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The concept of sustained drug release has been around since the 1960s [START_REF] Folkman | The Use of Silicone Rubber as a Carrier for Prolonged Drug Therapy[END_REF] ; the quest has never stopped to search for the most appropriate drug carriers for the delivery and controlled release of therapeutic molecules to a targeted location in the patient. Since the first report in 2010 [START_REF] Feng | MIL-100(Al) Gels as an Excellent Platform Loaded with Doxorubicin Hydrochloride for PH-Triggered Drug Release and Anticancer Effect[END_REF] , metalorganic framework nanoparticles (nanoMOFs) as drug carriers have gained increasing interest as they combine the advantages of both their inorganic and organic constituents. Metal-organic frameworks (MOFs) are porous materials made of metal-ligand coordination units assembled as an ordered crystalline structure with high permanent porosity [START_REF] Férey | Hybrid Porous Solids: Past, Present, Future[END_REF][START_REF] Furukawa | The Chemistry and Applications of Metal-Organic Frameworks[END_REF][START_REF] Horike | Soft Porous Crystals[END_REF] . This high porosity enables MOFs to capture a large amount of drug within a small amount of carrier, thus potentially reducing the administered dose and related toxicity for the patients.

Among the most studied nanoMOFs for drug delivery to date is nanoMIL-100(Fe), belonging to the MOF family of MIL-100. It consists of trivalent metal cations such as Al (III) or Fe (III), and benzene-1,3,5-tricarboxylate ligands, also called trimesate or BTC [START_REF] Horcajada | Synthesis and Catalytic Properties of MIL-100(Fe), an Iron(III) Carboxylate with Large Pores[END_REF][START_REF] Volkringer | Single-Crystal X-Ray Microdiffraction, and NMR Characterizations of the Giant Pore Metal-Organic Framework Aluminum Trimesate MIL-100[END_REF] . Figure 1 illustrates the structure of MIL-100. Its secondary building unit (SBU), the Fe or Al(III) metal trimer, consists of three metal cations (III) coordinated with one central bridging oxygen and six carboxylate groups. The 6-fold coordination sphere is completed with hydroxyl and water ligands. Two metal cations coordinate with one water molecule per cation, and one cation coordinates with one hydroxyl group. Every four SBUs connect through trimesate linkers, creating tetrahedra. These tetrahedra build the MTN type MIL-100 framework, which possesses two kinds of pores: large mesoporous cages of 29 Å diameter, accessible through hexagonal (8.6 Å) and pentagonal windows (4.8-5.5 Å), and small mesoporous cages of 25 Å diameter, accessible exclusively through pentagonal opening windows. The generally accepted formula is [START_REF] Volkringer | Single-Crystal X-Ray Microdiffraction, and NMR Characterizations of the Giant Pore Metal-Organic Framework Aluminum Trimesate MIL-100[END_REF][START_REF] Agostoni | Green' Fluorine-Free Mesoporous Iron(III) Trimesate Nanoparticles for Drug Delivery[END_REF] . In addition, the MIL-100 MOFs consist of coordinative unsaturated metal sites (CUS) with strong Lewis acid properties produced upon thermal activation and departure of labile ligands [START_REF] Kökçam-Demir | Coordinatively Unsaturated Metal Sites (Open Metal Sites) in Metal-Organic Frameworks: Design and Applications[END_REF][START_REF] Vitillo | Thermal Treatment Effect on CO and NO Adsorption on Fe(II) and Fe(III) Species in Fe3O-Based MIL-Type Metal-Organic Frameworks: A Density Functional Theory Study[END_REF] . The high drug payload of nanoMIL-100(Fe) has been demonstrated for various drugs [START_REF] Horcajada | Metal-Organic Frameworks in Biomedicine[END_REF]1312,[START_REF] Quijia | Application of MIL-100(Fe) in Drug Delivery and Biomedicine[END_REF] , namely anticancer [START_REF] Horcajada | Porous Metal-Organic-Framework Nanoscale Carriers as a Potential Platform for Drug Delivery and Imaging[END_REF][START_REF] Rodriguez-Ruiz | Green" Encapsulation of a Highly Hydrophilic Anticancer Drug in Metal-Organic Framework Nanoparticles[END_REF][START_REF] Li | Drug-Loaded Lipid-Coated Hybrid Organic-Inorganic "Stealth" Nanoparticles for Cancer Therapy[END_REF] , antibiotic [START_REF] Unamuno | Biocompatible Porous Metal-Organic Framework Nanoparticles Based on Fe or Zr for Gentamicin Vectorization[END_REF][START_REF] Li | Compartmentalized Encapsulation of Two Antibiotics in Porous Nanoparticles: An Efficient Strategy to Treat Intracellular Infections[END_REF] , antiretroviral [START_REF] Agostoni | Towards an Improved Anti-HIV Activity of NRTI via Metal-Organic Frameworks Nanoparticles[END_REF] , and a combination of anti-inflammatory and antibiotics [START_REF] Taherzade | Combined Cutaneous Therapy Using Biocompatible Metal-Organic Frameworks[END_REF] . For example, the anticancer drug busulfan was loaded in nanoMIL-100(Fe) with a payload of 25 wt%, five and sixty times higher than its payload in polymer nanoparticles and in liposomes, respectively [START_REF] Horcajada | Porous Metal-Organic-Framework Nanoscale Carriers as a Potential Platform for Drug Delivery and Imaging[END_REF][START_REF] Chalati | Porous Metal Organic Framework Nanoparticles to Address the Challenges Related to Busulfan Encapsulation[END_REF][START_REF] Simon-Yarza | Antineoplastic Busulfan Encapsulated in a Metal Organic Framework Nanocarrier: First in Vivo Results[END_REF] . Recently, the aluminum-trimesate nanoMIL-100(Al) was also explored for drug delivery. The MIL-100(Al) gel loaded with the anticancer drug doxorubicin (DOX) showed a remarkably high payload of 62 wt% 22 . More recently, DOX was efficiently encapsulated (74% encapsulation efficiency) in core-shell nanoMIL-100(Al) coated with γcyclodextrin (CD) citrate and was released progressively depending on the initial drug loading [START_REF] Li | Doxorubicin-Loaded Metal-Organic Frameworks Nanoparticles with Engineered Cyclodextrin Coatings: Insights on Drug Location by Solid State NMR Spectroscopy[END_REF] .

M 3 O(H 2 O) 2 OH(C 6 H 3 (CO 2 ) 3 ) 2 (M is Fe or Al)
Both nanoMIL-100(Al) and nanoMIL-100(Fe) demonstrated high loading capacity for active molecules bearing phosphate moieties because of the strong interaction between Al(III) or Fe(III) CUS and phosphate group [START_REF] Rodriguez-Ruiz | Green" Encapsulation of a Highly Hydrophilic Anticancer Drug in Metal-Organic Framework Nanoparticles[END_REF][START_REF] Agostoni | Towards an Improved Anti-HIV Activity of NRTI via Metal-Organic Frameworks Nanoparticles[END_REF][START_REF] Porcino | New Insights on the Supramolecular Structure of Highly Porous Core-Shell Drug Nanocarriers Using Solid-State NMR Spectroscopy[END_REF] . Additionally, to improve the nanoMOF's colloidal stability and to modulate their interaction with biological media and cells, the surface of nanoMIL-100(Fe) and nanoMIL-100(Al) was coated covalently with polymers [START_REF] Giménez-Marqués | GraftFast Surface Engineering to Improve MOF Nanoparticles Furtiveness[END_REF] or non-covalently with biopolymers, lipids and carbohydrates [START_REF] Li | Drug-Loaded Lipid-Coated Hybrid Organic-Inorganic "Stealth" Nanoparticles for Cancer Therapy[END_REF][START_REF] Agostoni | Green" Strategy to Construct Non-Covalent, Stable and Bioactive Coatings on Porous MOF Nanoparticles[END_REF][START_REF] Cutrone | Comb-like Dextran Copolymers: A Versatile Strategy to Coat Highly Porous MOF Nanoparticles with a PEG Shell[END_REF][START_REF] Hidalgo | Chitosan-Coated Mesoporous MIL-100(Fe) Nanoparticles as Improved Bio-Compatible Oral Nanocarriers[END_REF][START_REF] Bellido | Heparin-Engineered Mesoporous Iron Metal-Organic Framework Nanoparticles: Toward Stealth Drug Nanocarriers[END_REF][START_REF] Aykaç | A Non-Covalent "Click Chemistry" Strategy to Efficiently Coat Highly Porous MOF Nanoparticles with a Stable Polymeric Shell. Metal-Organic Frameworks: Does Flexibility Influence Selectivity?[END_REF][31] . More importantly, for biomedical applications, nanoMIL-100(Fe) has been shown non-toxic and biodegradable in vitro [START_REF] Horcajada | Porous Metal-Organic-Framework Nanoscale Carriers as a Potential Platform for Drug Delivery and Imaging[END_REF]32,33 and in vivo [START_REF] Horcajada | Porous Metal-Organic-Framework Nanoscale Carriers as a Potential Platform for Drug Delivery and Imaging[END_REF][START_REF] Simon-Yarza | Antineoplastic Busulfan Encapsulated in a Metal Organic Framework Nanocarrier: First in Vivo Results[END_REF]34,35 . NanoMIL-100(Al) has also been shown non-toxic in vitro 33 . Still, many questions remain about the nanoMIL-100 carrier stability, for instance, toxicity might come from nanoMOF's degradation products 32 or drug encapsulation can modify nanoMOF's degradation kinetics [START_REF] Simon-Yarza | Antineoplastic Busulfan Encapsulated in a Metal Organic Framework Nanocarrier: First in Vivo Results[END_REF] . To further progress the clinical translation of nanoMOFs, a critical aspect that needs to be addressed is deciphering the degradation mechanism of the nanoMIL-100 family.

However, there is little literature on the important topic of nanoMIL-100 degradation in biological-relevant media and the effects of drug encapsulation and surface coating. A popular hypothesis is that the degradation reaction of MIL-100(Fe) produces free iron(III) ions and trimesic acid. Early studies found that the culprit of degradation is the phosphate component of the cell medium [START_REF] Agostoni | Towards an Improved Anti-HIV Activity of NRTI via Metal-Organic Frameworks Nanoparticles[END_REF]36 . The higher the phosphate concentration, the higher the trimesate release, the more degraded the nanoMOF [START_REF] Unamuno | Biocompatible Porous Metal-Organic Framework Nanoparticles Based on Fe or Zr for Gentamicin Vectorization[END_REF] . Li et al. discovered that despite witnessing more than 30% trimesate ligand loss, the MIL-100(Fe) nano-and micro-particles maintained their sizes and shapes upon exposure to phosphate buffer 37 . Using Raman and Mossbauer spectroscopy, the authors suspected the formation of an amorphous shell of iron phosphate and/or iron oxide surrounding an intact crystalline core. In addition, using in situ atomic force microscopy and high-resolution transmission electron microscopy, Christodoulou et al. also found that the nanoMIL-100(Fe) and microMIL-100(Fe) degraded without collapsing or changing their dimension 1111 . Degradation of MIL-100(Fe) started at the particle surface, where the crystal planes at the surface disappeared within 2 hours of incubation in phosphate buffer saline (PBS) at pH 7.4. However, none of these techniques have given evidence at the atomic scale for the changes in iron coordination.

To study the MOF structure at the atomic scale, solid-state NMR (ssNMR) spectroscopy is a non-destructive and valuable technique to get information about both the long-range crystal structure (when combined with XRD and periodic first-principles calculations) 38 and short-range local structure or interactions in MOFs. Deviations from periodic structures in MOFs can happen after chemical modification or functionalization, which are often not detected by routine characterization techniques such as X-ray diffraction and infrared spectroscopy. In this case, ssNMR spectroscopy is a technique of choice for locally probing atoms, their neighboring environments, and chemical bonds while keeping the MOF intact 39,40 . It has been used extensively to determine the structure of new MOFs [START_REF] Volkringer | Single-Crystal X-Ray Microdiffraction, and NMR Characterizations of the Giant Pore Metal-Organic Framework Aluminum Trimesate MIL-100[END_REF]41,42 , and the adsorption-desorption mechanism of liquid and gases 43,[START_REF] Cadiau | Design of Hydrophilic Metal Organic Framework Water Adsorbents for Heat Reallocation[END_REF] . For porous drug delivery systems, ssNMR spectroscopy has been mainly used to study mesoporous silica [START_REF] Skorupska | Ibuprofen in Mesopores of Mobil Crystalline Material 41 (MCM-41): A Deeper Understanding[END_REF][START_REF] Azaïs | Implication of Water Molecules at the Silica-Ibuprofen Interface in Silica-Based Drug Delivery Systems Obtained through Incipient Wetness Impregnation[END_REF][START_REF] Azaïs | Solid-State NMR Study of Ibuprofen Confined in MCM-41 Material[END_REF] and MOFs [START_REF] Porcino | Solid-State NMR Spectroscopy: A Key Tool to Unravel the Supramolecular Structure of Drug Delivery Systems[END_REF][START_REF] Čendak | Indomethacin Embedded into MIL-101 Frameworks: A Solid-State NMR Study[END_REF] . For MIL-100(Fe), ssNMR spectroscopy gave indirect proof about the interaction between the strong paramagnetic Fe(III) and the drug azidothymidine triphosphate or the coating cyclodextrin phosphate (CD-P) [START_REF] Agostoni | Towards an Improved Anti-HIV Activity of NRTI via Metal-Organic Frameworks Nanoparticles[END_REF][START_REF] Agostoni | Green" Strategy to Construct Non-Covalent, Stable and Bioactive Coatings on Porous MOF Nanoparticles[END_REF] . For diamagnetic MIL-100(Al), ssNMR spectroscopy provided insights about host-guest interaction and location of the drugs adenosine triphosphate (ATP) and doxorubicin, as well as the surface coating cyclodextrinphosphate (CD-P) [START_REF] Li | Doxorubicin-Loaded Metal-Organic Frameworks Nanoparticles with Engineered Cyclodextrin Coatings: Insights on Drug Location by Solid State NMR Spectroscopy[END_REF][START_REF] Porcino | New Insights on the Supramolecular Structure of Highly Porous Core-Shell Drug Nanocarriers Using Solid-State NMR Spectroscopy[END_REF] .

In this work, we further use solid-state NMR spectroscopy to investigate the degradation mechanism at the atomic scale of this nanoMIL-100(Al) in PBS, revealing a stepwise degradation process. We also study the impact of ATP drug loading and CD-P surface modification on the nanoMOF degradation. ATP and CD-P were chosen based on their well-known interaction between molecules bearing phosphate moieties and the Al(III) cations of nanoMIL-100(Al) [START_REF] Porcino | New Insights on the Supramolecular Structure of Highly Porous Core-Shell Drug Nanocarriers Using Solid-State NMR Spectroscopy[END_REF][START_REF] Agostoni | Green" Strategy to Construct Non-Covalent, Stable and Bioactive Coatings on Porous MOF Nanoparticles[END_REF] .

The ensemble of ssNMR data ( 27 Al, 31 P, 31 P-27 Al) reveals the evolution of the metal coordination sphere in MIL-100 during degradation reaction, as a function of several parameters: MIL-100 structure, concentration of the degradation medium, interaction with surface coating and loaded drug. To check whether our proposed degradation mechanism applies to the iron MIL-100 analog, we studied the degradation of nanoMIL-100(Fe) in PBS by XANES spectroscopy, which was selected because it can provide information about the local structure of iron(III) in MOFs [START_REF] Sciortino | Structure of the FeBTC Metal-Organic Framework: A Model Based on the Local Environment Study[END_REF][START_REF] Du | Adsorption Mechanism on Metal Organic Frameworks of Cu-BTC, Fe-BTC and ZIF-8 for CO2 Capture Investigated by X-Ray Absorption Fine Structure[END_REF] . This paper shows that using a combination of ssNMR and XANES spectroscopy allows better understanding of the chemistry of nanoMIL-100 drug carriers and their degradation.

Experimental Section

Herein the most important experimental methods and techniques are summarized. Details are given in the Supporting Information.

2.1. Synthesis of nanoMIL-100(Al) and nanoMIL-100(Fe) NanoMIL-100(Al) and nanoMIL-100(Fe) were synthesized by microwave-assisted synthesis, following a published procedure [START_REF] Agostoni | Green' Fluorine-Free Mesoporous Iron(III) Trimesate Nanoparticles for Drug Delivery[END_REF][START_REF] Márquez | Green Microwave Synthesis of MIL-100(Al, Cr, Fe) Nanoparticles for Thin-Film Elaboration[END_REF] . All reagents and solvents were used without further purification.

Drug encapsulation and surface coating of nanoMIL-100(Al)

NanoMOFs were loaded with ATP with the input loading 30 wt% of initial nanoMOF, following a reported soaking procedure 14 . A 1.5 mg.mL -1 aqueous solution of ATP disodium salt hydrate was added to a determined milligram of nanoMOF (m_MOF). The final nanoMOF concentration was 5 mg.mL -1 . The weight of drug remaining in the supernatant after drug loading (m_drug_remaining) was determined by HPLC based on a reported procedure [START_REF] Menegollo | Determination of ATP, ADP, and AMP Levels by Reversed-Phase High-Performance Liquid Chromatography in Cultured Cells[END_REF] . The actual drug payload wt% was calculated as:

, where m_drug_input is the weight of drug added to nanoMOF.

NanoMOFs were coated with phosphate-β-cyclodextrin (CD-P) at the theoretical coating 30 wt% of initial MOF, by adapting a published method [START_REF] Agostoni | Green" Strategy to Construct Non-Covalent, Stable and Bioactive Coatings on Porous MOF Nanoparticles[END_REF] . A 3 mg.mL -1 aqueous solution of phosphated β-cyclodextrin CD-P sodium salt (average 3-4 phosphate groups per cyclodextrin unit)

was added to a determined milligram of nanoMOF. The final nanoMOF concentration was 10 mg.mL -1 . The amount of coating remaining in the supernatant after surface coating (m_coating_remaining) was determined by quantitative liquid-state NMR spectroscopy. The actual surface coating wt% was calculated as: , where m_coating_input is the weight of drug added to nanoMOF. 

Results and Discussion

Preparation and characterization of nanoMIL-100(Al)

The first step of this study was the synthesis of nanoMIL-100(Al) suspensions adequate as drug carriers, i.e. having a diameter lower than 200 nm and uniform size distribution. However, following a published procedure [START_REF] Márquez | Green Microwave Synthesis of MIL-100(Al, Cr, Fe) Nanoparticles for Thin-Film Elaboration[END_REF] , the obtained MIL-100(Al) suspension had an inhomogeneous size distribution. Therefore, we used an additional size separation step and successfully prepared nanoMIL-100(Al) with hydrodynamic diameter Z-Average of 147 ± 14 nm and polydispersity index PdI of 0.10 ± 0.02 (Figure S1). TEM images (Figure 3a and Figure S2) also displayed solid nanoMIL-100(Al) particles with uniform shape and size (88 ± 25 nm). The nanoparticle size was overestimated by DLS because in DLS, the average nanoparticle diameter is determined from scattered light intensity and large objects scatter more light than small ones [START_REF] Panalytical | An Introduction to Dynamic Light Scattering[END_REF] . The chemical composition of the obtained nanoMIL-100(Al) was analyzed by TGA (Figure S4). It also showed good crystallinity (XRD pattern in Figure S5) and a BET surface area of 1770 m 2 .g -1 (N 2 adsorption isotherm in Figure S3a), which agree with published studies of MIL-100(Al) [START_REF] Porcino | New Insights on the Supramolecular Structure of Highly Porous Core-Shell Drug Nanocarriers Using Solid-State NMR Spectroscopy[END_REF] . These surface species were reproduced in this study (Figure S8) and are expected to play a crucial role in the degradation of nanoMIL-100(Al).

Degradation mechanism of nanoMIL-100(Al)

In the second step of this study, nanoMIL-100(Al) was incubated in PBS, composed of phosphate monobasic and dibasic salts, at 37 O C to mimic the physiological medium. All measurements were performed ex situ by recovering the nanoparticles from suspension in PBS after a given degradation period. As a first step, to choose the suitable conditions for the NMR investigation, we determined the degradation kinetics of nanoMIL-100(Al) and the formation of trimesate by using HPLC. We chose two degradation conditions, "concentrated":10 mg.mL -1 nanoMIL-100(Al) in PBS 10 mM, 2 days, and "diluted": 0.5 mg.mL -1 nanoMIL-100(Al) in PBS 1 mM, 2 days. In the "concentrated" condition, the molar ratio of phosphate/Al 3 trimer (P/Al 3 ) is 0.54:1, meaning that nanoMIL-100(Al) is in excess, whereas in the "diluted" condition, the P/Al 3 is 11:1, and PBS is in excess compared to nanoMIL-100(Al). The percentage of released trimesate upon degradation in PBS is shown in Figure 2. As expected, the release profile of trimesate from nanoMIL-100(Al) had a similar pattern with MIL-100(Fe) and consisted of two stages. In the first three hours after incubation in PBS, there was a rapid generation of trimesic acid. Subsequently, the degradation reaction rate decreased gradually in the next 24 hours and reached equilibrium after 48-72 hours. This plateau of trimesate release after a given period was also observed in other works dealing with MIL-100(Fe) [START_REF] Christodoulou | Degradation Mechanism of Porous Metal-Organic Frameworks by In Situ Atomic Force Microscopy[END_REF][START_REF] Unamuno | Biocompatible Porous Metal-Organic Framework Nanoparticles Based on Fe or Zr for Gentamicin Vectorization[END_REF][START_REF] Agostoni | Towards an Improved Anti-HIV Activity of NRTI via Metal-Organic Frameworks Nanoparticles[END_REF] .

There could be two explanations for this degradation plateau: 1) insufficient amount of phosphate to react with nanoMIL-100(Al), or 2) another mechanism preventing the reaction from proceeding further. The first explanation was supported by the fact that the trimesate release was higher in the "diluted" degradation, where the ratio P/Al 3 was higher than in the "concentrated" degradation. To investigate further the limitation step of the nanoMIL-100 degradation reaction, the morphology and structure of the degraded nanoMOF were characterized.

Modification of nanoMIL-100(Al) morphology after 48-hour degradation is shown in Figure 3b and Figure S9. The degraded nanoMIL-100(Al) retained their initial faceted shape and size distribution 98 ±24 nm, similar to the degraded nanoMIL-100(Fe) in Li et al. 37 . However, the degraded nanoMIL-100(Al) had holes on its surface, which is somewhat different from the degraded nanoMIL-100(Fe), whose TEM images displayed particles with rounded edges and without holes at the surface. species with no phosphate ligand due to a deshielding effect in NMR [START_REF] Haouas | Recent Advances in Application of 27Al NMR Spectroscopy to Materials Science[END_REF] , we hypothesize that these Al species at 48 ppm are 4-coordinate Al with at least one phosphate ligand. Such 4-coordinate-Al is favorable in basic pH but not in neutral pH of PBS [START_REF] Haouas | Recent Advances in Application of 27Al NMR Spectroscopy to Materials Science[END_REF] , which could explain why these species have very low intensity in the [START_REF] Cutrone | Comb-like Dextran Copolymers: A Versatile Strategy to Coat Highly Porous MOF Nanoparticles with a PEG Shell[END_REF] Al NMR spectrum. When the nanoMIL-100(Al) was degraded in excess PBS ("diluted" condition), the intensity of the 4-coordinate [START_REF] Cutrone | Comb-like Dextran Copolymers: A Versatile Strategy to Coat Highly Porous MOF Nanoparticles with a PEG Shell[END_REF] Al peak increased slightly, and even a new 5-coordinate [START_REF] Cutrone | Comb-like Dextran Copolymers: A Versatile Strategy to Coat Highly Porous MOF Nanoparticles with a PEG Shell[END_REF] Al peak was observed around 22-25 ppm (Figure 6). Therefore, we ruled out the possibility of an intermediate product, and we assigned these 4-and 5-coordinate [START_REF] Cutrone | Comb-like Dextran Copolymers: A Versatile Strategy to Coat Highly Porous MOF Nanoparticles with a PEG Shell[END_REF] Al resonances to an inorganic aluminum phosphate AlPO 4 [START_REF] Mooney | The Crystal Structure of Aluminium Phosphate and Gallium Phosphate, Low-Cristobalite Type[END_REF]5957,[START_REF] Mooney | The Crystal Structure of Aluminium Phosphate and Gallium Phosphate, Low-Cristobalite Type[END_REF] . As the 4-and 5-coordinate [START_REF] Cutrone | Comb-like Dextran Copolymers: A Versatile Strategy to Coat Highly Porous MOF Nanoparticles with a PEG Shell[END_REF] Al peaks only account for 1% of the total Al amount, the amount of these degradation products is low, and their formation may happen only at the surface. If these 4-and 5-coordinate aluminophosphate form a non-porous layer, this layer can passivate the nanoMIL-100(Al) surface, prevent phosphate from reacting with nanoMIL-100(Al), thus slowing down the degradation reaction. Blocked access to the nanoMIL-100(Al) was supported by a 10-time decrease in BET surface area (Figure S3).

The existence of this passivation layer may explain how degradation and trimesate release reached a plateau after 48 hours as determined by HPLC (Figure 2). In the final step, we analyzed the effect of surface coating and drug loading on the nanoMIL-100(Al) degradation processes. As reported in the literature, the presence of loaded drug and surface coating could alter the physicochemical properties of nanoMOF [START_REF] Simon-Yarza | Antineoplastic Busulfan Encapsulated in a Metal Organic Framework Nanocarrier: First in Vivo Results[END_REF][START_REF] Agostoni | Green" Strategy to Construct Non-Covalent, Stable and Bioactive Coatings on Porous MOF Nanoparticles[END_REF] , thus potentially affecting nanoMOF's degradation reaction.

NanoMIL-100(Al) was successfully loaded with adenosine triphosphate (ATP) at 18.6 ±0.8 wt%, and coated with β-cyclodextrin-phosphate (CD-P) at 28.3 ± 0.4 wt%. Before studying the degradation, the drug loading and surface coating quality were evaluated. Results of [START_REF] Cutrone | Comb-like Dextran Copolymers: A Versatile Strategy to Coat Highly Porous MOF Nanoparticles with a PEG Shell[END_REF] Al and 31 P MAS NMR in Figure S14a and Figure S14b agree with our previous study [START_REF] Porcino | New Insights on the Supramolecular Structure of Highly Porous Core-Shell Drug Nanocarriers Using Solid-State NMR Spectroscopy[END_REF] . 31 P MAS NMR (Figure S16b) showed that the drug ATP is captured inside MIL-100(Al) by chemical adsorption through Al-O-P coordination. [START_REF] Cutrone | Comb-like Dextran Copolymers: A Versatile Strategy to Coat Highly Porous MOF Nanoparticles with a PEG Shell[END_REF] Al MAS NMR (Figure S16a) showed that the CD-P coating is located at the surface and does not penetrate the MOF core. The integrity of the trimesate framework was checked by TEM and 13 C MAS NMR, see Figure S15 and Observing a similar degradation product, we speculate that, as CD-P covers approximately 30% of the nanoMIL-100(Al) surface [START_REF] Agostoni | Green" Strategy to Construct Non-Covalent, Stable and Bioactive Coatings on Porous MOF Nanoparticles[END_REF] , degradation reaction still occurs at the nanoMOF's surface not attached to CD-P, following the reaction mechanism proposed in the previous section.

Additionally, the 31 P MAS NMR spectrum of the degraded MOF-CDP in Figure 9a displays a shoulder around -10 ppm which belongs to CD-P, and the dominant signal of the phosphate coordinated with the MIL-100(Al) framework around -15 ppm. The presence of CD-P coating even after five days of degradation suggests that CD-P competes with inorganic phosphate ions to complex with Al(III). Consequently, PBS phosphates can only partially displace CD-P.

Meanwhile, the degradation reaction of the ATP-loaded nanoMIL-100(Al) exhibits features distinctive from that of the empty nanoMOF. No sign of low-coordinated Al was detected. [START_REF] Cutrone | Comb-like Dextran Copolymers: A Versatile Strategy to Coat Highly Porous MOF Nanoparticles with a PEG Shell[END_REF] Al a) b)

NMR (Figure 8) still showed the 6-coordinate Al species around -2 ppm as the main degradation product, while the Al species bonded with phosphate ATP was still present. Likewise, the 31 P MAS NMR spectrum in Figure 9b shows both a peak of coordinated PBS phosphate and a shoulder signal of ATP. Both Finally, combining the effect of drug encapsulation and surface coating, Figure 8 shows that degradation of the ATP-loaded CD-P-surface-coated nanoMIL-100(Al) produces both 6coordinate aluminophosphate complex and 4-coordinate inorganic aluminophosphate, but with a slightly lower proportion of 4-coordinate degraded complex (1.0%) than that in the surface-coated empty nanoMIL-100(Al) (1.6%). Also, the [START_REF] Cutrone | Comb-like Dextran Copolymers: A Versatile Strategy to Coat Highly Porous MOF Nanoparticles with a PEG Shell[END_REF] Al peak at 2.5 ppm belonging to the original nanoMIL-100(Al) is more preserved in the degraded one in the presence of the drug ATP.

In summary, the degradation reaction of the modified MOF including the ATP-loaded and the CD-P-surface coated nanoMIL100(Al) can be summarized as follows:

1) Surface coating with CD-P has a negligible effect on the degradation of nanoMIL-100(Al). shows two features at 7114 and 7115.4 eV, while the degraded MIL-100(Fe) and FePO 4 .2H 2 O only show a single, broad peak at 7114.9 eVc. Moreover, the XANES spectrum of this degraded nanoMIL-100(Fe) is different from those of iron (III) oxide and iron (III) oxyhydroxide, excluding their presence in the degraded nanoMIL-100(Fe) (Figure 11). Therefore, we propose that the first step of nanoMIL-100(Fe) degradation also forms an iron-phosphate-6-coordinate species with Fe-O-P coordination bond, in the same way as illustrated in Figure 7, where phosphate from PBS replaces water ligand of nanoMIL-100(Fe) and coordinates with Fe(III). The 4-coordinate iron phosphate species were not detected due to its low amount, probably 1% of iron in the degraded nanoMIL-100(Fe). Note that nanoMIL-100(Fe) also became less porous after degradation (Figure The effect of ATP drug loading and CD-P surface coating on the nanoMIL-100(Fe) degradation was also investigated. Figure S20 shows that the ATP-drug-loaded and CD-P-surface-coated nanoMIL-100(Fe) share the same XANES features as the original one, indicating that drug loading and surface coating do not degrade nanoMIL-100(Fe). Figure 12 shows that degradation of drugloaded, and surface-coated nanoMIL-100(Fe) produces similar species as obtained from a) b)

degradation of original one, as all three XANES and pre-edge spectra have similar shapes and features. Once again, XANES spectroscopy shows that 6-coordinate iron-phosphate was formed during the degradation reaction of nanoMIL-100(Fe).

This complementary study with XANES suggests that the first step in degradation of nanoMIL-100(Fe) likely follows the degradation reaction of its aluminum analog, corroborating the ssNMR study on nanoMIL-100(Al). 
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Figure 1 .

 1 Figure 1. Structure of the MOF family MIL-100. The Fe(III) or Al(III) trimer is 6-coordinate

2. 3 . 2 . 4 .

 324 Degradation of nanoMIL-100(Al) and nanoMIL-100(Fe) NanoMOF was incubated in PBS pH 7.4 at 37 O C for 2-5 days following two conditions: 10 mg.mL -1 nanoMOF and PBS 10 mM, and 0.5 mg.mL -1 nanoMOF and PBS 1 mM. PBS used is Dulbecco's Phosphate-Buffered Saline 1X i.e., 10 mM, pH 7.0-7.3, comprised of 8.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 138 mM NaCl, and 2.7 mM KCl. Characterization of nanoMIL-100(Al) Morphology and size of nanoMOF were observed by Transmission Electron Microscopy (TEM) under a 120 kV microscope. Particle size of 0.5 mg.mL -1 nanoMOF suspension in EtOH abs or deionized (DI) water was measured by Dynamic Light Scattering (DLS). Specific surface area of MOF was measured by the Brunauer-Emmett-Teller technique (BET) after degassing MOF powder under vacuum at 100 O C overnight. Crystallinity was evaluated by performing Powder Xray Diffraction (PXRD) at λ(Cu Kα) of 1.5406 Å. Thermal stability was studied by Thermogravimetric Analysis (TGA). The amount of trimesate and ATP in the supernatant collected after nanoMOF degradation was determined by High-Performance Liquid Chromatography (HPLC) following a published procedure 37 . The amount of CD-P in the supernatant was determined by NMR spectroscopy, performed at 9.4 T on a Bruker Avance spectrometer equipped with a probe head of 5 mm. The chemical shifts were referenced to tetramethylsilane for 1 H and 13 C. Coordination structure of nanoMIL-100(Fe) was studied by XANES spectroscopy recorded at the K-edge of Fe at 7112 eV at the SAMBA beamline in Synchrotron SOLEIL, France. Experimental details are reported in the Supporting Information (SI). Coordination structure of nanoMIL-100(Al) was studied by Magic-Angle Spinning (MAS)NMR spectroscopy performed at 11.7 T on a Bruker NEO NMR WB spectrometer equipped with probe heads of 4 and 3.2 mm, except for the 31 P-27 Al 2D NMR measurement, which was recorded at 17.6 T with a 4 mm probe head. The chemical shifts were referenced to tetramethylsilane for 1 H and[START_REF] Quijia | Application of MIL-100(Fe) in Drug Delivery and Biomedicine[END_REF] C, to Al(NO 3 ) 3 1 M solution for[START_REF] Cutrone | Comb-like Dextran Copolymers: A Versatile Strategy to Coat Highly Porous MOF Nanoparticles with a PEG Shell[END_REF] Al, and to H 3 PO 4 85 wt% solution for 31 P.

Figure 2 .

 2 Figure 2. Kinetics of trimesate release, represented by the proportion of trimesate detected in the

Figure 3 .

 3 Figure 3. TEM images of intact nanoMIL-100(Al) at 10 k (a) and 30 k (b) magnification. TEM

Figure 4 .

 4 Figure 4. a) 27 Al MAS NMR spectrum of intact (solid black line), degraded (orange), and

Figure 5 .

 5 Figure 5. 27 Al MQMAS spectrum of a) original and b) degraded nanoMIL-100(Al)
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 612 Figure6.[START_REF] Cutrone | Comb-like Dextran Copolymers: A Versatile Strategy to Coat Highly Porous MOF Nanoparticles with a PEG Shell[END_REF] Al MAS NMR of the degraded nanoMIL-100Al) at the "diluted" and "concentrated"

Figure 7 .

 7 Figure 7. Proposed degradation mechanism of nanoMIL-100(Al) in phosphate buffer solution

  Figure S17, respectively. From now on, we denote in the figures below the CD-P-surface-coated nanoMIL-100(Al) as MOF-coated, the ATP-drug-loaded nanoMIL-100(Al) as MOF-loaded, the ATP-drugloaded-CDP-surface-coated nanoMIL-100(Al) as MOF-loaded-coated.
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 89 Figure 8. 27 Al MAS NMR spectra of degraded original and degraded modified nanoMIL-100(Al),
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 434 coordinate aluminum complexes with phosphate are formed as described in the degradation mechanism of the original nanoMIL-100(Al) 2) Encapsulation of ATP inside nanoMIL-100(Al) impacts significantly the nanoMOF degradation. Degradation of ATP-loaded nanoMIL-100(Al) starts with the substitution of trimesate Al-O-C bond, thus producing hexa-coordinate aluminophosphate and free trimesate. However, the bulky ATP limits the amount of trimesate release. The coordination of PBS phosphate with the Al trimer facilitates the dissociation of the Al-O-P bond with ATP. Then, phosphate from PBS replaces the bonded ATP, leading to the release of free ATP. During the bond dissociation process, the coordinated ATP can make the second coordination bond with the degraded Al trimer. Consequently, no low-coordinated Al is created, and ATP is not entirely released. Degradation mechanism of nanoMIL-100(Fe), in comparison with nanoMIL-100(Al)To evaluate whether our proposed degradation mechanism applies to the iron MIL-100 analog nanoMIL-100(Fe), XANES spectroscopy was used to study the ex situ degradation of the original, CD-P surface-coated, and ATP-loaded nanoMIL-100(Fe). Similar to nanoMIL-100(Al), nanoMIL-100(Fe) was incubated in PBS at 37 O C, then the degraded nanoparticles were recovered after 48 hours. A "very diluted" condition: 0.5 mg.mL -1 nanoMIL-100(Fe) in PBS 10 mM was used to produce as much as possible degraded MIL-100(Fe) species.

Figure 10 .Figure 11 .

 1011 Figure 10. a) Normalized Fe K-edge XANES spectra, and b) zoom on pre-edge region of degraded

  with a smaller decrease (50% decrease) in the BET surface area than in nanoMIL-100(Al) (90% decrease).In addition, after degradation reaction, the oxidation number of Fe in nanoMIL-100(Fe) does not change and remain as +III, as the degraded and original nanoMIL-100(Fe) have the same edge position (Figure10a), and the edge position of nanoMIL-100(Fe) is close to the values of Fe(III) compounds (FigureS19). Previously observed by other authors using Mossbauer spectroscopy 37 , this maintenance of Fe oxidation number after nanoMIL-100(Fe) degradation is consistent with our proposed degradation mechanism based on the model nanoMIL-100(Al) (Figure7) which describes degradation as an acid-base reaction.

Figure 12 .

 12 Figure 12. a) Normalized Fe K-edge XANES spectra of degraded original and modified nanoMIL-

  4. ConclusionsBy using solid-state NMR spectroscopy, we obtained novel knowledge about the degradation mechanism of nanoMIL-100(Al) and nanoMIL-100(Fe) in phosphate buffer. For the first time, we find direct evidence about the change of the metal coordination sphere and the limiting reaction step in the nanoMIL-100 degradation mechanism. First, upon substitution of labile water ligands by phosphate, Al-O-P coordination bonds are formed between aluminum species at the surface of nanoMOF and phosphate from the medium, creating 6-coordinate aluminophosphate. Second, the substitution of trimesate by phosphate leads to the release of free trimesate and creates 4-coordinate inorganic aluminum phosphate. This 4-coordinate aluminum, which has not been observed before, can passivate the nanoMOF surface and slow down the degradation reaction. Additionally, our study demonstrates that chemical modification such as drug encapsulation and surface coating can impact the nanoMOF degradation, hence its drug release process, as a function of metal-ligand bond strength.To conclude, insights about the degradation mechanism of nanoMOF from this work contribute to the understanding of MOF chemistry and help optimize the performance of nanoMOF drug carriers. This study also highlights the useful role of ssNMR spectroscopy with the support of XANES spectroscopy in investigating in depth the nanoMOF structure. Using ssNMR spectroscopy, we were able to obtain enough evidence about the coordination sphere and the reaction limiting step of nanoMIL-100(Al) degradation, whilst XANES spectroscopy provided complementary proof on the reaction of nanoMIL-100(Fe). The obtained knowledge in this study prompts new studies on understanding drug delivery chemistry and developing characterization tools for drug nanocarrier. Comparative studies of MIL-100(Al) and MIL-100(Fe) are being carried out to investigate the behaviors of MIL-100 analogs. Various types of drug compounds can be explored when different host-guest interactions and degradation behaviors are expected. In the future, we will develop a new NMR spectroscopy method to monitor in situ drug delivery processes of nanoMOF.ASSOCIATED CONTENT Supporting Information. The supporting information contains: 1) experimental procedures of nanoMOF preparation and characterization, 2) standard characterization of nanoMIL-100(Al): DLS, TEM, XRD, BET, TGA, 1 H MAS NMR,[START_REF] Quijia | Application of MIL-100(Fe) in Drug Delivery and Biomedicine[END_REF] C MAS NMR,[START_REF] Cutrone | Comb-like Dextran Copolymers: A Versatile Strategy to Coat Highly Porous MOF Nanoparticles with a PEG Shell[END_REF] Al MAS and MQMAS NMR spectra, 3) complementary NMR measurements on degraded nanoMIL-100(Al):, 31 P, 1 H-31 P, 1 H-[START_REF] Cutrone | Comb-like Dextran Copolymers: A Versatile Strategy to Coat Highly Porous MOF Nanoparticles with a PEG Shell[END_REF] Al. The file is available free of charge via the Internet at http://pubs.acs.org

  [START_REF] Volkringer | Single-Crystal X-Ray Microdiffraction, and NMR Characterizations of the Giant Pore Metal-Organic Framework Aluminum Trimesate MIL-100[END_REF][START_REF] Márquez | Green Microwave Synthesis of MIL-100(Al, Cr, Fe) Nanoparticles for Thin-Film Elaboration[END_REF] .

1 H and 13 C MAS NMR spectra in Figure S6 and Figure S7 show typical features for MIL-100(Al) materials. A recent study by our group detected an extra 27 Al peak in MIL-100(Al) nanoparticle, which was not detected in the previous study of MIL-100(Al) microparticle 7 . This extra peak represents the surface Al sites in MIL-100(Al) nanoparticle, indicated by high field NMR experiments 31 P-27 Al D-HMQC and 27 Al 2D MQMAS

  [START_REF] Cutrone | Comb-like Dextran Copolymers: A Versatile Strategy to Coat Highly Porous MOF Nanoparticles with a PEG Shell[END_REF] Al and 31 P NMR data consistently suggest that nanoMIL-100(Al) loaded with ATP is less degraded than the empty one, and only a part of ATP is liberated from the framework. Similar to the surface coating CD-P, the loaded drug ATP competes with inorganic PBS phosphates to coordinate the Al(III) of nanoMIL-100(Al). The triphosphate ATP is a much stronger complexing ligand towards Al(III) than the hydrogen phosphate and dihydrogen phosphate ions[START_REF] Atkári | Interactions of Aluminum(III) with Phosphates[END_REF] , meaning that MIL-100(Al) forms a more stable coordination complex with ATP than with phosphate ions. Therefore, it is difficult to break the coordination between ATP and Al(III) by solely phosphate PBS, which explains the presence of ATP in the 31 P NMR spectrum, even after days of degradation. However, the strong Al-O-P bond between Al(III) and ATP makes the Al-O-C bond between Al(III) and trimesate linker more easily attacked by phosphate. We hypothesize that phosphate attacks the Al-O-C bond with trimesate, forming hexa-coordinate Al-O-P in the region -2 to -5 ppm observed in the[START_REF] Cutrone | Comb-like Dextran Copolymers: A Versatile Strategy to Coat Highly Porous MOF Nanoparticles with a PEG Shell[END_REF] Al spectrum. When the Al center forms a new coordination bond with inorganic phosphate, its coordination bond with ATP is weakened. As a result, the probability is higher for phosphate to displace ATP from the framework. Another factor to be considered is the steric effect caused by ATP. Bulky ATP possibly hinders phosphate diffusion in the MIL-100(Al) trimer, thus preventing trimesate substitution.In addition, the notable absence of the low-coordinate aluminophosphate can be explained by the chelating capability of triphosphate ATP[START_REF] Karlik | Multinuclear NMR Studies on Aluminum(III) Complexes of ATP and Related Compounds[END_REF][START_REF] Khan | Metal Chelates of Adenosine Triphosphate[END_REF] . ATP coordinates with MIL-100(Al) through the terminal γ-phosphorus. During the breaking of the Al-O-C bond, the β-phosphorus of ATP can compete with phosphate PBS ions and create a second coordination bond with Al. The bidentate Al-ATP coordination not only halts the formation of low-coordinate Al but also prevents the 100% release of ATP. Consistently, only 60% ATP was released in excessive PBS, while 100% of trimesate ligand was found by HPLC (data not shown).
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