studies. SW480 cells (ATCC ® CCL-228 TM ) were cultured in DMEM supplemented with glutamax-1 with 10 % of heated-inactivated FBS and 1 % penicillin/streptomycin, were seeded at a density of 7x10 4 cells•per well on glass coverslips placed in 24-well plates. After 24 h, the growing medium was replaced with 160 µl of fresh culture medium and were added 160 µL of Cy5-labelled siRNA_MIL-100 / Cy5-labelled siRNA_MIL-101_NH 2 NPs, prepared at a mass ratio of 20:1 at pH=2 and pH=4. In each well 10 µg of NPs with 1 µg of siRNA were incubated during 4 h. Untreated cells and cells treated with free siRNA were included as controls. 33,34 After the incubation time, cells were extensively washed with PBS to remove the excess of non-internalized NPs, fixed with 4 % p-formaldehyde for 10 min and cell nuclei counterstained with the nuclear dye DAPI (1:100 in PBS, 5 min). Finally, coverslips were mounted with Mowiol Fluorescent mounting medium onto glass slides and cells were examined using a Leica AOBS-SP5 spectral confocal microscope with resonant scanner, mounted on DMI 6000B inverted microscope, equipped with an Ar laser excitation lines 5 (456, 476, 488, 496, 514 nm), laser diode (561 nm), laser diode (594 nm) and blue laser diode (405 nm). The images were collected at 405/397 (Ex/Em), 558/568 and 488/409 nm to observe the nucleus, the associated siRNA-Cy5,5 and Fe self-fluorescence of the NPs, respectively (Figures 1 and2). Then, images were analyzed using the Leica Application Suite 1.7.0 built 1240, LAS AF software. 30 2.6.5. Transfection and gene down-regulation assays. SW480 cells were seeded at a density of 250•10 3 cells•per well in 6-well plates. For their transfection after 24 h, the growing medium CHAPTER 4 : Subchapter 4.3.
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was replaced with 640 µL of fresh media and followed with the incubation of 320 µL of loaded nanoparticles for their transfection (2 µg of siRNA and 2 µg of mIR, equivalent to a MIL-100 and MIL-101_NH 2 NPs concentration of 20 µg . mL -1 / well in 960 µL of supplemented culture medium). Lipofectamine ® 2000 was used as a positive control for transfection in the conditions indicated by the manufacturer's protocol (Life Techonologies, Pasely, UK). Once the NPs were in contact with SW480 cell line for 4 h, they were replaced by fresh media. After 72 h, total microRNA was extracted using the microRNA Purification kit (Norgen Biotek Corporation) following manufacturer's instructions. Purified microRNA was eluted in a final volume of 50 µl and its concentration was measured by spectrophotometry (NanoDrop Spectrophotometer ND-1000, Thermo Scientific).

Complementary DNA (cDNA) was synthesized from 1 µg of total microRNA by using the qScript TM microRNA cDNA Synthesis Kit (Quanta Biosciences). Quantitative real-time PCR was carried out using PerfeCta® MicroRNA Assays (Quanta Biosciences). The reaction mix included the cDNA samples previously obtained, SYBR green dye, universal primer and water. The mix was then amplified with the target primer miRNA 145 (has-miR-145-5p, IDT) and the housekeeping small RNA control RNU6 (Fisher Scientific). The PCR reaction consisted in an activation of 2 minutes at 95ºC followed by denaturation during 5 seconds at 95ºC and annealing for 30 seconds at 60ºC. The amount of PCR products was determined respect to SYBR fluorescence collected during the annealing step of each cycle (Strategene Mx3005P, Agilent Technologies). Quantitative data were analyzed by using the MxPro software, and relative quantification of miRNA 145 was derived by the delta Ct method, as described by Schmittgen and Livak (Schmittgen & Livak, 2008). Relative expression levels of miRNA 145 in each treatment group were obtained after normalizing the CT values of miRNA 145 against that of an endogenous reference gene (RNU6).

Results and discussion.

3.1. RNA encapsulation in MIL-100 and MIL-101_NH 2 NPs. The biocompatible mesoporous iron(III) trimesate MIL-100(Fe) and iron(III) aminoterephthalate MIL-101_NH 2 were successfully synthesized as monodispersed NPs (150 and 300 nm, respectively) by an efficient and green microwave-assisted hydrothermal route, as previously described. 16,35 The resulting MIL-100 and iron(III) MIL-101_NH 2 NPs were fully characterized. X-Ray powder diffraction (XRPD) patterns show the characteristic diffraction peaks of MIL-100/101 bulk materials with, however, broad Bragg reflections consistent with the presence of small NPs (Figure S1). In addition, an important micro/mesoporosity was also evidenced by N 2 sorption measurements with BET surface areas of 1490 and 1810 m 2. g -1 , respectively (see SI).

In order to encapsulate the RNA, we selected a fast and bio-friendly impregnation method based on the simple dispersion of the NPs in an aqueous solution of the nucleic acid. With the aim to better define the optimal conditions of the RNA association, both average size and ζpotential were determined as a function of the pH (from 1 to 9; Figure S2). In fact, considering the anionic nature of nucleic acids and the cationic character of these nanoMOF framework (bearing different anions such as OH -or F -to insure the neutrality), one could rationally expect an effective encapsulation. However, physicochemical properties of the external surface of NPs can strongly influence the properly adsorption within the pores or on the outer NP surface by both favoring the electrostatic interactions or repulsions between the Biocompatible iron(III) carboxylate Metal-Organic Frameworks as promising siRNA nanocarriers
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RNA and the MOF. More precisely, considering the good colloidal stability of MIL-100 NPs at pH 2 and 4 (154 ± 47 and 1λ5 ± 43 nm, respectively, Table S1), associated with opposite ζpotential values (+9 ± 1 and -21 ± 1 mV, respectively), these pH values were selected to perform the RNA association in order to compare the influence of surface charge on the RNA association. The modification of the surface charge is related with the different chemical nature of the NP surface, associated with the protonation/deprotonation at pH 2 and 4 of the partially coordinated carboxylic/carboxylate ligands (trimesic acid pka = 3.1, 3.9 and 4.7) on the outer surface of the NPs. Similarly, RNA incorporation into MIL-101_NH 2 was performed at pH 4, in which the NPs exhibit a lack of aggregation (290 ± 23 nm) and a positive superficial charge (+12 ± 1 mV). In contrast to MIL-100 NPs, lower pHs (pH < 4) lead to more or less neutral charges, as a consequence of the presence of both protonated amine groups and deprotonated aminoterephthalate ligands on the external surface. When pH increases (pH ≥ 5), the surface becomes negative as a consequence of the lower proportion of protonated amine groups ( -30 mV at pH 9) versus the deprotonated carboxylates. The incorporation of nucleic acids into nanoMOFs was then explored, initially selecting an unspecific small interfering RNA (siRNA) as a proof of concept. One could theoretically expect a molar ratio association of siRNA:MOF around 1:13 bearing in mind (i) the potential compensation charge of the siRNA in the MOF framework (exhibiting one counteranion (either F -or OH -) per iron trimer (see chemical formula for MIL-100: 16 , (ii) the possible coordination of the siRNA through the phosphate groups (or the nitrogenous bases) with the coordinatively unsaturated metal sites (CUS) with Lewis acid character (2 CUS per iron trimer) by replacing the coordinated water molecules 36 and (iii) the presence of one negative charge per nitrogenous base in the siRNA (40 negative charges considering a siRNA of 13300 g . mol -1 ). However, considering steric hindrance constraints, siRNA high cost and the low required siRNA-associated amounts for a suitable effect, impregnations were performed using a theoretical molar ratio siRNA:MOF of 1:20. Thus, as probed by gel retardation assays and fluorescence spectroscopy using SYBR ® Goldlabelled siRNA (see SI, Figure S3 and Table 1), a highly efficient siRNA incorporation was reached after only 1 h of contact time, with an association of 71 or 85% of the total amount of siRNA incubated with the MIL-101_NH 2 or MIL-100 NPs, respectively. This indicates an important affinity of the siRNA for the iron carboxylate NPs. The very high efficiency, simplicity and biocompatibility of this process make it very attractive for the development of a low-cost method and paves the way for the scale-up of the process for future biomedical applications.

[Fe 3 OF(H 2 O) 2 (C 6 H 3 (CO 3 ) 2 ] 15 and MIL-101_NH 2 NPs [Fe 3 O(OH)(H 2 O) 2 (C 6 H 3 NH 2 (CO 2 ) 2 ) 3 ])
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[359] Further, keeping in view the total occupancy of the three iron per trimer in either interaction with the two metal sites or compensating the charge of the counter-anion, we can estimate a theoretical loading of 15.7 and 13.3 wt% MIL-100 and MIL-101_NH 2 , respectively. Thus, considering an experimental siRNA loading of ca. 8.5, 8.5 and 7.1 wt% of MIL-100 pH=2, MIL-100 pH=4 and MIL-101_NH 2 , respectively (expressed as % with respect to the dry NPs weight), the obtained loadings represent 57 and 47 % of the theoretical RNA content. This is a very important value if one considers that no steric limitations have been taken into account.

After the RNA association, the integrity of the original microporous crystalline nanoMOFs structure was confirmed by XRPD (Figure S1), with however, a partial amorphization in the case of MIL-101_NH 2 NPs, as a consequence of its lower chemical stability when compared with the benchmarked MIL-100 structure and for the presence of competing coordinating species in the siRNA such as phosphate and nucleobases. In the same line, crystalline structure of UiO-66_N 3 NPs was also confirmed upon the DNA grafting, 13 however no structural characterization was provided either before or after the siRNA for the UiO NPs. 12 With the aim to investigate the specific location of the associated siRNA, either on the outer surface of the nanoMOFs or on the internal surface, N 2 sorption measurements were performed after the nucleic acid encapsulation. Interestingly, the significant lower N 2 adsorption after siRNA incorporation, associated with lower micropore volumes and surface areas (V p (p/p 0 < 0.3) = 0.60 vs. 0.15 and 0.85 vs. 0.15 cm 3 .g -1 ; Brunauer-Emmett-Teller surface (S BET ) = 1490 vs. 370 and 1810 vs. 340 m 2. g -1 for MIL-100 and MIL-101_NH 2 , respectively; Figure 1; see SI), is consistent with the adsorption of the siRNA moieties within Biocompatible iron(III) carboxylate Metal-Organic Frameworks as promising siRNA nanocarriers [360] the pores of the nanoMOFs. In contrast with previous published results, 12,13 in which the nucleic acids were associated on the outer surface of different nanoMOFs, the specific siRNA location inside the MOF porosity might be associated with an improved protection of the genetic material against degradation in the biological media before to reach the cell inside. Thus, this is a major information since this is the first time probing the location of nucleic acids within the porosity of biocompatible and crystalline-intact nanoMOFs.

To get more evidences on the nature of the interaction, FTIR spectra of the nanoMOFs were performed before and after the siRNA association (Figure S4). Notably, in addition to the typical bands assigned to the iron(III) carboxylate nanoMOFs ((C=O) carboxylate at around 1580 and 1450 cm -1 ), several bands ((P=O) at 1234 cm -1 and (P-O) at 1060, as well as 1006 and 1118 cm -1 ) characteristic of sugar-phosphate chains 37 are evidenced after siRNA association, confirming the presence of the ribonucleotide in the MOF NPs. Moreover, the  as (Fe 3 O) band characteristic of the iron(III) oxocluster core of both MIL-100 and MIL-101_NH 2 NPs, 38 initially observed at 619 and 628 cm -1 , respectively, is shifted in presence of siRNA up to 623 and 630 cm -1 , respectively. This particular band shift suggests de formation of specific interactions via the iron trimers, probably through the coordination of the phosphate groups of the siRNA, as previously evidenced for other phosphate molecules incorporated within the MIL-100 NPs. 39 Although not experimentally supported, He et al. previously proposed the coordination of the siRNA to the zirconium metal sites of the zirconium aminotriphenyldicarboxylate UiO-NPs, being in line with our results. 12 The hydrodynamic size and surface physicochemical properties of the siRNA-loaded nanoMOFs were also investigated. Overall, twice larger NPs together with adequate polydispersity indexes (0.2-0.3; Table 1) were observed after the siRNA loading, in agreement with an aggregation phenomena as a consequence of the siRNA encapsulation. [361]

covering of the initially positive surface (exhibiting probably protonated amine groups of the ligand) with negatively charged siRNA moieties.

Cell toxicity and internalization of siRNA_nanoMOFs.

An important challenge for the success of gene-based therapies is the development of efficient delivery system with minimal toxicity. For this reason, the cell viability and blood compatibility of nanoMOFs were evaluated (see SI). First, a total absence of toxic effect was confirmed, even at very high concentrations (1.2 mg•mL -1 ) of both siRNA_MIL-100 (pH = 2 and 4) and siRNA_MIL-101_NH 2 NPs after 24 h of their incubation with human colorectal carcinoma cells (Sw480) through the MTT assay (Figure S5). 40 These results are in good agreement with previously reported in vitro 18,41 and in vivo 17 toxicological studies. In addition, blood compatibility was then evaluated by determining the hemolytic effect of NPs when are in contact with freshly extracted human red blood cells (Figure S6-S7). If no hemolytic effect (< 3 and 5% after 15 min and 1 h, respectively) was evidenced for siRNA_MIL-100 (pH = 4) and RNA_MIL-101_NH 2 regardless de concentration (even at high doses of 500 g.mL -1 ), the siRNA_MIL-100 (pH = 2) NPs exhibited a higher hemoglobin release (up to 8% when is in contact with higher concentrations, from 125 to 500 g.mL -1 after 15 min and 1 h; Figure S6-S7). Although higher than the other nanoMOFs, the hemolytic effect is not very important, and could be explained by the positively charged surface of these siRNA_MIL-100 (pH = 2) NPs (Table 1). Indeed, the presence of cationic groups at the nanostructure surfaces is typically associated to a hemolytic effect as a consequence of the interaction with the anionic erythrocyte membrane, 40,42 producing longer circulation half-life of the NPs as well as vascular obliteration and embolism due to the aggregates formation. 43 When compared with other gene vectorization systems such as poly(propylenimine) dendrimers (DAB-Am16), 10 exhibiting 50% of hemolysis at 1 mg.mL -1 or the polyethylene glycol gallic acid-triethylene glycol (PEG-GATG) dendrimers with hemolysis <10 % at pDNA concentrations of 12.5 µg.mL -1 , the siRNA_nanoMOFs systems present lower hemolytic effect (< 3% for siRNA_MIL-101_NH 2 and siRNA_MIL-100 (pH = 4) and 8% for siRNA_MIL-100 (pH = 2)), being the siRNA_MIL-100 (pH=4), the most promising solid with an associated hemolysis lower than 1% event at high concentration (up to 500 g.mL -1 ). Despite the highly efficient siRNA association nanoMOFs and their demonstrated low toxic profile, these systems need to be able to both protect and intracellularly deliver the RNA cargo. For this purpose, the cell uptake of Cy5-siRNA_nanoMOFs was monitored on human colorectal cells by confocal fluorescence microscopy, simultaneously following the nanoMOFs (directly by the iron self-fluorescence) and the siRNA (Cy5-labelled siRNA; see SI). 41 While the free siRNA did not penetrate into the cells, siRNA encapsulated within the nanoMOFs porosity was able to be internalized into the cell cytoplasm and perinuclear areas and co-localized with the NPs, evidencing the cell uptake of the nanoMOFs bearing the siRNA (Figure 2). The presence of the siRNA_nanoMOFs within the cells was further confirmed by observing the NPs in the cells at different Z-depths, corroborating that NPs were located within the cells and not only externally adsorbed on the cell membrane (Figure S8-S10). It is noteworthy that siRNA_MIL-100 (pH = 4) NPs are significantly higher internalized than siRNA_MIL-101_NH 2 , probably because their smaller particle size, and even more than

Biocompatible iron(III) carboxylate Metal-Organic Frameworks as promising siRNA nanocarriers their analogue siRNA_MIL-100 (pH = 4). The lower cell uptake of siRNA_MIL-100 (pH = 2) might be explained by the positive surface charge of this vector, in agreement with the major cellular damages observed in the cationic NPs, promoting more pronounced disruption of plasma-membrane integrity, stronger mitochondrial and lysosomal damage, and a higher number of autophagosomes than anionic NPs. 44 Thus, the cellular uptake rates is influenced by the NP surface charge, giving rise to different efficacies and selectivities of the NPs for the gene drug delivery. [363]

Transfection evaluation in colorectal cancer cells.

In view of the above promising findings and with the aim to establish whether these nanovectors would be suitable for achieving down-or up-regulation of target genes, we further evaluate their capacity to provide a reliable gene expression in target cells. Thus, we selected the microRNA, mIR 145, which is down regulated in colorectal cancer cells. This nucleic acid was encapsulated into the MIL-100 and MIL-101_NH 2 NPs following the same protocol as for the siRNA. Different treatments were put in contact with SW480 cancer cells during 4h, including 20 g.mL -1 of mIR145_MIL-100 (pH = 2), mIR145_MIL-100 (pH = 4) and mIR145_MIL-101_NH 2 (pH = 4) NPs (see Experimental section). Preliminary results showed that all the miRNA 145 expression profile were modified after 72 hours, emphasizing the up-regulation obtained in case of MIL-100 (pH=2), which miRNA 145 expression was much higher than the positive control. Therefore, effective transfections have been successfully achieved in all nanoMOF prototypes, exhibiting attractive properties for the in vitro gene delivery. 

Conclusions.

Nucleic acids were successfully incorporated into the high mesoporosity of biocompatible iron(III) carboxylates Metal-Organic Frameworks nanocarriers. These nanovectors were able to both protect their nucleotide cargoes and release them into the cell cytoplasm, reaching efficient transfection activities. These promising outcomes paves the way for developing an efficient gene delivery platform based on nanoMOFs. [374]

H 2 O +9 ± 1 -21 ± 1 +12 ± 1 PBS-FBS +10 ± 0 +3 ± 0 +7 ± 0 DMEM +11 ± 1 -11 ± 1 +8 ± 1
[375]

BRIEF CONCLUSION AND GENERAL PERSPECTIVES

Chapter 4 was focused on the evaluation of these promising nanocarriers as drug delivery systems. The bioactivity of these MOFs have been demonstrated both, by the encapsulation of active molecules into the MOF porosity through the adsorption/desorption process, as by its incorporation within the hybrid framework, being both susceptible to be administrated by one of the studied pathways in the previous Chapter 3.

Therefore, the inherent antioxidant activity of the gallate has been confirmed here through the study of the degradability of these new porous Mg and Ca MOFs. Nonetheless, further experiments will be necessary to process an adequate formulation for their cutaneous administration in the cosmetic field.

On the other hand, it has been evidenced for the first time, an efficient entrapping of nucleic acid into the porosity of biocompatible nanoMOFs, preserving their characteristic crystalline structure and nanometric size. These nanoMOFs have enabled to protect and release the genetic material, leading to effective transfections, being an excellent alternative for the gene delivery.
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Recent advances in the nanomedicine field have evidenced that the nanoparticle (NPs) engineering plays a key role in the efficacy of the drug administration, being a crucial point for their suitable biomedical application. [1,2,3] Among the large number of drug delivery systems proposed so far, [2,4] nanometric porous iron carboxylate Metal-Organic Frameworks (nanoMOFs) have been revealed as promising nanocarriers due to i) their tunable porosity and versatile composition, ii) their lack of in vivo toxicity, [5] iii) exceptional loadings of different challenging drugs together with iv) their controlled release under physiological conditions and v) interesting imaging properties. [6,7] The recent emergence of these innovative drug delivery systems in the biomedical field has been reviewed in the Introduction, providing the basis in this research manuscript for further deepening on their biological impact. Indeed, the state of the art of these vectors has highlighted the earliest stage of MOF research in this area, in contrast with the development of other type of nanocarriers. For instance, relevant aspects of MOFs are still outstanding issues to be addressed for a future biomedical application, such as their toxicological hazards, suitable formulations for a given administration route, the control of their particle size and surface, assuring their colloidal and chemical stability in physiological media, as well as their recognition capabilities and biodistribution. Bearing in mind these challenges, the aim of this PhD thesis has been focused on the investigation of the potential drug administration routes through these novel nanoMOF delivery systems, evaluating their biocompatibility, their physiological barrier crossing and the potential modulation of their biodistribution.

The concept of nanomaterial safety has attracted a great deal of attention due to the rapidly growing interest of nanoMOFs in the nanotechnology field. Both in vitro and in vivo toxicological tests have begun to be necessary prior to any biological applications. Most of the reported studies have assessed the cytotoxicity by evaluating the cell viability on different cell lines (such as Caco-2, J774.1, HL-60, Raw 264.7, NCI-H460, HepG2, MCF7, among others) [8,9,10,11] or thoroughly in vivo assays, although only four examples have been reported so far in this case. [6,11,12,13] However, through this PhD work, alternative methods have been applied, providing other relevant toxicological information about the oxidative stress production (reactive oxygen species (ROS)), immune-or geno-toxicity potentially induced by these nanoMOFs, as shown in the chapter II. [14,15,16,17] In this sense, the cellular mechanisms involved in the NP-cell interaction under diverse simulated biological media has been tackled regarding both i) the colloidal and chemical stability, ii) the induction of an immune response (cytokine profile, complement activation) and iii) their cellular implications (toxicity, DNA damage, cellular oxidation, etc.). In particular, no induction of the immune system has been observed by most of the tested nanoMOFs (e. (involved in the inflammatory response) and a significant cytokines production, from 10 to up to 10 5 times higher than the negative controls. In particular, we have evidenced a lower induction of the innate (Th1 cytokines such as interferon gamma (INF-) or interleukin IL12p70) than the adaptative response (Th2 cytokines with higher induction of IL-6, IL-10), which could suggest that the humoral response is favoured over the cellular one in presence of nanoMOFs. This humoral Th2 immune stimulation could be considered suitable for enhancing the response generated by vaccines, making these NPs potential adjuvants. [18,19,20] Therefore, a feasible future approach could be the nanoMOF application as potentially attractive adjuvants. Innovative strategies in this topic could be based on the combination of the adjuvant effect with the antigen presentation on their external surface and the in vivo evaluation of their immune response activation. Actually, preliminary tests have been carried out, focusing in the association of an immunological antigen model, the ovoalbumin (OVA) as proof of concept. In particular, the selected conditions for the nanoMOF-OVA interaction seem to be favorable. Nevertheless, there are still many aspects to be addressed.

Furthermore, the evaluation of the cell uptake, colloidal and chemical physiological stability, and protein adhesion, among others has provided insights into the NP-biological interaction but, however, many aspects are still poorly understood. Therefore, distinctive and precise experiments are still required in order to shed light on the NP behaviors with the biological environment and, consequently, on its activity. For instance, more targeted studies regarding the mechanism of cell internalization of nanoMOFs (caveolin, clathrins, etc.), the intracellular mechanisms involved on their in vitro fate and degradation (lysosomal degradation, endocytosis, nucleus pathways…) or even, tests of the presence of bacterial endotoxins, could contribute to a better understanding of the nanoMOF bio-related properties for future applications in different domains.

Following with the principal aim of this thesis, the analysis of the potential nanoMOF administration by different routes (here intravenous, oral and cutaneous), the features of these nanocarriers have been also monitored under distinct biological barriers, as widely discussed in the chapter II and III. With the objective of i) ensuring their colloidal and structural stability, ii) to amend their in vitro and in vivo fate as well as iii) to provide additional properties depending on the selected route of administration, the external modification of the nanoMOF surface has been proposed. The challenge here has been to specifically functionalize the outer surface of a porous nanoparticle, maintaining intact their structural and textural properties, and therefore their encapsulation/release capabilities, while improving their colloidal/structural/chemical stabilities and providing additional biological features for their suitable administration (e.g. longer blood circulation times (stealth) for the intravenous route, higher intestinal or cutaneous bypass for the oral and topical administration). By a simple, biofriendly and efficient impregnation method, the functionalization of the outer surface of the nanoMOFs has been successfully overcome. According with the chosen route of administration, diverse attractive biopolymers have been grafted. For instance, the heparin coating has been selected for the intravenous administration of drug containing nanoMOFs, leading to endow the benchmarked MIL-100(Fe) NPs with improved biological properties such as enhanced colloidal stability, reduced cell phagocyte recognition (potentially stealth NPs) and lower immune response. Despite that these excellent results make the heparin-coated MIL-100(Fe) NPs promising intravenous carriers, additional analyses could contribute to a better understanding of their potential use. For instance, the possible coagulation effect of the heparin (well-known anticoagulant agent) should be examinated. In fact, preliminary hemolysis tests have been recently performed, evidencing an absence of hemoglobin degradation even at high concentration (250 µg . mL -1 ) of both the uncoated MIL-100(Fe) and heparin-coated MIL-100(Fe) prototypes. Thus, one could suggest that the concentration or the conformation of the heparin on the nanoMOF surface was not enough to induce this undesired effect. Furthermore, novel investigations about the expression of specific cytokines or the proteins involved in the complement cascade in presence of these coated NPs could favor the understanding of the generated immune response. It should also be noted that preliminary in vivo data of the pharmacokinetics of these NPs has been recently obtained after their intravenous injections to rats, evidencing a scarce effect of the heparin coating for prolonging their blood circulation time. Therefore, the lack of heparin influences in the initial in vivo pharmacokinetic data suggests that other biological factors might be interfering in its activity, as for example, a fast degradation of the heparin coating in the bloodstream or an inefficient coating, not able to hamper or delay the opsonins adhesion and, therefore, a rapid removal of the NPs from the circulation. Therefore, further studies need to be done in this point in order to proceed in the next future with the development of new stealth intravenously prototypes. In fact, parallels studies in our group are currently been developed for the external functionalization of nanoMOFs with other alternative polymers also associated with the escape from the immune system and so, with longer circulation times, as for example the polyethylene glycol (PEG). [6] Considering the exceptional loading capacities and controlled releases obtained with nanoMOFs and different highly challenging antitumoral drugs (busulfan, doxorubicin, 5fluoruracyl, etc.), [6] the intravenous pathway seems to be well adapted for the administration of these carriers. In addition to the stealth coating, one can also combine by click chemistry different moieties to promote the specific tumoral capture of the MOF nanocarriers.

On the other side, among the different cancer therapies, the cell internalization of specific gene therapeutics has been reported as a promising strategy. [21] Despite the scarce previous works performed by other groups that have paved the way to associate the genetic material on the outer surface of the nanoMOFs, the gene incorporation within the MOF porosity has been here successfully described for the first time, as widely described in chapter IV. Our innovative strategy has been based on the efficient entrapment of RNA molecules into the MOF porosity, enabling to better protect the RNA from degradation and release it in the cell cytoplasm, which leads to effective transfections. Nonetheless, further experiments will be necessary to enhance these recent outcomes. For example, nowadays it has been evidenced the high relevance of the combinatory therapy based on siRNA (small interfering RNA) with mIR (microRNA) for the treatment of cancer diseases, as well as the incorporation of other alternative genes, being able to modulate the cellular expressions (up-or down-regulations), which play a critical role in development of cancer and other diseases. Therefore, next generation gen-nanoMOF therapies could be based on the combination of several RNA or alternative genes within a same MOF nanocarrier. In addition, other specific analyses, such as the labeling of the cell organelles during the NP interaction could contribute of a better understanding of their intracellular fate (the NP transport to the lysosome or endosomes,
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principal cellular locations of the nanoMOFs), the release of the genetic material cargo as well as their efficient transfection. Moreover, in vivo assays of the more promising RNAcontaining nanoMOFs will be required to confirm the probed promising in vitro activity as gene delivery system. On the other hand, bearing in mind the possibility of controlling the nanoMOF fate, the oral administration pathway has been also tackled in this PhD work due to the simplicity and noninvasive character of this route, and besides, the low prevalence of effective vectors in this via. In this case, the selected surface agent has been the cationic polysaccharide chitosan (CS), widely used due to its bioadhesive and enzyme protection abilities, which a priori facilitate the NP transport across mucosal barriers. [22,23] The efficient and fast grafting of the CS on the outer surface of the MIL-100(Fe) NPs allows endowing these CS-coated NPs with an elevated colloidal and structural stability under the presence of pancreatin, mucus or simulated intestinal fluid (SIF). More importantly, CS coating has significantly improved the intestinal crossing of CS-coated NPs, as evidenced by using a Caco-2 monolayer cell line model. Indeed, in an attempt to shed light on their mechanism of entrance, the evaluation of the transepithelial resistance of the Caco-2 monolayer in contact with the CS-coated NPs has evidenced that the opening of the paracellular via is not involved in the CS-MIL-100(Fe) NPs bypass, but an transcellular pathway might be involved (as evidenced by the important cell uptake). The absence of an opening of the tight junctions (paracellular route) could be related with the conformation of the CS or the insufficient quantity displayed on the MIL-100(Fe) surface. On the whole, new cell penetration assays with other type of growth intestinal cell lines could provide more information about, or cell lines with high mucus production could simulate in a better way the intestinal environment. Actually, preliminary studies of the mucoadhesion/mucodifussion have been proposed, measuring the velocity and the distance reached by the nanoMOFs under mimicked mucus conditions (specific capillaries filled with mucin).

In addition, other progress with these coated NPs can be orientated to: i) the encapsulation of drugs with oral instability or low intestinal absorption rates, followed for their in vitro studies, or also, ii) the performance of ex vivo or in vivo tests in order to study their biodistribution. Actually, preliminary encapsulation tests have been carried out with small low bioavailable and intestinal instable peptides (e.g. the hypoglycemiant nateglinide, the antibiotic capreomicin). Through the initial achieved encapsulation rates (12-20% of peptide entrapment in MIL-100(Fe) NP in ethanol and dichloromethane, respectively), one feasible perspective could be orientated to the study of the chitosan influences in the loaded nanoMOF bypass and delivery kinetics rate, evaluating firstly, the in vitro or ex vivo effect and, a posteriori, confirming by in vivo essays. It should be also emphasizing one attractive and accessible strategy for the NP bypass studies based on the ex vivo diffusion assays by Ussing chambers, originally designed for transport and toxicology studies with animal tissues. By using the different fractions of the intestine of rats, a quasi suitable in vivo environment simulation can be performed. [24] Finally, to conclude the most important vias discussed in this PhD manuscript, it has been also explored the cutaneous pathway in the chapter III. In particular, an innovative proposal for the topical nanoMOF administration has been addressed through other type of MOF shaping. In this particular case, MIL-100(Fe) NPs have been formulated as a composite patch
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[383] by a simple press-molding method. Although it is not the first time that this kind of device has been proposed for topical applications, the pioneering approach here is the nanoMOF application for the cosmetic delivery, modulating the active ingredient permeation thought the skin. For that purpose, the encapsulation of a liporeductor molecule, caffeine (CAF), together with attractive biopolymers for cutaneous administration (such as poly(vinyl alcohol), PVA, or gelatin, GEL) have been included in the patch formulation, obtaining successful outcomes.

Actually, it has been demonstrated the in vitro progressive caffeine release and its diffusion, reaching the targeted fatty layer by ex vivo tests, acting exclusively at this skin level. In view of these encouraging results, new strategies can be explored such as trials with human skin and/or voluntaries. Specific techniques such as the irritability or loss of skin pigmentation are examinations to be considered for the MOF-based patches. Moreover, other type of MOF shaping can be proposed here in order to enhance the active ingredient bypass and, then, the formulation efficacy. In fact, preliminary tests have been successfully performed in collaboration with cosmetic companies, whose strategy has been based on the inclusion of caffeine loaded nanoMOFs into the creams. In addition, the participation of other kind of polymers with bio-related properties can be also tested in these patches as well as the selection of other target cargoes with high interesting for cosmetics (such as hialuronic acid) can be proposed. Bearing in mind the drug administration by this via, the transdermal delivery approaches with specific actives molecules would be interesting applications for these polymer-nanoMOF composite patches, in case of being effective for drug delivery into the bloodstreams.

In this regard, another active molecule has attracted the attention in the chapter IV due to the elevated cellular antioxidant activity achieved, highly desired in the cosmetic field in order to avoid the cell aging. In this case, the target molecule, the gallic acid, has been incorporated as the constitutive linker of the MOF framework. The gallic acid is then released by meaning of the MOF degradation, being able to perform its antioxidant activity. This action has been illustrated here with a new type of MOFs, based on biocompatible Mg +2 or Ca +2 cations, essential constituents in living cells. Remarkably, it is the first time that the antioxidant effect has been related and demonstrated with MOFs in the biomedical field. This antioxidant effect strongly depends on the composition and the structure of the MOF. The incorporation of alternative non-toxic metals, such as Mg +2 or Ca + , and the obtaining of different crystalline structures have enabled to explore the composition/structurebioactive properties relationship, determining that the antioxidant effect strongly depends on the composition and structural stability. Furthermore, the biocompatibility of these bioactive MOFs has been also proved by different viability, cell proliferation/death balance and hemolysis assays. Despite these promising outcomes, specific cell lines or toxicity assays might be needed in terms of the future application. For instance, in diseases such as cancer or Parkinson, where the incidence of cellular oxidation state is high, the gallate administration could be an attractive alternative to reverse this cellular state. However, further investigations should be tacking in account in order to encourage this new MOF bioapplications.

In conclusion, the outcomes issued from this PhD thesis have evidenced the biocompatibility, the enhanced stability and the possibility to modulate the in vitro fate of nanoMOFs by a simple external functionalization. Therefore, the investigation displayed in this PhD thesis has led to better understand the behavior of nanoMOFs under different biological environments (notably oral, intravenous and cutaneous), paving the way for real biomedical applications through different administration routes.
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GENERAL CONCLUSIONS

The results issued from this PhD thesis has led to conclude that:

1. From the introductory overview, although the state of the art of nanometric Metal-Organic Framework (nanoMOFs) in the biomedical field has significantly progressed within the last nine years, many drawbacks (such as an improved colloidal stability, suitable formulation and a control of biodistribution) needs still to be addressed due to the early stage of this topic in comparison with other nanocarriers.

2. The high cell-, immune-and geno-biocompatible character of several nanoMOFs based on diverse compositions and structures has been confirmed under diverse physiological conditions simulating different exposure modes (pulmonary, ingestion or intravenous), making them suitable candidates for drug vectorization.

3. The structural, chemical and colloidal stability of the biocompatible mesoporous iron(III) trimesate nanoMOF is well adapted for its oral and intravenous administration.

4. The outer surface of nanoMOFs can be successfully and selectively engineered by a simple, bio -friendly and versatile method, which allows ensuring the preservation of their structural and textural properties together with the improvement of their colloidal (even chemical) stabilities.

5. The modification of the external surface of nanoMOFs endows them with attractive biological features: while heparin coating confers a reduction of the cell recognition and uptake of the nanoparticles, potentially associated with longer blood circulation times upon the intravenous route; the chitosan corona enhances the intestinal barrier bypass in the oral pathway.

6. The development of specific composite devices based the caffeine-containing iron(III) trimesate nanoMOF and different biopolymers by a simple and rapid press-molding approach has enable to successfully target the cutaneous administration route, achieving not only exceptional loadings of the active ingredients but also the progressive release and skin permeation of the cosmetic, effectively reaching the targeted adipose tissue.

7. Three novel biocompatible Mg (porous) and Ca gallate MOFs have been isolated, evidencing a potent antioxidant activity associated to the progressive release of their constitutive organic ligand, the gallic acid.

8. The pioneered encapsulation of ribonucleic acid (RNA) within the nanoMOF porosity has allowed a rapid cell internalization of this novel gene-nanocarrier, with both an efficient protection of the gene cargo and effective transfections, which make them highly promising gene delivery nanosystems.

Introduction

Les polymères de coordination poreux (PCPs), aussi appelés Metal-Organic-Frameworks (MOFs), font partie d'une classe de solides hybrides cristallins, construits à partir de l'assemblage d'unités inorganiques (atomes, clusters, chaînes...) et d'espaceurs organiques portant des fonctions complexantes (carboxylates, phosphonates, azolates ...). [ 1 ] Dans un premier temps, les applications potentielles les plus remarquables de ces solides se sont focalisées sur la catalyse, la séparation ou le stockage de gaz, en raison de leur porosité importante et structurée ainsi que leur grande diversité en termes de topologie et de composition. Plus récemment, ces applications ont été étendues au champ de la biomédecine, en particulier la libération progressive de l'ingrédient actif (médicament, cosmétique, gaz biologiquement actif, etc), la catalyse enzymatique ou l'imagerie, entre autres. [2] Parmi la multitude de nanovecteurs proposés à ce jour pour la libération contrôlée de médicaments, [3] les solides nanométriques hybrides poreux de type MOF (Metal-Organic Frameworks; nanoMOFs) se sont révélés comme étant très prometteurs grâce à (i) leur porosité et composition modulable, ii) une absence de toxicité in vivo, [4] iii) leur capacité d'encapsulation exceptionnelle de molécules thérapeutiques très variées, avec des iv) libérations contrôlées en conditions physiologiques simulées et (v) leurs propriétés d'agents de contraste pour l'imagerie médicale. [5] La récente miniaturisation des MOFs à l'échelle nanométrique s'est révélée avantageuse en biomédecine, non seulement parce qu'elle a un impact fort sur le choix de la voie d'administration [6,7] mais aussi parce qu'elle gouverne leur devenir in vivo, et, par conséquent, leur toxicité et/ou leur l'activité. [2] En effet, les propriétés physico-chimiques du nanovecteur (ex. taille de particule, charge de surface, propriétés rhéologiques, stabilité colloïdale, etc.) détermineront leur affinité pour les différentes structures biologiques et/ou leur intégration au sein de formulations plus complexes, leur biodistribution, et ainsi, leur efficacité finale. [7,8] Outre le fait que la porosité élevée des nanoparticules (NPs) de MOFs ainsi que leur grande surface externe offre une opportunité quasi unique pour la modification chimique de leurs propriétés de surface, ce qui conduirait à une amélioration de leur stabilité colloïdale et une modulation de leur biodistribution selon la voie d'administration choisie (en modifiant leur temps de circulation sanguine, le passage des barrières physiologiques ou encore, leur conférant des propriétés de ciblage, par exemple). [9,10,11] Par ailleurs, l'intérêt majeur des nanovecteurs en biomédecine a exalté notablement la pertinence d'études portant sur la sécurité des nanomatériaux. C'est dans cette perspective et avant tout développement (pré)clinique, que l'identification des effets toxiques potentiels des nanoMOFs s'est révélée indispensable, que ce soit au travers de tests in vitro et/ou in vivo. [12,13,14] Ainsi, selon les fonctionnalités ciblées, les nanovecteurs à base de MOFs doivent remplir une variété de conditions préalables pour assurer une toxicité minimale, une bonne compatibilité sanguine, une faible immunogénicité, une biodégradation (évitant ainsi leur accumulation) et, souvent, des propriétés mécaniques appropriées. [15,16] En conséquence, ce manuscrit de thèse porte sur l'étude de tous les aspects concernant la préparation de MOF nanométriques biocompatibles, adaptés pour surmonter les exigences RÉSUMÉ GÉNÉRALE [393] actuelles et futures des diverses voies d'administration, en conduisant ainsi à des nanoMOFs avec des propriétés innovantes, très prometteuses dans le domaine biomédical.

Objectifs

Compte tenu de ces aspects, les objectifs de cette thèse ont porté sur l'évaluation de l'administration de nanoMOFs par trois voies potentielles (intraveineuse, orale et cutanée) afin d'obtenir de systèmes de relargage de médicaments adéquats, notamment en étudiant leur biocompatibilité, le passage des barrières physiologiques et leur biodistribution. Par conséquent, trois objectifs principaux ont été ciblés dans cette thèse:

1. Évaluer la biocompatibilité (voire bioactivité) des MOFs et leur interaction potentielle avec les structures biologiques.

2. Proposer des formulations innovantes à base de MOFs pour la délivrance de médicaments, adéquates pour l'administration de ces nanotransporteurs par de nouvelles voies.

3. Etudier leur biodistribution par les diverses voies d'administration choisies (orale, cutanée et intraveineuse).

Ainsi, les travaux de thèse ont été divisés en quatre volets principaux: Ce chapitre décrit de façon détaillée les dernières avancées des MOFs nanométriques dans le domaine biomédical. En particulier, il décrit les avantages et l'influence de la miniaturisation de MOFs dans des domaines tels que le choix de la voie d'administration, leur devenir in vivo ou encore, leur toxicité et / ou efficacité. [7,8] Les différentes méthodes de synthèse de MOF nanométriques ont été largement discutées. Citons par exemple la production de nanoparticules à température ambiante, [17] par synthèse conventionnelle hydro / solvothermale ou encore d'autres techniques plus innovantes telles que la microémulsion, le spray-drying [ 18 ] ou d'autres méthodes en flux continu. [ 19 ] Ces techniques ont permis une meilleure compréhension de la croissance des MOFs et un meilleur contrôle de la taille des cristallites. En effet, le contrôle de la taille de particule a permis d'accéder à de nouvelles formes de dosage, en particulier pour les NPs, capsules, comprimés, gels ou patchs transdermiques, entre autres, [20] ce qui conduit à des améliorations au cours de leur administration thérapeutique comme systèmes de délivrance de médicaments. [3,7] Citons par exemple, l'ingénierie de la surface externe des NPs de MOFs, ce qui conduit à des fonctionnalités avancées telles que le ciblage par les nanovecteurs de tissus spécifiques. [21,22] En effet, le rôle de la surface externe des nanoMOFs a été souligné dans le Chapitre 1 en raison de son impact significatif sur le développement des applications biomédicales des nanoMOF. La fonctionnalisation de la surface de nanoMOFs, denses ou poreux, a été détaillée, en particulier en termes En particulier, après l'exposition de quatre lignées cellulaires des MIL-100 NPs, aucune production significative de ROS n'a été induite, à l'exception de cellules sensibles Hep3B exposées à la concentration la plus forte du MIL-100(Fe) (Figure 3). Cet effet dépend fortement du type de lignée cellulaire et du temps de contact / de la concentration des nanoMOFs. Ainsi les nanoMOFs induisent un effet oxydatif transitoire, en accord avec la production de ROS réversible préalablement décrite après l'administration intraveineuse de fortes doses de MIL-100(Fe) chez le rat. [5] Enfin, l'absence de génotoxicité a été également évaluée par la quantification de ruptures de brins d'ADN. Aucune augmentation du nombre d'ADN n'a été détectée, à l'exception du MIL-100(Fe). En effet, même si la concentration plus forte des NPs de MIL-100(Fe) conduit à une légère augmentation des dégâts au niveau de l'ADN, associés probablement à la production du ROS, cet effet n'est pas fatal pour l'intégrité cellulaire (Figure 4).

Au total, les données toxicologiques issu de cette étude indiquent a priori une tolérance cellulaire élevée pour les NPs de MIL-100(Fe, Al, Cr) par les diverses voies d'administration ciblées (pulmonaire, ingestion ou intraveineuse).
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Suivant la même logique que celle du sous-chapitre 2.1, nous nous sommes intéressés à es risques toxicologiques potentiels des NPs de MIL-100(Fe, Al) et l'imidazolate de zinc microporeux ZIF-8 d'un point de vue immunologique. La réponse immunitaire associée à ces nanomatériaux a été étudiée au moyen de la production de cytokine, l'activation du complément, la viabilité cellulaire et la production de ROS. Dans l'ensemble, nous avons constaté i) un faible cytotoxicité des nanoMOFs sur la lignée cellulaire macrophagique murine (J774.A1), même à des concentrations élevées (1.2 mg . mL -1 ; Figure 5), à l'exception viabilité cellulaire avec les NPs de ZIF-8 (< 50% à 0.8 mg . mL -1 ), ii) une légère induction du ROS, exclusivement à des concentrations élevées (Figure 6), iii) l'absence d'activation du complément, sauf une légère activation dans le cas particulier des NPs du MIL-100(Al) et enfin, iv) l'activation de la réponse immunitaire Th2/Th1, associée à la production de cytokines spécifiques, soulignant 'INF-et IL12p70 (associées à la réponse Th1) par le MIL-100(Fe) ainsi que des niveaux élevés d IL-6 ou IL-10 (cytokines associées à une réponse Th2) détectés pour le MIL-100(Al) (Table 1).

Au total, les NPs de MIL-100(Fe, Al) induisent une production de cytokines de 10 à 10 5 fois plus élevée que le contrôle négatif, mettant en évidence une activation significative de la réponse immunitaire. De façon remarquable, la faible cytotoxicité et l'induction de la production de cytokines des NPs de MIL-100(Fe), MIL-100(Al) et ZIF-8(Zn), associées avec l induction modérée du ROS et la légère activation du complément (étant plus élevée dans le cas du MIL-100(Al) et du ZIF-8(Zn)), peut être également considérée comme un effet positif. En effet, la stimulation de la réponse immunitaire afin de maximiser l'élimination des agents pathogènes, la médiation de l'inflammation et/ou le recrutement de cellules immunitaires [399] rendre a priori ces NPs candidats prometteurs comme adjuvants pour une vaccination plus efficace. [400] Table 1. Résumé de la production de cytokines. Les valeurs correspondent à la variation de la concentration de cytokines (en pg.mL -1 ) en comparaison avec le contrôle négatif (<1, 1-10, 10 2 -10 3 , 10 3 -10 4 or >10 5 fois) et sont obtenus à partir de 3 donneurs différents (1/3, 2/3 or 3/3). Des contrôles positifs (LPS and PHA) sont aussi inclus.

[401] entre la surface des NPs et le vivant, la stabilité structurale, chimique et colloïdale du nanovecteur MIL-100(Fe) a été étudiée en différentes conditions, imitant les intraveineuse et orale. Dans un premier temps, et dans le but de simuler les conditions intraveineuses, l'évolution de la taille et de la charge superficielle des NPs a été suivie en présence d'électrolytes spécifiques (majoritaires, tels que le NaCl et le CaCl 2 , ou minoritaires, comme le PO 4 3-) et/ou de macromolécules (telles que l'albumine, la protéine plasmatique la plus abondante chez les mammifères) habituellement présents dans le sang. Comme attendu, des solutions salines concentrées conduisent à agrégation et à une augmentation de la polydispersité du à la diminution des forces de répulsion électrostatiques. [ 27 ] En revanche, même à des faibles concentrations, le tampon phosphate (PBS) a un impact important sur le devenir des NPs, étant capable de se substituer à la liaison métal-carboxylate du nanoMOF par la plus forte complexation des phosphates sur les centres métalliques constitutifs de la structure du MIL-100(Fe). Cela conduit à la dégradation des NPs, [5] avec des taux de dégradation dans le PBS 10 fois supérieurs à ceux obtenus dans l'eau pure (Figure 7). En présence d'albumine sérique bovine (BSA), nous avons mis en évidence la formation d'une couronne protéique sur la surface externe du nanoMOF, à la fois de par une légère augmentation de la taille des NPs, compatible avec les dimensions de la BSA, et de par la réduction du potentiel . Ce greffage protéique se base sur la charge négative de la BSA, qui est capable de remplacer certains groupements phosphates à la surface de la NP, conduisant à RÉSUMÉ GÉNÉRALE [402] une potentiel ζ moins négatif. [28] En outre, la présence de cette couronne superficielle conduit à une ralentissement de la dégradation chimique de NPs ainsi qu'à une amélioration de leur stabilité colloïdale de par un effet de répulsion stérique (Figure 7).

Concernant les conditions orales, le tractus digestif a été simulé par i) un milieu gastrique (HCl, pH = 1.2), ii) un milieu intestinal simulé (SIF, pH 6,8) et iii) un milieu SIF à faible force ionique (lis) SIF (correspondant au SIF dilué à 1/25), avec la présence de la fraction enzymatique la plus abondante de l'intestin, la pancréatine (1 % p/v) ou avec le composant principal de la muqueuse intestinale, la glycoprotéine mucine. Dans le cadre des fluides gastriques et intestinaux simulés, la taille des particules de MIL-100(Fe) reste stable et monodisperse, montrant en autre une dégradation chimique progressive (Figure 8 and9). Dans les milieux plus complexes, i.e. en présence de pancréatine, aucun effet d'agrégation n'a été observé. Cependant, une réduction de la charge superficielle indique le recouvrement enzymatique de la surface, n'étant portant ici associé à une augmentation de la stabilité chimique. En revanche, la présence de mucine dans le SIF conduit à la formation d'une couronne de glycoprotéines sur la surface extérieure du nanoMOF, associée à un ralentissement de la dégradation et à une amélioration de leur stabilité colloïdale (Figure 8 Malgré les inconvénients bien connus de la voie intraveineuse (nature invasive, douleur, production de déchets médicaux dangereux, etc.), [ 29 ] la possibilité d'administrer instantanément la totalité de la dose de médicament directement dans la circulation systémique, associée le plus souvent à une plus grande efficacité et reproductibilité, font de cette voie l'une des plus utilisées pour l'administration de médicaments. Dans ce souschapitre, nous avons réalisé la fonctionnalisation spécifique de la surface extérieure du nanovecteur très prometteur, le MIL-100(Fe). L'héparine, biopolymère associé à de temps de circulation plus longs lorsque administrée par voie intraveineuse sur la surface de eur capacité à accueillir des charges élevées d'ingrédients actifs (AIs) et les libérer de manière progressive (comme démontré en utilisant l agent liporéducteur, la caféine, où les taux d'encapsulation proches de 50 % en poids avec des libérations progressive environ 24 h ont été atteints; Figure 11). Malgré une amélioration de la stabilité colloïdale de NPs fonctionnalisées observée en conditions physiologiques simulées (par voie topique (eau, pH=6,0), en conditions sériques (PBS, pH =7,4) ou encore, dans le milieu de culture cellulaire (RPMI)), la dégradation chimique du solide hybride reste inchangée quelque soit le greffage (Figure 11). La stabilité de la couche d'héparine est assurée par la formation interactions coopératives fortes entre les groupements sulfates de l'héparine et les CUS du MIL-100(Fe), comme démontré par spectroscopie IR.
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[405] Le revêtement d'héparine a doté les NPs de MIL-100(Fe) de propriétés biologiques remarquables. Notamment, la couche d'héparine réduit efficacement la reconnaissance des NPs par les macrophages et leur internalisation cellulaire dans les premières heures d'incubation (Figure 12), ce qui rend ces NPs potentiellement furtives. Les NPs hep-MIL-100(Fe) présentent des réponses inflammatoires d'environ 10 à 100 fois plus faibles que celles des NPs non-modifiées, avec en outre une absence de l'activation du complément et de la production de ROS. Globalement, la simplicité et la biocompatibilité de cette méthode de modification de surface, qui permet à la fois de préserver des caractéristiques physico-chimiques des NPs et de diminuer leur réponse immunitaire (en prolongeant donc potentiellement leur temps de circulation périphérique), ouvre des perspectives encourageantes pour le contrôle de la biodistribution des nanoMOFs. Dans le but de contrôler la biodistribution des NPs au travers de leur modification de surface, nous nous sommes concentrés ici sur l'élaboration d'un nanovecteur à base de MOF pour son administration voie orale. En effet, la voie orale est l'une des modes d'administration les plus couramment utilisées en raison de sa nature non-invasive, de sa simplicité et du fait qu'elle réduit la douleur et l'inconfort du patient. Cependant, l'administration de certaines molécules par cette voie présente des limitations majeures, tels qu'une absorption intestinale inadéquate, une stabilité insuffisante ou des problèmes de solubilité dans les milieux gastro-intestinaux. [30] L'utilisation de vecteurs de médicaments a été largement proposée afin de pallier ces inconvénients. Afin [409] Malgré le fort intérêt existant pour la mise en forme de MOFs (pastilles, monolithes, des films, des membranes, des comprimés...) en vue d'applications en séparation ou en catalyse, [31] la formulation des MOFs dans le domaine biomédical reste encore balbutiant, en raison essentiellement de la nouveauté du sujet. L'un de domaines de recherche les plus innovants reste la libération contrôlée du principe actif par voie cutanée, celle-ci étant simple, non invasive et très versatile. [ 32 ] Ainsi, la voie transdermique empêche par exemple la métabolisation hépatique prématurée du principe actif, ou la perte d'activité liée à la dégradation rapide de l'AI tout au long du tractus gastro-intestinal, la diarrhée ou, encore, des vomissements, qui sont des problèmes inhérents à l'administration orale. [32,33 ] Cette voie représente aussi une alternative intéressante à injection hypodermique, en raison de sa nature non-invasive et de son auto-administration facile. En autre, elle est largement utilisée dans plusieurs thérapies, étant également la voie préférentielle pour cosmétiques. Considérant les avantages mentionnés ci-dessus, nous avons préparé des dispositifs topiques spécifiques par une méthode de moulage en pression simple et facile à base de nanoMOFs contenant un agent cosmétique et des biopolymères. En particulier, le liporeducteur caféine (CAF) a été choisi comme ingrédient cosmétique afin de pallier les importants verrous technologiques présentés par les formulations actuelles, associées à des (<5 %) en raison de sa forte tendance à cristalliser et sa libération non-contrôlée. [34] Ainsi, les NPs du MIL-100(Fe) contenant la caféine (jusqu'à 50 % en poids) ont été mélangés avec différents biopolymères (le poly(acétate de vinyle) (PVA) et la gélatine (GEL)) puis moulé mécanique pour obtenir des patches composites nanoMOF-polymère (Figure 15). Tandis que la structure cristalline des nanoMOFs a été conservée après le moulage en pression, ces patches composites sont capables de gonfler significativement en conditions cutanées simulées (humidité, 32 °C) en fonction de la nature (polarité, élasticité, etc.) du biopolymère incorporé. En outre, ces patches composites présentent des capacités d'encapsulation des AIs (ex. caféine et l'ibuprofène) très élevées (17% en poids de caféine en comparaison avec le 5% en poids sur les meilleures préparations commerciales). Ces formulations cutanées permettent en prime de contrôler la libération de la caféine dans 24-48 h, dépendant principalement des propriétés du biopolymère ( , la force du gel et les interactions polymère-MOF). Malgré l'absence d'un caractère bioadhésif, les patches composites obtenus permettent une perméation progressive et adéquate de la caféine au travers la peau, avec notamment l'atteinte du tissu adipeux ciblé (Figure 16). Ces résultats très composites à base de MOFs et biopolymères pour une administration cutanée ou transdermique facile des AIs. Le quatrième chapitre porte sur l'encapsulation et la libération de différents principes actifs, que ça soit au sein de la porosité du MOF ou comme une partie constitutive du réseau. Ainsi, les deux possibilités ont été étudiées utilisant soit du matériel génétique pour la thérapie génique ou une molécule antioxydante.

Jusqu'à présent, la plupart de MOFs utilisés pour la libération contrôlée de médicaments se basent sur des processus de physisorption/désorption du principe actif dans la porosité du solide. [ 2 ,35] Cependant, l'incorporation d'AIs comme partie constitutive du réseau hybride (soit sur la partie inorganique ou sur la partie organique, voire sur les deux constituants) et sa libération par la dégradation du réseau a été récemment proposée comme une alternative prometteuse. [36,37] Dans cette perspective, un nouveau gallate de magnésium biocompatible et poreux (Mg(H 2 gal)) a été synthétisé par voie hydrothermale à partir dérivé carboxyphénolique, l'acide gallique, avec une activité anti-oxydante remarquable [38,39] (aussi associé à des activités anti-allergique, -inflammatoire, -microbienne -virale, -fungique, voire carcino-, cardio-et neuro-protecteur) et le cation endogène Mg 2+ , également impliqué dans la résistance au stress oxydatif. [40] La structure cristalline du Mg(H 2 gal) a été résolue avec succès à partir des données de diffraction des rayons X sur cristal (Figure 17). Ce solide, isostructural aux composés Fe III , Ni II , Co II et Mn II décrites par Weber et Cheetham, [ 41 ] est construit à partir de chaînes La biocompatibilité du Mg(H 2 gal) a été également confirmée par différents essais in vitro, y compris des tests de viabilité cellulaire dans des lignées cellulaires différentes (MTT) et le mécanisme de mort cellulaire impliqué (Annexine-V-FITC). Finalement, les propriétés anti-oxydantes potentielles du Mg(H 2 gal) ont été évaluées sur la lignée cellulaire de leucémie promyélocytaire humaine (HL-60) par les tests du ROS (Figure 18). De manière remarquable, l'ajout de quantités croissantes de Mg(H 2 gal) aux cellules conduit à un effet antioxydant important. A noter ici que l'activité anti-oxydante a été mise en évidence, non seulement en l'absence d'espèces pro-oxydantes, mais également en sa présence, étant cet effet concentration-dépendant. La libération du gallate dans le milieu, comme conséquence de la dégradation progressive du Mg(H 2 gal) est à l'origine de l'activité anti-oxydante de ce solide (Figure 17). En conclusion, la dégradation progressive du nouveau MOF biocompatible et poreux, le gallate de magnésium, conduit à des activités antioxydants in vitro remarquables, associées à la libération de l'acide constitutif bioactif, l'acide gallique. ii) iii)
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[413] 19). Ces sous-unités 
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[415] En outre, les deux solides se sont avérés biocompatibles, comme en témoignent les différents essais in vitro réalisés: i) la grande viabilité cellulaire obtenue par l'analyse MTT des solides à de concentrations élevées en contact avec trois lignées cellulaires (la lignée macrophagique de leucémie promyélocytaire humaine (HL-60), la lignée macrophagique le carcinome pulmonaire humain à cellules non petites (NCI-H460) et des monocytes de leucémie murine (RAW 264.7)), ii) l'absence de cellules apoptotiques et/ou nécrotiques de retard détectées pour les deux gallates de calcium à faible concentrations (< 60 μg . mL -1 ) et, iii) le faible effet hémolytique (12% d'hémoglobine libérée) lorsque les globules rouges sont incubés avec les gallates de calcium.

Globalement, le gallate de calcium biocompatible, le MIL-155, présente une dégradation progressive en conditions physiologiques simulées, liée à la libération lente du gallate dans le milieu ce qui conduit à un effet antioxydant très important. 
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nanoMOFs, [44,45] nous avons proposé ici, pour la première fois, l'encapsulation de l'acide ribonucléique (ARN) dans la porosité du nanoMOF. Ainsi, de petits ARN d'interférence et du micro-ARN (miARN et siARN, respectivement) ont été incorporés avec succès, par un procédé d'imprégnation facile et non-toxique, dans la porosité des nanoMOFs biocompatibles, le MIL-100(Fe) et l'aminoterephthalate de fer mésoporeux, le MIL-101_NH 2 . Notez que l'intérêt de thérapies basées sur l'ARN réside dans la combinaison de la régulation de l'expression génétique (gènes silencieux) par siRNA, l'inhibition de l'expression de protéines mutantes, [46,47] et le rôle oncogénique ou de suppression de la tumeur du miARN dans le cancer. [48] Les nanotransporteurs contenant de l'ARN ont été complètement caractérisés par différentes techniques physico-chimiques. La structure cristalline et la taille nanométrique caractéristiques des deux nanoMOFs ont été conservées après l'association de l'ARN. De façon remarquable, l'incorporation de l'ARN au sein de la porosité du MOF a été confirmée par une réduction significative de la surface et le volume poreux des solides après l'imprégnation avec l'ARN (Figure 22). En autre, la formation d'interactions spécifiques entre les groupements phosphates de l'ARN et les CUS des nanoMOFs a été mise en évidence par spectroscopie IR, ce qui suggère une association forte. Pour conclure, ces résultats très encourageants ouvrent la possibilité de développer une plateforme efficace de relargage de gènes à base de nanoMOFs poreux biocompatibles. 
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Introducción

Los polímeros de coordinación porosos (PCPs), también llamados redes híbridas porosas o MOFs por las siglas en ingles "Metal Organic Frameworks", consisten en una red cristalina formada por unidades inorgánicas (átomos, clústeres, cadenas…) unidas a ligandos orgánicos policomplejantes (carboxilatos, fosfonatos, azolatos...). [ 1 ] En las etapas iniciales de esta disciplina, y debido a su topología y composición muy versátiles (naturaleza química, conectividad y porosidad modulables, etc), sus principales aplicaciones se basaron fundamentalmente en el almacenamiento o separación de fluidos o en el ámbito de la catálisis.

No fue hasta más recientemente cuando se propuso extender estas aplicaciones al campo biomédico, abarcando desde la liberación controlada de principios activos (fármacos, cosméticos, gases biológicamente activos) o la catálisis enzimática, hasta en técnicas de imagen, entre otros. [2] Entre el gran número de sistemas de liberación de fármacos propuestos hasta la fecha, [ 3 ] los materiales MOFs nanoparticulados (nanoMOFs) a base de polycarboxilatos de hierro(III) porosos se han revelado como uno de los nanotransportadores de fármacos más prometedores debido a i) su porosidad modulable y composición versátil, ii) la probada ausencia de toxicidad in vivo, [4] iii) su gran capacidad para albergar diferentes principios activos difíciles de encapsular (gases biológicos, cosméticos, enzimas, fármacos, etc.), iv) la liberación controlada de estos principios activos en condiciones fisiológicas y v) sus interesantes propiedades en imagen biomédica. [5] La reciente miniaturización de los MOFs a la escala manométrica ha beneficiado considerablemente su bioaplicación potencial, no solo al influir directamente sobre la vía de administración de elección, [6,7] sino también al determinar su biodistribution in vivo, y por lo tanto, su toxicidad y/o eficacia. [2] De hecho, las propiedades fisicoquímicas de los nanotransportadores (ej. el tamaño de partícula, propiedades reológicas, estabilidad coloidal; tipo de formulación) determinan su afinidad con diferentes estructuras y/o matrices biológicas, su biodistribución, y también, su eficacia. [7,8] Además de su elevada porosidad interna, la gran superficie externa de los MOFs nanométricos proporciona una oportunidad única para lograr una modificación superficial eficaz con el fin de: i) mejorar su estabilidad química y coloidal, y ii) modular su biodistribucion de acuerdo a la vía de administración seleccionada (es decir, logrando modificar su tiempo de residencia en sangre, su paso a través de barreras fisiológicas o sus propiedades, por ejemplo). [9,10,11] Asimismo, la importancia de la bioseguridad de estos nanomateriales se ha incrementado notablemente debido al creciente y rápido interés de estos nanovectores en el ámbito biomédico. Así, antes de cualquier desarrollo preclínico, se requiere la identificación de los riesgos potenciales de los nanoMOFs a través de análisis toxicológicos in vitro e in vivo. [12,13,14] En este sentido, se deben cumplir una variedad de requisitos previos como son una toxicidad mínima asociada a una correcta compatibilidad sanguínea y una baja inmunogenotoxicidad, una biodegradación modulable y, a menudo, unas propiedades mecánicas adecuadas. [15,16] Por lo tanto, en esta tesis doctoral se han abordado todos los aspectos referentes a la preparación de las nanopartículas (NPs) de MOFs con el objetivo de
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cumplir los requerimientos específicos de las diversas rutas de administración, logrando, por lo tanto, nuevos MOFs nanométricos adaptados al sector biomédico.

Objetivos

Teniendo en cuenta los aspectos descritos previamente, el objetivo de esta tesis doctoral se ha enfocado hacia la investigación de tres posibles rutas de administración (ej. intravenosa, oral y cutánea) de nanoMOFs como sistemas de liberación de fármacos. Así, se ha prestado una especial atención a la evaluación de su biocompatibilidad, paso de barreras fisiológicas y biodistribucion. Por lo tanto, los principales objetivos de esta tesis pueden resumirse de la siguiente manera:

1. Evaluar la biocompatibilidad (incluso bioactividad) de los MOFs y su interacción potencial con las estructuras biológicas.

2. Proponer formulaciones alternativas y originales de MOFs para su administración mediante nuevas vias para su aplicación como sistemas de liberación de fármacos.

3. Investigar su biodistribucion a través de las diferentes vias de administración.

Para este propósito, el manuscrito se ha dividido en 4 capítulos:

1. El Capítulo 1 hace una revisión bibliográfica de los MOF nanoparticulados como sistemas novedosos en el ámbito biomédico, considerando no solo su preparación y formulación sino también sus diferentes aplicaciones biológicas.

2. El Capítulo 2 aborda una evaluación toxicológica exhaustiva de un nanoMOF de referencia en el ámbito biomédico, el trimesato metálico(III) mesoporoso MIL-100(Fe, Al, Cr; MIL significa Material del Institut Lavoisier), basándose tanto en su estabilidad estructural, química como coloidal, así como en las interacciones celulares, inmunológicas o genéticas de estas NPs.

3. En el Capítulo 3 se estudia el paso de barreras fisiológicas de las NPs de MIL-100(Fe) en función de la modificación específica de su superficie externa, de acuerdo con las tres rutas de administración seleccionadas (oral, intravenosa y cutánea).

4. El Capítulo 4 se centra en la encapsulación y liberación de diferentes principios farmacológicamente activos, ya sea alojados dentro de la porosidad del MOF o incorporados como parte constitutiva de la estructura híbrida del MOF.

Capítulo 1

Este capítulo introductorio ha sido divulgado como una reciente revisión publicada:

Nanostructured metal-organic frameworks and their bio-related applications M. Giménez-Marqués £ , T. Hidalgo 

RESUMEN GENERAL

[426]

En esta sección, una extensa perspectiva de los últimos avances en biomedicina de las nanopartículas de MOF ha sido detallada, centrándose en los beneficios de la miniaturización de los MOF para su bioaplicación, determinando aspectos como la elección de la ruta de administración, su destino in vivo o también, su toxicidad y/o actividad. [7,8] Adecuadas metodologías sintéticas y nuevos enfoques para la preparación de los MOF a escala nanométrica han sido ampliamente detallados, usando diferentes técnicas desde su producción a temperatura ambiente [17] y rutas hidro/solvotermales convencionales hasta métodos más innovadores como por ejemplo, la microemulsion química, secado por atomización [18] y otras técnicas de flujo continuo. [ 19 ] Estas técnicas han permitido un mayor entendimiento del crecimiento cristalográfico así como de un mayor control del tamaño de partícula del material. Mediante el control del tamaño, nuevas formas de dosificación pueden ser desarrolladas como por ejemplo, las nanopartículas, cápsulas, tabletas, geles, vendas, parches transdermales u otros, [20] proporcionando mejoras en la aplicación terapéutica del fármaco en estos sistemas de liberación. [3,7] Por ejemplo, una adecuada ingeniería de superficie de las nanopartículas ha proporcionado también funciones avanzadas como características específicas para actuar como vectores de fármacos. [21,22] De hecho, la superficie modificada en los nanoMOFs han sido resaltado en el Capítulo 1 debido a la gran influencia en los progresos de la bioaplicación de los nanoMOFs.

Por ello, la funcionalización tanto de nanoMOFs densos como porosos, las capacidades biológicas relacionadas y sus problemas toxicológicos han sido detallados en profundidad. Además, numerosos ejemplos tanto de la encapsulación/incorporación como de la liberación de diferentes moléculas activas (ej. antitumorales, ácidos nucleídos, antivirales, gases biológicos, etc.) de los nanoMOFs han sido ampliamente descritos en esta introducción.

En conclusión, todos los ejemplos detallados en este capítulo representan una clara ilustración de los recientes objetivos que han sido alcanzados en el campo de los MOFs y, más concretamente, en los MOF nanométricos, en el ámbito biomédico.

Capítulo 2

El segundo capítulo trata principalmente la síntesis y caracterización fisicoquímica del nanotransportador de referencia, el trimesato de hierro(III) mesoporoso MIL-100(Fe), y sus análogos a base de Al o Cr (MIL-100(Al, Cr), así como la evaluación completa de su biocompatibilidad.

Este capítulo se ha dividido en dos diferentes secciones para abordar este objetivo: La gran porosidad y composición variable de las NPs de MIL-100, basado en diferentes metales (Fe, Al, Cr), los convierten en materiales muy prometedores en diferentes campos industriales y sociales estratégicos (separación, catálisis, biomedicina, etc.) [2, 23 , 24 ] En particular, las NPs de MIL-100(Fe) se han revelado como una de las herramientas más innovadoras para la administración de fármacos debido a (i) su capacidad excepcional de encapsulación de diferentes principios activos, (ii) su liberación controlada y (iii) sus propiedades en imagen médica. [2,5,25] A pesar de ello, ha surgido una importante preocupación respecto a la toxicidad potencial de estos materiales, particularmente en el ámbito biomédico. Tal y como se ha descrito anteriormente, las propiedades fisicoquímicas de los nanotransportadores (composición, tamaño, peso molecular, propiedades superficiales…) juegan un papel determinante en el comportamiento de estos materiales en lo que respecta a su biocompatibilidad, biodistribucion, biodegradación, y por lo tanto, en su toxicidad y eficacia. [3,6,26 ] En este sentido, el perfil toxicológico de las NPs de MIL-100(Fe) se ha estudiado, evaluando el efecto del catión constitutivo mediante la comparación de su toxicidad con aquella de las NPs análogas a base de Cr y Al. Se han considerado así la exposición pulmonar, intravenosa o ingestión, seleccionando dos líneas pulmonares (A549 y Calu-3) y dos hepáticas (HepG2 y Hep3B) para simular los tejidos en cuestión. Primeramente, se llevo a cabo la caracterización completa de las NPs por diversas técnicas, incluyendo la difracción de rayos X (XRPD), dispersión dinámica de luz (DLS), potencial ζ, microscopía electrónica de transmisión (TEM), espectrometría infrarroja por transformada de Fourier (FTIR), análisis termogavimétrico (TGA), isotermas de sorción de N 2 y cromatografía líquida de alta resolución (HPLC), prestando una especial atención a su estabilidad tanto estructural y química como coloidal, debido al gran impacto que ejercen sobre la interacción de las NPs con estructuras biológicas, las cuales pueden comprometer su viabilidad celular. A través de la caracterización fisicoquímica de las partículas de MIL-100 en medios fisiológicos (DMEM and MEM; Figura 1), hemos podido evidenciar (i) una carga de superficie y tamaño de partícula similares, exceptuando el menor tamaño del MIL-100(Cr), (ii) una alta estabilidad coloidal, entorno 24 a 48 h, en ambos medios de cultivo celular y (iii) 

-potential ( 
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una estabilidad química considerable, con valores de degradación muy bajos, a excepción de las NPs de MIL-100(Al) en contacto con el medio celular MEM. Por ello, excepto el MIL-100(Al), el resto de NPs han mostrado una gran estabilidad bajo las condiciones utilizadas en los ensayos de citotoxicidad. Una vez realizada la caracterización de las NPs, se realizó el estudio de la biocompatibilidad de los nanoMOFs in vitro, determinando la impedancia celular, la supervivencia/muerte celular, la generación de especies oxidativas (ROS) y los efectos sobre el ácido desoxirribonucleico (DNA). Con el objetivo de tener en cuenta principalmente los efectos primarios inducidos por el material MIL "entero" y no por sus productos de degradación, se seleccionaron tiempos de exposición cortos donde el material presenta una gran estabilidad (hasta 24 h; Figura 1). Incluso a altas dosis, no se observó toxicidad celular alguna inducida por las NPs de MIL-100(Fe, Al, Cr) en las líneas celulares del tipo p53 no mutado (A549 y Calu-3 (pulmón), HepG2 (hígado)). Solo las NPs de MIL-100(Fe) produjeron un efecto tóxico en contacto con la línea de carcinoma hepatocelular Hep3B, extremadamente sensibles debido a la ausencia de expresión de la TP53, el guardián del genoma (Figura 2). A través de estos datos, se descartó la influencia de la lixiviación del metal y del ligando, debido al efecto citotóxico similar mostrado por todas las NPs de MIL-100. A pesar de la ausencia de toxicidad, estos estudios se completaron con el análisis del estrés oxidativo, ciclo celular y genotoxicidad. En particular, después de la exposición de las cuatro líneas celulares a las NPs de MIL-100, no se indujo una producción de ROS significativa, a excepción de la línea celular más sensible (Hep3B) en contacto con la concentración más elevada de MIL-100(Fe) (Figura 3). Este efecto depende fuertemente tanto de la línea celular como del tiempo de contacto/concentración de las NPs, mostrando exclusivamente un efecto oxidativo transitorio, en acuerdo con la producción reversible de ROS evidenciada después de la administración intravenosa de altas concentraciones de MIL-100(Fe) en rata. [5] Finalmente, para confirmar la ausencia de toxicidad, se examinó la genotoxicidad mediante la cuantificación de la fragmentación de las cadenas de ADN. No se detectó ningún aumento de la fragmentación del ADN, exceptuando a la máxima concentración de las NPs de MIL-100(Fe), sin por ello provocar efectos letales en la integridad celular (Figura 4). Por lo tanto, la ligera fragmentación del ADN podría estar relacionada con el aumento del ROS, y consecuentemente, con la inducción de la muerte celular generada por las NPs de MIL-100(Fe) a la concentración más elevada.

En conjunto, estos datos apuntan hacia una gran tolerancia celular a las NPs de MIL-100(Fe, Al, Cr) en las diferentes rutas de administración simuladas (tanto la pulmonar como la intravenosa o la ingestión).
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Siguiendo la misma línea que en el capítulo 2.1, se evaluaron los riesgos toxicológicos potenciales de tres nanoMOFs diferentes a base de hierro (MIL-100(Fe)), aluminio MIL-100(Al) o zinc (el imidazolato de zinc microporoso ZIF-8) desde un punto de vista inmunológico. La evaluación de la respuesta inmune se estudió mediante la determinación de la producción de citoquinas, la activación del complemento, la viabilidad celular y la producción de ROS. En general, todos los nanoMOFs estudiados mostraron i) un bajo perfil toxicológico en la línea macrofágica murina (J774.A1) a altas concentraciones (1.2 mg . mL -1 ; Figura 5), exceptuando a las NPs de ZIF-8, cuya viabilidad disminuyó (< 50 % a 0.8 mg . mL -1 ), ii) una ligera inducción del ROS, observada solamente a altas concentraciones (Figura 6), iii) la ausencia de la activación del complemento, con la excepción de una ligera inducción en el caso de las NPs de MIL-100(Al); y finalmente, iv) la estimulación de la activación de la respuesta inmunológica Th2/Th1, asociada a la producción de citoquinas. Destacamos aquí la inducción de INF-e IL12p70 (relacionas con la respuesta Th1) por el MIL-100(Fe) y los altos niveles de citoquinas IL-6 o IL-10 (relacionas con la respuesta Th2) detectadas en contacto con el MIL-100(Al) (Tabla1).

En términos generales, estos nanoMOFs indujeron una producción de citoquinas de 10 a 10 5 veces mayor que el control negativo, mostrando una activación significativa de la respuesta inmunológica. Cabe señalar que la baja citotoxicidad y la inducción de la producción de citoquinas por las NPs de MIL-100(Fe), MIL-100(Al) y ZIF-8(Zn) pueden también considerarse como un efecto útil estimulador de la respuesta inmune para maximizar la eliminación de patógenos extraños y mediar la inflamación y reclutamiento de las células inmunes; convirtiendo estas NPs en candidatos prometedores para una vacunación más eficiente.

Para lograr una mayor comprensión de la interacción entre la superficie de las NPs y el medio biológico, se investigó la estabilidad estructural, química y coloidal del nanotransportador MIL-100(Fe) considerando su administración oral o intravenosa, utilizando diferentes medios fisiológicos simulados. Primeramente, con el objetivo de simular las condiciones intravenosas, se monitorizo la evolución del tamaño de partícula y la carga superficial en presencia de diferentes electrolitos (mayoritarios como NaCl y CaCl 2 , o minoritarios como PO 4 3-

) y/o de macromoléculas (albumina, la proteína plasmática más abundante en plasma dentro de los mamíferos) presentes en el suero. Como se había previsto, la presencia de soluciones ricas en sales favorece la agregación y polidispersidad, debido a la disminución de las fuerzas de repulsión electrostáticas. [27] En cambio, la presencia de tampón fosfato (PBS), incluso a baja concentración, es capaz de coordinarse con los centros metálicos insaturados (CUS) con el carácter acido de Lewis presentes en el MIL-100(Fe). Esto puede conllevar el desplazamiento de la coordinación metal-carboxilato de los nanoMOFs, produciendo la degradación del material. [5] Así, en PBS se obtuvieron degradaciones hasta 10 veces superiores que en agua (Figura 7). En presencia de albumina bovina (BSA), se puso en evidencia la formación de una corona proteica asociada a un ligero aumento del tamaño de partícula, compatible con las dimensiones de BSA, y a una reducción del potencial . [28] Además, la presencia de esta corona proteica no solo tiende a estabilizar químicamente las NPs, sino también coloidalmente, mediante el impedimento estérico (Figura 7). Figura 7. Cinética de degradación (a la izquierda) del MIL-100(Fe) a 37 °C en función de los diferentes medios fisiológicos utilizados: agua (rojo), 0.3 mM NaOH pH 7.4 (negro), PBS pH 7.4 (azul), y PBS + BSA (rosa). La degradación se representa como el % en peso del ligando liberado en cada medio, considerando como degradación máxima (100%) cuando el total del ligando de la NP es liberado al medio. (A la derecha) Cinéticas de agregación de las NPs de MIL-100(Fe) durante 24 h a 37 °C en agua Milli-Q (rojo), en PBS (verde) y en PBS con albumina (azul). Se representa la evolución del coeficiente de difusión de la NP (D) en función del tiempo (los valores están normalizados para una mejor comparación).
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Considerando las condiciones de la vía oral se simuló el tracto digestivo de la siguiente forma i) el medio gástrico (HCl, pH = 1.2), ii) el medio intestinal utilizando un fluido intestinal simulado (SIF, pH 6.8), y iii) utilizando un SIF con bajo contenido iónico lis-SIF (SIF diluido 1/25) suplementado con la fracción enzimática intestinal más abundante, la pancreatina (1 % w/v) o con el principal componente de la mucosa intestinal, la glicoproteína mucina. Figura 8. Cinéticas de agregación de las NPs de MIL-100(Fe) durante 24 h a 37 °C en medio gástrico (a la izquierda) y en condiciones intestinales (a la derecha: lis-SIF (rojo), lis-SIF con pancreatina (azul) y lis-SIF con mucina (verde)). Para una mayor claridad se han eliminado las barras de error.

Bajo las condiciones gastrointestinales, el tamaño de partícula del MIL-100(Fe) se mantuvo estable y monodisperso, produciéndose una degradación química progresiva (Figura 8 y 9). En medios más complejos, en presencia de pancreatina, no se observaron efectos de agregación, probablemente debido al recubrimiento superficial de las NPs con pancreatina, como evidencia la reducción de la carga superficial. Estas NPs mostraron una estabilidad química similar a la observada en lis-SIF; por lo tanto, la capa enzimática no parece proteger la nanoestructura de la degradación bajo estas condiciones. Por el contrario, la presencia de mucina en el medio SIF dio lugar a la formación de una corona glicoproteíca sobre la superficie del nanoMOF, observando tanto una disminución de la degradación como un aumento de la estabilidad coloidal (Figura 8 y 9).

En general, las NPs de MIL-100(Fe) exhibieron una adecuada estabilidad química, estructural y coloidal durante las primeras fases de incubación en condiciones orales e intravenosas, dependiendo principalmente de las propiedades fisicoquímicas de superficie y de la composición del medio, demostrando su enorme potencial como nanotransportador. 
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[435] Figura 9. Cinéticas de degradación de las nanopartículas de MIL-100(Fe) at 37 °C en función del tiempo en diferentes medios fisiológicos: HCl pH 1.2 (verde), lis-SIF (naranja), lis-SIF suplementado con pancreatina (gris), y el medio diluido lis-SIF con mucina (azul claro). La degradación es representada como el porcentaje en peso de ligando liberado en el medio, considerando la máxima degradación (100% de la cantidad total de ligando contenido en la nanopartícula). Las estructuras cristalinas (XRPD; a la derecha) de las nanopartícula de MIL-100(Fe) después de 24 h a 37°C fueron también representadas en los diferentes medios fisiológicos: HCl pH 1.2 (verde), lis-SIF (naranja), lis-SIF suplementado con pancreatina (gris), y el medio diluido lis-SIF con mucina (azul claro).

Capítulo 3

En general, las NPs de MIL-100(Fe) exhibieron una adecuada estabilidad química, estructural y coloidal durante las primeras fases de incubación en condiciones orales e intravenosas, dependiendo principalmente de las propiedades fisicoquímicas de superficie y de la composición del medio, demostrando su enorme potencial como nanotransportador. A pesar de los conocidos inconvenientes de la ruta intravenosa (invasiva, dolor, producción de desechos peligrosos, etc.), [29] la posibilidad de administrar el total de la dosis inmediata y directamente en circulación sistémica, llevando a eficacias y reproducibilidades sin precedente, hacen que esta vía una de las más utilizadas. En este subcapítulo se llevó a cabo la modificación de la superficie externa del nanotrasportador MIL-100(Fe) con heparina (biopolímero que, en superficie de nanotransportadores administrados de forma intravenosa, está asociado con una prolongación del tiempo de circulación). Para ello, se utilizó un método simple, inocuo y efectivo (88%), que permite preservar la estructura cristalina y porosidad características del MIL-100(Fe) (Figure 10). Se obtuvo un recubrimiento homogéneo de heparina ( 12 % en peso) con un espesor de 10 nm y una conformación estimada de alta densidad en forma de "cepillo" ("brush"), la cual suele estar asociada con propiedades antiadherentes. Además, tras la funcionalización con heparina, las NPs conservan su capacidad de albergar grandes cantidades de ingredientes activos (AIs) y de liberarlos de manera progresiva (como se muestra mediante la comparación de la encapsulación y liberación del agente liporeductor cafeína con las NPs no funcionalizadas: con capacidades de entorno al 50 % en peso, y liberaciones progresivas en 24 h; Figura 11). Al mismo tiempo que se observa un aumento de la estabilidad coloidal de las nanopartículas funcionalizadas, la degradación química de las partículas se mantuvo intacta bajo las condiciones fisiológicas simuladas estudiadas (vía tópica (agua, pH = 6.0), condiciones serológicas (PBS, pH = 7.4) y en medio de cultivo celular (RPMI); Figura 11).

Figura 11. (a) Liberación de heparina en agua (verde), PBS (naranja) y RPMI (azul) a 37 ºC en función del tiempo. La máxima cantidad de liberación (100 % en peso) corresponde con la cantidad inicial de heparina en superficie.(b) Cinéticas de degradación de las NPs con (verde) y sin heparina (rojo) en agua (círculos), PBS (triángulos) y RPMI (estrellas) a 37 ºC en función del tiempo.

La estabilidad de la capa de heparina queda asegurada con la formación de interacciones fuertes entre los grupos sulfato de la heparina y los CUS de hierro del MIL-100(Fe) (ver espectrometría IR).

Por otro lado, el recubrimiento de heparina ha dotado a las nanopartículas de MIL-100(Fe) con propiedades biológicas mejoradas. Notablemente, la funcionalización de heparina redujo eficientemente el reconocimiento de las NPs por parte de los macrófagos y la internalización celular en periodos tempranos de incubación (Figura 12), convirtiendo a estas nanopartículas potencialmente furtivas. Las nanopartículas heparinizadas exhibieron alrededor de 10 a 100 veces una respuesta inflamatoria más baja que las no funcionalizadas, con además, ausencia de la activación del complemento y la producción de ROS. En definitiva, la simplicidad y carácter biodegradable del método de modificación de superficie, el cual no solo asegura la preservación de las características fisicoquímicas de las nanopartículas sino que también proporcionaron una baja respuesta inmune, asociada con tiempos de circulación sanguínea más cortos, abriendo camino hacia el control de la biodistribucion de estos nanocarriers MOF. Siguiendo la misma línea que en el caso precedente con la funcionalización de superficie con heparina para el control de la biodistribucion de NPs, aquí nos hemos centrado en el desarrollo de un nanotransportador adaptado a la vía de administración oral. Esta es una de las vias de administración más comunes, debido a su carácter no invasivo y fácil utilización por el paciente. Sin embargo, esta ruta puede presentar una serie de limitaciones para ciertas moléculas, como son una pobre absorción intestinal, una fuerte inestabilidad en los medios gastrointestinales o diferentes problemas de solubilidad. [30] Para superar estos inconvenientes se ha propuesto el uso de transportadores de fármacos. Así, para la vía oral, nosotros proponemos la utilización del nanotransportador MIL-100(Fe) funcionalizado con quitosano (CS), un biopolímero que, en superficie, puede proteger contra la degradación enzimática y mejorar el transporte a través de la mucosa, debido a su conocido carácter bioadhesivo. En concreto, se aplicó aquí un método de impregnación simple, eficaz (94 %) y biocompatible, similar a la modificación con heparina. Tras la funcionalización con CS, las NPs de MIL-100(Fe) presentaron un recubrimiento homogéneo de 50 % en peso de un espesor ca. 35 nm, asociado igualmente con una conformación de alta densidad en forma de "cepillo" ("brush").

En primer lugar, se realizó la completa caracterización fisicoquímica de las NPs con CS, poniendo en evidencia la conservación de la estructura cristalina, porosidad y capacidad de adsorción y liberación de AIs. Además, se estudió con especial atención la estabilidad química y coloidal de estos sistemas en diferentes medios fisiológicos orales (Figura 13), desde medios simples como agua o soluciones salinas (PBS o HBSS) a más complejos, simulando fluidos intestinales (SIF, SIF-pancreatina, SIF-mucina) o medios de cultivo celular (DMEM). Así, se observó una mayor estabilidad química y coloidal de los nanoMOFs funcionalizados, mostrando la influencia del CS en superficie. Además, se confirmó la gran estabilidad del recubrimiento de CS en diferentes medios orales, con una liberación prácticamente nula hasta los 4 días (Figura 13). Este hecho esta probablemente relacionado con el establecimiento de interacciones electrostáticas entre la carga negativa de la superficie de las NPs de MIL-100(Fe) y la carga positiva del CS.
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[439] Figura 13. Liberación de CS en agua (rosa), SIF (azul), SIF-panc (verde) y HBSS (gris) a 37 °C en función del tiempo. La máxima liberación (100% en peso) corresponde con la cantidad total de CS en las NPs.

La corona de CS en las NPs de MIL-100(Fe) favoreció la interacción de los nanoMOFs con el medio biológico. En particular, las NPs funcionalizadas con CS mostraron un carácter biocompatible con la ausencia de la activación del complemento y una respuesta inmune inflamatoria moderada. Además, cabe destacar que las NPs funcionalizadas con CS permiten disminuir la producción de citoquinas (entorno a 1 a 2 órdenes de magnitud) de forma similar a la funcionalización con heparina. 
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[440] Finalmente, como se ha demostrado mediante el uso del modelo 2D in vitro simulando la membrana intestinal, el recubrimiento con CS fue capaz de potenciar la internalización celular de las NPs (Figura 14) y por tanto, de promover el paso de la barrera intestinal. En este sentido, se determinó mediante cuantificación del contenido de NPs en el compartimiento receptor, que el paso de barrera fue 20 veces superior en las NPs funcionalizadas con quitosano. Además, el hecho de que la resistencia transepitelial (TEER) de la membrana celular permaneciera constante, no solo confirma la biocompatibilidad de ambos nanosistemas (funcionalizado o no), sino que también descarta la apertura reversible de las uniones intimas celulares en presencia de CS. Teniendo en cuenta estas observaciones, las NPs deben atravesar la membrana celular mediante la ruta transcellular y no por vía paracellular. En resumen, la conservación de las propiedades fisicoquímicas de las NPs de MIL-100(Fe) después de su funcionalización con CS, con una estabilidad coloidal adaptada y una biodegradación progresiva, junto con la mejora del paso de la barrera intestinal, convierte estas NPs en potencialmente interesantes para la administración oral de AIs. A pesar del fuerte interés que existe actualmente en el procesamiento de MOFs (pastillas, monolitos, laminas delgadas, membranas, tabletas…) para aplicaciones como separación o catálisis, [31] la formulación con fines biomédicos esta aun en sus inicios, esencialmente debido a la novedad de esta temática tan prometedora. Una de las aéreas de investigación más innovativas en liberación controlada de fármacos es la ruta cutánea, una vía simple, no invasiva y altamente versátil. [32] La ruta transdermal previene el metabolismo de primer paso hepático o la perdida de actividad debido a la degradación gastrointestinal, vómitos y/o diarrea, los cuales son inherentes a la administración oral. [Erreur ! Signet non défini. , 33 ] Adicionalmente, esta ruta representa una alternativa interesante a la inyección hipodérmica debido a su naturaleza no invasiva. Además, es ampliamente utilizada en varias terapias debido a su sencilla autoadministración, siendo también la ruta preferida para la aplicación de cosméticos. Considerando estas ventajas, mediante un método de procesamiento simple y sencillo se prepararon unos dispositivos específicos para la vía tópica basados en nanoMOFs cargados con un agente cosmético y diferentes biopolímeros. En particular, se seleccionó el agente liporeductor cafeína (CAF) como prototipo de molécula cosmética activa para tratar de superar los inconvenientes asociados a las formulaciones existentes, como son las limitadas capacidades de esta xantina en las formulaciones (< 5 % en peso) debido a su tendencia a cristalizar, y su liberación descontrolada. [34] Por ello, NPs de MIL-100(Fe), asociadas a cargas de cafeína muy elevadas (hasta un 50 % en peso) se combinaron primeramente con diferentes biopolímeros (polivinil alcohol (PVA) y gelatina (GEL)), y después se procesaron mediante moldeado bajo presión, para obtener unos parches composites a base de polímero-nanoMOF (Figura 15).

[441]

Figura 15. Esquema de la preparación de los compuestos junto con las imágenes de los diferentes parches obtenidos.

La estructura cristalina del nanoMOF se mantuvo intacta tras del proceso de modelaje. Además, en condiciones cutáneas simuladas (humedad, 32°C), los parches obtenidos se hinchan significativamente, en función de la naturaleza química del biopolímero incorporado (polaridad, elasticidad, etc). Aparte de conservar su elevada capacidad de encapsulación de AIs (cafeína e ibuprofeno) con cargas records de entorno al 17 % en peso de cafeína (en comparación con un 5% en peso en formulaciones comerciales), estas formulaciones permitieron controlar la liberación de cafeína durante 24-48 h, dependiendo principalmente de las características del biopolímero (hidrofilia, resistencia del gel y las interacciones MOFpolímero).

A pesar de demostrar la ausencia de bioadhesividad cutánea, estos parches fueron capaces de favorecer la permeacion progresiva de la cafeína a través de la piel, alcanzando de forma remarcable el tejido adiposo, donde la cafeína debe realizar su función lipolítica (Figura 16).

Estos dispositivos a base de nanoMOFs y biopolímeros representan así una alternativa prometedora para la administración de AIs a nivel cutáneo o transdermal. 
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Capítulo 4

El cuarto capítulo trata la encapsulación y liberación de diferentes AIs, ya sea en el interior de la porosidad del MOF o como parte constitutiva de su estructura híbrida. Ambas posibilidades se investigaron aquí utilizando como AI, material genético con fines de terapia génica o moléculas antioxidantes, tal y como se discute en las siguientes tres secciones. Hasta ahora, la liberacion controlada de farmacos a partir de MOFs se ha basado principalmente en procesos de adsorción/desorción. [2,35] Sin embargo, recientemente se ha propuesto como una alternativa prometedora la incorporación de AIs como parte constitutiva de la estructura (tanto en la parte inorgánica como orgánica, o incluso, en ambas) y su liberación como consecuencia la degradación de la misma. [ 36 , 37 ] En este sentido, hemos preparado mediante una ruta hidrotermal biocompatible un nuevo galato de magnesio poroso y biodegradable Mg(H 2 gal) a base de un derivado fenólico, el ácido gálico, con una interesante actividad antioxidante [ 38 , 39 ] (también asociado con otros efectos como antialérgicos, -inflamatorios, -virales, -micóticos, -microbióticos e incluso -carcinogénicos, o con actividades cardio-y neuro-protectoras) y el cation Mg 2+ , implicado también en la resistencia al estrés oxidativo. [40] La estructura cristalina de Mg(H 2 gal) se resolvió a partir de datos de difracción de rayos X en monocristal (Figura 17). Este sólido, isoestructural a los compuestos a base de Fe III , Ni II , Co II y Mn II , descritos por Weber and Cheetham, [41] consiste en cadenas de octaedros distorsionados de MgO 6 (cuatro átomos de oxigeno procedentes de los grupos fenol y dos procedentes de las funciones carboxílicas) conectados a través del ligando galato, definiendo pequeños canales de alrededor de 3 Å, asociados a un área superficial de 330 m 2 .g -1 . ii) iii)
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Se confirmó la biocompatibilidad del Mg(H 2 gal) mediante ensayos in vitro, incluyendo estudios de la viabilidad celular en diferentes líneas celulares (MTT) y la evaluación de las vias implicadas en la muerte celular (test de Annexin-V-FITC). Finalmente, se evaluaron las propiedades antioxidantes del solido Mg(H 2 gal) en la línea celular promielocítica humana (HL-60) mediante la producción de ROS (Figura 18). Remarcablemente, la adición de cantidades crecientes de Mg(H 2 gal) a las células produce efectos antioxidantes significativos. Cabe destacar que se evidencio una actividad antioxidante importante tanto en ausencia de estímulos oxidativos, como también en presencia de especies pro-oxidantes, siendo este efecto dependiente de concentración del sólido. Además, esta actividad antioxidante se debe a la liberación del ligando galato, como consecuencia de la degradación progresiva del sólido en el medio de cultivo (Figuro 17).

Para concluir, la progresiva y lenta degradación de este nuevo galato de magnesio poroso está asociada a una actividad antioxidante remarcable in vitro, como consecuencia de la liberación del componente bioactivo, el acido gálico. Con el objetivo de explorar la reactividad del galato (H 4 gal) con otros cationes biocompatibles y de determinar la relación entre la composición/estructura con sus propiedades antioxidantes, se ha estudiado en este subcapítulo la formación de nuevas estructuras utilizando diferentes cationes biocompatibles. Se seleccionó el calcio como un candidato prometedor para la aplicación biomédica debido a su bajo coste y abundancia en el cuerpo ( 1 kg en el promedio del cuerpo humano, y una cantidad recomendada muy elevada en ingestión, 1 g por día). [42,43] Así, utilizando un método sintético totalmente biocompatible, se aislaron dos nuevas estructuras cristalinas basadas en calcio y acido gálico. La primera estructura, denominada MIL-155 o [Ca 2 (H 2 O)(H 2 gal) 2 2 O, que consiste en cadenas infinitas de dímeros de poliedros de CaO 7 compartiendo los aristas y unidas a través del ligando galato parcialmente desprotonado (H 2 gal 2-) (Figura 1). La segunda fase, también llamada MIL-156 o [Ca 3 K 2 (H 2 O) 2 (gal) 2 nH 2 O (n = 4-6), está construida a partir de subunidades inorgánicas en forma de lazo conteniendo dos tipos de iones calcio, hexa u octacoordinados (Figura 19). Estas subunidades están unidas por ligandos galato totalmente desprotonados (gal 4-). Ambos sólidos contienen pequeños canales llenos de agua, sin accesibilidad al N 2 a 77K. El efecto antioxidante de ambos sólidos se evaluó in vitro (Figura 20) en función de su estabilidad química y estructural (Figure 21).

RESUMEN GENERAL

[445] Si la elevada estabilidad química del MIL-156 se asoció a una actividad prácticamente bioinerte, la desintegración progresiva de la estructura MIL-155 condujo a un importante efecto antioxidante. Por un lado, y de forma similar al sólido Mg(H 2 gal), la actividad antioxidante se relaciona aquí a la liberación del ligando galato, siendo un fenómeno dependiente de la concentración. Por otro lado, la gran estabilidad del MIL-156 debe estar relacionada con la alta densidad de este sólido y la desprotonación total del ligando galato (MIL-156 Ca 3 K 2 (gal) 2 (H 2 O) 2 vs. MIL-155 Ca 2 (H 2 O)(H 2 gal) 2 ). Además, ambos sólidos demostraron ser biocompatibles, tal y como se puso en evidencia mediante los diferentes ensayos in vitro realizados, observando: i) un bajo perfil citotóxico mediante análisis MTT en tres diferentes líneas macrofágicas (leucemia promielocitica humana (HL-60), cáncer pulmonar no microcítico humano (NCI-H460) y monocitos leucémicos murinos (RAW-264.7)), ii) una ausencia de células necróticas y apoptóticas tardías detectadas mediante el análisis de anexina en ambos galatos de calcio a baja concentración (< 60 μg . mL -1 ) y, iii) un bajo efecto hemolítico (12% de la hemoglobina liberada) cuando los eritrocitos fueron incubados con ambos galatos de calcio.

En definitiva, el galato de calcio tridimensional y biocompatible MIL-155 exhibe una degradación progresiva en condiciones fisiológicas simuladas, la cual está relacionada con la liberación lenta del ligando galato y, consecuentemente, con un importante efecto antioxidante. 
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[447] superficie de varios nanoMOFs, [ 44 , 45 ] nosotros hemos propuesto aquí por primera vez la encapsulación del ácido ribonucleico (RNA) en el interior de la porosidad del nanoMOF. Así, mediante un método de impregnación sencillo y biodegradable se incorporaron exitosamente tanto el RNA interferente y RNA micro (siRNA y miRNA, respectivamente) en la porosidad de nanoMOFs biocompatibles, como el MIL-100(Fe) y el aminotereftalato de hierro(III) mesoporoso MIL-101_NH 2 , Cabe hacer hincapié que el interés de las terapias basadas en RNA reside en la combinación de la regulación a la baja ("down-regulation ") de la expresión de genes potenciales (silenciamiento) por parte del siRNA, inhibiendo la expresión de proteínas mutantes, [46,47] o de genes oncogénicos importantes o supresores de tumores por parte del miRNA en cáncer. [48] Las NPs con RNA se caracterizaron exhaustivamente mediante diferentes técnicas fisicoquímicas. Tanto la estructura cristalina como el tamaño manométrico de ambas NPs se preservaron tras la asociación con el RNA. Además, de forma remarcable, se confirmó una incorporación importante de RNA dentro de la porosidad del MOF al observar una reducción significativa de la superficie especifica y del volumen de poro de ambos sólidos después de la impregnación con RNA (Figura 22). Asimismo, se puso en evidencia por espectroscopía IR la formación de una interacción específica entre los grupos fosfato del RNA y los CUS de hierro, sugiriendo una fuerte asociación.

Figura 22. Isotermas de sorción de N 2 a 77 K de las NPs de MIL-100 (rojo) y MIL-101_NH 2 (azul) antes (línea oscura) y después de la asociación con siRNA (línea clara).

Conjuntamente, se demostró el carácter biocompatible de estas NPs en contacto con células de carcinoma colorectal humano (Sw480) a través de los estudios de MTT y hemólisis, incluso a altas concentraciones (hasta 1.2 mg•mL -1 ). Para evaluar la liberación del RNA y su eficacia, la internalización celular y ensayos de transfección fueron finalmente llevados a cabo sobre la línea celular Sw480. Remarcablemente, los nanoMOFs cargados con RNA se internalizaron rápidamente en las células, permitiendo la liberación del material genético en el citoplasma, consiguiendo así, transfecciones efectivas y la modificación de la expresión génica en las células diana (Figura 23). Por lo tanto, estos resultados prometedores allanan el camino para el desarrollo de prototipos eficientes para la terapia génica basada en nanoMOFs porosos y biocompatibles. 

RESUMEN GENERAL

[449]

Annex IV

[469]

Abstract. This work describes the synthesis at the nanoscale of the isoreticular metal-organic framework series ZnBDP_X, based on the assembly of Zn(II) metal ions and the functionalized organic spacers 1,4-bis(1H-pyrazol-4-yl)-2-X-benzene (H 2 BDP_X; X = H, NO 2 , NH 2 and OH). The colloidal stability of these systems was evaluated under different relevant intravenous and oral simulated physiological conditions, showing that ZnBDP_OH nanoparticles exhibit a good structural and colloidal stability probably due to the formation of a protein corona on their surface that prevents their aggregation. Furthermore, two antitumor drugs (mitroxantrone and [Ru(p-cymene)Cl 2 (pta)]; pta = 1,3,5-triaza-7-phospaadamantane, RAPTA-C) were encapsulated within the pores of the ZnBDP_X series in order to investigate the effect of the framework functionalization on the incorporation/delivery of bioactive molecules. Thus, the loading capacity of both drugs within the ZnBDP_X series seems to directly depend on the surface area of the solids. Moreover, ligand functionalization significantly affects both the delivery kinetics and the total amount of released drug. In particular, ZnBDP_OH and ZnBDP_NH 2 matrices show a slower rate of delivery and higher percentage of release than ZnBDP_NO 2 and ZnBDP_H systems. Additionally, RAPTA-C delivery from the ZnBDP_OH is accompanied by a concomitant and progressive matrix degradation due to the higher polarity of the BPD_OH ligand, highlighting the impact of functionalization of metal-organic framework cavities over the kinetic of delivery.

Introduction.

In recent years, there has been a growing interest in the design of new submicronic or nanometric materials as carriers of challenging therapeutic agents, with the aim to solve important drawbacks associated with solubility, bioavailability, immunocompatibility and/or toxicity. 1 In this regard, a large panel of nanomaterials have been studied as drug delivery systems and/or contrast agents. 2 Among them, Metal-Organic Frameworks (MOFs), at the nanometric scale (nanoMOFs), have emerged as promising materials for biomedical applications due to their exceptional porosity and highly tuneable structure and composition. 3 Noteworthy series of nanoMOFs have been recently reported, exhibiting a wide variety of topologies and compositions, high adsorption capacity, adequate biocompatibility, biodegradation, etc. 4 However, the physicochemical properties of nanoMOFs (size, surface chemistry and chemical, structural and colloidal stability) govern their interaction with the biological surroundings. For instance, depending on the media (i.e. administration route), aggregation processes or adsorption of specific biomolecules (proteins, enzymes, lipids, etc.) on the outer surface of these nanomaterials may strongly influence their biodistribution within the body and thus, their efficiency. 5 In addition, particle size may also affect the drug delivery kinetics. 6 Prior to their application, it is therefore essential to carefully analyze the physicochemical properties of these nanoMOFs under different physiological conditions depending on the target administration route. 7 In this regard, very few investigations have been recently reported dealing with the chemical and colloidal stability of nanoMOFs under physiological conditions. 8,9 Annex IV
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Among drug administration modes, parenteral and oral routes are the most commonly used in pharmaceutical applications. Parental route provides immediate onset of action but requires trained-staff and it is highly invasive, while non-invasive oral administration is low cost and highly convenient for the patient, although exhibits some limitations such as hepatic first-pass metabolism or gastrointestinal degradation. Particle size, colloidal and chemical stability are critical parameters, which have to be adapted to the target administration route. For instance, intravenous route requires from nanoparticles smaller than 200 nm to prevent from embolic phenomena, 10 while smaller particles can increase the gastrointestinal residence time favouring the absorption of the carried drug. 11 Among the most investigated nanoMOFs in the field of biomedicine so far, iron(III) polycarboxylate MOFs have been shown to be efficient for the controlled delivery of many important and challenging drugs. Although a controlled release in simulated body fluids was often achieved, 4b one of the major drawbacks of these MOFs is their limited stability particularly at high pH (e.g. PBS, pH=7.2) leading in some cases to a rapid drug release. 12 It was shown previously that one way to increase the chemical stability of MOFs was to strengthen the metalligand bond using linkers such as imidazolates or pyrazolates, 13 affording in some cases exceptional chemical stabilities even under harsh conditions. 14 Thus, with the aim of increasing the chemical stability of the nanoMOFs, we optimized at the nanoscale the synthesis of zinc pyrazolate isoreticular series ZnBDP_X systems bearing complexing functions for intravenous and oral applications (< 200 nm). These materials, initially described by some of us, 15 are easily built from the assembling of Zn(II) cations and the previously functionalized bispyrazolate ligand (H 2 BDP_X = 1,4-bis(1H-pyrazol-4-yl)-2-X-benzene, X = H, NO 2 , NH 2 and OH; Figure 1). The tetragonal resulting materials (space group P4 2 /mmc (a = 13.2657 Å, c = 7.2474 Å, V = 1275.4 Å 3 , Z = 2), present square channels with a free-pore aperture of 1.1 nm. 16 To our opinion, this ZnBDP_X family exhibits several advantages : (i) an a priori good biocompatibility as based on Zn 2+ , an endogenous and essential cation to human life; (ii) their a priori high biological stability, associated with the high basicity of the pyrazolate ligands and the hard-soft nature of the Zn 2+ , which leads to the formation of robust Zn-N coordination bonds; and (iii) the possibility to easily functionalize the framework tuning their physicochemical properties; notably the interaction with biological structures or bioactive adsorbates, while reducing the risks of pontential toxicity and/or accumulations effects. 17 In this line, it has been demonstrated that the pre-synthetic functionalization of the ligand H 2 BDP by introducing -NH 2 , -NO 2 and -OH groups in the isoreticular series ZnBDP_X led to a significant increase on the system affinity by the adsorption of polar gases. 15 On the other hand, it is well known that the use of Pt(II)-based cytotoxic metallodrugs, such as cisplatin, cis-[Pt(NH 3 ) 2 Cl 2 ], and carboplatin, cis-[Pt(CBDCA)(NH 3 ) 2 ] (CBDCA: 1,2cyclobutanedicarboxylato), are one of the most widespread treatments against cancer. 18 However, because of their associated adverse side effects and the development of resistance related to the unspecific interactions of Pt(II) metallodrugs with the desired biological target, it is necessary to develop new chemotherapeutic agents able to improve the effectiveness and specificity of the cancer treatment. In this sense, a new series of half-sandwich ruthenium compounds with an important antitumoral activity has recently emerged. The success of these new ruthenium metallodrugs lies in their ability to interact with different biological targets (i.e. inhibition of over-expressed enzymes, such as cathepsines) 19 and/or the inference with physiological redox processes, 20 leading to various and combined mechanisms of action. In particular, the non-conventional metallodrug [Ru(p-cymene)Cl 2 (pta)] (pta = 1,3,5-triaza-7phospaadamantane) termed RAPTA-C (Figure 1), has demonstrated to inhibit lung metastases in mice. 21 In addition, pure organic molecules are also widely used in cancer chemotherapy. In particular, anthracyclines with a cytotoxic activity essentially related to their non-covalent binding to DNA double helix. 22 Among this family, the anthraquinone derivative mitoxantrone (Figure 1), is one of the most promising compounds, having proved a relevant activity against advanced breast cancer, non-small cell lung cancer as well as non-Hodgkins lymphoma. 23 Considering the above information and the fact that both drugs present several drawbacks related with their poor stability against the physiological media and their important toxicity related with their unspecific delivery, 66 we propose here the encapsulation and delivery of both anticancer drugs (RAPTA-C and mitoxantrone) into the porous structure of ZnBDP_X series in order to develop a more efficient treatment, protecting the drugs from degradation and delivering them in a controlled manner at the target site evaluate their possible use as oral or intravenous drug nanocarriers. Finally, the influence of the functional group of the synthesized ZnBDP_X nanoMOFs has been investigated on the loading and release kinetics profiles of two challenging antitumor drugs (RAPTA-C and mitroxantrone).

2. Experimental section. 2.1. Materials. All chemicals were commercially obtained and used without further purification. Zinc 2,4-pentanedionate monohydrate was purchased from Alfa Aesar (12527), mitoxantrone from Shangai IS Chemical Technology, and RuCl 3 from C. J. Chambers Hispania S. L. Zinc acetate hydrate (R252506), α-terpinene (> 95.0%, 86473), phosphate buffered saline (PBS) solution (P4417, pH = 7.4, 0.01 M), mucin from porcine stomach (M1778, partially purified), bovine serum albumin (BSA, A7030, lyophilized powder, 98%), pancreatin from porcine pancreas (P3292, powder) and solvents (N,N'-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), propan-2-ol, ethanol and methanol) were purchased from Sigma-Aldrich. RPMI 1640 medium was purchased from Gibco. The 1,4-bis(1H-pyrazol-4-yl)benzene ligand (H 2 BDP) and the nitro-, amino-and hydroxo-derivatives (H 2 BDP_X, X = NO 2 , NH 2 and OH) were prepared as previously described in the literature. 15,24 [Ru(p-cymene)Cl2(pta)] (pta = 1,3,5-triaza-7phospaadamantane) was synthesized according to literature. The evolution of the particle size of ZnBDP_X was monitored during the synthesis by collecting several aliquots (1.5 mL) at different reaction times (considering as starting time the addition of the Zn precursor). The collected aliquots were centrifuged (14000 rpm / 1 min.) and washed with DMF (3 x 1.5 mL). Particle size was estimated by different methods (Scherrer's equation from XRPD, SEM and DLS). DLS measurements were carried out by redispersing the sample in DMF (1 mg mL -1 ) using an ultrasound tip (10% amplitude and 20 s; Digital Sonifer 450W). The remaining sample was filtered and XRPD and SEM characterizations were performed.

Green synthesis of ZnBDP_OH.

Microwave synthesis was performed on a Mars 5 microwave system (1600 W, 2450 MHz; USA). H 2 BDP_OH (0.04 mmol) and Zn 2+ precursor (Zn(AcO) 2 or Zn(2,4-pentanedionate) 2 ; 0.04 mmol) were mixed in 1.5 mL of propan-2-ol using a 3.5 mL-volume reactor. The mixture was heated up to 100 ºC for one hour with a heating ramp of 3 minutes by microwave radiation using a power of 600 W. After being cooled-down to RT, the solid was collected by centrifugation (14000 rpm / 1 min), washed with DMF (3 x 10 mL) and dried under vacuum. The reaction yield for both Zn precursors was ca. 50%. DLS, SEM and XRPD characterizations were performed.
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[473] = On the other hand, ZnBDP_OH was also obtained under conventional reflux conditions using propan-2-ol as solvent. In a typical synthesis, H 2 BDP_OH (0.5 mmol) was dissolved in propan-2-ol (40 mL) in a 50 mL Schlenk-flask and heated at 80 °C. Zn(CH 3 COO) 2 •2H 2 O (0.5 mmol) was then added to the previous solution under stirring. The mixture was allowed to react for 24 h under reflux. The hot solution was filtered and the solid was washed with propan-2-ol (2 x 10 mL).

Characterization.

Prior to the analyses, 100 mg of sample were heated under vacuum (10 -2 KPa) at 200 ºC overnight in order to remove the free solvent (ethanol, propan-2-ol, water, DMF) entrapped into the pores. Infrared spectroscopic (IR) analyses were performed in a Thermo Scientific Nicolet™ 6700 FTIR spectrometer. N 2 isotherms were obtained at 77 K using a

Belsorp Mini (Bel, Japan) and a Micromeritics Tristar 3000 volumetric instrument. Routine XRPD patterns were collected using a high-throughput Bruker D8 Advance diffractometer working on transmission mode and equipped with a focusing Göbel mirror producing CuKα radiation ( = 1.5418 Å) and a LYNXEYE detector. Data were collected at room temperature (RT), in the 2θ range 3 to 30˚, with a 0.02˚ step width. For further XRPD studies (determination of particle size and Scherrer's equation calculations), XRPD patterns were collected in a conventional high-resolution D5000 Siemens X'Pert MDP diffractometer (θ -2θ) using Cu , K α1 , K α2 radiation ( = 1.54051, 1.54433 Å), from 5 to 30˚ (2θ), a step size of 0.02˚ and 22 s per step in continuous mode. Thermogravimetric analysis were performed using a Mettler Toledo TGA/DSC STAR system under oxygen flow (20 mL min -1 ) running from RT to 600 °C with a heating rate of 2 °C min -1 . FEG-SEM was carried out using a JEOL JSM 6335F microscope at 15 kV coupled to Oxford Instruments X-Max 80 mm 2 unit. The crystal sizes (d XRD ) were calculated using XRPD obtained at different reaction times. d XRD were estimated from the broadening of the 100 Bragg peak, using Scherrer's equation (eq. ( 1)):

(

) 1 
where θ is the Bragg angle of diffraction lines, K is a shape factor taken as 1, λ is the wavelength of incident X-rays (1.5406 Å), and β is the line broadening at half the maximum intensity (FWHM). 26 On the other hand, nanoparticle size distribution was studied by SEM images using "ImageJ'' software for image processing and analysis. 27 The mean particle size was statistically estimated (n > 350).

Colloidal stability evaluation.

Particle size and -potential determinations were performed using a Malvern Nano-ZS, Zetasizer Nano series. Around 1 mg of ZnBDP_OH was dispersed in 10 mL of different solvents (i.e. MilliQ water, ethanol and DMF) using an ultrasound tip (Digital Sonifer 450, Branson; from 10 to 20% of amplitude and for 30 s to 1 min).

Colloidal stability was also studied under relevant physiological conditions. Initially 2 mg of ZnBDP_OH were dispersed in 10 mL of MilliQ water by sonicating for 1 minute at 10%. Then, this colloidal solution was half-diluted by adding different media prepared as a double of the
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final concentration: simulated intestinal fluid (SIF), 28 diluted SIF (1/25, lis-SIF), diluted SIF supplemented with pancreatin (1% and 0.1% w/v) or mucin (0.5% and 0.05% w/v), PBS and PBS implemented with bovine serum albumin (BSA) (5.4% w/v). After mixing the ZnBDP_OH water solution with the above mentioned media, no more sonication treatment was applied in order to evaluate the evolution of the colloidal stability. In all cases, the final concentration of ZnBDP_OH was 0.1 mg mL -1 . All kinetic studies were carried out a by triplicate (n = 3) at 37 ºC and different times (in situ during the first 10 minutes and ex situ at 0.5, 1, 2, 4, 6, 8, 10 and 24 h). During the colloidal stability test, the -potential as well as the crystallinity of the samples was monitored at different times.

pH titration curves. The effect of pH on the colloidal stability of the ZnBDP_X series was studied by suspending 10 mg of desolvated ZnBDP_X in 100 mL of MilliQ water (0.1 mg mL - 1 ). PH measurements were performed using a pH-meter (Thermo Scientific ATI Orion, 8163).

The pH was adjusted within the range from 1 to 12 using NaOH or HCl solutions (0.03 M). At different pH values, aliquots of the stirred suspension (1.5 mL) were dispersed with an ultrasound tip (using 10% amplitude for 1 minute). Size and -potential evolution was monitored in triplicate at 25 ºC.

Structural stability tests.

Chemical stability was checked by suspending 2 mg of ZnBDP_X nanoparticles in 1 mL of MilliQ water at different pHs. The resulting suspensions were kept on an orbital incubator shaker at 37 ºC. After one hour, nanoparticles were filtered and XRPD were recorded.

2.7.

Cytotoxicity assessment of the H 2 BDP_X linkers. The J774 cell line was maintained in RPMI 1640 medium supplemented with 10% of fetal bovine serum (FBS), glutamax® and 1% of antibiotic antimycotic solution. The cell line was grown at 37 ºC in a humidified 95% air and 5% CO 2 atmosphere. The cytotoxic activity of the linkers was evaluated using the MTT assay (MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). Prior to the assay, cells were seeded in 96-well plates at a density of 1000 cells per well and cultured for 24 h. Different concentrations of H 2 BDP_X ligands were prepared with a final volume of 200 L per well, in any case the final concentration of DMSO in the 96-well plate was higher than 0.5%. After 24 h, a solution of MTT (final concentration 0.5 mg mL -1 ) was added in each well and the plates were incubated at 37 ºC in a 5% CO 2 atmosphere for 2 h. Then, 200 L of DMSO was added to each well and the plates were read at = ηζ0 nm. All the measurements were performed by triplicate.

RAPTA-C and mitoxantrone incorporation and release.

2.8.1. Evacuation/activation of ZnBDP_X (X = H, NH 2 , NO 2 and OH). Prior to the loading of RAPTA-C and mitoxantrone, the as-synthesized ZnBDP_X solids were outgassed (10 -2 Pa) at 200 ºC for 12 h. Under these conditions, the complete removal of the solvent guest molecules was achieved in order to obtain empty pores ready for drug adsorption. activated ZnBDP_H were suspended in 40 mL of MeOH for 4 h. Then, the solid was filtered and XRPD measurements were performed.

2.8.3. RAPTA-C adsorption at 25 ºC. RAPTA-C solution (at 80% saturation) was prepared using methanol as solvent. RAPTA-C solid-liquid adsorption experiments were performed at 25 ºC by suspending 100 mg of the activated ZnBDP_X (X = H, NH 2 , NO 2 and OH) into the drug solution (RAPTA-C:ZnBDP_X ratio 0.6:1). The mixture was kept under stirring for 4 h in order to assure that the equilibrium was reached. Then, each sample was filtered and washed with MeOH (3 x 10 mL). The amount of RAPTA-C incorporated into ZnBDP_X was indirectly calculated by monitoring the decrease of RAPTA-C UV band from the methanolic solutions.

Using the Lambert-Beer law, the concentration of RAPTA-C in methanol was calculated from the maximum absorbance peaks at 338 nm and 466 nm. Moreover, the quantity of adsorbed RAPTA-C into the MOFs was confirmed by elemental and thermogravimetric analyses.

2.8.4. Mitoxantrone adsorption at 25 ºC. the same procedure as for RAPTA-C was followed. In this case, the concentration of the non-encapsulated mitoxantrone was calculated from the maximum absorbance peaks at 614 nm and 663 nm in methanol.

Mechanochemical incorporation of mitoxantrone in

ZnBDP_X (X = H and NH 2 ). Different ratios of ZnBDP_X solids and mitoxantrone (1:0.5; 1:0.6; 1:0.7; 1:0.8; 1:0.9; 1:1 for X = H and 1:0.1; 1:0.2; 1: 0.3; 1:0.4; 1:0.5 for X = NH 2 ) were manually grounded in an agate mortar for 20 minutes. Afterwards, each mixture was washed with acetone until mitoxantrone was not detected in the washings. Diffuse reflectance spectra were registered for the empty ZnBDP_X matrices, mitoxantrone and all the solids obtained by impregnation or mechanochemical process. The quantity of adsorbed mitoxantrone into the MOFs was determined by interpolation, as well as elemental and thermogravimetric analyses.

2.8.6. Measurement of the adsorption isotherm of RAPTA-C at 25 ºC. For the evaluation of the amount of RAPTA-C adsorbed into ZnBDP_H, the concentration of the remaining free metallodrug in solution was checked by UV-vis. RAPTA-C solid-liquid adsorption isotherm was measured at 25 ºC by suspending 10 mg of activated ZnBDP_H in 10 mL of methanolic RAPTA-C solutions at different concentrations (0.8, 1.7, 3.5, 4.3, 5.2, 6,.0, 6.9, 8.6 and 10.4 mM). In order to assure that equilibrium was reached, the suspension was kept under stirring for 4 h. Then, each sample was centrifuged in a Sigma 2-16P centrifuge at (4000 rpm / 10 minutes) to achieve the separation of ZnBDP_H@RAPTA-C from the solution. The amount of RAPTA-C incorporated into ZnBDP_H matrix was indirectly calculated monitoring the decrease on the RAPTA-C UV-vis band from the filtered solution.

2.8.7. Attenuated Total Reflectance (ATR) for RAPTA-C and mitoxantrone identification. The total amount of RAPTA-C or mitoxantrone incorporated into ZnBDP_X (X = H, NH 2 , NO 2 and OH) by impregnation was also quantified by ATR. In order to check the amount of RAPTA-C or mitoxantrone adsorbed into the porous matrix, a calibration curve was recorded. For that, different mixtures of ZnBDP_X (10 mg) and RAPTA-C or mitoxantrone (4, 8, 12 and 16 mg) were
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[476] manually grounded and then deposited in the sample holder. Additionally, the drug-loaded samples, obtained by impregnation ZnBDP_X@RAPTA-C and ZnBDP_X@Mitoxantrone, were recorded. It should be highlighted that the IR maximum absorption bands selected for the calibration purposes were the ones in which RAPTA-C and mitoxantrone have a maximum of adsorption, while ZnBDP_X do not adsorb: i) RAPTA-C: 971, 1100 and 1280 cm -1 for X = H; 805, 902 and 1280 cm -1 for X = NO 2 ; 971 and 976 cm -1 for X = NH 2 ; and 968 and 1100 cm -1 for X = OH; ii) mitoxantrone: 720, 1211 and 1462 cm -1 for X = H; and 983 and 1214 cm -1 for X = NH 2 .

2.8.8. RAPTA-C delivery. The delivery of RAPTA-C in simulated body fluid (SBF) was studied at 37 ºC. SBF was prepared according to literature methods. 29 With this purpose, we prepared two solutions, A and B that were mixed before each experiment. SOLUTION A (NaCl: 6.213 g.L -1 , NaHCO 3 : 5.948 g.mL -1 , KCl: 0.450 g.L - 7, 9, 11, 16, 18, 20, 22, 24, 27, 31, 25 and 48 h); in order to determine the released amount of RAPTA-C and the kinetics of the process. The solutions were filtered using centrifuge tubes with a 30 kDa PES filter (4000 rpm / 1 minute). Then, both the solution and the solid were joined to the mother solution to keep a constant volume. In SBF, RAPTA-C maximum absorbance peaks were found at 323 and 441 nm. These peaks were attributed to the ruthenium complex [Ru(pcymene)Cl(H 2 O)(pta)] that is immediately obtained when RAPTA-C is hydrolyzed in aqueous solution. 30 H 2 BDP_X ligands, eventually leached during RAPTA-C delivery, are slightly soluble in SBF. Nevertheless, their UV-vis maximum absorption bands were found at 224, 261 and 300 nm (H 2 BDP), 252 nm (H 2 BDP_NO 2 ), 300 nm (H 2 BDP_NH 2 ) and 237 and 287 nm (H 2 BDP_OH), and therefore, they cannot interfere with the UV-vis absorption of the RAPTA-C species.

2.8.9. Mitoxantrone delivery. On the other hand, mitoxantrone delivery was studied by suspending 20 mg of ZnBDP_X@Mitoxantrone (X = H and NH 2 ) in 40 mL of SBF. The resulting suspension was incubated at 37 ºC under stirring. Aliquots (2 mL) of the supernatant solution were analyzed by means of UV-vis at different times, during 24 hours; in order to determine the released amount of mitoxantrone and the kinetics of the process. As in RAPTA-C delivery study, the solutions were filtered using centrifuge tubes with a 30 kDa PES filter (4000 rpm / 1 minute).
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3. Results and discussion. 3.1. Synthesis of nanometric ZnBDP_X. The series of porous polycrystalline ZnBDP_X family (X= H, NH 2 , NO 2 and OH) 15 materials are obtained by reacting zinc acetate with the organic linkers in boiling N,N'-dimethylformamide (DMF). To control the particle size and reduce the polydispersity, the kinetics of crystallization the ZnBDP_X solids was first investigated by ex situ XRPD, collecting samples at different reaction times. Interestingly, nanocrystalline ZnBDP_H and ZnBDP_NO 2 were obtained after only 1-hour, whereas 2 hours were required to form the ZnBDP_NH 2 and ZnBDP_OH derivatives (Figure S1). Moreover, the evolution of the particle size was studied as a function of time (from 1 to 7 h) using a combination of different techniques (Scherrer's equation from XRDP data (eq. ( 1); see experimental section), FEG-SEM images and DLS measurements; Table 1). The mean size of the crystalline domains estimated by the Scherrer's law remained in the nanometric range with particle sizes of 50 nm. It is noteworthy that the nanosize of the crystalline domain was kept up to 7 h, indicating no evolution of crystallinity with time. After 7 h of reaction, FEG-SEM images showed tetragonal particles with mean sizes of ca. 65 nm for ZnBDP_H, -NO 2 and -OH and more elongated particles with slightly larger size (ca. 120 x 45 nm) for ZnBDP_NH 2 (Figure S2). These values are in good agreement with the values deduced from XRPD, indicating that the particle is formed by a unique crystalline domain with no additional growth after 1 h of reaction. In addition, there was an increase of the reaction yields (from 45 to 60%) with time (Table 1). This suggests that the general mechanism of nucleation of these nanoparticles should involve the growth of novel crystal nuclei from the homogeneous phase. Moreover, the obtained yield values can be considered high enough for the synthesis of MOF nanomaterials. 31 However, the larger particle sizes (100-200 nm), determined in solution by DLS, suggest aggregation processes in the liquid medium (i.e. DMF). However, it should be highlighted that with the exception of ZnBDP_H, the size of the aggregates remained constant along the reaction time (up to 7 h) with a low degree of polydispersity (indices (PDI) < 0.3; Table 1). In contrast, for pristine ZnBDP_H, a progressive and significant increase of particle size from 100 ± 15 to 180 ± 25 nm was observed together with higher PDIs (ca. 0.5; Table 1).
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[478] Alternatively, in an attempt to avoid the use of toxic DMF as solvent, an environmentally friendly microwave-assisted solvothermal route using propan-2-ol as solvent was investigated to prepare ZnBDP_OH nanoparticles. This microwave route might also lead to a reduction of the temperature and reaction time, affording improved synthetic conditions. With this aim, several Zn precursors were initially screened (Zn(AcO) 2 , Zn(2,4-pentanedionate) 2 , ZnCl 2 and Zn(NO 3 ) 2 •6H 2 O). In contrast with ZnCl 2 and Zn(NO 3 ) 2 •6H 2 O, leading to the formation of amorphous products, Zn(AcO) 2 and Zn(2,4-pentanedionate) 2 led to the pure ZnBDP_OH structure, as demonstrated by XRPD (Figure S3). Note here that reaction times of 1 h, similar to those of the traditional conventional electric heating synthesis, were however required for the preparation of ZnBDP_OH phase avoiding the presence of impurities. In addition, important yields (ca. 78% vs 63% for the conventional synthesis) were thus achieved using lower temperatures (100 vs. 150°C) than using the previous synthetic method (Figure S3). DLS measurements in propan-2-ol of the ZnBDP_OH synthesized from Zn(AcO) 2 or Zn(2,4pentanedionate) 2 precursors showed however a larger particle size, reaching 775 ± 85 nm (PDI = 0.3) and 290 ± 25 nm (PDI = 0.6), respectively. However, ZnBDP_OH nanoparticles
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[479] synthesized from propan-2-ol and later dispersed in DMF give rise to smaller particle size, namely, ca. 191 ± 21 nm, in agreement with a higher aggregation in propan-2-ol. The crystalline domain extracted from Scherrer equation (eq. ( 1)) and FEG-SEM images of ZnBDP_OH (obtained using Zn(2,4-pentanedionate) 2 as a precursor) confirmed the presence of small faceted nanoparticles with a particle size of ca. 85 ± 25 nm (Figure S4), not that different from those synthesized in DMF under reflux (60 ± 20 nm). These results confirm the possibility of synthesizing small ZnBDP_OH nanoparticles (85 nm) by using a totally green microwave synthetic route, compatible with biomedical applications, in only 1 h of reaction. Interestingly, ZnBDP_OH material could also be obtained using the environmentally friendly propan-2-ol under reflux in absence of any pressure. However, the pure phase was only achieved after 24 hours reaction time, as demonstrated by XRPD (Figure S3).

Colloidal stability of ZnBDP_X in different media.

To shed some light on the understanding of the colloidal stability of ZnBDP_OH, desolvated nanoparticles were dispersed in different solvents (MilliQ water, ethanol and DMF) and their particle size and -potential monitored (see experimental section; Table S1). The desolvated ZnBDP_OH nanoparticles were easily dispersed in all solvents by optimizing the sonication conditions, leading to similar dimensions (100-140 nm) than those measured from the as-synthesised DMF sample. However, considering the initial aggregation of these nanoparticles (60 vs. 140 nm as determined by FEG-SEM/XRPD and DLS, respectively), the redispersion in solvents did not lead, whatever the conditions, to smaller nanoparticles, indicating that the initial aggregation state is hard to overcome. Aside from particle size, the nature of the nanoparticle surface will determine the interaction with the different components of the physiological media (solvent molecules, ions, proteins, enzymes, lipids, etc.). In this regard, ζ-potential is generally used to characterize particle surface charge in suspension, strongly depending on the composition but also on the nature of the dispersion medium. 32 In the classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, 33 the actual agglomeration of nanoparticles is determined by the sum of the repulsive electrostatic forces (interaction of the surrounding electrical layers around each nanoparticle) and the attractive van der Walls forces. An increase in particle surface charge (ζ-potential) can greatly enhance the electrostatic repulsive forces, suppressing the agglomeration, and subsequently reducing the hydrodynamic size. In this respect, it is commonly admitted that nanoparticles exhibiting a ζ-potential value higher than ± 30 mV are stable in suspension. 34 It should also be highlighted that a negatively charged surface is critical to minimize protein adsorption and, consequently to afford stealth properties to the nanoparticles. On the other hand, cationic nanoparticles are believed to be more toxic and induce higher inflammatory reactions than negatively charged ones. 32b Interestingly, ZnBDP_OH nanoparticles exhibited a negative surface charge of ca. -20 mV regardless the solvent (Table S1). The external surface of ZnBDP_OH might be composed of octahedral Zn species, whose coordination sphere may be typically completed by hydroxide, water moieties or pyrazolate linkers. Considering the negative charge of ZnBDP_OH nanoparticles and the high pKa of the pyrazolate and hydroxyl groups (20 and
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[480] 10, respectively), this rules out any deprotonation of the organic spacer in pure water (pH 6),

indicating the presence of mainly inorganic moities on the outer surface. Finally, all the samples showed a complete preservation of their crystalline structure (Figure S5), evidencing not only a high colloidal stability but also a structural and chemical robustness within MilliQ water, DMF and EtOH.

To get a better insight into the structural and colloidal stability of ZnBDP_OH nanoparticles in aqueous media, the evolution of the particle size was followed during longer times (24 h) and at different pHs (from 1 to 12). Note here that the biological media are generally based on aqueous solutions at different pHs. A 24 h-kinetics of the colloidal stability study in MilliQ water did not show any significant variation on either size of the nanoparticles (110 ± 20 nm), polydispersity (0.5), or ζ-potential (-18 ± 1 mV) (Figure S6, Table 2), making these nanoparticles promising nanocarriers for in vivo applications. In contrast, previous results obtained using the benchmarked MIL-100(Fe) nanoparticles showed a much lower colloidal stability, associated with an aggregation phenomenon after 6 h when dispersed in MilliQ water, reaching micrometric sizes after 24 h. 9 The higher colloidal stability of ZnBDP_OH nanoparticles could be explained by their different chemical nature: a higher stability of pyrazolateversus carboxylate-based MOFs (pka 20 and 4, respectively) in water, particularly when the pH increases, and a different surface chemistry, which would prevent from aggregation. Nevertheless, structural stability monitored by XRPD experiments indicated a progressive loss of crystallinity, with an almost complete amorphization after 24 h (Figure S7). The progressive degradation, with a concomitant weight loss of approximately a third of its initial mass is attributed to the release of BDP_OH polar ligands and the formation of amorphous zinc hydroxide (see below).

On the other hand, when the ZnBDP_OH matrix is exposed at different pHs, the particle size is still kept almost constant ( 100 nm) (Figure S8 (d)). Similarly, ζ-potential remains negative in almost all the pH range (> 2.5), with an isoelectric point (pI) at ca. 2.2. While the higher negative charges ( -40 mV) observed at pH > 9 could be related with the deprotonation of the OH group (BDP-OH / BDP-O¯; pka  10 considering Ph-OH), the positive ζ-potential values at lower pHs (< 2.5) (Figure S8 (d)) could be associated with the framework degradation, as evidenced by XRPD (Figure S9). According to the Pourbaix diagram, 35 we can tentatively conclude that there is an destabilization of the structure, through the formation of soluble Zn 2+ species, under strong acidic conditions (pH = 1.2, i.e. gastric conditions), while at very high pH (pH = 12) only a partial degradation of the nanomaterial takes place due to the formation of zinc oxide. This is in agreement with the pH responsive behaviour of the Zn imidazolate ZIF-8 with a faster degradation of the framework when the pH becomes more acidic. 36 In summary, ZnBDP_OH matrix shows a relatively high structural stability under a wide pH range. Finally, the effect of pH on the ζ-potential and particle size of the other functionalized ZnBDP_X matrices was also investigated (Figure S8). Remarkably, the colloidal stability is strongly affected by the functionalization of the organic linker. While ZnBDP_OH suspension is highly stable over all the pH range, ZnBDP_H, ZnBDP_NO 2 and ZnBDP_NH 2 show significant aggregation within the 4-9, 1-3 and 3-4 pH ranges, respectively (Figure S8). The
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[481] overall evolution of the ζ-potential however follows a similar profile for all the ZnBDP_X nanoparticles: i) neutral charges at very low pHs (pI < 2.7); ii) positively charged surfaces below this pI (from +8 to +25 mV for ZnBDP_NH 2 and ZnBDP_OH, respectively), probably due to the framework degradation at highly acidic pHs (i.e. gastric conditions; see XRPD Figure S9); iii) negative surfaces at pH > pI with different net ζ-potential values, depending on the functional group; and finally iv) highly negative ζ-potential values (from -40 to -50 mV) under strongly basic conditions (11 -12). One could tentatively assign this to the formation of zinc hydroxide species on the surface of the nanoparticles. These highly negatively charged surfaces are associated to sufficient electrostatic repulsive forces to prevent nanoparticles from aggregation, leading to stable colloidal solutions with a particle size smaller than 150 nm. Therefore, both particle size and ζ-potential are strongly modified by the functional group within the pH range from 2 to 9. In ZnBDP_NH 2 and ZnBDP_NO 2 , at pHs near to the pI, nanoparticles aggregate, giving rise to maximum particle sizes of 422 ± 100 and 673 ± 135 nm, respectively. This could be explained taking into account the low net ζ-potential values (-11 and -7 mV, respectively), suggesting that electrostatic repulsive forces might be insufficient to prevent nanoparticles from aggregation. At pH > 4, higher net ζ-potential values are observed (from -10 to -20 mV at pH = 4 and 9, respectively) and, as a consequence, the electrostatic repulsive forces are stronger than the van der Waals attractive forces. Then, nanoparticle aggregation is hindered and particle size decreases to 100 nm (Figure S8). Considering the majority presence of Zn units on the surface and based on the zinc chemistry in solution, 37 this might correspond to the formation of Zn hydroxide species at higher pHs. This phenomenon can be additionally explained in ZnBDP_NH 2 by the amine deprotonation (pka  4.6, considering a Ph-NH 2 ), which might lead to more negative ζ-potential values. The ZnBDP_OH analogue, shows an even more negative ζ-potential values (from -20 to -30 mV at pH = 4 and 9), which ensure further stabilize the colloids throughout this pH range. Although the hydroxyl groups could be involved in the stabilization of the colloids at higher pHs (> 9), the weak acidic character of this group (pKa 10 for Ph-OH) rules out any protonation at pH  9 that would improve the colloidal stability. It is noteworthy that the important polarity of -OH groups, as well as the -NH 2 , could influence the stability of colloids through hydration phenomena. This hypothesis is supported by the colloidal instability of the hydrophobic ZnBDP_H within a large range of pH (from 1 to 9), where submicronic aggregates are observed (from 228 nm at pH = 3 to 857 nm at pH = 6) associated to low net -potential values close to zero (from -10 to +10 mV). In summary, the introduction of hydrophilic groups on the BDP linkers improve their aqueous colloidal stability. This provides an additional advantage if one considers that polar compounds are more soluble and thus often easily excreted from the body. For these reasons, and together with the possibility to produce homogeneous nanoparticles through a biofriendly method, we have selected the ZnBDP_OH analogue to further evaluate its colloidal stability in different simulated physiological conditions.

3.3.

Colloidal stability of ZnBDP_OH under relevant physiological conditions. As previously mentioned above, colloidal stability and surface chemistry strongly influence the nanoparticle interactions with the biological surrounding, determining their toxicity and
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[482] biodistribution. 5 Once administrated, nanoparticles have to go through different biological media until the desired target is reached. These biological borders can modify the activity and/or distribution of the nanoparticles. In this regard, inorganic and/or organic components of the biological media (water, pH, electrolytes, macromolecules, etc.) could interact with the outer surface of the nanoparticles, constituted by partially coordinated cations and/or organic linkers, governing the nanoparticles dispersion and stability. In order to confirm the potential of these nanomaterials to be used as carriers for in vivo applications, the stability of ZnBDP_OH nanoparticles was evaluated under experimental conditions that simulate those encountered in the two most widely used drug administration modes: intravenous and oral.

Simulated intravenous conditions.

Although invasive and requiring the assistance of trained staff, this route acts very rapidly and essentially ensures a 100% bioavailability (excluding protein binding, degradation, etc). Considering the composition of the serum, 38 the structural and colloidal stability of ZnBDP_OH was studied in two different media at 37°C for 24 h: i) PBS (138 mM NaCl, 2.74 mM KCl and 10.0 mM Na 2 HPO 4 /NaH 2 PO 4 , pH = 7.4), considering that phosphates might even at low concentration compete with the the azolate for the coordination of on the metal cation leading to destabilization and/or degradation effects, and ii) PBS supplemented with bovine serum albumin (BSA, 5.4% w/v), the most abundant plasma protein in mammals, which can also play an important role in the colloidal stability of nanoparticles under intravenous conditions. 39,40 Note that albumin concentration was in the upper level usually found in human physiological conditions (i.e. 3.5 -5.0% w/v) in order to better observe the impact of the albumin over the colloidal stability. At short times, ZnBDP_OH nanoparticles display a larger size and polydispersity index in PBS (200 ± 25 nm; PDI = 0.9) compared to MilliQ water (110 ± 25 nm and PDI = 0.6; Table 2). In addition, in contrast with the high 24 h-colloidal stability of ZnBDP_OH nanoparticles in pure water, a slow and progressive aggregation is observed in PBS (from 200 to 400 nm after 24 h; Figure 2 and Table 2). This might be related to a certain decrease in the net value of ζ-potential from -22 to -8 mV in MilliQ water and PBS, respectively. This suggests that the system becomes unstable because the presence of phosphate electrolytes on the surface causes the reduction of the electrostatic repulsion between two neighbouring nanoparticles, in agreement with the DLVO theory. 41 Interestingly, the presence of albumin in the PBS medium leads to a stabilization of the colloidal solution up to 24 h (Figure 2). The lower particle size of ZnBDP_OH in PBS+BSA compared with PBS medium would be in agreement with the deposition of the protein at the external surface of nanoparticles. One could tentatively suggest the formation of specific interactions between the surface zinc cations and reactive groups of amino acids (-NH 2 and -COOH), among others. In fact, the negative ζ-potential can be attributed to the protein corona, as albumin is negatively charged at pH 7.4 (pI = 4.7). 42 Although the similar and quite neutral ζ-potential values in PBS ( -8 mV) and PBS+BSA ( -9 mV) (Table 2) exclude at first sight stabilization via electrostatic repulsions, one can suggest the steric hindrance provided by the protein corona On the other hand, the structural integrity of ZnBDP_OH nanoparticles was confirmed by XRPD after their suspension in the above mentioned physiological media over 24 h (Figure S11). A partial chemical degradation is however noticed, associated with a material degradation of around 14.5 and 33% in PBS and PBS+BSA, respectively, attributed to BDP_OH release (see above).

Simulated oral conditions.

While parental route provides immediate onset of action, oral administration of medicines is preferred as it is less expensive and invasive for the patients. However, it is considered that the use of nanoparticles as efficient drug delivery systems is often blocked by the enzyme activity and the mucus barrier (gastric, intestinal, etc.). Therefore, nanoparticles must efficiently overcome these natural barriers to avoid rapid clearance. 46 In this context, the stability of ZnBDP_OH suspensions was studied upon exposition to similar conditions as those encountered through the digestive tract. To this aim, short-(10 min) and long-term (24 h) regime experiments were performed under different conditions: i) simulated intestinal fluid, SIF (50.0 mM KH 2 PO 4 and 15.4 mM NaOH at pH 6.8, 37 °C), ii) low-ionicstrength SIF, lis-SIF (diluted 1/25) and iii) lis-SIF supplemented with pancreatin (0.1% and 1% w/v), a mixture of digestive enzymes comprising amylases, lipases and proteases. The use of lis-SIF instead of SIF prevents the salt-induced destabilization of the system, by reducing the concentration of electrolytes, and allows the discrimination of the effect of the pancreatin on the colloidal stability of the suspension. Finally, the potential interaction of ZnBDP_OH with intestinal mucosa was analyzed by the incubation in lis-SIF supplemented with mucin (0.5 and 0.05% w/v), the main structural component of the intestinal mucus acting as a protective barrier.

It should be noted that the study of the colloidal stability of ZnBDP_OH under gastric conditions (pH = 1.2, 37 ºC) over 24 h could not be investigated as this system suffers from a rapid degradation in this highly acidic medium according to XRPD (see section 3.3, Figure S9). However, for future applications, the instability of ZnBDP_OH nanoparticles in gastric conditions could be overcome using gastro-resistant capsules or coatings that prevent from degradation until de intestinal track is reached. Annex IV [486] This could be related with the interaction between the nanoparticle surface and the enzyme fraction (proteins), possessing reactive groups able to strongly coordinate the zinc on the surface. However, the different behavior observed in lis-SIF + 1% pancreatin solutions can be attributed to the presence of depletion forces induced by the crowd protein environment. 48 It is known that bridging and depletion phenomena depend on the ionic strength of the medium and the charge of the emulsifier. 49 Between 0.1 and 1 % pancreatin solution there is a 10-fold increment on the ionic strength that could explain the different colloidal behaviour.

It should be noted that the dispersion of ZnBDP_OH in lis-SIF supplemented with 0.5% mucin led to a rapid increase in size, giving rise to > 1 micron aggregates in less than 1 minute (Figure S14). This result indicates that ZnBDP_OH nanoparticles are able to interact with mucin (usually at 2-5% in healthy human intestine), 50 suggesting a certain degree of adhesion, potentially associated with a longer retention in the intestinal mucosa after oral administration.

To further understand this effect, we used more diluted mucin supplemented lis-SIF media (0.05 % w/v), evidencing an initial aggregation of nanoparticles (300-600 nm at t  10 min), in agreement with a potential interaction of ZnBDP_OH with the mucin (Table 2, Figure 3(a)). However, at longer times (30 min > t > 24 h), particle size decreases, associated to disaggregation phenomenon, reaching similar dimensions than the initial product (around 100 nm) with no variation along time (Figure 3(b)). As occurred in the medium supplemented with pancreatin, the net ζ-potential value after 24 h decreases from -16 ± 3 to -10 ± 1 mV, suggesting the covering of the outer surface of ZnBDP_OH nanoparticles by mucin residues (Table 1, Figure S13). The well known tendency of other substances to adhere to mucin is not surprising given that this glycoprotein exhibits electrostatic, hydrophobic and H-bonding interactions. 51 Taking into account the presence of negatively charged groups (carboxyl or sulphate) 52 on the mucin surface, ZnBDP_OH nanoparticles might interact with these groups at the interface through hydrogen bonds, which will further explain the decrease of net ζ-potential value.

Finally, the preservation of the crystalline structure of this material was evidenced under the tested intestinal conditions after 24 h by XRPD (Figure S15). However, a slight peak broadening attributed to the partial degradation of the porous matrix under these conditions was noticed. Larger peak broadening seems to be detected in SIF and lis-SIF, being consistent with a higher instability, in agreement with the previous results in PBS. Interestingly, ZnBDP_OH seems to be more stable in lis-SIF media supplemented with pancreatin or mucin, supporting the formation of a protein-corona on the nanoparticles' surface, which could protect them from degradation in the presence of salts, as previously demonstrated for the MIL-100(Fe) nanoparticles under similar conditions.Erreur ! Signet non défini.

Incorporation and release of the RAPTA-C and mitoxantrone into ZnBDP_X

In order to evaluate the potential application of the ZnBDP_X series (H 2 BDP_X = 1,4-bis(1H-pyrazol-4yl)2-X-benzene, X= H, NO 2 , NH 2 and OH) as drug carriers, we initially study the biocompatility of these nanoparticles. Considering the endogenous character of the zinc, as well as its important human daily requirements (8-14 mg), 53 high lethal dose 50 (oral LD50= 3 g kg -1 ) and easy fecal
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[487] excretion, 54 zinc seems to be a biocompatible cation. On the other hand, the in vitro cytotoxicity of H 2 BDP_X ligands was experimentally evaluated on murine macrophages cell line (J774) using the MTT assay. The cytotoxicity tests confirmed that the H 2 BDP_X ligands exhibited a certain degree of cytotoxicity, since cellular viability values were reduced (< 24%) when the macrophages were incubated using a ligand concentration of 20 μg mL -1 for 24 hours. In this regard, there are many drug delivery systems with different degree of cytotoxicity. For comparison purposes, some already used drug delivery systems present a similar toxicity than H 2 BDP_X ligands (Mg-Al-LDH (IC 50 = 20 g mL -1 , colon cells), 55 CdTe QD (IC 50 = 10 g mL - 1 , MCF-7 cells), 56 AE-SNEDDS (using a concentration of g.mL -1 less than 45% cell viability was observed in Caco-2 cell line). 57 Furthermore, concerning cancer treatment, traditional chemotherapeutic agents are cytotoxic (mitoxantrone (IC 50 = 5.4 10 -3 g mL -1 , juveniles of Daphnia magna), 58 cisplatin (IC 50 = 0.022 g mL -1 , KLE cells), carboplatin (IC 50 = 0.096 g mL -1 , KLE cells). 59 This means that the possible cytotoxicity of the ZnBDP_X porous matrices might be tolerated versus the benefit of healing. Nevertheless, the impact of ligand cytotoxicity will depend on the material biodistribution as well as on the structural stability of the porous matrix ZnBDP_X under physiological conditions. Taking into account all of these considerations, it will be interesting to extend these toxicity studies to the porous matrices in a near future. In a second step, the encapsulation of the non-conventional antitumor drugs (RAPTA-C and mitoxantrone) was carried out in the ZnBDP_X series by impregnation. The drugs were incorporated in ZnBDP_X (X = H, NO 2 , NH 2 and OH) by suspending the previously activated matrices in drug-saturated methanol solutions for 4 h. The suspensions were then filtered and solids were cleaned and analyzed so as to determine the drugs adsorption into the MOF series.

The results obtained by elemental and thermogravimetric analyses (see supplementary information), UV-vis and attenuated total reflectance (ATR) confirmed the successful incorporation of the metallodrug RAPTA-C in all the porous matrices (Table 3, Figure S17). Noteworthy, RAPTA-C adsorption capacity in ZnBDP_X series follows the same trend than the surface area of the solids (Table 3), with a loading capacity mainly depending on the accessibility of the porous network. However, in the case of mitoxantrone, drug incorporation was only achieved for ZnBDP_X (X = H and NH 2 ) derivatives (Table 3, Figure S18). A plausible explanation might be related to an adequate balance between pore accessibility, framework flexibility and affinity of the pore surface for mitoxantrone, which would favour its incorporation in ZnBDP_X (X = H and NH 2 ). The structural integrity of the ZnBDP_X series after the drug loading process was studied using XRPD, revealing that the diffraction patterns of the loaded-MOFs significantly change from the initial activated ones (Figure S20). XRPD ZnBDP_X@RAPTA-C and ZnBDP_X@Mitoxantrone materials show similar XRPD patterns than the freshly prepared materials loaded with DMF molecules ZnBDP_X@DMF. These results confirm the flexible behaviour of the matrices, since they can accommodate guest molecules by simple stretch and shrinkage of their porous structure, affecting the XRPD patterns, with changes in cell volume and symmetry. 60 Similar flexible and versatile properties were
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[488] recently described on the CoBDP structure during the incorporation and delivery of solvent molecules, Erreur ! Signet non défini. 61 and in the porous matrix MIL-53 in the adsorption and release of guests (e.g. ibuprofen). 62 On the other hand, the reported incorporation of these anticancer drugs within the cavities of the nanoMOFs series ZnBDP_X is related with the dramatic reduction of the adsorption capacity of the MOFs, where the BET surface drops from 2450 m 2 g -1 (ZnBDP_H) to 95 m 2 g -1 (ZnBDP_H@RAPTA-C) and 40 m 2 g -1 (ZnBDP_H@Mitoxantrone); from 2280 m 2 g -1 (ZnBDP_NO 2 ) to 30 m 2 g -1 (ZnBDP_NO 2 @RAPTA-C); from 1420 m 2 g -1 (ZnBDP_NH 2 ) to 140 m 2 g -1 (ZnBDP_NH 2 @RAPTA-C) and 60 m 2 g -1 (ZnBDP_NH 2 @Mitoxantrone); and from 1020 m 2 g -1 (ZnBDP_OH) to 215 m 2 g -1 (ZnBDP_OH@RAPTA-C) (Figure S19 and Table 3). In addition, the presence of the main bands characteristic of the pure drug (RAPTA-C or mitoxantrone) within the IR spectra of the loaded matrices is also in agreement with the incorporation of the drug (Figures S24).

For a further understanding of the drug adsorption process, we studied in detail the solid-liquid adsorption isotherm of RAPTA-C into the ZnBDP_H matrix at 25 ºC. The results show a type I adsorption isotherm (Figure 4), whose data can be satisfactorily fitted to the linear form of the Langmuir model (eq. ( 2)):

(

) 2 
where C is the concentration of RAPTA-C in the methanolic solution (M) at the equilibrium, n is the amount of RAPTA-C incorporated in ZnBDP_H (mmol g -1 ), K is the Langmuir equilibrium constant and n m corresponds to the predicted saturation loading of RAPTA-C in ZnBDP_H (mmol g -1 ). The results show a maximum loading n m value of 2.07 mmol (0.959 g) of RAPTA-C per gram of ZnBDP_H. It should be highlighted that this high loading value corresponds to 0.55 mmol of RAPTA-C per mmol of ZnBDP_H, and confirms the results obtained by elemental analysis, UV-vis and attenuated total reflectance (ATR). )

RAPTA-C (M)
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Finally, the RAPTA-C delivery from the ZnBDP_X series was studied in simulated body fluid (SBF) at 37 ºC under continuous stirring. The RAPTA-C kinetics of delivery was registered by measuring the delivered RAPTA-C in the supernatant solutions of SBF by means of UV-vis. At the same time, the possible H 2 BDP_X leaching was followed in order to consider the matrix degradation upon drug release. Noteworthy, the drug delivery process, at a constant volume (150 mL) of SBF, is dependant of pore functionalization and exhibits two steps (less evident in ZnBDP@RAPTA-C and ZnBDP_NO 2 @RAPTA-C systems) (Figure 5). The stepwise delivery might be related to framework flexibility and adaptability of the pore matrices. Indeed, this type of behaviour was already described for ibuprofen delivery from the highly flexible MIL-53 matrix. 62 Additionally, considering the rather good chemical stability of ZnBDP_X (X = H, NH 2 and NO 2 ) under the release conditions (after 48 h, only about 5% of the total ligand was delivered to the medium; Figure S21), the RAPTA-C release does not depend on the matrix degradation. In contrast, the drug release from ZnBDP_OH@RAPTA-C follows the same trend than the matrix degradation (ca. 65% of BDP_OH ligand is leached after 48 h), suggesting an important effect of the chemical stability of the ZnBDP_OH solid over the RAPTA-C delivery.

It should be highlighted that the first and second steps of the desorption profiles (for ZnBDP_NH 2 and ZnBDP_OH) can be satisfactory fitted to a first order kinetic model according to equation 3:

(3)

where q E and q t are the amounts of RAPTA-C released per gram of MOF (mmol g -1 ) at the equilibrium and at the time t (h), respectively, and k is the first order kinetic constant (h -1 ). The fitting of the data gives rise to different half-life times for the release of the metallodrug (Table 4), with the slower kinetics of release being observed for ZnBDP_NH 2 and ZnBDP_OH. These results indicate that the polar matrix ZnBDP_NH 2 might exhibit stronger interactions with RAPTA-C molecules than the less polar ZnBDP_H and ZnBDP_NO 2 nanomaterials. In addition, ZnBDP_NH 2 accounts for a lower pore volume than ZnBDP_H and ZnBDP_NO 2 (0.677 vs 0.959 and 0.822 cm 3 g -1 , respectively) (Table 3), which may result in a slow-down of the RAPTA-C diffusion in the former case. Furthermore, in ZnBDP_OH, UV-vis studies of H 2 BDP_X leaching (Figure S21) demonstrated that the drug release also depends on the kinetics of MOF degradation as RAPTA-C delivery from ZnBDP_OH is accompanied by a concomitant and progressive matrix degradation (up to 65%) due to the higher polarity of the BPD_OH ligand. In conclusion, the RAPTA-C release from the matrices might be affected by a combination of factors, such as: i) drug interaction with the matrix surface, ii) drug diffusion throughout the pores, controlled by the flexibility of the structures and pore volume, and iii) kinetics of degradation of the ZnBDP_X matrices.
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[492] Regarding mitoxantrone delivery in SBF (pH  7.4) from the loaded ZnBDP_X@Mitoxantrone matrices, it should be pointed that the tendency of mitoxantrone to precipitate at pH 6 to 8 66 which hampers here any accurate determination of the delivery process in this medium. Further investigations are being made in order to study the complex delivery of mitoxantrone from the ZnBDP_X matrices. The latter result should be taken as a proof of concept of the potential use of metal-organic frameworks as carriers of anticancer drugs.

Conclusions.

We have successfully prepared small and monodispersed nanoparticles ( 120 to 45 nm) of the isoreticular Zn bis-pyrazolate MOFs ZnBDP_X (H 2 BDP = 1,4-bis(1H-pyrazol-4-yl)-2-Xbenzene, X = H, NO 2 , NH 2 , OH) by optimizing the synthetic conditions, even using biofriendly conditions. The aqueous colloidal stability of these systems strongly depends on the pH and on the functional group, as a consequence of the differences in terms of outer surface species. Moreover, as a model case, the chemical, structural and colloidal stability of ZnBDP_OH was investigated under different relevant biological conditions simulating intravenous (albumin-PBS solutions) and oral (SIF complemented with pancreatin or mucin) administration routes, demonstrating a good structural and colloidal stability as a consequence of the formation of a protein (albumin or pancreatin for intravenous or oral conditions, respectively) corona on their surface that prevents from ZnBDP_OH nanoparticles aggregation. On the other hand, the rapid aggregation of ZnBDP_OH in SIF supplemented with mucin indicates that these nanoparticles are able to interact with mucin suggesting a potential oral bioadhesion, usually associated with longer intestinal residence times. Finally, the encapsulation and release of the antitumor drugs mitoxantrone and RAPTA-C were evaluated in the ZnBDP_X series as a proof of concept of the effect of the framework functionalization in the incorporation/delivery of these bioactive molecules. Firstly, it should be noted that important loadings of both mitoxantrone and RAPTA-C drugs (up to 0.50 and 0.55 mmol.mmol -1 , respectively) were achieved by using a simple and fast impregnation method. In addition, the incorporation of mitoxantrone can also be achieved by simple grinding. Drug loading depends on the functional group of ZnBDP_X series, following the trend of the BET surface area of the functionalized solids. On the other hand, the RAPTA-C delivery in simulated body fluid takes place in two different steps, which could be related to the framework flexibility.

In addition, while drug release from ZnBDP_X (X = H, NH 2 and NO 2 ) is independent on the matrix stability, the RAPTA-C delivery strongly depends on the kinetics of framework degradation in ZnBDP_OH@RAPTA-C. Indeed, among the highly stable matrixes, the polar ZnBDP_NH 2 shows a slower rate of delivery, probably associated with stronger drug-matrix interactions and hindered diffusion, compared with ZnBDP_NO 2 and ZnBDP_H analogues.

These results highlight the effect of the functionalization of the MOF cavities on the chemical and colloidal stability as well as on the drug encapsulation and release kinetics. 
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Figure 1 .

 1 Figure 1. A) Colloidal stability of MIL-100(Fe), MIL-100(Al) and MIL-100(Cr) NPs in cell culture media (DMEM and MEM) at 37 °C. Stability is represented as the average of particle size evolution over time period. B) ζ-potential of MIL-100(Fe), MIL-100(Al) and MIL-100(Cr) NPs in cell culture media as function of time at 37 °C.
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Figure 4 .

 4 Figure 4. H-ND genotoxicity measured by -H2Ax foci counts. -H2Ax foci were counted in Hep3B cells exposed to MIL-100(Fe) NPs for 24 h. Control cells were not exposed to MIL-100(Fe). Counts were performed on at least 100 cells per condition and results are depicted as distribution values of the number of foci obtained for each tested condition (the median is also reported for each sample as well as 25 th and 75 th percentile and lowest and highest value). A Wilcoxon rank test (comparisons versus control cells not exposed to NPs) was used to determine statistical significance (*, p<0.05; **, p<0.01; ***, p<0.001).

Figure 5 .

 5 Figure 5. Cell viability of murine macrophages J774.A1 after 24 h in contact with MIL-100(Fe) (red), MIL-100(Al) (green) and ZIF-8(Zn) (blue) NPs.

Figure 6 .

 6 Figure 6. ROS production by HL60 cell line in contact with MIL-100(Fe), MIL-100(Al). Cell control, basal ROS, positive control (PMA) and NPs are disclosed in black, grey, red and blue lines, respectively. Note that these data, corresponding to one of the quadruplicate experiments, are totally representative from the whole results.

Figure 7 .

 7 Figure 7. Degradation kinetics (on the left) of MIL-100(Fe) NPs at 37 °C as a function of time in different physiological media: water (red), 0.3 mM NaOH pH 7.4 (black), PBS pH 7.4 (blue), and PBS + BSA (pink). Degradation is represented as the wt % of the linker released in the medium, considering the maximum of degradation of 100% when the total amount of linker in the nanoparticle was released in the medium. (On the right) Aggregation kinetics of MIL-100(Fe) NPs for a period of 24 h at 37 °C in Milli-Q water (red), in PBS (green), and in PBS with albumin (blue); represented as evolution of nanoparticle diffusion coefficient (D) as a function of time (values are normalized for comparison).

Figure 8

 8 Figure 8. Aggregation kinetics of MIL-100(Fe) NPs over a period of 24 h at 37 °C in gastric medium (on the left) and in intestinal conditions (on the right: lis-SIF (red), lis-SIF with pancreatin (blue) and lis-SIF with mucin (green)). For clarity error bars have been removed from plots.

Figure 10 .

 10 Figure 10. XRPD patterns (on the left) and N 2 adsorption isotherm at 77 K (on the right) of MIL-100(Fe) NPs before (red) and after heparin coating (green) (note: weight correction is applied for Hep_MIL-100(Fe) NPs).

Figure 13 .

 13 Figure 13. Release of CS in water (pink), SIF (blue), SIF-panc (green) and HBSS (grey) at 37 ºC as a function of time. The maximum of release of 100 wt% corresponds to the total release of the total amount of CS initially coating the NPs.

Figure 14 .

 14 Figure 14. Confocal microscopy images of Caco-2 cells containing uncoated and CS-coated MIL-100(Fe) NPs observed by iron self-reflection signal (green channel) and the nucleus stained by DAPI (blue channel).The images have been taken at different times: 0.5, 2.5 and 24 h. Moreover, the controls were obtained with cells (control) after 24 h. In all the cases, the scale bar corresponded to 25 μm. All the images were taken at 63X.

Figure 15 .

 15 Figure 15. Schematic view of the composite patch preparation together with the images of the different obtained patches.

Figure 16 .

 16 Figure 16. Caffeine distribution (%) after 24 h of the ex vivo skin permeation tests.

Figure 17 .

 17 Figure 17. The structure of Mg(H 2 gal)•2H 2 O (along the pores axis: half of the pores are pictured empty; left) as well as the degradation profile of Mg(H 2 gal) in aqueous and cell culture media (RPMI) at 37°C (right).

Figure 19 .

 19 Figure 19. Structure of MIL-155 along the axes a, b, c (left) and MIL-156 structure (right) viewed along the c axis (top), a axis (bottom left) and b axis (bottom right).

Figure 21 .

 21 Figure 21. Degradation profile of Mg(H 2 gal), MIL-155 and MIL-156 in aqueous and cell culture media (RPMI) at 37°C.

Figure 22 .

 22 Figure 22. N 2 sorption isotherm at 77 K of MIL-100 (red) and MIL-101_NH 2 NPs (blue) before (dark line) and after siRNA association (light line).

Figure 4 .

 4 Figure 4. a)The antiretroviral azidothymidine triphosphate (AZT-TP) release from MIL-100(Fe) NPs in PBS (green), Tris buffer (red) and deionized water (blue). Reprinted with permission from Agostini et al.[131] b) The antitumoral doxorubicin (DOX) release profiles from UCNPs@MOF-DOX in PBS as a function of the pH.

CHAPTER 1 :

 1 Introduction interesting T1 relaxation times, confirming their potential use as magnetic resonance imaging (MRI) contrast agents. The relaxivity values of PB NPs were found to be approximately an order of magnitude lower than the typical commercial Gd3+-based T1 contrast agents, although comparable to the values obtained for the MnO NPs-based T1 agents. Different examples of Fe-and Gd-based PB NPs (5-13 nm

Figure 5 .

 5 Figure 5. (a,b) T2-weighted MRI images of Wistar rats injected with no particle (a) or 220 mg•kg 1 of MIL-88A particles(b). The images were acquired with spin echo sequence, in liver regions 30 min after injection (dm, dorsal muscle; li, liver; st, stomach).(c,d) Sagittal CT slices of a mouse before and 15 min after injection of Hf-UiO@SiO2@PEG. The increased attenuated areas are outlined (1, spleen (+131 HU); 2, liver (+86 HU); 3, heart; 4, lungs). (a, b) Adapted with permission from Horcajada.[132] Copyright 2010 Nature Publishing Group. (c,d) adapted with permission from deKrafft.[212] Copyright 2012 Royal Society of Chemistry.

Figure 6 .

 6 Figure 6. Illustration of the different types of enzyme immobilisation in MOFs: (I) Covalent immobilization; (II) Immobilisation into the pores through incubation; (III) Surface adsorption.

Figure 1 .

 1 Figure 1. XRPD patterns of MIL-100(Fe), MIL-100(Al) and MIL-100(Cr) NPs and TEM images.

Figure 2 . A )

 2A Figure 2. A) Colloidal stability of MIL-100(Fe), MIL-100(Al) and MIL-100(Cr) NPs in cell culture media (DMEM and MEM) at 37 °C. Stability is represented as the average of particle size evolution over time period. B) ζ-potential of MIL-100(Fe), MIL-100(Al) and MIL-100(Cr) NPs in cell culture media as function of time at 37 °C.

Figure 3 .

 3 Figure 3. Degradation kinetics of MIL-100(Fe), MIL-100(Al) and MIL-100(Cr) NPs at 37 ºC as a function of time in different cell culture media (DMEM and MEM). Degradation is represented as the wt% of the linker released in the medium, considering the maximum of degradation of 100 % when the total amount of linker in the NP is released in the medium.

Figure 4 .

 4 Figure 4. Real-time monitoring of cells exposed to H-NDs and/or irradiation to measure the cell index. Realtime monitoring of the cell index in A549, Calu-3, HepG2 and Hep3B cells exposed to three dose levels of MIL-100(Fe), MIL-100(Al) and MIL-100(Cr) NPs. Impedance measurements (one representative experiment among three independent experiments is shown) were carried out for 80 h and the cell index values were normalized at time 0 to avoid inter-well variability prior to the addition of NPs. "Control" cells were not exposed to MIL-100 NPs.

Figure 5 .

 5 Figure 5. Cell death induction after MIL-100(Fe, Al, Cr) treatments. Cell death measurements of A549, Calu-3, HepG2 and Hep3B cells exposed to 6 and 64 µg/cm² of MIL-100 NPs. Cell death induction is represented as the percentage of dead cells among the entire population. Cell counts were taken at 2 and 24 h after treatment. Dead cells labeled by ToPro-3 were counted by flow cytometry (FacsCalibur). "Control" cells were not exposed to MIL-100 NPs. Statistical analysis was performed for each exposure condition compared to non-exposed cells (Student's t-test, *p < 0.01).

Figure 6 .

 6 Figure 6. MIL100 internalization into the cells. Flow cytometry analysis of cell granularity by measuring side scatter parameter (SSC) of A549, Calu-3, HepG2 and Hep3B cells exposed to MIL-100(Fe) NPs at two doses (6 and 64 µg/cm²) for 2 and 24 h.

Figure 7 .

 7 Figure 7. Intracellular generation of reactive oxygen species (ROS) by MIL-100 treatments. A549, Calu-3, HepG2 and Hep3B cells were treated for 2 h with MIL-100(Fe, Al, Cr) NPs (6 and 64 µg/cm 2 ). Control (basal level) cells were not exposed to MIL-100 NPs. The ROS level was monitored by measurement of the fluorescence intensity of an oxidized fluorescent probe. Ratios as compared to the basal level are here reported. Statistical analysis was performed for each exposure condition compared to non-exposed cells (Student's t-test, *p < 0.01).

Figure 8 .

 8 Figure 8. Cell cycle checkpoint activation following MIL100 and/or irradiation treatments. Cell cycle analysis of A549, Calu-3, HepG2 and Hep3B cells exposed to 6 and 64 µg/cm² of MIL100. Control cells were not exposed to MIL100. PSB-NH 2 nanobeads were used as been used as positive control. Cell cycle checkpoint activation was evaluated by flow cytometry (FacsCalibur) 2 and 24 h after treatment. Statistical analysis was performed for each exposure condition compared to non-exposed cells (Student's t-test, *p < 0.01).

Figure 9 .

 9 Figure 9. H-ND genotoxicity measured by -H2Ax foci counts. -H2Ax foci were counted in Hep3B cells exposed to MIL-100(Fe) NPs for 24 h. "Control" cells were not exposed to MIL-100(Fe). Counts were performed on at least 100 cells per condition and results are depicted as distribution values of the number of foci obtained for each tested condition (the median is also reported for each sample as well as 25 th and 75 th percentile and lowest and highest value). A Wilcoxon rank test (comparisons versus control cells not exposed to NPs) was used to determine statistical significance (*, p<0.05; **, p<0.01; ***, p<0.001).
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Figure 1 .

 1 Figure 1. MIL100 internalization into the cells. Flow cytometry (A) and confocal microscopy (B) analyses of MIL-100(Fe) NPs loaded with Furazan. Calu-3 cells were exposed to NPs at two dose levels for 2 and 24 h.

Figure 1 .

 1 Figure 1. Schematic view of the structure of MIL-100(Fe, Al) and ZIF-8(Zn) NPs (center) together with their constitutive metals and organic linkers (on the left).The immunological response induced by these three types of NPs was studied in contact with peripheral blood mononuclear cells in order to assess their possible adjuvant effect. Iron, zinc, carbon, nitrogen and oxygen atoms are represented as orange polyhedra, yellow polyhedra, black, blue and red, respectively. Hydrogen atoms are omitted for clarity.

Figure 2 .

 2 Figure 2. Cell viability of murine macrophages J774.A1 after 24 h in contact with MIL-100(Fe), MIL-100(Al) or ZIF-8(Zn) NPs.

Figure 3 .

 3 Figure 3. ROS production by HL60 cell line in contact with MIL-100(Fe), MIL-100(Al) and ZIF-8(Zn) NPs. Cell control, basal ROS, positive control (PMA) and NPs are disclosed in black, grey, red and blue lines, respectively. Note that these data, corresponding to one of the quadruplicate experiments, are totally representative from the whole results.

Figure 4 .Table 2 .

 42 Figure 4. Individual levels of human cytokine production from peripheral blood mononuclear cells (3 different donors) after 24 h in contact with 25 or 250 μg.mL -1 of MIL-100(Fe), MIL-100(Al) or ZIF-8(Zn) NPs.

Figure 5 .

 5 Figure 5. Complement activation data for MIL-100(Fe), MIL-100(Al) and ZIF-8(Zn) NPs determined by Western blot using a specific C3 antibody to measure the degradation of the protein. Complement activation was represented by determining the intensity of the band at 43 kD, corresponding to the degraded C3 factor, and compared with the band at 115 kD, corresponding to the intact protein. The samples were normalized by the negative control.

Figure 1 .

 1 Figure 1. Colloidal stability of untreated (green line) and KF-treated (red line) MIL-100(Fe) nanoparticles in distilled water at 37 °C. Stability is represented as the average particle size evolution over a time period of 24 h.

Figure 2 .

 2 Figure 2. On the top: Short-term regime aggregation kinetics of MIL-100(Fe) nanoparticles in the presence of different salt concentrations of NaCl (on the left) and CaCl 2 (on the right) at 37 °C. The slope of the curve is represented by a solid line and is used to determine the aggregation rate for each salt concentration. On the bottom: Stability factor W of MIL-100(Fe) nanoparticles as a function of salt concentration NaCl (on the left) and CaCl 2 (on the right) represented in a double logarithmic scale. For clarity error bars have been removed from plots (available as Supporting Information).

Figure 3 .

 3 Figure3. Short-term regime aggregation kinetics of MIL-100(Fe) nanoparticles over a period of 10 min at 37 °C in two different media. In the top: PBS at different concentrations: non-diluted PBS (blue), PBS at dilution 1/10 (brown), dilution 1/50 (red) and dilution 1/100 (green). In the bottom: PBS supplemented with albumin at various concentrations: non-diluted albumin (blue), dilution 1/10 (brown), dilution 1/50 (red) and dilution 1/100 (green). Note that stability of the nanoparticles in non-diluted albumin is represented by its diffusion coefficient (D) because at high albumin concentrations DLS mostly detects the size of the proteins. For clarity error bars have been removed from plots (available as Supporting Information).

Figure 4 .

 4 Figure 4. (On the top) Aggregation kinetics of MIL-100(Fe) nanoparticles over a period of 24 hours at 37 °C in water (red) and PBS (green); represented as average size evolution as a function of time. (On the bottom) Aggregation kinetics of MIL-100(Fe) nanoparticles for a period of 24 h at 37 °C in MilliQ water (red), in PBS (green) and in PBS with albumin (blue); represented as evolution of nanoparticle diffusion coefficient (D) as a function of time (values are normalized for comparison).

Figure 5 .

 5 Figure 5. Degradation kinetics (on the left) of MIL-100(Fe) nanoparticles at 37 ºC as a function of time in different physiological media: water (red), 0.3 mM NaOH pH 7.4 (black), PBS pH 7.4 (blue) and PBS + BSA (pink). Degradation is represented as the wt% of the linker released in the medium, considering the maximum of degradation of 100 % when the total amount of linker in the nanoparticle was released in the medium. XRPD patterns (on the right) of MIL-100(Fe) nanoparticles after 24 h at 37 ºC in different physiological media: water (red), 0.3 mM NaOH pH 7.4 (black), PBS pH 7.4 (blue) and PBS + BSA (pink).

3. 3 .

 3 Colloidal stability of MIL-100(Fe) under oral conditions. MIL-100 have previously shown a great potential for oral administration.38 Thus, it was of interest to study their stability when exposed to conditions that simulate those encountered through the digestive tract emerges as crucial for their future application. To this aim, short-and long-term regime experiments were performed in three different conditions: i) gastric medium (0.137 M HCl, pH = 1.2, 37 °C), ii) intestinal medium at different dilutions (abbreviated as SIF, 50.0 mM KH 2 PO 4 and 15.4 mM NaOH at pH 6.8, 37 °C) and iii) low-ionic-strength (lis) SIF (SIF diluted

Figure 6 .

 6 Figure 6. Aggregation kinetics of MIL-100(Fe) nanoparticles over a period of 10 min at 37°C in the following media: (a) HCl pH 1.2, (c) SIF at various concentrations: non-diluted SIF (in red), dilution 1/25 lis-SIF (in brown), dilution 1/250 (in green), dilution 1/1250 (in orange) and dilution 1/2500 (in blue); (d) lis-SIF supplemented with various concentrations of pancreatin: non-diluted pancreatin (in brown), dilution 1/10 (in green), dilution 1/50 (in blue), dilution 1/100 (in red); (e) lis-SIF with various concentrations of mucin: nondiluted (in red); dilution 1/10 (in green); dilution 1/25 (in blue); dilution 1/50 (in orange); dilution 1/100 (in brown). Aggregation kinetics of MIL-100(Fe) nanoparticles over a period of 24 hours at 37 °C in: (b) HCl pH 1.2 and (f) lis-SIF (red), in lis-SIF with pancreatin (blue) and lis-SIF with mucin (green). For clarity error bars have been removed from plots (available as Supporting Information).

Figure S2 . 1 MIL- 100 (

 S21100 Figure S2. FTIR spectra of untreated (grey) and KF-treated (black) MIL-100(Fe) nanoparticles. Band assigned to the presence of free acid are highlighted.

Figure S3 .

 S3 Figure S3. XRPD patterns of untreated (green) and KF-treated (red) MIL-100(Fe) nanoparticles.2 (°)

Figure S5 .

 S5 Figure S5. Polydispersity index (PdI) vs. time evolution of MIL-100(Fe) nanoparticles in the presence of different salt concentrations of NaCl (in red) and CaCl 2 (in green) at 37 °C.

Figure

  Figure S7. ζ-potential vs. time evolution of MIL-100(Fe) nanoparticles in low ionic strength simulated intestinal fluid (lis-SIF) supplemented with pancreatin over a period of 24 h at 37 °C.

  All authors have actively contributed in this work. The synthesis of NPs, processing and characterization of these composite MOF patches has been developed by Dr. A. Garcia Marquez. The encapsulation of the caffeine was carried out by Dr. D. Cunha. Dr. E. Bellido was involved in the large scale processing of the composite patches. Moreover, Dr. C. Boissière, Prof. C. Sanchez and Dr. C. Serre have been involved in fruitful discussion about the preparation of the composite patches. Particularly, Tania HIDALGO CRESPO has worked on the experimental performance and the writing of the introduction, the patches characterization (sweabillity, bioadhesion, thickness), delivery tests of the caffeine as well as ex vivo skin permeation essays. For the ex vivo delivery test, H. Lana has been actively involved supervising the experimental work of the PhD student. Furthermore, the whole manuscript has been assessed and actively supervised for Dr. P. Horcajada, focusing in the patches preparation and their biological evaluation. Finally, Prof. M. J. Blanco-Prieto, Dr. C. Alvarez-Lorenzo and Dr. C. Serre have supervised the whole project, especially in the skin permeation, sweabillity and bioadhesion character and with the physicochemical characterization of these MOF composite, respectively.

  Similarly, 2',7'-dichlorofluorescein diacetate (2.5 µM; DCFH-DA), L-glutamine (2 mM), Bodipy ® phalloidin, 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) and Tris/EDTA (10 mM, pH 7.4) were purchased from Life Technologies. Heat-inactivated fetal bovine serum (FBS), dimethylsulfoxide (DMSO; ≥ λλ.7 %), western-blotting ladder (PageRuler Plus prestained protein ladder) and penicillin/streptomycin (100 U.mL -1 ) were provided by Fischer. Polyvinylidene difluoride membrane (PVDF, Immun-Blot, Bio-Rad; Hercules, CA), Tris Buffered Saline with Tween 20, 1x (TBS-T), 5-bromo 4-chloro 3'-indolyphosphate ptoluidine salt (BCIP) were purchased by Bio-Rad Laboratories, Hercules, CA. Ficoll-Paque PLUS TM (GE Healthcare), lipopolysaccharide (LPS; InvivoGen, San Diego, CA), phorbol 12myristate-13-acetate (PMA; Abcam, Biochemicals), Monoclonal Mouse anti-C3, C3b
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 3 Subchapter 3.1.

Figure 2 .

 2 Figure 2. Release of caffeine in(a) water and (b) PBS at 37 ºC as a function of time for MIL-100(Fe) (red) and heparin coated MIL-100(Fe) NPs (green). Release is represented as the wt% of the caffeine released in the medium, considering the maximum of 100% when the total amount of caffeine initially entrapped in the NP was released in the medium.

3 .

 3 Figure 3. (a) Release of heparin in water (green), PBS (orange) and RPMI (blue) at 37 ºC as a function of time. The maximum of release of 100 wt% corresponds to the total release of the amount of heparin initially coating the NPs. (b) Degradation kinetics of uncoated (red) and hep_MIL-100(Fe) NPs (green) in water (solid circles), PBS (triangles) and RPMI (stars) at 37 ºC as a function of time.

Figure 4 .

 4 Figure 4. Confocal microscopy images of J774.A1 cells containing uncoated and heparin coated MIL-100(Fe) NPs observed by iron self-reflection signal (left) and furazan (green channel; right); the nucleus is stained by DAPI, and the actin present in the membrane, by the Bodipy®Phalloidin. The images have been taken at different times: 1, 4 and 8 h. Moreover, 2 controls were made: cells (control) and cells together with free ll the images were taken at 63X.

Figure S7 .

 S7 Figure S7. XRPD patterns of uncoated (red) and Hep_MIL-100(Fe) NPs (green); and caffeine (orange) ((XRPD collected in a Siemens D5000 diffractometer with step size of 0.04º and 2 s per step in continuous mode).

Figure S8 .

 S8 Figure S8. Release of caffeine in (a) water and (b) PBS at 37 ºC as a function of time for uncoated micrometric (MPs; blue) and nanometric (NPs; red) MIL-100(Fe) particles. Release is represented as the wt% of the caffeine released in the medium, considering the maximum of 100 % when the total amount of caffeine initially entrapped in the nanoparticle was released in the medium.

Figure S10 .

 S10 Figure S10. Colloidal stability of MIL-100(Fe) (red) and Hep_MIL-100(Fe) NPs (green) in (a) water; (b) PBS; (c) PBS + albumin; and (d) RPMI, at 37 ºC. Stability in water, PBS and RPMI is represented as the NP size evolution with time; while in PBS implemented with albumin 5.4% w/v stability is represented as the nanoparticle diffusion coefficient variation (%) with time.

Figure S11 .

 S11 Figure S11. Cell viability of J774.A1 after 24 h in contact with uncoated or Hep_MIL-100(Fe) NPs. These data correspond to the average of four replicates obtained in three independent experiments (n = 12). Error bars correspond to the standard deviation.

Figure S13 .Figure S14 .Figure S15 .

 S13S14S15 Figure S12ROS production of HL-60 cell line (widely chosen as ROS model)[i,ii] in contact with MIL-100(Fe) and heparin coated MIL-100(Fe) NPs. Cell control, basal ROS, positive control (PMA) and NPs are disclosed in black, grey, red and blue lines, respectively. Note that these data, corresponding to one of the quadruplicate experiments obtained from three independent experiments (n=12), are totally representative from the whole results.

Figure S16 .

 S16 Figure S16. A) Complement activation data for uncoated and Hep_MIL-100(Fe) NPs determined by Western blot using a specific C3 antibody to measure the degradation of the protein. Complement activation was represented by determining the intensity of the band at 43 kD, corresponding to the degraded C3 factor, and compared with the band at 115 kD, corresponding to the intact protein. The samples were normalized by the negative control. B) Western-blot image and protein ladder.

Figure S17 .

 S17 Figure S17. Human cytokine production from peripheral blood mononuclear cells (3 different donors) after 24 h in contact with 25 or 250 μg/mL of MIL-100(Fe) and Hep_MIL-100(Fe) NPs.

  times) obtained from 3 different donors (1/3,2/3 or 3/3), with the representation of the activation showed in the positive control (LPS and PHA). *IL-4 and IL-5 secretion was not observed with both MIL-100(Fe) and Hep_MIL-100(Fe) NPs.

Figure S18 .«

 S18 Figure S18. Fluorescence spectroscopy of MIL-100(Fe) and Hep_MIL-100(Fe) NPs in contact with the different plasmatic protein fractions (in red: 100 µg of NPs / 440 µg of globulin / mL (left); 100 µg of NPs / 160 µg of fibrinogen / mL (center); 100 µg of NPs / 1000 µg of albumin / mL (right)). An identical control in absence of NPs is represented in black for comparison.

2. 4 .

 4 Preparation of physiological media. Pancreatin free simulated intestinal fluid (SIF) was prepared according to the European Pharmacopeia 7.0. 24 Briefly, 38.5 mL of a 0.2 M NaOH solution were added to a solution of 3.4 g of KH 2 PO 4 dissolved in 125 mL of Milli-Q water.

2. 5 .

 5 Physicochemical characterization. Particle size distribution and ζ-potential were determined by Dynamic Light Scattering (DLS) on a Zetasizer Nano (Malvern Instruments).

Figure 1 .

 1 Figure 1. Release of Rh-CS in water (pink), SIF (blue), SIF-panc (green) and HBSS (grey) at 37 ºC as a function of time. The maximum of release of 100 wt% corresponds to the total release of the total amount of CS initially coating the NPs.These NP-media interactions were observed in both NPs, by the increase of the ζ-potential values in case of MIL-100(Fe) NPs (from -18 ± 5 mV to -51 ± 1 mV in SIF and to -19 ± 1 mV in HBSS) and the decrease of the ζ-potential values in coated CS_MIL-100(Fe) (from +38 ± 5 to -6 ± 3 mV in SIF and to ± x.x mV in HBSS). CS-coating results even more stable under SIF complemented with pancreatin (SIF-panc), with > 95 % of the coating remaining grafted on the NPs after 6 days, where the characteristic negative ζ-potential of MIL-100(Fe) and the positive value in CS_MIL-100(Fe) NPs reach neutral values (from -18 ± 5 mV to -7 ± 2 mV for MIL-100(Fe) and from +38 ± 5 to -6 ± 3 mV in CS_MIL-100(Fe)). This divergence in colloidal stability is mainly due to the different components of the media, i.e. protein (or here enzymes) containing media are known to enhance the colloidal stability of MIL-100(Fe) NPs and this may be attributed to the formation of a protein corona on the surface of the NP that prevents from the release of the coating moieties. This might be the case when pancreatin supplemented medium is used, in which the nanoMOF surface charge

Figure 2 .

 2 Figure 2. Degradation kinetics of uncoated (dark line) and coated (light line) MIL-100(Fe) NPs in: i) water (purple), ii) PBS (brown), iii) HBSS (grey), iv) DMEM (aquamarine), v) SIF (blue) and vi) SIF-panc (green), at 37 ºC as a function of time.

3. 3 .

 3 Colloidal stability studies. The nature of the surface mainly dictates the physicochemical properties of the NPs, such as hydrophilicity/hydrophobicity, ζ-potential and colloidal stability. These properties play an essential role in determining NP-cell interactions, such as Chitosan-coated mesoporous MIL-100(Fe) nanoparticles as improved bio-compatible oral nanocarriers [238]

Figure 3 .

 3 Figure 3. Confocal microscopy images of Caco-2 cells containing uncoated and CS-coated MIL-100(Fe) NPs observed by iron self-reflection signal (green channel) and the nucleus stained by DAPI (blue channel). The images have been taken at different times: 0.5, 2.5 and 24 h. Moreover, the controls were obtained with cells (control) after 24 h. In all the cases, the scale bar corresponded to 25 μm. All the images were taken at 63X.

  Zolnik, B. S., González-Fernández, Á., Sadrieh, N. & Dobrovolskaia. M. A. Nanoparticles and the Immune System, Endocrinology 151, 458-465 (2010).

Figure S1 .

 S1 Figure S1. TGA of MIL-100(Fe) (black), CS_MIL-100(Fe) nanoparticles (red line).

Figure S2 .

 S2 Figure S2. FTIR spectra of CS_MIL-100(Fe) NPs (red) in comparison with the uncoated (black) and chitosan (blue line).

Figure S3 .

 S3 Figure S3. XRPD patterns of MIL-100(Fe) nanoparticles before (black) and after (red) external surface modification with chitosan (XRPD collected in a D8 Advance Bruker diffractometer with = mode).

Figure S4 .

 S4 Figure S4. N 2 adsorption isotherm at 77 K of MIL-100(Fe) NPs before (full squares) and after CS-coating (empty squares) after outgassing at 140 °C for 3 h. (note: weight correction is applied for CS_MIL-100(Fe) NPs).us mode).

Figure S5 .

 S5 Figure S5. Molecular simulation of CS as three-(above) and nine-units (below) oligomers. The size of the molecule is indicated for three different orientations.

Flory

  radius R F : Polymer conformation can be estimated in terms of the Flory radius (R F ), which is the average coil dimension in solution, and the distance between grafted chains (D). If the solution is a good solvent for the polymer (i.e. CS in water:ethanol) the Flory radius can be described according to the following equation: R F = α•n 3/5 , where α is the length of one CS monomer, taking as the monomer 9 units linked through β-(1-4) bridges: 6 units of D-glucosamine and 3 of N-Acetyl-D-glucosamine (~ 30.6 Å, as estimated by molecular simulation under vacuum) and n is the number of monomers per polymer chain (~ 30 CS monomers considering Mw ~ 50000 Da). Then, the calculated Flory radius is R F ~ 23 nm.

Figure S6 .

 S6 Figure S6. Colloidal stability of MIL-100(Fe) (dark line) and CS_MIL-100(Fe) NPs (light line) in: i) water, ii) PBS (brown), iii) HBSS (grey), iv) DMEM (aquamarine), SIF (blue), v) SIF-panc (green) and vi) SIF-mucin (red), representing the NP size evolution vs. time.

Figure S7 .

 S7 Figure S7. Cell viability of Caco-2 cell line after 24 h in contact with uncoated or CS_MIL-100(Fe) NPs. Note that these data shown in each concentration, corresponding to the average of the quadruplicate replicate obtained in three independent experiments (n=12). The vertical error bars drawn in the diagram indicate the range of fluctuations from which the standard deviations were calculated.

Figure S8 .

 S8 Figure S8. Fluorescence spectroscopy of MIL-100(Fe) and CS_MIL-100(Fe) NPs in contact with the different plasmatic protein fractions (in red: 100 µg of NPs per 440 µg of globulin per mL (left); 100 µg of NPs per 160 µg of fibrinogen per mL (center); 100 µg of NPs per 1000 µg of albumin per mL (right)). An identical control in absence of NPs is represented in black for comparison.

Figure S9 .Figure S10 .Figure S11 .Figure S12 .Figure S13 .

 S9S10S11S12S13 Figure S9. Confocal microscopy images at different depths in the Z-axis of Caco-2 cell monolayer containing uncoated and chitosan coated MIL-100(Fe) NPs observed by iron self-reflection signal (in green) and the at 63X.

Figure S14 .

 S14 Figure S14. Human cytokine production from peripheral blood mononuclear cells (3 different donors) after 24 h in contact with 25 or 250 μg/mL of MIL-100(Fe) and CS_MIL-100(Fe) NPs.

CHAPTER 3 :
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Figure 1 .

 1 Figure 1. Schematic view of the composite patch preparation together with the images of the different obtained patches.

Figure 2 .

 2 Figure 2. A) Caffeine release from the different patches. B) Caffeine vs. ibuprofen release from the GEL-MIL-100 patches.

Figure 3 .

 3 Figure 3. Caffeine delivery profile from the caffeine-containing patches to the receptor compartment of the Franz chamber after 24 h.

Figure 4 .

 4 Figure 4. Caffeine distribution (%) after 24 h of the ex vivo skin permeation tests.

Figure S1 .

 S1 Figure S1. HR-TEM images of MIL-100(Fe) NPs (a-b).

Figure S2. A )

 A Figure S2. A) Kinetics profile of the caffeine encapsulation in both the micro (black) and nanometric MIL-100 (red); B) TGA plots of the MIL-100 nanoparticles before (black) and after caffeine encapsulation (red).

Figure S3 .

 S3 Figure S3. SEM images of the MIL-100_CAF, GEL_CAF, PVA_CAF, GEL_MIL-100_CAF and PVA_MIL-100_CAF patches.

Figure S4 .Figure S5 .

 S4S5 Figure S4. XRD patterns of the GEL_MIL-100_CAF and PVA_MIL-100_CAF patches, together with the free caffeine and the caffeine encapsulated micro and nanoparticles of MIL-100. XRD were collected in a D8 Advance Bruker diffractometer with Cu Kα1 radiation ( = 1.54056 Å) from 3 to 25º (2θ) using a step size of 0.02º and 2.5 s per step in continuous mode.

Figure S6 .

 S6 Figure S6. Optical images of the patches before and after the water adsorption.

Figure S7 .

 S7 Figure S7. Macroscopic images of the patches before and after the bioadhesion measurements.

Figure S8 .

 S8 Figure S8. Chromatograms (left) and UV-Vis spectra (right) of caffeine (a) and BTC (b). Chromatogram of standard solutions showed a retention time of 4.0 and 6.5 min, corresponding to caffeine and BTC, respectively, as confirmed by their characteristic UV-Vis spectra (absorption maximum at 272 and 210 nm, respectively).

CHAPTER 4 :

 4 Subchapter 4.1.

  diffraction. Routine powder X-Ray diffraction patterns were collected at 2λ3 K on a Siemens D5000 Diffractometer working in the (θ-2θ) mode by using CuKα radiation. Typical XRD diagrams of Mg(H 2 gal)•2H 2 O and Mg 2 (gal)•xH 2 O are shown Figure S2. High resolution powder X-ray diffraction data of Mg(H 2 gal)•2H 2 O were measured at room temperature using a Bruker D8 Advance diffractometer with a Debye-Scherrer geometry, in the 2θ range 10-80°. The D8 system is equipped with a Ge(

  Toledo TGA/DSC 1, STAR®System apparatus under O 2 , at a heating rate of 2 °C min -1 up to 800°C. TGA curves for Mg(H 2 gal)•2H 2 O and Mg 2 (gal)•xH 2 O are shown in Figure S6.

CHAPTER 4 :

 4 Subchapter 4.1.

Figure 1 .

 1 Figure 1. Structure of Mg(H 2 gal)•2H 2 O: i) view along the chain axis (half of the pores are pictured empty); ii) view of the H 2 gal 2-ligand. iii) Nitrogen adsorption isotherm measured at 77 K.0.0 0.2 0.4 0.6 0.8 1.0 0 20 40 60 80 100 120
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 2 

Figure 2 .

 2 Figure 2. Degradation profile of Mg(H 2 gal) in aqueous and cell culture media (RPMI) at 37°C.

Figure 3 .

 3 Figure 3. ROS production of HL-60 cells in contact with Mg(H 2 gal), H 4 gal and Mg(OH) 2 . Negative (cells + DCFH-DA) and positive (cells + DCFH-DA + PMA) controls are disclosed as grey and red lines. Several concentrations (5, 15, 30 and 60 µg.mL -1 ) were tested, and are pictured in orange, green, blue and pink, respectively. Note that these data, corresponding to one of the triplicate experiments, are totally representative from the whole results.
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Figure S3 .

 S3 Figure S3. Final Rietveld plot of Mg(H 2 2 O.

Figure S4 .

 S4 Figure S4. Van der Waals representation of the structure of Mg(H 2 2 O (water molecules omitted for clarity) along (left) and perpendicular (right) to the three-fold axis.

Figure S5 .

 S5 Figure S5. Thermodiffractogram of Mg(H 2

Figure S7 .

 S7 Figure S7. Left : 13 C CPMAS, and right : 1 H MAS NMR spectra of Mg(H 2 2 O. In inset is shown the gallic acid molecule, on which the carbon atoms are labeled.

Figure S8 .

 S8 Figure S8. Left: 1 H-1 H 2D DQ-SQ NMR correlation spectrum of Mg(H 2 2 O, showing the spatial proximity (dash line) between the C-H protons (2) and the more acidic proton (3); right: 1 H-13 C CP-HETCOR NMR spectrum, showing the spatial proximity (dash points) between the acidic proton and the carbon atoms in the phenol region.

Figure S9 .

 S9 Figure S9. N 2 adsorption/desorption isotherm (at 77 K) for Mg(H 2 gal). The hysteresis is likely to be associated with diffusion issues arising from the small pores (size < kinetic diameter of N 2 ).

Figure S10 .

 S10 Figure S10. Pore size distribution of Mg(H 2 gal) obtained using the van der Waals parameters issued from UFF for all atoms (black) and from DREIDING for all atoms except for Mg described by UFF (red).

Figure S11 .

 S11 Figure S11. BET area calculation for Mg(H 2 gal) using the simulated isotherm of N 2 at 77 K. (a,c) A plot of V excess (1 -P/P 0 ) vs P/P 0 for determining the first consistency criterion,(b,d). The selected linear plot that satisfies the second consistency criterion and the corresponding BET surface area based on the fitted red line: top: LJ parameters for all atoms of the framework taken from UFF, bottom: LJ parameters for the atoms of the framework taken from DREIDING except for Mg (UFF).

Figure S12 .Figure S13 .

 S12S13 Figure S12. PXRD patterns of Mg(H 2 gal)•2H 2 O after incubation in water (bottom) and cell culture media (RPMI, top).

Figure S14 .

 S14 Figure S14. Annexin-V analysis of HL-60 cell line after 24 h in contact with different concentration (5 / 15 / 30 / 60 / 125 / 250 μg.mL -1 ) of Mg(H 2 2 O. Negative control and positive control (C+) were considered as cells alone and cells in the presence of H 2 O 2 , respectively. From the 1 st to 4 th quadrant are represented different cell states as live, early apoptotic, late apoptotic and necrotic cells, respectively. Note that these data, corresponding to one of the triplicate experiments, are totally representative from the whole results.

Figure S15 .

 S15 Figure S15. Annexin-V analysis of HL-60 cell line after 24 h in contact with different concentration (5 / 15 / 30 / 60 / 125 µg.mL -1 ) of each component of gallate (H 4 gal or Mg(OH) 2 ). Negative control and positive control (C+) were considered as cells alone and cells in presence of H 2 O 2 , respectively. From the 1 st to 4 th quadrant are represented different cell states as live, early apoptotic, late apoptotic and necrotic cells, respectively. Note that these data, corresponding to one of the triplicate experiments, are totally representative from the whole results.

Figure 1 .

 1 Figure 1. View of the structure of 1 along the axes a, b, c showing the water molecules in the channels.

Figure 2 .

 2 Figure 2. The coordination modes of ligands H 2 galA and H 2 galB and the geometries of Ca1 and Ca2.

MIL- 156 :Figure 3 .

 1563 Figure 3. Structure of MIL-156 viewed along the c axis (top), a axis (bottom left) and b axis (bottom right).

Figure 4 . 2 3. 2 .

 422 Figure 4. Inorganic subunit in MIL-156. Inner chain: edge sharing Ca2O 8 ; outer chains: corner sharing Ca1O 4 (H 2 O) 2

Figure 5 .

 5 Figure 5. ROS production of HL-60 cells in contact with Mg(H 2 gal), MIL-155 and MIL-156. Negative (cells), basal (cells + DCFH-DA) and positive (cells + DCFH-DA + PMA) controls are disclosed as black, grey and red lines. Several concentrations (5, 15, 30 and 60 µg.mL -1 ) were tested, and are pictured in orange, green, blue and pink, respectively. Note that these data, corresponding to one of the triplicate experiments, are totally representative from the whole results

Figure 6 .

 6 Figure 6. Degradation profile of Mg(H 2 gal), MIL-155 and MIL-156 in aqueous and cell culture media (RPMI) at 37°C.

Figure S1 .

 S1 Figure S1. IR spectra for MIL-155 (black) and MIL-156 (red) and gallic acid monohydrate (blue).

Figure S2 .

 S2 Figure S2. Hydrogen bond network in MIL-155.

Figure S3 .

 S3 Figure S3. Comparison of ligand coordination and chain formation in MIL-155 (above, Ca in blue) and Ni(H 2 gal) (below, Ni in pink).

Figure 4 .

 4 Figure 4. Gallate ligands in MIL-155 and [Ni(H 2 gal)]•2H 2 O.

Figure S5 .

 S5 Figure S5. Coordination modes of gallate ligand in MIL-156, h-bonds represented be blue dashed line.

  Figure S5.-155.

Figure S7 .Figure S8 .

 S7S8 Figure S7. ROS production of HL-60 cells after 8 h in contact with the precursors H 4 gal, Mg(OH) 2 , Ca(NO 3 ) 2 and Ca(OH) 2 ). Negative (cells), basal (cells + DCFH-DA) and positive (cells + DCFH-DA + PMA) controls are disclosed as black, grey and red lines. Several concentrations (5, 15, 30 and 60 µg.mL -1 ) of the Mg(H 2 gal)•2H 2 O, Ca 2 (H 2 O)(H 2 gal) 2 •2H 2 O and Ca 3 K 2 (gal) 2 (H 2 O) 2 •4H 2 O were tested, and are pictured in orange, green, blue and pink, respectively. Note that these data, corresponding to one of the triplicate experiments, are totally representative from the whole results.

Figure S9 .

 S9 Figure S9. Cell viability of HL-60, RAW 264.7 and NCI-H460 macrophages after 24 h in contact with A) MIL-155 or B) MIL-156.

Figure S10 .

 S10 Figure S10. Annexin-V analysis of HL-60 cell line after 24 h in contact with different concentration (5, 15, 30, 60, 125 and 250 µg.mL -1 ) of Mg(H 2 gal)•2H 2 O, MIL-155 and MIL-156. Negative and positive controls (C+) were considered as cells alone and cells in the presence of H 2 O 2 , respectively. From the 1 st to 4 th quadrant are represented different cell states as live, early apoptotic, late apoptotic and necrotic cells, respectively. Note that these data, corresponding to one of the triplicate experiments, are totally representative from the whole results.

Figure S11 . 2 Figure«

 S112 Figure S11. Annexin-V analysis of HL-60 cell line after 24 h in contact with different concentration (5, 15, 30, 60 and 125 µg.mL -1 ) of each component of the different metal gallate precursors (H 4 gal, Mg(OH) 2 , Ca(NO 3 ) 2 and Ca(OH) 2 ). Negative and positive controls (C+) were considered as cells alone and cells in presence of H 2 O 2 , respectively. From the 1 st to 4 th quadrant are represented different cell states as live, early apoptotic, late apoptotic and necrotic cells, respectively. Note that these data, corresponding to one of the triplicate experiments, are totally representative from the whole results.

Figure 1 .

 1 Figure 1. N 2 sorption isotherm at 77 K of MIL-100 (red) and MIL-101_NH 2 NPs (blue) before (dark line) and after siRNA association (light line). Prior to the analysis, samples were outgassed at 37 °C for 3 h

Figure 2 .

 2 Figure 2. Fluorescence confocal microscopy images of Sw480 cells incubated for 4 hours with Cy5-siRNA_MIL-100/pH=2, Cy5-siRNA_MIL-100/pH=4 and Cy5-siRNA_MIL-101_NH 2 /pH=4. MOF NPs are directly observed by the iron self-reflection signal (in green), the Cy5-labelled siRNA and the nucleus stained with DAPI are visible in red and in blue, respectively. Cell controls corresponds to Sw480 cells after 4 h in absence of NP, cells in contact with empty NPs or free siRNA. images are taken at 63X.

Figure 3 .

 3 Figure 3. miR 145 expresion in SW480 transfected cells after 72 h of incubation time with MIL-100(pH=4), MIL-100(pH=2) and 101_NH 2 (pH = 4) NPs. Negative (cells) and positive controls (in presences of Lipofectamin with unspecific siRNA and miRNA) are disclosed here as control, Lipo siR and Lipo mIR 145 respectively.

Figure S1 .

 S1 Figure S1. XRPD patterns of MIL-100 (red) and MIL-101_NH 2 (blue) NPs before (dark line) and after (light line) association with siRNA at pH 4; MIL-100 (black) and MIL-101(dark blue) microparticles are also represented as controls (XRPD were collected in a D8 Advance Bruker diffractometer with Cu Kα1 radiation ( = 1.54056 Å) from 3 to 20º (2θ) using a step size of 0.02º and 2.5 s per step in continuous mode).

Figure S2. A )

 A Figure S2. A) Average size and B) ζ-potential evolution of MIL-100 and MIL-101_NH 2 NPs vs. as a function of the pH.

Figure S3 .

 S3 Figure S3. Quantification of siRNA by gel retardation assay after 1h of incubation with MIL-100 and MIL-101 NPs at different pHs.

Figure S4 .

 S4 Figure S4. FTIR spectra of MIL-100 and MIL-101_NH 2 NPs before and after the siRNA encapsulation at pH 4.

  Figure S6. A) Percentage of released hemoglobin after a 15 min-contact time human blood with different concentrations (from 500 to 15 μg.mL -1 ) of the siRNA_MIL-100 (pH =2 in red or pH = 4 in green) and siRNA_MIL-101_NH 2 (in blue). B) Image of the hemolysis assays of each NP concentration after 15 min of incubation.

Figure S7 .Figure S8 .Figure S9 .Figure S10 .

 S7S8S9S10 Figure S7. A) Percentage of released hemoglobin after a 1 h-contact time human blood with different concentrations (from 500 to 15 μg.mL -1 ) of the siRNA_MIL-100 (pH =2 in red or pH = 4 in green) and siRNA_MIL-101_NH 2 (in blue). B) Image of the hemolysis assays of each NP concentration after 15 min of incubation.

Figure 1 .

 1 Figure 1. A) Stabilité colloïdale des NPs de MIL-100(Fe, Al, Cr) dans le milieu de culture (DMEM et MEM) à 37 °C. B) potentiel ζ des NPs de MIL-100 (Fe, Al, Cr) dans le milieu de culture cellulaire en fonction du temps à 37 °C.Ensuite, la caractérisation physico-chimique des NPs de MIL-100 dans les différents milieux (DMEM et MEM; Figure1) a permis de mettre en évidence (i) une charge superficielle et une taille de particule similaires pour tous les NPs testées, sauf pour le MIL-100(Cr) présentant des NPs de plus petite taille, (ii) une stabilité colloïdale élevée de jusqu'à 24 -48 h dans les deux milieux de culture cellulaire et (iii) une stabilité chimique importante, avec des

Figure 3 .

 3 Figure 3. Production intracellulaire de ROS par A549, Calu-3, HepG2 et Hep3B en contact (2 h) avec MIL-100 (Al, Cr, Fe) (6 et 64 μg . cm -2 ). Dans le groupe contrôle (niveau de base), les cellules ne sont pas exposées aux NPs de MIL-100. Le niveau ROS a été déterminé par fluorescence en utilisant une sonde fluorescente oxydée. Les données ici rapportées correspondent à la valeur obtenue par rapport au niveau basal. L'analyse statistique a été effectuée pour chaque condition d'exposition par rapport aux cellules non exposées (test t de Student, * p <0,01).

Figure 4 .

 4 Figure 4. Génotoxicité H-ND, mesurée par le comptage du foci -H2Ax, des NPs de MIL-100 (Fe) après 24 h en contact avec les cellules Hep3B. Le comptage a été effectué sur au moins 100 cellules par condition. Les résultats sont ici montrés comme la distribution du nombre de foci obtenu pour chaque condition testée (la médiane est également signalée pour chaque échantillon ainsi que les percentiles 25 e et 75 e et la valeur minimale et maximale). Un test de Wilcoxon (en comparaisons par rapport aux cellules contrôles non exposés aux NPs) a été utilisé afin de déterminer la signification statistique (*, p <0,05; **, p <0,01; ***, p <0,001).

Figure 5 .

 5 Figure 5. Viabilité cellulaire de macrophages murins J774.A1 après 24 h en contact avec le MIL-100(Fe) (rouge), MIL-100(Al) (vert) et ZIF-8(Zn) (bleu).

Figure 6 .

 6 Figure 6. Production de ROS par la lignée cellulaire HL60 en contact avec MIL-100(Fe), MIL-100(Al) et ZIF-8. Les contrôles cellulaires, le ROS basale, le contrôle positif (PMA) et les NPs sont marqués en noire, gris, rouge et bleu, respectivement. Notez ici que ces données, correspondant à l'une des expériences des quadruplicate, sont tout à fait représentatives de l'ensemble des résultats.

Figure 7 .

 7 Figure 7. A gauche : cinétiques de dégradation du MIL-100(Fe) à 37 ° C en fonction du temps dans les différents milieux physiologiques: l'eau (rouge), 0.3 mM NaOH pH 7.4 (noir), PBS pH 7,4 (bleu), et PBS + BSA (rose). La dégradation est ici représentée par le % en poids du ligand relargé dans le milieu, en tenant compte de la dégradation maximale (100% correspondant à la quantité totale de ligand contenu dans la NP). A droite : Cinétiques d'agrégation des NPs du MIL-100(Fe) pendant 24 h à 37 °C dans de l'eau Milli-Q (rouge), le PBS (vert), et le PBS avec l'albumine (bleu ; ici les valeurs normalisées du coefficient de diffusion de NPs sont représentés en fonction du temps).

Figure 8 .

 8 Figure 8. Cinétiques d'agrégation des NPs de MIL-100(Fe) pendant 24 h à 37 °C en milieu gastrique (à gauche) et en conditions intestinales (sur la droite: lis-SIF (rouge), lis-SIF pancréatine (bleu) et lis-SIF mucine (vert)). Les barres d'erreurs ont été ici retirées des graphes pour plus de clarté.

  été incorporée sur la surface externe du MIL-100(Fe) par une méthode simple, efficace ( 88%) et non toxique. Ainsi, l'héparine a été greffée avec succès exclusivement sur la surface extérieure des NPs, en préservant la structure cristalline et la porosité caractéristique du nanoMIL-100(Fe) (Figure10). Un recouvrement d'héparine homogène d'environ 12% en poids et 10 nm d'épaisseur a été obtenu avec une conformation du type "brosse" à haute densité, qui généralement protéines sur la surface, empêchant ainsi leur reconnaissance par le système immunitaire.

Figure 10 .

 10 Figure 10. Diffractogrammes RX (à gauche) et isotherme d'adsorption à 77 K (à droite) des NPs de MIL-100(Fe) avant (rouge) et après fonctionnalisation avec l'héparine (vert) (note: une correction de poids a été appliquée pour le Hep_MIL-100 (Fe)).

Figure 11 .

 11 Figure 11. (a) Libération de l'héparine dans l'eau (vert), le PBS (orange) et le RPMI (bleu) à 37 ºC en fonction du temps. Le maximum de libération, 100% en poids, correspond à la libération totale de la quantité d'héparine initiale sur les NPs. (b) Cinétique de dégradation des NPs fonctionnalisées (vert) ou non-fonctionnalisées (rouge) dans l'eau (cercles pleins), le PBS (triangles) et le RPMI (étoiles) à 37 ºC.

Figure 12 .

 12 Figure 12. Images de microscopie confocale de fluorescence de la lignée J774.A1 incubée avec des NPs greffées ou non avec observées grâce à autofluorescence du fer (blanc) et par le furazane encapsulé dans la porosité des NPs (vert); le noyau cellulaire est coloré par le DAPI (bleu) et l actine présente dans la membrane cellulaire par le Bodipy®Phalloidin (rouge). Les images ont été prises à différents temps: 1, 4 et 8 h. En autre, deux contrôles ont été introduits: les cellules seules (contrôle) et les cellules en présence du fluorophore libre (furazane libre) après 8 h. Dans tous les cas, l échelle correspond à 50 m. Toutes les images ont été prises à 63X.

  d'aller en ce sens, la modification de la surface externe du MIL-100(Fe) a été menée à bien avec le chitosan (CS), un polysaccharide cationique potentiellement très intéressant pour la voie orale, car il peut à la fois conférer une protection contre la dégradation enzymatique et une amélioration du transport à travers la muqueuse intestinale de par son caractère bioadhésif. En pratique, nous avons appliqué une méthode simple et efficace (94 %) d'imprégnation, similaire à celui utilisée pour la modification avec l'héparine. Après le greffage du CS, le MIL-100(Fe) possède une couche de CS de l'ordre de 50 % en poids, associée à une épaisseur de ca. 35 nm et une conformation du type "brosse" de haute-densité. Tout d'abord, la caractérisation physico-chimique complète des NPs fonctionnalisées a confirmé la conservation de la structure cristalline, la porosité et des capacités d'adsorption et libération de principes actifs. Une attention particulière a été prêtée à l'évaluation de leur stabilité chimique et colloïdale dans différents conditions de la voie orale (Figure13), depuis de milieux simples comme l'eau ou des solutions salines (PBS ou HBSS) à de milieux plus complexes, simulant les fluides intestinaux tels que le SIF, le SIF-pancréatine ou le SIFmucine, ou des milieux de culture cellulaire (DMEM).

Figure 13 .

 13 Figure 13. Libération de CS dans l'eau (rose), le SIF (bleu), le SIF-pancréatine (vert) et le HBSS (gris) à 37 ºC en fonction du temps. Le maximum de libération de 100% en poids correspond à la libération totale de la quantité initiale de CS dans les NPs

Figure 14 .

 14 Figure 14. Images de microscopie confocale de fluorescence de cellules Caco-2 contenant des NPs de MIL-100(Fe) greffées ou non avec le CS. Les NPs sont observées par l'autofluorescence du fer (vert) et le noyau cellulaire par la coloration avec DAPI (bleu). Les images ont été prises à des temps d'incubation différents: 0.5, 2.5 et 24 h. En autre, les groupes contrôles correspondent à une couche des cellules seules après 24 h. Dans tous les cas, la barre d'échelle correspond à 25 µm. Toutes les images ont été collectées à 63X.

Figure 15 .

 15 Figure 15. Vue schématique de la préparation de patches composites (en haut). Images des différents patches obtenus (en bas).

Figure 16 .

 16 Figure 16. Distribution de la caféine (en %) après 24 h de tests de perméation cutanée ex vivo.

  d 6 distordus connecté par le ligand gallate (quatre atomes d'oxygène venant et deux des fonctions carboxyle), ce que délimite de petits canaux d'environ 3 Å et une surface spécifique accessible à l'azote de 330 m 2 .g -1 .

Figure 17 .

 17 Figure 17. A gauche : Structure du Mg(H 2 gal)•2H 2 O (le long de l'axe c des pores: la moitié des pores est représenté vide). A droite : Profil de dégradation du Mg(H 2 gal) dans l'eau et dans le milieu de culture cellulaire (RPMI) à 37 °C.

Figure 18 .

 18 Figure 18. Production de ROS depuis les cellules HL-60 en contact avec Mg(H 2 gal), H 4 gal et Mg(OH) 2 . Des contrôles négatifs (cellules + DCFH-DA) et positifs (cellules + DCFH-DA + PMA) ont été considérés (en gris et rouge, respectivement). Plusieurs concentrations (5, 15, 30 et 60 μg . mL -1 ) ont été testées et sont représentés en orange, vert, bleu et rose, respectivement. Notez que ces données, correspondant à l'une des expériences en triplicat, sont tout à fait représentatives de l'ensemble des résultats.

Figure 19 .

 19 Figure 19. Structure du MIL-155 au long des axes a, b, c (à gauche) et le MIL-156 (à droite) au long de l'axe c (en haut), axe a (en bas à gauche) et l'axe b (en bas à droite).

Figure 20 .

 20 Figure 20. Production de ROS depuis les cellules HL-60 en contact avec le Mg(H 2 gal), le MIL-155 et le MIL-156. Des contrôles négatifs (cellules), basales (cellules + DCFH-DA) et positifs (cellules + DCFH-DA + PMA) ont été considérés (ici en noir, gris et rouge, respectivement). Plusieurs concentrations (5, 15, 30 et 60 µg.mL -1 ) ont été testées et sont ici représentés en orange, vert, bleu et rose, respectivement. Notez que ces données, correspondant à l'une des expériences en triplicat, sont tout à fait représentatives de l'ensemble des résultats.

Figure 21 .

 21 Figure 21. Profil de dégradation du Mg(H 2 gal), du MIL-155 et du MIL-156 dans l'eau et dans le milieu de culture cellulaire (RPMI) à 37 °C.

Figure 23 .

 23 Figure 23. Images de microscopie confocale de fluorescence de cellules SW480 incubées pendant 4 heures avec le Cy5-siRNA_MIL-100/pH=2, Cy5-siRNA_MIL-100/pH=4 et le Cy5-siRNA_MIL-101_NH 2 /pH=4. Les nanoMOFs sont directement observés par (vert), le siRNA est marquée avec le Cy5 (rouge) et le noyau cellulaire est coloré avec le DAPI (bleu). Des contrôles correspondent à des cellules SW480 en absence de NPs après 4 h, à des cellules en contact avec des NPs vides ou à des cellules en contact avec le siRNA libre. L'échelle correspond à 25 m. Toutes les images ont été collectées à 63X.

Figura 1 .

 1 Figura 1. A) Estabilidad coloidal de las NPs de MIL-100(Fe), MIL-100(Al) y MIL-100(Cr) en el medio de cultivo celular (DMEM y MEM) a 37 °C. La estabilidad se representa como el promedio del tamaño de partícula en función del tiempo. B) Potencial ζ de las NPs de MIL-100(Fe), MIL-100(Al) y MIL-100(Cr)en el medio de cultivo celular en función del tiempo a 37 °C.

Figura 3 .

 3 Figura 3. Generación intracelular de ROS por las células A549, Calu-3, HepG2 y Hep3B en contacto (2 h) con las NPs de MIL-100(Al,Cr,Fe) (6 y 64 µg.cm -2 ). Las células control (nivel basal) no fueron expuestas a las NPs de MIL-100. El nivel de ROS se monitorizo mediante la medida de la intensidad de la fluorescencia de la sonda oxidada fluorescente. Aquí los datos se reportan como el ratio con el nivel basal. Se realizaron análisis estadísticos en cada condición, comparándose con las células no expuestas (T-student test, *p < 0.01).

Figura 4 .

 4 Figura 4. Genotoxicidad H-ND medida mediante el recuento del número de loci -H2Ax El loci -H2Ax fue cuantificado en las células Hep3B, expuestas a las NPs MIL-100(Fe) durante 24 h. El control celular no se expuso al MIL-100(Fe). El recuento fue realizado en al menos 100 células por cada condición y los resultados se representan como los valores de distribución del numero de locis obtenidos en cada condición evaluada (se incluyen también la mediana y el percentil 25 y 75, y el valor más bajo y más alto). Se utilizó el test de Wilcoxon (comparando con el control celular no expuesto a NPs) para determinar la significancia de la estadística (*, p<0.05; **, p<0.01; ***, p<0.001).

Figura 5 .

 5 Figura 5. Viabilidad celular de los macrófagos merinos J774.A1 después de 24 h en contacto con MIL-100(Fe) (rojo), MIL-100(Al) (verde) and ZIF-8(Zn) (azul) NPs.

Figura 10 .

 10 Figura 10. Patrones de difracción de rayos X (izquierda) e isotermas de adsorción de N 2 a 77 K (derecha) de las NPs de MIL-100(Fe), antes (rojo) y después de la funcionalización con heparina (verde) (nota: se ha aplicado una corrección de peso sobre Hep_MIL-100(Fe) NPs).

Figura 12 .

 12 Figura 12. Imágenes de microscopia confocal de las células J774.A1 albergando NPs funcionalizadas o no con heparina. Las NPs se observan mediante la señal de auto-reflexión del hierro (canal verde; derecha) o de un fluoróforo encapsulado, el furazano (en verde); el núcleo con DAPI (en azul), y la actina presente en la membrana, con Bodipy®Phalloidin (en rojo). Las imágenes se han tomado a diferentes tiempos: 1, 4 y 8 horas. Además, se realizaron 2 controles: células (control) y células con el fluoróforo libre (furazano libre) después de 8 h. En todos los casos, la escala corresponde a 50 μm. Todas las imágenes se registraron con el objetivo 63X.

Figura 14 .

 14 Figura 14. Imágenes de microscopia confocal de la monocapa de células Caco-2 conteniendo NPs funcionalizadas o no con CS. Las NPs se observan mediante auto-reflexión del hierro (canal del verde) y el núcleo celular con DAPI (canal del azul). Las imágenes se tomaron a diferentes tiempos: 0.5, 2.5 y 24 h. Además, el grupo control corresponde a células sin NPs tras 24 h. En todos los casos, la escala corresponde a 25 μm. Todas las imágenes se tomaron con el objetivo de 63X.

Figura 16 .

 16 Figura 16. Distribución cutánea de la cafeína (%) después de 24 h de test de permeacion ex vitro.

Figura 17 .

 17 Figura 17. Estructura del Mg(H 2 gal)•2H 2 O (a lo largo del eje c de los poros: la mitad de los poros se representan vacíos; izquierda). Perfil de degradación del Mg(H 2 gal) en agua y medio celular (RPMI) a 37°C (derecha).

Figura 18 .

 18 Figura 18. Producción de ROS en las células HL-60 en contacto con Mg(H 2 gal), H 4 gal y Mg(OH) 2 . Los controles negativo (células + DCFH-DA) y positivo (células + DCFH-DA + PMA) se representan con en gris y rojo, respectivamente. Se estudiaron diferentes concentraciones de MOFs (5, 15, 30 and 60 µg . mL -1 ) en contacto con las células, como se representada en naranja, verde, azul y rosa, respectivamente. Estos datos corresponden a uno de los triplicados realizados, el cual es totalmente representativo de los resultados globales.

Figura 19 .

 19 Figura 19. Estructura del MIL-155 a lo largo de los ejes a, b, c (izquierda) y MIL-156 (derecha) vista a lo largo del eje c (parte superior), eje a (parte inferior) y eje b (parte inferior derecha).

Figura 20 .

 20 Figura 20. Producción de ROS en las células HL-60 en contacto con Mg(H 2 gal), MIL-155 y MIL-156. Los controles negativo (células + DCFH-DA) y positivo (células + DCFH-DA + PMA) se representan en gris y rojo, respectivamente. Diferentes concentraciones de MOFs (5, 15, 30 and 60 µg . mL -1 ) se pusieron en contacto con las células y se representan aquí en naranja, verde, azul y rosa, respectivamente. Estos datos corresponden a uno de los triplicados del experimento y son totalmente representativos de los resultados globales.

Figura 21 .

 21 Figura 21. Perfil de degradación de Mg(H 2 gal), MIL-155 y MIL-156 en medio acuoso y medio celular (RPMI) a 37°C.

Figura 23 .

 23 Figura 23. Imágenes de microscopia confocal de fluorescencia de las células Sw480 incubadas durante 4 h con Cy5-siRNA_MIL-100/pH=2, Cy5-siRNA_MIL-100/pH=4 y Cy5-siRNA_MIL-101_NH 2 /pH=4. Los nanoMOFs se observan directamente mediante la auto-reflexión del hierro (en verde), el siRNA marcado con Cy5 (en rojo) y el núcleo marcado con DAPI (en azul). Los controles de las células corresponden a las células Sw480 después de 4 h en ausencia de NPs, a las células en contacto con las NPs vacías o con el siRNA libre. La escala corresponde a 25 m. Todas las imágenes se tomaron con un objetivo de 63X.

Figure 1 .

 1 Figure 1. Schematic representation of the reaction between Zn(II) and the functionalized ligands H 2 BDP_X to obtain the isoreticular ZnBDP_X series for the encapsulation of the non-conventional anticancer drugs RAPTA-C and mitoxantrone. Zn, N and C atoms are in orange, blue and grey, respectively.

25

 25 

2. 2 .

 2 Conventional synthesis of ZnBDP_X. H 2 BDP_X (0.5 mmol) was dissolved in DMF (40 mL) in a 50 mL Schlenk-flask and heated up to 150 °C. Zn(CH 3 COO) 2 •2H 2 O (0.5 mmol) was then added to the previous solution under stirring. The mixture was allowed to react for 7 h under reflux. After being cooled-down to RT, the solid was collected by centrifugation (10500 rpm / 10 min), washed with DMF (2 x 10 mL) and with ethanol (2 x 10 mL). The solids were dried at 200 ºC for 12 h under vacuum. Typical yields of the desolvated MOF were 55±5 %.

2. 8 . 2 .

 82 Chemical stability. ZnBDP_H chemical stability was checked in MeOH, in order to establish the potential use of this solvent in RAPTA-C and mitoxantrone encapsulation. 20 mg of

Figure 3 .

 3 Figure 3. (a) Short-(10 min) and (b) long-term (24 h) regime aggregation kinetics of ZnBDP_OH nanoparticles at 37 ºC in SIF (dark blue), lis-SIF (diluted SIF 1/25, red), lis-SIF + pancreatin (0.1% w/v) (light blue), lis-SIF + pancreatin (1% w/v) (purple) and lis-SIF + mucin (0.05 % w/v) (green). For the sake of clarity, error bars have been removed from the plots (available in the Supporting Information, Figure S12).

Table 3 .

 3 Loading by impregnation of RAPTA-C and mitoxantrone anticancer drugs in the series ZnBDP_X (mmol of drug per mmol of nanomaterial). Dramatic reduction of the adsorption capacity and the pore volume of the drugloaded MOFs. RD: Using Dubinin-Radushkevitch equation 63 *BET: according to the Brunauer-Emmett-Teller theory

Figure 4 .

 4 Figure 4. Solid-liquid adsorption isotherm of RAPTA-C into the ZnBDP_H matrix at 25 ºC. The inset shows the linear fitting of the data to the Langmuir model.

Figure 6 .

 6 Figure 6. Diffuse reflectance spectrum of ZnBDP_H, ZnBDP_H@Mitoxantrone, ZnBDP_NH 2 , ZnBDP_NH 2 @Mitoxantrone and mitoxantrone.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 The most representative examples of encapsulated drugs and release kinetics of nanoMOFs.

	MOF	Drug	Loading (wt%)	Release % (PBS) t (h)	[Ref.]
	SiO2-MIL-101_NH2	Ethoxysuccinato-cisplatin	12	-	72	[88]
	[Ni8(µ4-OH)4(µ4-OH2)2-diyl)bispyrazolato)6]n (µ4,4'(buta-1,3-diyne-1,4-	RAPTA-C	100	<20	15	[160]
	[(CH3)2NH2][Zn(TATAT)2/3]. 3DMF.H2O	5-Fluorouracil	22	42	8	[151]

In vitro biocompatibility of mesoporous metal (III; Fe, Al, Cr) trimesate MOFs nanocarriers

  

	Abstract.
	ROS production and cytokine induction. This in vitro experimental work has been
	performed in collaboration with an immunological research group in the University of
	Vigo (Spain) under the supervision of Dr. R. Simon-Vazquez and Prof. A. Gonzalez-
	Fernandez. Prof. A. Gonzalez-Fernandez, Prof. M.J. Alonso and Dr. Patricia Horcajada
	have actively participated to the discussion and progression of the work. In this case, the
	writing sections of this draft have been developed by Tania HIDALGO CRESPO under
	the supervision of Dr. P. Horcajada. R. Grall a , T. Hidalgo, b J. Delic, a A. Garcia-Marquez, b S. Chevillard a* , P. Horcajada b*
	 In the last subchapter 2.3., «Understanding the colloidal stability of the mesoporous MIL-
	100(Fe) nanoparticles in physiological media" (Langmuir, 2014, 30(20), 5911-5920)»,
	the structural, chemical and colloidal stability of the MIL-100(Fe) NPs was investigated a Laboratoire de Cancérologie Expérimentale, Service de Radiobiologie Expérimentale et
	under different physiological media for its intravenous and oral administration. Innovations Technologiques, Commissariat à l'Energie Atomique (CEA), Fontenay-aux-
	The synthesis and the colloidal stability have been carried out by Dr. E. Bellido together Roses, 8 Route du Panorama, 92265 Fontenay-aux-Roses, France.
	with M. Guillevic. In particular, Tania HIDALGO CRESPO has participated performing b Institut Lavoisier, CNRS UMR 8180, Université de Versailles Saint-Quentin-en-Yvelines, 45
	and analysing the degradation assays of the nanoMOF under different physiological Av. des Etats-Unis, 78035 Versailles cedex, France.
	media, clarifying the chemical stability of these NPs. Furthermore, Dr. M.J. Santander-
	Ortega has contributed to the discussion with his knowledge about the colloidal * Co-last authors and corresponding authors
	behaviour of the nanosystems in order to understand the NP interaction with the media. In
	general, the whole manuscript has been assessed and actively supervised for Dr. P. The first subchapter 2.1., «In vitro biocompatibility of mesoporous metal (III; Fe, Al, Cr) Horcajada, focusing from the characterization of the diverse nanoMOFs until the stability trimesate MOFs nanocarriers» (J. Mater. Chem. B 2015, 3, 8279-8292), is based on the evaluation. On the other hand, all authors have actively contributed on the writing of this synthesis and characterization of the benchmarked mesoporous metal(III; Fe, Al, Cr) trimesate MIL-100(Fe, Al, Cr) NPs, regarding their biocompatibility according to article.
	pulmonary, ingestion or intravenous exposure modes. In this case, all authors have
	actively contributed to this article. In particular, Tania HIDALGO CRESPO and Dr A.
	Garcia-Marquez have been involved in both synthesis and characterization (DLS, FTIR,
	TGA, XRD, SEM) of the selected nanoMOFs. In addition, the evaluation of the chemical
	and colloidal stability of the prepared nanoMOFs under different simulated physiological
	conditions (DLS, XRD, HPLC, etc.) has carried out for the same PhD student. On the
	other hand, the development of the in vitro studies (impedance, uptake, ROS,
	genotoxicity, etc.) has been performed by Dr. R. Grall and J. Delic. In addition, fruitful
	exchanges between Dr. S. Chevillard and Dr. P. Horcajada have been contributed to the
	development and the discussion of this paper. Concerning the writing, Tania HIDALGO
	CRESPO has participated in the introduction, the description of the physico-chemical
	properties of these nanocarriers as well as the colloidal and chemical stability in cell
	culture media. The whole manuscript has been assessed and actively supervised by Dr. P.
	Horcajada and Dr. S. Chevillard.
	 The subchapter 2.2., «Immunotoxicity evaluation of Metal-Organic Framework
	Nanoparticles» (in preparation) has focused on the investigation of the potential
	immunotoxicity induced as a consequence of the interaction of different nanoMOFs
	based on Fe, Zn and Al with the immune system. To tackle these objectives, the PhD
	student has carried out both synthesis and characterization of the studied nanoscaled
	MOFs as well as the all in vitro assays, such as cell viability, complement activation,
	[97]
	[98]

MIL-100(Fe) MIL-100(Al) MIL-100(Cr) Size (nm) (PdI)

  

		H 2 O	139 ± 25 (0.1)	249 ± 28 (0.2)	142 ± 63 (0.2)
		EtOH	168 ± 10 (0.1)	237±41 (>0.3)	80 ± 41 (0.1)
		DMEM	252 ± 32 (>0.3)	311±41 (>0.3)	146 ± 32 (0.3)
		MEM	255 ± 21 (0.3)	291 ± 24 (>0.3)	153 ± 49 (0.3)
		H 2 O	-26 ± 4	+9 ± 1	-15 ± 3
	-potential (mV)	EtOH DMEM	-30 ± 2 -11 ± 2	+34 ± 7 -10 ± 1	+32 ± 11 -10 ± 1
		MEM	-11 ± 1	-12 ± 1	-10 ± 1

BET surface(m 2 •g -1 )*

  

	On the whole, the initial particle size of MIL-100(Fe, Al, Cr) NPs in the cell culture media
	was similar or slightly larger than in pure water with polydispersity values 0.3 (252 ± 32 vs.
	255 ± 21 nm; 311 ± 35 vs. 291 ± 24 nm and 146 ± 32 vs. 153 ± 49 nm for Fe-, Al-and Cr-
	based MIL-100 NPs, respectively) (Table		
	1530	1510	1400

  9 

		Medium	MIL-100(Fe) MIL-100(Al)	ZIF-8(Zn)
		H 2 O	153±53 (0.3)	218±28 (0.2)	110±48 (0.2)
	Size (nm) (PdI)	PBS	177±17 (>0.3)	209±41 (>0.3)	227±26 (>0.3)
		RPMI	145±38 (0.3)	298.4±50 (>0.3)	284±22 (0.3)
	-potential (mV)	H 2 O PBS RPMI	-25.2±4 -31.5±0 -31.2±2	-7.0±3 -15.7±1 -9.6±2	+96.2±0 -27.1±1 -8.9±2
	BET surface (m 2 •g -1 )*	1530	1510	1400

CHAPTER 2 : Subchapter 2.2.

[137] 
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Table 1 .

 1 Size

	Untreated	MilliQ water	141 ± 38	+ 14.5 ± 2.3
		MilliQ water	141 ± 18	-21.5 ± 3.8
		PBS	155 ± 61	-31.5 ± 0.0
		PBS + BSA	162 ± 60	-9.9 ± 0.0
		HCl pH 1.2	173 ± 32	+ 22.5 ± 2.2
	KF-treated			
		SIF	172 ± 52	-32.6 ± 2.1
		Low ionic SIF	147 ± 54	-50.6 ± 0.0
		Low ionic SIF + pancreatin	168 ± 55	-6.7 ± 1.8
		Low ionic SIF + mucin	254 ± 40	-6.1 ± 0.0

and ζ-potential of untreated and KF-treated MIL-100(Fe) in different simulated physiological media at 37°C. MIL-100(Fe) NPs Medium size (nm) ζ-potential (mV)

the colloidal stability of the mesoporous MIL-100(Fe) nanoparticles in physiological media E

  . Bellido, a M. Guillevic, a T. Hidalgo, a M. J. Santander-Ortega, b C. Serre, a P. Horcajada, a*

			Subchapter 2.3. : Supporting Information
		40		
	in wt% in wt%	30	HCl pH 1.2 Supporting Information	
	2-Theta -Scale 2-Theta -Scale 10 2-Theta -Scale Understanding a. Institut Lavoisier, UMR CNRS 8180, Université de Versailles Saint-Quentin-en-Yvelines, 45 t in h Degradation 0 6 12 18 24 0 10 20 lis-SIF pancreatin lis-SIF lis-SIF mucin 2 20 t in h Degradation
		avenue des Etats-Unis, 78035 Versailles cedex, France.
	b Nanobiofar. Center for Molecular Medicine and Chronic Diseases (CIMUS), Universidad
		de Santiago de Compostela, Av. Barcelona s/n, Campus Vida, 15706 Santiago de Compostela, Spain. BET surface area Langmuir surface area Pore volume MIL-100(Fe) nanoparticles (m²•g -1 ) (m²•g -1 ) (cm 3 •g -1 )
		Untreated	Corresponding author : 1270	1840	0.88
		KF-treated	email : patricia.horcajada@uvsq.fr 1780 2120	0.92
			[167] [168]	

Figure S1

. On the top: N 2 adsorption isotherm of untreated and KF-treated MIL-100(Fe) nanoparticles after activation by desgassing at 180 °C for 3 h. On the bottom: Overview table of the corresponding data.

Table 1 .

 1 Overview of main features of uncoated and heparin coated MIL-100(Fe) NPs.

		Medium	MIL-100(Fe)	Hep _MIL-100(Fe)
	BET surface area (m 2 •g -1 ) *		1480	1530 **
		water	141 ± 43	173 ± 51
	Size (nm)	PBS PBS + Alb	155 ± 61 162 ± 60	178 ± 44 240 ± 48
		RPMI	145 ± 38	196 ± 35
		water	-21.5 ± 3.8	-26.5 ± 5.0
	ζ-potential (mV)	PBS PBS + Alb	-31.5 ± 0 -9.9 ± 0	-33.0 ± 0 -9.2 ± 0
		RPMI	-31.2 ± 0	-33.5 ± 0
	Caffeine (wt%)		43 ± 2	42 ± 6

* Outgassing pretreatment was performed at 140 ºC for 3 h. ** BET surface area weight corrected by considering the presence of heparin in the sample.

  1,+ , M. Giménez-Marqués 1,+ , E.Bellido1 , M.V. Lozano 1 , M. Guillevic 1 , R. Simon-Vazquez 2 , A. Gonzalez-Fernandez 2 , C. Serre 1 , M. J. Alonso 3 , P. Horcajada 1,* Nanobiofar. Center for Molecular Medicine and Chronic Diseases (CIMUS), Universidad de Santiago de Compostela, Av. Barcelona s/n, Campus Vida, 15706 Santiago de Compostela, Spain. c Immunology, Biomedical Research Center (CINBIO) and Institute of Biomedical Research of Vigo (IBIV), Universidad de Vigo, Campus Lagoas Marcosende, 36310 Vigo, Pontevedra. Spain.

a Institut Lavoisier, UMR CNRS 8180, Université de Versailles Saint-Quentin-en-Yvelines, 45 Av. des Etats-Unis, 78035 Versailles cedex, France. b + Equally contributing authors * patricia.horcajada@uvsq.fr CHAPTER 3 : Subchapter 3.2. [223]

Table 1 .

 1 Main physicochemical characterization for uncoated and CS-coated NPs. For all media, both size and ζpotential are measured in 5 min-aged suspensions to ensure comparable situations.

* BET surface area weight corrected by considering the presence of CS in the sample.

  1,+ , M. Giménez-Marqués 1,+ , E.Bellido 1 , M.V. Lozano 1 , M. Guillevic 1 , R. Simon-Vazquez 2 , A. Gonzalez-Fernandez 2 , C. Serre 1 , M. J. Alonso 3 , P. Horcajada1,* 

a Institut Lavoisier, UMR CNRS 8180, Université de Versailles Saint-Quentin-en-Yvelines, 45 Av. des Etats-Unis, 78035 Versailles cedex, France. b Nanobiofar. Center for Molecular Medicine and Chronic Diseases (CIMUS), Universidad de Santiago de Compostela, Av. Barcelona s/n, Campus Vida, 15706 Santiago de Compostela, Spain. c Immunology, Biomedical Research Center (CINBIO) and Institute of Biomedical Research of Vigo (IBIV), Universidad de Vigo, Campus Lagoas Marcosende, 36310 Vigo, Pontevedra. Spain. + Equally contributing authors * patricia.horcajada@uvsq.fr Subchapter 3.2. : Supporting Information [246]

Table 1 .

 1 Swelling and composition of the patches after water adsorption.

	Patch	ΔV %	H 2 O	Composition (wt%) Polymer MIL-100	Caffeine*
	GEL_ MIL-100-CAF	200	34.4	32.4	19.9	13.1
	PVA_ MIL-100-CAF	280	50.0	24.4	16.2	9.4
	GEL-CAF	Wet	78.2	18.9	0.0	3.3
	PVA-CAF	290	45.6	47.2	0.0	7.9
	MIL-100-CAF	0	44.7	0.0	43.9	11.4

  1. («A biocompatible porous Mg-gallate Metal Organic Framework as an antioxidant carrier; Chem. Commun. 2015, 51, 5848-5851») and subsection 4.2. («Structure dependent in vitro antioxidant activity of biocompatible calcium gallate MOFs»; to be submitted), respectively. In particular, the antioxidant gallate linker has been selected for the preparation of new porous Mg and Ca MOFs, allowing not only the control of their release as consequence of their hybrid network degradation, but also to avoid the possible toxicity inherent to the exogenous compounds. The antioxidant activity of the gallic acid is highly desired in different fields (therapeutic, cosmetic, food preservation, etc. ). In particular, in the cosmetic field (e.g. preventing cell aging); the cutaneous administration of gallate formulation could be an attractive alternative.

All authors have actively contributed in these works. The synthesis and full characterization of Mg and Ca gallates have been performed by Dr. L. Cooper and M. Gorman under the supervision of Dr. T. Devic. In addition, for the complete experimental and modelling characterization (XRD, IR, TGA, NMR, etc.) these new MOFs, diverse specific techniques and expertise have been required, involving different researcher such as Dr. C. Olivier, Dr. N. Guillou, Dr. C. Serre, Dr. C. Martineau, Prof. F. Taulelle, Dr. D. Damasceno-Borges, Prof. G. Maurin, Dr. P. Fertey, Dr. G. Mouchaham and Dr. J. Marrot. On the other hand, Tania

biocompatible porous Mg-gallate Metal Organic Framework as an antioxidant carrier L
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porous Mg-gallate Metal Organic Framework as an antioxidant carrier

  

	2.3.2 Degradation tests. The release of gallic acid from Mg(H 2 gal)•2H 2 O was carried out in
	triplicate by soaking 12 mg of Mg(H 2 gal)•2H 2 O in 12 mL of aqueous solution (Milli-Q water)
	and in a cell culture media (RPMI) at 37°C under continuous stirring. After different
	incubation times (1 / 4 / 8 / 24 h), an aliquot of supernatant was recovered by centrifugation
	(14500 rpm, 15 min).
	The release of the gallic acid was monitored in a reversed phased high performance liquid
	chromatography (HPLC) system Waters Alliance E2695 separations module from Waters
	with a Sunfire-C18 reverse-phase column (5μm, 4.6×150 mm from Waters) and equipped
	with a variable-wavelength photodiode array detector Waters 2998 and controlled by
	Empower software. The mobile phase used for the measurements consisted of mixture of 45
	% v/v methanol in PBS solution (0.04 M, pH 2.5). Injection volume was set at 10 μL, flow rate at 1 mL•min -1 and temperature of the column at 25 ºC. Different solutions of free gallic
	acid were analyzed at concentrations ofμ 1.00, 0.50, 0.25, 0.12, 0.06, 0.03 and 0.01 mg•mL -1
	as standards for the calibration curve, presented a good correlation coefficient > 0.99. The

2.3. Bioactivity.

2.3.1 Materials.

Phosphate buffered saline (PBS) solution (0.01 M, pH=7.4), RPMI 1640 medium supplemented with GlutaMAX™, penicillin-streptomycin (5,000 U/mL) and heatinactivated fetal bovine serum (FBS) were provided from Gibco®-Life Technologies (see ref

36 

for composition). Similarly, dimethylsulfoxide (DMSO; ≥ λλ.7 %) and thiazolyl blue tetrazolium bromide (MTT) were purchased by Sigma Aldrich (St Louis, MO). Whereas the phorbol 12-myristate-13-acetate (PMA) was provided by Abcam, Biochemicals), H 2 0 2 (30 % w/v) from Panreac (Barcelona, Spain), 2',7'-dichlorofluorescein diacetate (2.5 µM; DCFH-DA) by Invitrogen™ and the Annexin V-FITC Apoptosis Detection Kit was supplied by Immunostep (Salamanca, Spain). All materials were used as received without further purification. retention time of the gallic acid appeared at 2.7 min with an absorption maximum at 210 nm.

37,38 

Finally, the degradation kinetics of Mg(H 2 gal)•2H 2 O was represented as the wt % of the linker released (Figure

2

in the main text). The reaming solids were studied by PXRD, the corresponding XRD patterns are shown Figure S12. This study confirmed the slow A biocompatible [297]

  2.4.1. Cells and culture. NCI-H460, RAW-264.7 and HL-60 cell lines (ATCC ® HTB-177TM , ATCC ® TIB-71 TM and ATCC ® CCL-240 TM , respectively) were cultured in RPMI 1640 GlutaMAX™, supplemented with 10 % FBS, and 100 units . mL -1 of penicillin/streptomycin. Cell lines were grown at 37 °C in a humidified 5 % CO 2 atmosphere.2.4.2. Cytotoxicity assays.The cytotoxic activity of Mg(H 2 gal)•2H 2 O as well as their precursors (Mg(OH) 2 and H 4 gal) was analyzed by the MTT and Annexin assays.39,40 Adherent NCI-H460 and RAW-264.7 cells were seeded 24 h prior to the assay in 96-well plates at a density of 1 x 10 4 cells per well in RPMI supplemented with 10% FBS. The HL-60 cell line, with cells in suspension, was used directly at a density of 1 x 10 5 cells per well in RPMI supplemented with 10% FBS. The treatments were prepared at a 10-fold higher concentration (due to a direct 1/10 direct dilution in the well, as 30 µL of the sample in PBS were added to a final volume of 300 µL per well). Based in this first concentration, a dilution series of Mg(H 2 gal)•2H 2 O was carried out with cell culture media, obtaining different concentrations (from 250 to 1 µg . mL-1 

  The stimulus-containing solutions in 100 µL was added to the cells to a final concentration of 5 / 15 / 30 / 60 µg•mL -1 of either Mg(H 2 gal)•2H 2 O, H 4 gal or Mg(OH) 2 . Negative and basal controls were considered as the cells in absence of stimulus. As positive control, the cells were incubated with an oxidant component, phorbol 12-myristate-13-acetate PMA (10 µM) at 37 °C. After 8 h of incubation, cells were centrifuged (900 rpm, 5 min) and put in contact with the ROS reactant (2′,7′-Dichlorofluorescin diacetate, DCFH-DA, Invitrogen™),(1 µL 

	Results are summarized in Figures
	S14-S15.
	per 200 µL of cells) for 30 min at 37 °C in dark conditions. Twice PBS-washed were
	performed after the incubation and, finally, the 2',7'-dichlorofluorescein (DCF) fluorescence in cells was measured by flow cytometry (BD Accuri TM C6 Flow Cytometer). 41,42

2.4.3. ROS production.

The cells were seeded in 96-well plates (U bottom) at a density of 1•10 5 cells per well in 100 µL of cell culture medium (RPMI supplemented with 10 % FBS).

3. Results and discussion

. 3.1. Synthesis and physicochemical characterization. The reactivity of H 4 gal with Mg II salts in water was systematically investigated. Two crystalline phases where identified: the CHAPTER 4 : Subchapter 4.1. [298] first at high pH (~ 12) and a second at lower pH (~7) (Figures S1-S2). Their formulae were determined based on thermogravimetric analysis: Mg 2 (gal).xH 2 O and Mg(H 2 gal)•2H 2 O respectively (see Figure
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	3.2 10 4 A Figure S2. Comparison of the PXRD diagrams of Mg(H 2 10 5 10 6 10 7.2 10 3.2 10 4 10 5 ROS-A ROS-A count 0 500 1000 1500 500 1000 0 1 2 3 4 5 6 7 8 9 0 0,5 1 1,5 n KOH/n H 4 gal n H 4 gal/nMg(II) count red).	2	10 6	10 7.2 10 3.2 10 4 2,5 Mg2(gal) Mg(H2gal) amorphous phase mixtures 10 5 ROS-A 2 O (bottom, black) and Mg 2	10 6	10 7.2 2 O (top,
	0									
	10 3.2 10 4	10 5	10 6	10 7.2 10 3.2 10 4	10 5		10 6	10 7.2 10 3.2 10 4	10 5	10 6	10 7.2
		ROS-A			ROS-A			ROS-A	
	Mg(II) precursor				MgCl 2	MgCl 2
	[Mg(II)] (mmol•ml -1 )				0.2		0.2
	nH 4 gal/nMg(II)					2		0.5
	nKOH/nH 4 gal					1.25		5
		initial pH					7-8		10
		final pH					8		12
	temperature (°C)					120		120
	heating time (h)					24		24

Table S2 .

 S2 Unit-cell parameters of Mg(H 2 2 O (0 x 2) at various temperatures (trigonal setting, space group. P3 1 21).

	Temperature (°C)	a (Å)	c (Å)
	130	8.8650(4)	10.7191(7)
	120	8.8780(2)	10.7658(4)
	110	8.8783(2)	10.7779(3)
	100	8.8779(2)	10.7822(3)
	90	8.8770(2)	10.7835(3)
	70	8.8763(2)	10.7812(4)
	50	8.8768(2)	10.7788(3)
	30	8.8773(2)	10.7791(3)

A biocompatible
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Figure S6. TGA curves for Mg(H 2 2 O (top) and Mg 2 2 O (bottom).

Table S3 .

 S3 Experimental and DFT-calculated13 C isotropic chemical shift (ppm) of Mg(H 2 2 O (see FigureS7for the labelling).

		a	b	c, d	e	f, g
	Measured	178.4	144.3	143.9	123.0	105.9
	Calculated (DFT)	183.2	148.6	146.7	120.8	107.8

Table S4 .

 S4 Experimental and DFT-calculated 1 H isotropic chemical shift (ppm) of Mg(H 2 2 O.

	A		
		C-H	O-H
	Measured	5.8	10.9
	Calculated (DFT)	5.2	12.5

biocompatible porous Mg-gallate Metal Organic Framework as an antioxidant carrier
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15 µg/mL H 4 gal Mg(OH) 2
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«Structure dependent in vitro antioxidant activity of biocompatible calcium gallate MOFs»

Structure dependent in vitro antioxidant activity of biocompatible calcium gallate MOFs T

  .Hidalgo, a# L.Cooper, a# M.Gorman, a T.Lozano-Fernández, b R. Simón-Vázquez, b G. Mouchaham, a J. Marrot, a N.Guillou, a C.Serre, a P.Fertey, c Á. González-Fernández, b P. Horcajada, a* T. Devica* Two novel 3-D calcium gallate coordination polymers, MIL-155 and MIL-156, have been synthesised with the naturally occurring tri-hydroxycarboxylic ligand, gallic acid (H 4 gal), under hydrothermal conditions. Their crystal structures, determined by single-crystal X-ray diffraction, are based on different inorganic subunits. In MIL-155 or [Ca 2 (H 2 O)(H 2 gal) 2 ]•2H 2 O, infinite chains of edge-sharing dimers of CaO 7 polyhedra are linked through the gallate ligands; which are only partially deprotonated (H 2 gal 2-). MIL-156 or [Ca 3 K 2 (H 2 O) 2 (gal) 2 ]•nH 2 O (n = 4-6) is built-up from ribbon-like inorganic subunits containing two type of calcium ions, either eight-fold or six-fold coordinated. These subunits are linked through fully deprotonated gallate ligands (gal 4-). Both solids contain small channels filled with water, with however no accessible porosity towards N 2 at 77K. While the highly stable chemical character of MIL-156 makes it almost bioinert, the progressive degradation of MIL-155 leads to an important protective antioxidant effect, associated with the release of the bioactive gallate ligand. Both solids were proved to be biocompatible, as evidenced by different in vitro assays (viability, cell proliferation/death balance and haemolysis).
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  The structure for both phases was determined using crystals synthesised hydrothermally at 120 °C (MIL-155: 12 h, MIL-156: 24 h) although MIL-155 could also be synthesised under reflux.MIL-155: [Ca 2 (H 2 O)(H 2 gal) 2 ]•2H 2 OGallic acid monohydrate (C 7 H 6 O 5 .H 2 O) (0.376 g, 2 mmol) was dissolved in distilled water (10 ml) at room temperature. Calcium nitrate ([Ca(NO 3 ) 2 ]•4H 2 O) (0.236 g, 1 mmol) was then added to the solution followed by KOH 5M solution which was added dropwise to take the solution to pH 8/9 (~800 µl = ~1 mmol). The reaction mixture was then sealed and placed in an oven, and heated to 120 °C in 1 h then kept at this temperature for 12 h; the final pH value was 8. Once cooled to room temperature the resulting polycrystalline powder was filtered, repeatedly washed with distilled water and dried at room temperature. This phase could also be synthesised under reflux on a larger scale: Gallic acid monohydrate (C 7 H 6 O 5 .H 2 O) (1.881 g, 10 mmol) was dissolved in distilled water (100 ml) at room temperature. Calcium nitrate ([Ca(NO 3 ) 2 ]•4H 2 O) (1.181 g, 5 mmol) was then added to the solution followed by KOH 5M solution which was added dropwise to take the solution to pH 9. The reaction solution was heated under reflux for 24 h.

	MIL-156: [Ca 3 K 2 (H 2 O) 2 (gal) 2 ]•nH 2 O (n = 4-6)
	Gallic acid monohydrate (C 7 H 6 O 5 .H 2 O) (0.188 g, 1 mmol
	2. Experimental section.
	2.1. Materials. Gallic acid monohydrate (C 7 H 6 O 5 .H 2 O) (Sigma Aldrich, ≥λ8.0 %), calcium
	nitrate [Ca(NO 3 ) 2 ]•4H 2 O (Carlo Erbra reagents, 99.0-103.0 %), calcium hydroxide Ca(OH) 2
	(Aldrich 95 %) and KOH pellets (Alfa Aesar, 85 %) were obtained commercially and without
	any further purification. Phosphate buffered saline (PBS) solution (0.01 M, pH=7.4), RPMI
	1640 medium supplemented with GlutaMAX™, penicillin-streptomycin (5,000 U/mL) and
	heat-inactivated fetal bovine serum (FBS) were provided from Gibco®-Life Technologies
	(see ref. for composition). Similarly, dimethylsulfoxide (DMSO; ≥ λλ.7 %) and thiazolyl blue
	tetrazolium bromide (MTT) were purchased by Sigma Aldrich (St Louis, MO). Whereas the
	phorbol 12-myristate-13-acetate (PMA) was provided by Abcam, Biochemicals), H 2 O 2 (30%

w/v) from Panreac (Barcelona, Spain), 2',7'-dichlorofluorescein diacetate (2.5 µM; DCFH-DA) by Invitrogen™ and the Annexin V-FITC Apoptosis Detection Kit was supplied by Immunostep (Salamanca, Spain). All materials were used as received without further purification.

2.2. Synthesis.

  The release of gallic acid from Mg(H 2 gal), MIL-155 and MIL-156 were performed in triplicate by soaking 12 mg of each MOF in 12 mL of aqueous solution (Milli-Q water) and in a cell culture media (RPMI) at 37°C under continuous stirring. After different incubation times (1, 4, 8 and 24 h), an aliquot of supernatant was recovered by centrifugation (14500 rpm, 15 min). The monitoring of the release gallic acid was carried out through a reversed phased high performance liquid chromatography (HPLC) system from Waters (Waters Alliance E2695 separations module) with a Sunfire-C18 reverse-phase column (5 μm, 4.6×150 mm from Waters) and equipped with a variable-wavelength photodiode array detector Waters 2998, controlled by Empower software. The mobile phase used for the measurements consisted of mixture of 45 % v/v methanol in PBS solution (0.04

M, pH 2.5), injecting 10 μL as sample volume under a flow rate of 1 mL•min-1 and 25 ºC of column temperature. Different solutions of free gallic acid were analyzed as standard for the calibration curve in the range of 1.00 -0.01 mg•mL-1 (correlation coefficient > 0.99).

  Guillou, a C.Serre, a P.Fertey, c Á. González-Fernández, b P. Horcajada, a* T. Devic a*
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Table 1 .

 1 Bond valence calculations for structure MIL-155: [Ca 2 (H 2 O)(H 2 gal) 2 ]•2H 2 O.

		Bond valence calculations [Ca 2 (H 2 O)(H 2 gal) 2 ]•2H 2 O
		Selected atomic distances		d	υ
			Ca1		2.384	0.32
		O1	Ca2		2.381	0.33
				Total O1		0.65
			Ca1		2.420	0.29
		O2	Ca2		2.411	0.30
				Total O2		0.60
	H 2 gal A	O3	Ca2	Total O3	2.498	0.24 0.24 protonated
			Ca1		2.355	0.35
		O4	Ca2		2.341	0.36
				Total O4		0.71
		O5	Ca1	Total O5	2.452	0.27 0.27 protonated
		O12	Ca1	Total O12	2.420	0.29 0.29
			Ca1		2.355	0.35
	H 2 gal B	O14	Ca2		2.417	0.30
				Total O14		0.65
		O15	Ca2	Total O15	2.430	0.29 0.29 protonated
			Ca1		2.600	0.18
	H 2 O 1	Ow1	Ca2		2.470	0.26
				Total Ow1		0.44

Table 2 .

 2 Crystal structure data for MIL-155 and MIL-156.

2 O MIL-156: [Ca 3 K 2 (H 2 O) 2 (gal) 2 ]•nH 2 O (n = 4-6)

  

	Empirical formula	Ca 2 O 13 C 14 H 14	Ca 1.5 KO 8 C 7 H 8
	Formula weight	470.42 g•mol -1	319.35 g•mol -1
	Temperature	100(2) K	293(2) K
	Wavelength	0.96650 Å	0.71073 Å
	Crystal system, space	triclinic, P-1	orthorhombic, Pccn
	group		
		a =6.4362(3) Å	
		b =9.2435(4) Å	a = 16.4015(4) Å
	Unit cell dimensions	c = 14.2581(13) Å α =102.463(3)°	b = 17.8238(5) Å c = 7.8813(2) Å
		=103.033(4)°	
		=93.745(5)°	
	Volume (Å 3 )	801.12(9) Å 3	2304.00(10) Å 3
	Z, calculated density	2,1.9502(2) g•cm 3	8,1.84119 g•cm 3
	Adsorption coefficient	0.792 mm -1	1.156 mm -1
	F(000)	484	1304
	Crystal size	0.02 x 0.02 x 0.004 mm	0.2 x 0.04 x 0.03 mm
	Theta range for data collection	4.084° -32.403°	1.69° -30.05°
	Limiting indices	-5 ≤ h ≤ 6, -10 ≤ k ≤ λ, -15 ≤ l ≤ 15	-23 ≤ h ≤ 23, -24 ≤ k ≤ 25, -11 ≤ l ≤ 11
	Reflections collected /	4438/1977	25595/3364
	unique	[R(int) = 0.0654]	[R(int) = 0.0565]
	Refinement method	full-matrix least squares	full-matrix least sqaures
	Data/Restraints/Parameters	1977 /9/290	3364/9/177
	Goodness of fit on F 2	1.089	1.074
	Final R indices [I > 2σ(I)]	R1 = 0.0429, wR2 = 0.1184	R1 = 0.0829, wR2 = 0.2209
	R indices (all data)	R1 = 0.0466, wR2 = 0.1402	R1 = 0.104, wR2 = 0.251
	Largest diff peak and hole (e•Å -3 )	0.491 and -0.458	4.903* and -0.847
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Table 3 .

 3 Ccomparison of C-O bond lengths for MIL-155 with [Ni(H 2 gal)]•2H 2 O.

Table 4 .

 4 Summary of hydrogen-bond distances and angles in MIL-155.

	[Ca 2 (H 2 O)(H 2 gal) 2 ]•2H 2 O H 2 galA H 2 galB	[Ni(H 2 gal)]•2H 2 O
	C1 -O1 1.281(4) Å	C11 -O11	1.293(4) Å	C3-O2	1.264 Å
	C1 -O2 1.269(4) Å	C11 -O12	1.270(5) Å	
	C4 -O3 1.381(4) Å	C14 -O13	1.376(4) Å	C4 -O1	1.369 Å
	C5 -O4 1.334(4) Å	C15 -O14	1.332(4) Å	C1 -O3	1.323 Å
	C6 -O5 1.389(4) Å	C16 -O15	1.391(4) Å	
	Ow1 -Hw1B ..O12 Ow1 --Hw1A ..Ow3	1.96 1.88(3)	2.65 2.703(4)		142 170(4)
	Ow2 --Hw2A ..O13		1.88(3)	2.683(4)	163(5)
	Ow2 --Hw2B ..Ow3		1.98(2)	2.802(4)	177(6)
	Ow3 --Hw3A ..Ow2		2.00(3)	2.819(5)	171(4)
	O3 --H3A ..O11		1.92(3)	2.723(4)	171(4)
	Ow3 --Hw3B ..O11		1.88(3)	2.716(4)	175(4)
	O5 --H5A ..O11		1.86(3)	2.658(4)	164(4)
	O(13) --H(13A) ..O(5)			2.12	2.791(4)	139
	O(15) --H(15A) ..Ow(2)		1.84(3)	2.646(4)	164(4)

MIL-155: [Ca 2 (H 2 O)(H 2 gal) 2 ]•2H 2 O -hydrogen bond distances and angles donor---H...acceptor H...A (Å) D...A (Å) D-H...A (°)

Table 5 .

 5 Bond valence calculations for MIL-156.

	Bond

valence calculations [Ca 3 K 2 (gallate) 2 (H 2 O) 2 ]•4H 2 O Selected atomic distances d

  

		O2	2.291	0.42
		O3	2.266	0.45
		O4	2.296	0.41
	Ca1	O5	2.275	0.43
		Ow1	2.516	0.23
		Ow1	2.555	0.20
		Total MIL-155		2.14
		O3	2.547	0.21
		O3	2.547	0.21
		O4	2.411	0.30
		O4	2.411	0.30
	Ca2	O4	2.412	0.30
		O4	2.412	0.30
		O5	2.522	0.21
		O5	2.522	0.21
		Total MIL-156		2.08

Table 6 .

 6 Hydrogen bond distances in MIL-156.

  Nano-oncologicals lab, Translational Medical Oncology group, Health Research Institute of Santiago de Compostela (IDIS), Clinical University Hospital of Santiago de Compostela (CHUS), 15706 Santiago de Compostela, Spain. c Center for Research in Molecular Medicine and Chronic Diseases (CIMUS), Health Research Institute of Santiago de Compostela (IDIS), Dept. of Pharmacy and Pharmaceutical technology, School of Pharmacy, Univ. of Santiago de Compostela, Campus Vida, Santiago de Compostela, Spain.

	a. Institut Lavoisier, UMR CNRS 8180, Université de Versailles Saint-Quentin-en-Yvelines,
	45 Av. des Etats-Unis, 78035 Versailles cedex, France.
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Table 1 .

 1 Physicochemical characterization and siRNA encapsulation efficiency of the siRNA_MIL-100 and siRNA _MIL-101_NH 2 NPs.

		pH	Size (nm) (PdI)	-potential (mV)	siRNA efficacy (%)
	MIL-100	4 2	195 ± 43 (0.2) 154 ± 47 (0.2)	-21 ± 1 +9 ± 1	--
	MIL-101_NH 2	4	290 ± 2 (0.2)	+12 ± 1	-
	siRNA_ MIL-100	4 2	390 ± 56 (0.3) 337 ± 33 (0.2)	-11 ± 3 +9 ± 3	85.3 ± 0.2 84.6 ± 0.2
	siRNA_MIL-101_NH 2	4	677 ± 84 (0.3)	-8 ± 1	71.2 ± 0.2

Biocompatible iron(III) carboxylate Metal-Organic Frameworks as promising siRNA nanocarriers
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Table S1 .

 S1 Overview of size and ζ-potential of MIL-100 and MIL-101_NH 2 NPs in different meida at 37°C. Cell viability of SW480 cell line after 24 h in contact with siRNA_MIL-100 (pH = 2; in red and 4; in green) and siRNA_ MIL-101_NH 2 NPs (in blue). Note that the shown data correspond for each concentration to the average of triplicates obtained in two independent experiments (n = 6). The vertical error bars drawn in the diagram indicate the range of fluctuations from which the standard deviations were calculated.

		MIL-100(Fe)	MIL-101_NH 2
	Size (nm) (PdI) Figure S5. Medium H 2 O PBS-FBS DMEM -potential (mV)	pH=2 154 ± 47 (0.2) 167 ± 23 (0.3) 172 ± 74 (0.3)	pH=4 195 ± 43 (0.2) 209 ± 62 (0.3) 170 ± 69 (0.3)	pH=4 290 ± 22 (0.2) 422 ± 71 (>0.3) 287 ± 11 (>0.3)

1 .

 1 Chapitre 1, dans lequel les diverses applications de MOFs à l'échelle nanométrique ont été examinées dans le domaine biomédical, en considérant à la fois leur préparation et formulation spécifiques, et leurs applications biomédicales connexes. Chapitre 4 comprend l'étude de l'encapsulation et la libération de différents principes actifs, que ça soit au sein de la porosité du MOF ou comme une partie constitutive du réseau hybride.

	RÉSUMÉ GÉNÉRALE
	 Nanostructured metal-organic frameworks and their bio-related applications
	M. Giménez-Marqués £ , T. Hidalgo £ , C. Serre, P. Horcajada (£: Notez ici que les deux
	premiers auteurs ont également contribué)
	Coord. Chem. Rev., 2015, doi:10.1016/j.ccr.2015.08.008).
	2. Le Chapitre 2 concerne l'évaluation toxicologique exhaustive des trimésates métalliques
	(III) mésoporeux de type MIL-100 (Fe, Al, Cr; MIL par Matériaux de l'Institut Lavoisier))
	en fonction de leur composition, leur stabilité chimique et colloïdale ainsi que leurs
	interactions au niveau cellulaire, immunologique et génotypique.
	3. Le Chapitre 3 se focalise sur l'évaluation du passage de barrières physiologiques des
	nanoparticules du MIL-100(Fe) en fonction de la modification de sa surface externe sur les
	trois voies d'administration envisagées (orale, intraveineuse et cutanée).
	4. Enfin, le Chapitre 1
	Ce chapitre introductif « bibliographique » a été récemment publié sous la forme d'un article
	de revue intitulé :
	[394]

  d'impact sur les propriétés biologiques potentielles et les issus toxicologiques associés. Entre autres, cette introduction décrit également de nombreux exemples d'encapsulation et libération d'une série de molécules actives (antitumorales, cosmétiques, acides nucléiques, antiviraux, gaz biologiques, etc.) à partir de nanoMOFs.En conclusion, ce chapitre représente une illustration claire des résultats les plus récents des MOFs dans le domaine biomédical, en particulier pour les MOFs nanométriques.Le deuxième chapitre concerne la synthèse et la caractérisation physico-chimique exhaustive des trimésates métalliques (Fe, Al, Cr) mésoporeux (MIL-100 (Fe, Al, Cr, respectivement), ainsi que l'évaluation de leur biocompatibilité in vitro. Pour aborder ce sujet, le chapitre 2 a été divisé en deux volets, correspondant à deux publications scientifiques.

	Chapitre 2
	 Sous-chapitre 2.1.:
	In vitro biocompatibility of mesoporous metal (III; Fe, Al, Cr) trimesate MOFs
	nanocarriers
	R. Grall, T. Hidalgo, J. Delic, A. Garcia-Marquez, S. Chevillard, P. Horcajada.
	J. Mater. Chem. B, 2015, doi: 10.1039/C5TB01223F.

  de dégradation très faibles, à l'exception des NPs du MIL-100(Al) en contact avec le milieu MEM. Ainsi, à l'exception du MIL-100(Al), le reste des nanoMOFs étudiés ont montré une stabilité importante dans les conditions utilisées pour les tests de cytotoxicité.Une fois la caractérisation des NPs complétée, la biocompatibilité des nanoMOFs a été examinée in vitro par impédance, par suivi de la survie/mortalité cellulaire, par la détermination de la génération d'espèces réactives de l'oxygène (ROS) et par l'évaluation des effets sur l'acide désoxyribonucléique (ADN). Nous avons sélectionné des temps de contact courts (jusqu'à 24 h) ce qui permet de s'assurer d'une intégrité des NPs dans les conditions de l'étude afin d'évaluer les effets délétères potentiels induits par les NPs des MIL-100 «entières» MILs et non par leurs produits de dégradation. Aucune toxicité cellulaire n'a été induite par les NPs de MIL-100(Fe, Al, Cr), sur les lignées cellulaires de type sauvage de p53 (A549 et Calu-3 (poumon) et HepG2 (foie)), même à des doses élevées. Le seul effet toxique a été observé pour le MIL-100(Fe) en contact avec la lignée d'hépatocarcinome Hep3B, cette dernière étant très sensible en raison de l'absence d'expression de TP53 ou le gardien du génome (Figure2). Considérant l'effet cytotoxique comparable des NPs, nous avons pu exclure l'influence de la lixiviation du métal et du ligand organique. Malgré l'absence de cytotoxicité ici déterminée, nous avons réalisé une analyse plus approfondie de la cytotoxicité de ces NPs par l'évaluation du stress oxydatif, le cycle cellulaire et la génotoxicité.
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	Time (h)
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taux

  Cinétiques de dégradation des NPs de MIL-100(Fe) à 37 °C en fonction du temps dans les différents milieux physiologiques: HCl pH 1.2 (vert), lis-SIF (orange), lis-SIF complétée par la pancréatine (gris), et lis-SIF complétées par mucine (bleu clair). La dégradation est représentée par le % en poids du ligand relargé dans le milieu, en tenant compte de la dégradation maximale (100% de la quantité totale du ligand contenue dans les NPs).Pour conclure, les NPs de MIL-100(Fe) présentent une stabilité chimique, structurelle et colloïdale adéquate au cours des premières étapes d'incubation en conditions orales et intraveineuse simulées, démontrant ainsi un fort potentiel en tant que nanosystèmes de libération de médicaments. Leur stabilité dépend fortement de la nature de leur surface et de la composition du milieu considéré.
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	Figure 9. Chapitre 3	(f) (d)	time (h) SIFs 24-h regime SIF mucin lis-SIF SIF pancreatin
	Le troisième chapitre est focalisé sur l'évaluation du passage du nanovecteur MIL-100(Fe) au
	travers de barrières physiologiques, en fonction de la méthode d'administration,
	principalement intraveineuse, orale et cutanée. Ainsi, la surface externe des NPs du MIL-
	100(Fe) a été modifiée en utilisant différents biopolymères afin de moduler leur
	biodistribution. Ce chapitre est divisé en trois volets différents, chacun d'eux correspondant à
	une voie d'administration:		
	 Sous-chapitre 3.1.:		
	Heparin-engineered mesoporous iron Metal-Organic Framework Nanoparticles: towards stealth
	drug nanocarriers		
	E. Bellido £ , T. Hidalgo £ , M. V. Lozano, M. Guillevic, R. Simon-Vazquez, M.J. Santander-Ortega,
	A. Gonzalez-Fernandez, C. Serre, M. J. Alonso, P. Horcajada. (£: Notez ici que les deux premiers
	auteurs ont également contribué)		
	Adv. Healthc. Mater., 2015, 4(8), 1246-1257.	
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  Dans l'ensemble, nous avons mis en évidence une amélioration de la stabilité chimique et colloïdale du MIL-100(Fe) recouvert avec le CS. En autre, le greffage de CS est très stable pour les différentes conditions orales testées, avec presque aucun relargage jusqu'à 4 jours (Figure13). Ceci est probablement lié à la formation d'interactions électrostatiques entre le CS, positivement chargé, et la surface négative des NPs de MIL-100(Fe).La présence de la couronne de CS fournit également des propriétés biologiques supplémentaires aux NPs de MIL-100(Fe), en favorisant l'interaction du nanoMOF avec le milieu biologique. En particulier, nous avons déterminé la biocompatibilité et le passage de la barrière intestinale du MIL-100(Fe) par différentes techniques in vitro. Les NPs fonctionnalisées avec le CS présentent un caractère non-toxique avec en outre, l'absence d'activation du complément et une réponse inflammatoire modérée. A noter ici que, de manière similaire à la fonctionnalisation avec l'héparine, le greffage avec le CS conduit à une diminution de la production de cytokines d'un à deux ordres de grandeur par rapport à aux NPs non modifiées. Enfin, le greffage de NPs avec du CS est capable de favoriser l'internalisation cellulaire des NPs (Figure14), et ainsi, de promouvoir le passage de la barrière intestinale, comme ici avec le modèle in vitro 2D Caco-2. Notamment, nous avons pu estimer un passage 20 fois plus élevé des NPs greffées avec le CS que celle de NPs non fonctionnalisées, comme déterminé par la quantification des NPs dans le compartiment récepteur. Par ailleurs, l'absence d'une variation significative de la résistance trans-épithéliale (TEER) de la membrane cellulaire appuie à la fois l'absence de toxicité cellulaire des deux nanosystèmes avec ou sans CS, et l'absence de l'ouverture des jonctions intimes entre les cellules de la membrane. En conséquence, ces résultats excluent toute traversée des NPs par la voie para-cellulaire et suggèrent une pénétration membranaire par une voie trans-cellulaire.
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	En résumé, les NP de MIL-100(Fe) greffées avec du CS, préservant leurs propriétés physico-
	chimiques et leur stabilité colloïdale et biodégradation progressive, permettent d'améliorer le
	passage de la membrane intestinale, ce qui fait de ces NPs de vecteurs potentiellement
	intéressant pour l'administration par voie orale d'AIs.
	[408]

  Dans le but d'explorer la réactivité du gallate (H 4 gal) avec d'autres cations non-toxiques et de déterminer la relation entre la composition/structure et leur effet anti-oxydant, nous avons étudié la formation de nouvelles structures à base d'acide gallique et de différents cations biocompatibles. Dans ce sens, le calcium a été choisi en raison de sa biocompatibilité, son faible coût et sa présence abondante dans le corps (1 kg avec un apport journalier recommandé de  1 g par jour).[42,43] En effet, deux nouvelles structures cristallines ont été isolées en conditions vertes (eau). La première structure, le MIL-155 ou [Ca 2 (H 2 O)(H 2 gal) 2 ]•2H 2 O, est construits à partir de chaînes infinies de dimères de polyèdres CaO 7 partageant les arêtes et liés par les ligands gallates partiellement déprotonés (H

 Sous-chapitre 4.2.: Structure dependent in vitro antioxidant activity of biocompatible calcium gallate MOFs T. Hidalgo # , L. Cooper # , M. Gorman, T. Lozano-Fernández, R. Simón-Vázquez, G. Mouchaham, J. Marrot, N. Guillou, C. Serre, P. Fertey, Á. González-Fernández, P. Horcajada, T. Devic (#:Notez ici que les deux premiers auteurs ont également contribué). Sur le point d'être soumis. 2 gal 2-) (Figure 1). La deuxième phase, dénotée MIL-156 ou [Ca 3 K 2 (H 2 O) 2 (gal) 2 ]•nH 2 O (n = 4-6), est construite à partir de sous-unités inorganiques contenant deux types d'ions calcium, huit ou six fois coordonnés (Figure

2 (H 2 O) 2 Mg(H 2 gal) RÉSUMÉ GÉNÉRALE

  Si la grande stabilité chimique mise en évidence pour le MIL-156 est associée à l'absence d'activité anti-oxydante, la dégradation progressive du réseau du MIL-155 conduit au contraire à un effet anti-oxydant protecteur très important. D'une part, et de façon similaire au Mg(H 2 gal), l'activité anti-oxydante est ici liée à la libération du gallate, avec une dépendance de la concentration. D'autre part, la plus grande stabilité du MIL-156 pourrait s'expliquer par sa densité plus élevée et la deprotonation complète du gallate dans cette structure (MIL-156 Ca 3 K 2 (gal) 2 (H 2 O) 2 vs. MIL-155 Ca 2 (H 2 O)(H 2 gal) 2 ).

	[416]

  1 , K 2 HPO 4 •3H 2 O: 0.462 g.L -1 , MgCl 2 •6H 2 O: 0.622 g.L -1 , Na 2 SO 4 : 0.144 g.L -1 , HCl (1M): 0.85 mL.L -1 ). SOLUTION B (NaCl: 6.213 g.L -1 , Na 2 HPO 4 •2H 2 O: 0.498 g.L -1 , CaCl 2 : 0.584 g.L -1 , HCl (1M): 0.85 mL.L -1 ). The metallodrug delivery together with the H 2 BDP_X leaching processes were studied by suspending 10 mg of ZnBDP_X@RAPTA-C (X = H, NH 2 , NO 2 and OH) in 150 mL of SBF incubated at 37 ºC under stirring. Aliquots (2 mL) of the supernatant solution were analyzed by means of UV-vis at different times (10, 20, 30, 40, 50 min, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5,

Table 1 .

 1 Particle size (estimated using the Scherrer's equation (XRPD), SEM images and DLS measurements (including polydispersity index, PDI)) of ZnBDP_X series, prepared by conventional synthesis, as a function of the reaction time. The yield of the reactions at 2, 4 and 7 hours is also displayed.

			Reaction time (h)	1	2	3	4	5	6	7
	ZnBDP_H	Size (nm)	DLS (PDI) XRPD SEM	105 ± 15 (0.4) 46	150 ± 20 (0.5) 47	145 ± 15 (0.5) 50	155 ± 30 (0.5) 51	140 ± 20 (0.5) 60	170 ± 25 (0.6) 50	180 ± 25 (0.5) 52 70 ± 24
			Yield (%)		53		53			57
	2 ZnBDP_NH	Size (nm)	DLS (PDI) XRPD SEM	190 ± 35 (0.2) -	210 ± 30 (0.1) 58	193 ± 40 (0.1) 71	220 ± 35 (0.2) 67	210 ± 35 (0.1) 65	210 ± 35 (0.1) 71	275 ± 35 (0.1) 61 120 ± 40 & 45 ± 20*
			Yield (%)		45		46			58
	2 ZnBDP_NO	Size (nm)	DLS (PDI) XRPD SEM	125 ± 35 (0.3) 45	100 ± 30 (0.3) 43	120 ± 25 (0.3) 42	120 ± 30 (0.3) 39	115 ± 30 (0.2) -	100 ± 30 (0.2) 37	120 ± 35 (0.3) 39 65 ± 30
			Yield (%)		48		58			62
	ZnBDP_OH	Size (nm)	DLS (PDI) XRPD SEM	145 ± 35 (0.2) 52	145 ± 35 (0.2) 50	160 ± 30 (0.2) 45	165 ± 35 (0.2) 45	165 ± 35 (0.2) 40	160 ± 35 (0.2) 34	155 ± 40 (0.2) 50 60 ± 20
			Yield (%)		35		47			63
	*length and width respectively						

5. Associated content. Supporting Information

  . XRPD and FEG-SEM images of ZnBDP_X nanoparticles; XRPD stability tests and size and -potential evolution measurements of ZnBDP_OH in the different simulated physiological media; ATR, IR spectra, XRPD patterns and TGA of ZnBDP_X and ZnBDP_X@drug. "This material is available free of charge via the Internet at httpμ//pubs.acs.org."6. Acknowledgement.The Spanish Ministry of Economy and Competitivity (projects CTQ2011-22787/PPQ and CTQ2014-53486R), Junta de Andalucía (project P09-FQM-4981 and SR predoctoral grant) and COST action CM1105 are gratefully acknowledged for generous funding. PH and CS acknowledge CNRS, Université of Versailles St Quentin and the Labex Nanosaclay (reference ANR-10-LABX-0035) for the financial support.
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Abbreviations 5-FU: 5-Fluorouracil Cu3(BTB)2μ H3BTBμ 4,4′,4"-benzene-1,3,5-triyl-tribenzoic acid) A549: Adenocarcinomic human alveolar basal epithelial cells aa: Aminoacid ADME: Absorption, distribution, metabolization and excretion ALP: Alkaline phosphatase AZT-Tp: Azidothymidine triphosphate Basolite A100: MIL-53(Al) Basolite C300: HKUST-1 Basolite F300: FeBTC Basolite Z1200: ZIF-8 Basosive M050: Mg formate Bbi: 1,10-(1,4-butanediyl)bis(imidazole) [203] Supporting Information Heparin-engineered mesoporous iron Metal-Organic Framework Nanoparticles: towards stealth drug nanocarriers E.Bellido, 1,£ T. Hidalgo, 1,£ M.V.Lozano, 1 M. Guillevic, 1 R. Simon-Vazquez, 2 M. J. Santander-Ortega, 3 A. Gonzalez-Fernandez, 2 C. Serre, 1 M. J. Alonso, 2 P. Horcajada Table S1. Elemental analysis of uncoated and heparin coated MIL-100(Fe) nanoparticles. 

Content (wt%)

Calculations regarding the conformation of the heparin on the nanoparticle

Flory radius R F : Polymer conformation is estimated in terms of the Flory radius (R F ), which is the average coil dimension in solution, and the distance between grafted chains (D). If the solution is a good solvent for the polymer (i.e. heparin in water) the Flory radius can be described according to the following equation: R F =