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Introduction

Nowadays, we are increasingly returning to nature in matters regarding nutrition and therapeutics. Bioflavonoids or phytoestrogens are in vogue. Particularly, the bioflavonoid genistein (GEN), which is found in many fruits, vegetables, legumes and plant leaves, has a wide array of compelling applications in therapeutics. 12 Among them, probably the bestknown activity of GEN is as a chemopreventive and anticancer agent. 3 In sharp contrast with some cytotoxic drugs currently used, GEN's oral consumption presents a moderate toxicity (with an oral median lethal dose-LD 50 in mouse of 500 mg•Kg , LD 50 dactinomycin = 13mg•Kg -1 ) due to its different action mechanism based on the alterations that this natural product causes in the cell cycle (i.e., apoptosis or inhibition of cell proliferation, by inhibition of topoisomerase II, 4 by blockage of protein tyrosine kinase, 5 or by bringing about alterations in the phosphatidylinositol turnover). In this sense, the reported half maximal inhibitory concentration-IC 50 of GEN is 0.27, 0.54, 10.5, and 6.5 µg•mL -1 in human myoblastic leukemia-MLI, human gastric cancer, human breast carcinoma cell lines MCG-7, and MDA-468 cells, respectively. [6][7][8] In the last few years, several studies have shown its benign effect in leukaemia, 5 breast cancer, 9 and prostate cancer, 10 as well as in metastasis. 11 In addition, GEN inhibits the production of reactive oxygen species, 5 blocks multidrug resistance proteins, 12 suppresses bone degradation and decreases cardiovascular-related diseases. 13 Finally, it could also be useful for the treatment of cystic fibrosis, Despite all the promising properties GEN possesses, several important drawbacks that limit its clinical use, including its very low water solubility and low bioavailability (F). Its low F is mainly related to: i) an important first-pass metabolism and enterohepatic recycling, 19 ii) high serum protein binding, 20 iii) low absorption when orally administered (notwithstanding, aglycones are more rapidly absorbed when contrasted to glycones, a role connected to the sugar moiety), 21 and iv) the effect of efflux proteins, which prevent blood absorption of GEN. 22 Rationally, the encapsulation of GEN should be able to overcome the previously described drawbacks, achieving a secure and effective drug dosage form.

In recent years, GEN has been loaded in different polymeric formulations 23 (9 wt% in d-α-tocopheryl polyethylene glycol 1000 succinate (TPGS), 1 10 wt% in M-PLGA-TPGS (PLGA = poly(D,L-lactide-co-glycolide)), 24 4 wt% in PVA@SiO 2 (PVA = polyvinyl alcohol), 25 14 wt% in PEGylated silica (PEG = polyethylene glycol)), 26 type of crystalline hybrid solids, built up from the assembly of inorganic secondary building units and easily tuneable polycomplexant organic linkers, exhibiting exceptional porosities. 28,29 Particularly, their miniaturization results in nanometric MOFs (nanoMOFs), combining the intrinsic properties of the porous materials and the benefits of nanostructures, strongly interesting in the biomedical field. biologically active gases, 35 enzymes, 36 and toxins, 37 and imaging agents in theranostic). 38 The vast majority of the investigations dealing with the use of MOFs as drug delivery platforms are focused on the intravenous route. The simple, accessible and convenient oral route using MOFs as drug carriers is reduced to two examples (the administration of the antigen ovalbumin with an Al-based MOF, 39 and the administration of the neuroactive magnolol through the UiO-66 framework). 40 In the present study we selected one of the ) and shows mesoporous voids of 2.5 and 2.9 nm, accessible through microporous windows (ca. 4.8-5.8 and 8.6 Å, respectively), compatible with GEN dimensions (12 x 5 x 2 Å 3 , Figure 1); ii) it can be prepared as homogeneous and stable NPs (ca. 140 nm) with an optimal colloidal stability in different physiological media; 42 iii) it is a nontoxic and biodegradable material, 42,43 built up from nontoxic components (Fe(III) and H 3 BTC, the oral media lethal dose-LD 50 in rats for FeCl 3 and H 3 BTC is 450 and 8400 mg•Kg -1

, respectively), having proven no sign of toxicity against different cell lines (e.g., HeLa, J774). 44 Furthermore, after its intravenous administration (220 mg•kg -1

) in rats, this material has been demonstrated to be biocompatible, biodegradable (without metabolization), and bioremovable by feces and urines, 45 and iv) it can be coated with different macromolecules in order to modify its intestinal permeation and biodistribution (e.g., long-circulating NPs). 46,47 Taking into account these characteristics, we report here a GEN oral formulation using MIL-100 NPs. We studied in detail the GEN encapsulation in MIL-100 NPs using experimental and computational techniques, evaluating the efficiency of the resulting formulation in vitro. Then, we investigated its pharmacokinetic and biodistribution in vivo upon the oral administration of the formulation to a mouse model. To the best of our knowledge, the GEN-loaded MIL-100 will be the first antitumor oral formulation based on nanoMOFs studied in vivo so far.

Results and discussion

GEN encapsulation

The GEN encapsulation was performed by simple impregnation, suspending the MIL-100 NPs into a concentrated aqueous solution of GEN. The GEN loading was quantified by the combination of thermogravimetric analysis (TGA), elemental analysis, and high-performance liquid chromatography (HPLC, see Supporting Information, Section 2). A sizeable GEN loading was achieved (271 ± 34 mg•g -1 or

27.1 wt% expressed as the wt% of GEN over the formulation). This value is in total agreement with the encapsulation rates obtained for MIL-100 NPs and other drugs (i.e., 24 wt% of azidothymidine tryphosphate, 48 25 wt% of busulfan, 49 16.1 wt% of cidofovir, 9.1 wt% of doxorubicin, 33 wt% of ibuprofen, 24.2 wt% of caffeine, 41 and 29.6 wt% of RAPTA-C). 50 Although studies dealing with GEN encapsulation are still scarce, these encapsulation rates are higher than those previously reported using different drug carriers, such as polymeric 23 (i.e., 9 wt% in TPGS, 1 10 wt% in M-PLGA-TPGS, 24 4 wt% in PVA@SiO 2 , 25 14

wt% in PEGylated silica), 26 or 7.3 wt% in lipid NPs. 27 The GEN loading rate in MIL-100 NPs is even higher when considering the lower density of the polymer/lipid NPs compared with hybrid nanoMOFs. Therefore, the GEN-nanoMIL-100 formulation seems to be very promising for GEN administration. However, to reach these important encapsulation rates, the GEN encapsulation was optimized by modifying some different parameters (solvent, GEN source, encapsulation temperature). First, ethanol (EtOH) and dichloromethane (DCM) were selected due to the high GEN experimental solubility (~ 1.3 and 2.0 mg•mL -1

, respectively), their low toxicity values (LD 50 in rats = 7060 and 2100 mg•Kg -1 , respectively), 51 and their easy removal at low temperature (<80 °C; Supporting Information, Table S1). Lower encapsulation rates when using an EtOH and DCM solution were obtained (~ 18 µg mg -1

), followed with the presence of free recrystallized GEN in the case of DCM encapsulation, as observed by powder X-ray powder diffraction (PXRD). In the case of EtOH, it is known that it can bind the coordinatively unsaturated iron(III) metal sites (CUS) pointing to the center of the window, then considerably decreasing the free diameter or the hexagonal (from 8.2 to 4.1 Å) and pentagonal (from 4.5 to 1.7 Å) windows, and therefore, drastically reducing the diffusion of GEN into the pores, particularly into the smaller cages. 52 Therefore, a new strategy was developed to improve GEN loading in MIL-100 NPs. A dicalcium salt of GEN (denoted as GCa) was prepared in order to increase its water solubility (from 0.0008 to 1.4 mg•mL -1

, Supporting Information, Table S1), allowing the use of bio-friendly and low-cost aqueous solutions for GEN encapsulation. b) blocking the access to the small cavities of MIL-100 NPs (see Section 4).

Interestingly, higher encapsulation rates were achieved using GCa aqueous solutions at moderate temperature (271 vs. 18 µg mg -1 for GCa in water at 37 ºC, and GEN in EtOH at room temperature (RT), respectively), as the drug diffusion throughout the MIL-100 NPs porosity was directly related to the temperature. In addition, elemental analysis measurements showed the presence of a small amount of calcium. Considering that i) the pH of the encapsulation medium was 6.6 (associated with the presence of partially coordinated trimesate linkers located on the outer surface of MIL-100 NPs), and ii) the presence of hydroxyl groups in the GEN molecule (pKa 1 = 7.2, pKa 2 = 10.0, and pKa 3 = 13.1), 53 this value might correspond to ca. 6% of the total encapsulated GEN entrapped as monocalcium form in the MIL-100(Fe) NPs.

Although in a small proportion, the presence of a GEN salt could improve the GEN bioavailability due to the improved aqueous solubility of this fraction.

The incorporation of GEN into the MIL-100 cavities was further demonstrated by i) the dramatic reduction in the N 2 sorption capacity of the MOF at 77 K, ii) the presence of some characteristic peaks of the pure GEN in the Fourier transform infrared (FTIR) spectrum of GEN@MIL-100 NPs, and iii) the differences found in thermal stability of the GEN@MIL-100 NPs and the pristine material (Table 1, Supporting Information, Figure S1). Further, both structural and colloidal features of the MIL-100 NPs were kept intact after the GEN encapsulation negatively charged NPs of ca. -25 mV with dimensions of 129 ± 26 and 161 ± 46 nm before and after encapsulation, respectively, Supporting Information, Table S3).

In order to check if the maximum theoretical GEN loading had been experimentally achieved, force-field-based Grand Canonical Monte Carlo (GCMC) simulations were employed (see Supporting Information, Section 3). The experimental GEN cargoes were much lower than the theoretical ones (271 vs. 456 mg•g -1

). These differences might be due to not considering the coadsorption of the encapsulation solvent during the GEN entrapping, something that happens experimentally. Hence, we presume that theoretical uptake was probably overestimating the saturation. Further, the theoretical loading was estimated by assuming a full accessibility of both small and large cages. However, considering that the dimensions of GEN (11.7 x 5.3 x 2.0 Å 3 ) are quite close to the window size of the small cage (∼4.7 × 5.5 Å 2 ), one can rationally expect that only the large cages (8.6 Å) will be accessible to GEN adsorption. Thus, blocking the volume of the small cages (54%), we can roughly estimate an encapsulation rate of 236 mg•g -1 (corresponding to 54 GEN molecules per cage), which is in good agreement with the experimental payload (271 ± 34 mg•g -1

). The formation of specific interaction was also investigated by GCMC simulation and FTIR. From these calculations, the GEN conformation inside the pores was estimated, evidencing that the main interactions between the nanoMOF and the GEN correspond to π-stacking interactions between the aromatic ring of the GEN moieties and the trimesate of the MIL-100 NPs (Figure 2). In agreement with GCMC calculations, FTIR showed a shift of ν/δ(C=C) bands at around 1500 cm -1 , which could be in accordance with the formation of π-interactions (Supporting Information, Figure S1c). 

GEN release under physiological oral conditions

GEN release was firstly evaluated under simulated intestinal conditions by suspending the GEN@MIL-100 NPs in a phosphate buffer saline solution (PBS, 0.04 M at pH = 7.2) at 37 °C under continuous stirring. The released GEN was quantified by HPLC. In parallel, to assess the potential MOF structural degradation under the release conditions, the delivery of the constitutive organic linker was monitored also by HPLC. The complete release of GEN was reached after 3 days under simulated intestinal conditions (Figure 3), with two different 

MIL-88C(Fe)_NPs*GEN MIL-100(Fe)_NPs*GEN

steps: a burst release of GEN in the first 30 min ( 40%) followed by a progressive delivery within 3 days. The first initial fast release is likely due to the open character of the MIL-100 structure, with large interconnected cavities. Apart from the effect of the open character of the MOF and the drug/medium diffusion, controlled released of GEN from the MIL-100 NPs might be associated with i) the formation of specific host-guest interactions between the drug and the MOF (demonstrated by GCMC and FTIR), ii) the slow diffusion of the GEN through the pores due to its hydrophobic character (log P = 3.04), 54 iii) and the MOF degradation under physiological conditions. 55 Interestingly, the degradation rate seems to fit rather well with the GEN release profile (Supporting Information, Figure S2), indicating that the MOF chemical degradation is an important parameter affecting the GEN release. 

In vivo GEN release under oral conditions

GEN@MIL-100 NPs show some interesting properties for their use as drug delivery systems since: i) they can be prepared as monodispersed NPs under totally biofriendly conditions (aqueous solvent) with very important reaction yield (87%); ii) they show a good GEN encapsulation rate (271 mg•g -1 ), higher than those reported using other nanocarriers; iii) while keeping the nanometric size; and iv) they are able to progressively release GEN over 3 days under simulated physiological intestinal conditions. However, prior to their clinical use, a series of preclinical studies need to be carried out (see Supporting Information, Section 5 for further details).

Pharmacokinetics

The release of GEN from MIL-100 NPs was finally evaluated in vivo. To the best of our knowledge, no other examples of flavonoid antitumor oral formulations based on nanoMOF has been investigated in vivo so far. We orally administered 30 mg•Kg -1 of free GEN or GEN@MIL-100(Fe) NPs (Figure 4).

Interestingly, there are significant differences in GEN plasma levels between encapsulated and free GEN. The maximum concentration (T max ) was reached 4 h post-administration in both free and encapsulated GEN, with maximal drug concentration values (C max ) of 171.25 and 2123.29 ng•mL -1 , respectively. Moreover, 8 h post-administration, a reduction in GEN levels was observed in both groups, being more pronounced in the case of the encapsulated drug (36.47 and 1643.88 ng•mL -1 for free and encapsulated GEN, respectively).

It should be highlighted that after 24 and 48 h, there were still some plasmatic levels of GEN when the GEN@MIL-100 NPs formulation was administered (1292.85 and 120.07 ng•mL -1 for 24 and 48 h, respectively), while in the case of free GEN no drug was detected. From the slow release (3 days) of GEN under simulated intestinal conditions, one could suggest that the active cargo is retained in the MOF as far as the target intestine. Even considering that the MOF carrier is not absorbed, the progressive and localized GEN release close to the intestinal membrane might favor its intestinal absorption, leading to higher plasmatic concentration. The plasma concentration in the case of free GEN here presented is in agreement with that observed by King and Bursill, in which GEN was quickly eliminated from plasma, dropping to residual levels 12-24 h after a soy meal consumption, evidencing a short half-life (t 1/2 ).
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Interestingly, the administration of our formulation increased by 12-fold the drug plasmatic levels (∼170 vs. ∼2100 ng•mL , respectively). 57 Aside from the increased drug saturation in GEN@MIL-100 NPs by the formation of the calcium salt of GEN, the probable adherence of the GEN@MIL-100 NPs to the intestinal mucosa (as previously observed in MIL-127 MOF) 58 , t 1/2 = 7.5 h for intravenous administered polyethylenglycol modified copolymer micelles (MePEG-PLGA), 59 and AUC = 7500 ng•h•mL -1

, C max = 1200 ng•mL -1 , t 1/2 = 5.9 h for orally administered GEN-loaded solid lipid nanoparticles). 60 Note here that a direct comparison is hindered by the different conditions in the studies.

GEN biodistribution

In a preliminary study, we quantified the amount of GEN in some organs (i.e., liver, kidneys, and spleen) for both formulations (free GEN and GEN@MIL-100 NPs) 8 hours after the administration, when the T max was already achieved. Note that GEN was only measurable in liver, where its amount was doubled in the free GEN group when compared with the GEN@MIL-100 NPs group (1.4 ± 1.3 vs. 0.6 ± 0.3 µg•g -1 , corresponding to ca. 0.06 to 0.09% of the initial dose, respectively). Regarding the amount of GEN in spleen, it was under the limit of detection (LOD) in the GEN@MIL-100 NPs group and under the limit of quantification (LOQ) in the free GEN group, while in the kidneys GEN was under the LOD in both groups. All these data support the notion that the GEN is protected from metabolization via its encapsulation inside MIL-100 porosity, and therefore, was detected for a longer time when compared to the free drug formulation.

Conclusions

In this study, we report a reproducible GEN@MIL-100 NPs formulation with an adsorbed amount of GEN of 271 ± 34 mg•g -1 surpassing the GEN loading achieved with other GEN formulations. Further, the GEN exhibited a progressive release profile that persists for 3 days, being likely related to the open character of the framework and its degradation in PBS. After the oral administration of GEN@MIL-100 formulation to mice, longer time and higher plasmatic levels were observed, with a higher oral bioavailability when compared with the free drug. Moreover, on the basis of the first preliminary biodistribution tests, we can say that the MOF seems to act as a shelter for GEN, impeding its metabolization. These results pave the way to efficiently deliver the nontoxic antitumor GEN by a convenient oral route avoiding the main drawbacks (low solubility and bioavailability) associated with its important metabolism and poor oral absorption when administered free.
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Figure 1 .

 1 Figure 1. Schematic view of the large cavity of the MIL-100 structure (iron polyhedra, oxygen, and carbon are represented in orange, red and black, respectively; hydrogen atoms are omitted for clarity). Chemical structure of genistein drug is also given.

  or 7.3 wt% in lipid nanoparticles (NPs),27 achieving drug loadings up to 14.5 µg of GEN per mg of formulation. Metal-organic frameworks (MOFs) are a specific MIL-100(Fe)

Table 1 .

 1 GEN loadings together with the BET surface (SBET) and micropore volume (Vp) for MIL-100 NPs and the GEN loaded GEN@MIL-100 NPs. a) theoretical value estimated by Monte Carlo simulation,

Figure 2 .

 2 Figure 2. GCMC structures of MIL-100 NPs in presence of GEN. Characteristic GEN/MOF interacting distances are reported in Angstrom (in green).

Figure 3 .

 3 Figure 3. GEN release over 3 days from MIL-100 NPs under simulated intestinal conditions. Note that lines are only visual guides.

- 1 Figure 4 .

 14 Figure 4. a) Time-plasma concentration curve data of GEN (green, empty circles) and GEN@MIL-100 NPs (red, filled circles) after a single oral administration of 30 mg•Kg -1 (n = 6) during 48 h. b) Pharmacokinetics parameters obtained with WinNonLin ® software. Fab obtained from reference.

  for free and encapsulated GEN, respectively), incremented 4fold the mean residence time (MRT, 3.82 vs. 16.23 h for free and encapsulated GEN, respectively) and raised 5.5-fold the drug half-life (t 1/2 , 1.79 vs. 10.12 h for free and encapsulated GEN, respectively). Most importantly, the loading of GEN in the MIL-100 NPs enhanced the relative bioavailability (F) 62fold (area under the curve-AUC ∼900 vs. ∼52600 ng•h•mL
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  will favor the local GEN release, leading to highly concentrated areas near to the mucosa and thus increasing the drug availability. At this point, our results could be referred to other promising GEN formulations based on different carriers (polymeric micelles or lipid nanoparticles).

	Our MOF-based nanoformulation presents similar or even
	improved pharmacokinetic parameters (AUC = 52600 ng•h•mL	-
	1 , C max = 2123 ng•mL	-1 , t 1/2 = 10.1 h) when compared to
	previously reported nanoformulations (e.g., AUC = 99500
	ng•h•mL	-1 , C max = 16000 ng•mL	-1
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