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List of Abbreviations and symbols

ΔQ: amount of nanoparticles translocated in the receiver compartment over a define period of time (in mg.s -1 or in nanoparticle.s -1 ). Δt: time difference between the start and the end of the experiment. ρ: volumetric mass of the nanoparticles in g.cm -3 . ζ: zeta potential (in mV). A: apparent surface area of jejunum tissue in the Ussing chamber (1 cm²). C i (D): Initial concentration in nanoparticles in the donor compartment (in mg.cm -3 or in nanoparticles.cm -3 ). C(M): Concentration in nanoparticles in mucus at the end of the experiment (in mg.cm -3 or in nanoparticles.cm -3 ). C m : Concentration of nanoparticles in the dispersions after synthesis expressed in mg.cm -3 .

C N : Concentration of nanoparticles in the dispersions after synthesis expressed in molarity. C(R): Concentration in nanoparticles in the receiver compartment at the end of the experiment in the Ussing chamber (in mg. cm -3 or in nanoparticles.cm -3 ). D H : hydrodynamic diameter (in nm). GIT: gastrointestinal tract. IBCA: isobutylcyanoacrylate. I 120 : intensity of the fluorescence measured after digestion of the tissue in an experiment in Ussing chamber carried out with nanoparticles. I tissue : intensity of the fluorescence measured after digestion of the tissue in an experiment in Ussing chamber carried out in the absence of nanoparticles. Evaluated the autofluorescence of the tissue.

I 0 : intensity of the fluorescence measured in the donor compartment at the start of the experiment right after addition of the nanoparticles. ITC: isothermal titration calorimetry. J: flux of nanoparticles which appeared in the receiver compartment of the Ussing chamber (in mg.s -1 .cm -2 or in nanoparticles.s -1 .cm -2 ). N: Number of nanoparticles per volume unit. N A : Avogadro number. PACA: poly(alkylcyanoacrylate). P app : apparent permeability. P appD>R : apparent permeability of the nanoparticles considering their transfer from the donor to receiver compartment of the Ussing chambers. P appM>R : apparent permeability of the nanoparticles considering their transfer from the mucus to the receiver compartment of the Ussing chamber. PEG: poly(ethylene glycol). PIBCA: poly(isobutylcyanoacrylate).

TEER: trans-epithelial electrical resistance. TEM: transmission electron microscopy. V d : volume of the donor compartment of the Ussing chamber (2 cm 3 ). V r : volume of the receiver compartment of the Ussing chamber (2 cm 3 ).

Introduction

Nanomedicines have found interests for many applications in medicines including to resolve drug delivery challenges. Over the last two decades, they became hope for having oral dosage forms for numerous drugs of insufficient oral bioavailability for which only parenteral treatments can be offered to patients despite general advantages of oral treatments [START_REF] Galindo-Rodriguez | Polymeric nanoparticles for oral delivery of drugs and vaccines: a critical evaluation of in vivo studies[END_REF][START_REF] Diab | Engineered nanoparticulate drug delivery systems: the next frontier for oral administration?[END_REF][START_REF] Maisel | Effect of surface chemistry on nanoparticle interaction with gastrointestinal mucus and distribution in the gastrointestinal tract following oral and rectal administration in the mouse[END_REF][START_REF] Date | Nanoparticles for oral delivery: Design, evaluation and state-of-the-art[END_REF][START_REF] Lakkireddy | Oral delivery of diabetes peptides -Comparing standard formulations incorporating functional excipients and nanotechnologies in the translational context[END_REF][START_REF] Dumont | Lipid-based nanosuspensions for oral delivery of peptides, a critical review[END_REF][START_REF] Liu | Strategies and industrial perspectives to improve oral absorption of biological macromolecules[END_REF][START_REF] Wu | Engineering nanomaterials to overcome the mucosal barrier by modulating surface properties[END_REF][START_REF] Cao | Nanoparticles: Oral Delivery for Protein and Peptide Drugs[END_REF][START_REF] Babadi | Nanoformulation strategies for improving intestinal permeability of drugs: A more precise look at permeability assessment methods and pharmacokinetic properties changes[END_REF][START_REF] Brown | Materials for oral delivery of proteins and peptides[END_REF]. In general, the development of a nanomedicine followed a long process still mostly based on an empirical formulation which is a bottleneck for an efficient clinical translation. This contrasts with developments of small drug molecules which rely on drastic preselection thanks to the existence of screening methodologies according to their physicochemical characteristics (Lipinski et al., 2001, Larregieu and[START_REF] Larregieu | Distinguishing between the permeability relationships with absorption and metabolism to improve BCS and BDDCS predictions in early drug discovery[END_REF]. Based on this, an acceleration of the development process is expected to come from a better knowledge of the interactions of the nanomedicines with the biological barriers they are facing delivering their cargo [START_REF] Netsomboon | Mucoadhesive vs. mucopenetrating particulate drug delivery[END_REF][START_REF] Date | Nanoparticles for oral delivery: Design, evaluation and state-of-the-art[END_REF][START_REF] Lakkireddy | Oral delivery of diabetes peptides -Comparing standard formulations incorporating functional excipients and nanotechnologies in the translational context[END_REF][START_REF] Vauthier | A journey through the emergence of nanomedicines with poly(alkylcyanoacrylate) based nanoparticles[END_REF], Collado-Gonzales et al., 2019[START_REF] Babadi | Nanoformulation strategies for improving intestinal permeability of drugs: A more precise look at permeability assessment methods and pharmacokinetic properties changes[END_REF][START_REF] Bueno | Bringing Nanotechnology Closer to Lipinski's Rule of Five[END_REF].

When drugs are delivered by the oral route, the gut mucosa is a major obstacle to reach the systemic circulation. It is composed of a loose and a tightly bound mucus layers lining on the epithelium and the epithelium responsible for the absorption. A debatable question remains on the need for the absorption of the drug loaded nanoparticle formulation or if the nanoparticles could serve as drug reservoir releasing the drug near the epithelium to be absorbed as a free drug although this could depend on the type of drug payload and of the final biological target of the drug [START_REF] Date | Nanoparticles for oral delivery: Design, evaluation and state-of-the-art[END_REF], Lundswick and Artursson, 2016[START_REF] Netsomboon | Mucoadhesive vs. mucopenetrating particulate drug delivery[END_REF][START_REF] Liu | Strategies and industrial perspectives to improve oral absorption of biological macromolecules[END_REF]. Obviously, the toxicological issue that will need to be considered would greatly differ between absorbed and nonabsorbed nanoparticles with higher concern for the absorbed ones as it is assumed that those remaining in the gastrointestinal tract (GIT) will be excreted as waste. For many types of drugs, nanoparticles would not need to be absorbed. Improvement of drug bioavailability can be achieved by a delivery near the absorptive epithelium while the nanoparticles would protect the drug against degradation, increase the dissolution rate and increase residence time close to absorption sites [START_REF] Date | Nanoparticles for oral delivery: Design, evaluation and state-of-the-art[END_REF][START_REF] Netsomboon | Mucoadhesive vs. mucopenetrating particulate drug delivery[END_REF][START_REF] Das Neves | Technological strategies to overcome the mucus barrier in mucosal drug delivery[END_REF][START_REF] Lang | Advances and applications of chitosan-based nanomaterials as oral delivery carriers: A review[END_REF]. Many works of the literature have reported an improved efficacy of drugs after oral delivery with nanoparticles, but without explaining the delivery mechanisms and the roles of the nanoparticles behind the observed benefit [START_REF] Petit | The Counterbalanced Effect of Size and Surface Properties of Chitosan-Coated poly(isobutylcyanoacrylate) Nanoparticles on Mucoadhesion Due to Pluronic F68 Addition[END_REF][START_REF] Fan | Design and evaluation of solid lipid nanoparticles modified with peptide ligand for oral delivery of protein drugs[END_REF], Collado-Gonzalez et al., 2019[START_REF] Babadi | Nanoformulation strategies for improving intestinal permeability of drugs: A more precise look at permeability assessment methods and pharmacokinetic properties changes[END_REF][START_REF] Lamson | Anionic nanoparticles enable the oral delivery of proteins by enhancing intestinal permeability[END_REF]. Thus, it remains unclear whether the improved activity of the drug was due to a simple increase of residence time thanks to its release close to the absorptive epithelium of the GIT before it was absorbed as a free molecule or if it required the absorption of the drug loaded nanoparticles to observe the systemic activity of the drug.

Understanding how nanoparticle formulations interact with the intestinal tissue has becoming essential to improve and adjust properties of nanoparticles according to their desired function making possible to better anticipate their efficacy and safety. To answer this need, the present work was aimed to improve our knowledge on interactions of polymer nanoparticles designed as drug delivery systems for the oral route with the gut mucosa. It explored the influence of a series of nanoparticle characteristics (size, zeta potential, molecular architecture surface design) on a combination of biological responses evaluating the retention of the nanoparticles on rat intestinal mucosa and permeability through this tissue using the ex-vivo model of the Ussing chambers. In addition, this work was interested on elucidating the thermodynamic characteristics of interactions between nanoparticles and model mucins taken to simulate mucus major component. This part of the work was expected to provide with important missing experimental data to understand better phenomena behind retention or not of nanoparticles on mucosa (Collado-Gonzalez et al., 2019[START_REF] Babadi | Nanoformulation strategies for improving intestinal permeability of drugs: A more precise look at permeability assessment methods and pharmacokinetic properties changes[END_REF].

The nanoparticles selected to achieve this work included a series of 9 model nanoparticles designed from the family of poly(alkylcyanoacrylate) (PACA) nanoparticles. These nanoparticles can be obtained in a reproducible manner with a wide range of properties using a scalable method of emulsion polymerization and one of them was developed in clinic up to a phase III trial [START_REF] Coty | Tuning complement activation and pathway through controlled molecular architecture of dextran chains in nanoparticle corona[END_REF][START_REF] Soma | A clinically relevant case study: the development of Livatag® for the treatment of advanced hepatocellular carcinoma[END_REF][START_REF] Merle | A multicentre, randomised, open-label study comparing the efficacy and safety of two doses of Doxorubicin TransdrugTM to best standard of care in patients with advanced Hepatocellular Carcinoma [HCC] after sorafenib. The relive study. P1334[END_REF][START_REF] Leroux | Drug Delivery: Too Much Complexity, Not Enough Reproducibility?[END_REF][START_REF] Vauthier | A journey through the emergence of nanomedicines with poly(alkylcyanoacrylate) based nanoparticles[END_REF] while reproducibility and scalability of methods of synthesis of nanoparticles is often pointed out as a bottleneck in carrying out clinical translation of nanomedicines [START_REF] Date | Nanoparticles for oral delivery: Design, evaluation and state-of-the-art[END_REF][START_REF] Liu | Strategies and industrial perspectives to improve oral absorption of biological macromolecules[END_REF][START_REF] Han | Multifunctional oral delivery systems for enhanced bioavailability of therapeutic peptides/proteins[END_REF][START_REF] Babadi | Nanoformulation strategies for improving intestinal permeability of drugs: A more precise look at permeability assessment methods and pharmacokinetic properties changes[END_REF]. Besides, they are interesting drug delivery systems being able to associate an extremely wide range of drugs including peptides, nucleic acids, and poorly soluble drugs for which oral dosage forms are cruelly missing for patients (Nicolas andVauthier 2011, Vauthier 2019). The 9 model nanoparticles designed for the present work were expected to include different biological responses while in contact with rat intestinal mucosa considering their retention referred elsewhere as mucoadhesion and absorption (Bertholon et al., 2006a, Bravo-Osuna et al., 2007a[START_REF] Petit | The Counterbalanced Effect of Size and Surface Properties of Chitosan-Coated poly(isobutylcyanoacrylate) Nanoparticles on Mucoadhesion Due to Pluronic F68 Addition[END_REF][START_REF] Palazzo | Mucoadhesive properties of low molecular weight chitosan-or glycol chitosan-and corresponding thiomer-coated poly(isobutylcyanoacrylate) core-shell nanoparticles[END_REF]. Characteristics of the nanoparticle surfaces were tuned using polysaccharides and/or poloxamer 188 which includes poly(ethylene glycol) (PEG) chains in its chemical structure. Depending on their charges and molecular architecture, polysaccharides were expected to modulate interactions of nanoparticles with mucins hence their retention on the mucosa and to interfere with absorption phenomena. The PEG chains were expected to confer the nanoparticles with mucus diffusion properties promoting retention on mucosa by a different mechanism than decorating particles with molecules interacting with mucins. These components were grafted on the nanoparticle surface alone or in combination during the single step of their synthesis by emulsion polymerization [START_REF] Chauvierre | Artificial oxygen carrier based on polysaccharides-poly(alkylcyanoacrylates) nanoparticle templates[END_REF], Bertholon et al., 2006b[START_REF] Lira | Cytotoxicity, and cellular uptake of newly synthesized fucoidan-coated nanoparticles[END_REF][START_REF] De Martimprey | New core-shell nanoparticles for the intravenous delivery of siRNA to experimental thyroid papillary carcinoma[END_REF][START_REF] Petit | The Counterbalanced Effect of Size and Surface Properties of Chitosan-Coated poly(isobutylcyanoacrylate) Nanoparticles on Mucoadhesion Due to Pluronic F68 Addition[END_REF], Zandanel and Vauthier, 2012a). Their molecular architecture was tuned by choosing the mechanism of polymerization of the alkylcyanoacrylate monomer applied during nanoparticle synthesis (Bertholon et al., 2006b[START_REF] Vauthier | Configuration of bovine serum albumin adsorbed on polymer particles with grafted dextran corona[END_REF], 2011, Zandanel and Vauthier, 2012a).

Material and Methods

Materials

Isobutylcyanoacrylate (IBCA) was purchased from Orapi (Paris, France). Chitosan (20kDa, yellowish solid) was supplied by Amicogen (Seoul, South Korea), dextran (15-20 KDa) from Fluka and dextran sulphate (6.5-10 KDa) from Sigma. Poloxamer 188 (commercial name Lutrol® F68) was provided as a gift by BASF. Cerium (IV) ammonium nitrate and nitric acid were purchased from Fluka. Polyfluor® 570 (methacryloxyethyl thiocarbamoyl rhodamine B) was supplied by Biovalley Polyscience (Warrington, USA). Purified mucins from porcine stomach (type III, bound sialic acid 0.5-1.5%) were purchased from Aldrich. All chemicals were used as supplied except chitosan.

Chitosan was purified preparing a solution at 2 g in 50 cm 3 of hydrochloric solution 0.1M that was dialyzed (Spectra/Por ® membrane, MWCO 3 500g/mol) against 1 L of hydrochloric acid solution (0.1 N) twice for 1 h and once overnight. Purified chitosan was recovered after frozen at -20 °C by lyophilization in an Alpha 1-2 LD plus lyophilizator (Bioblock Scientific) for 24 h. This chitosan was associated with a chloride counter ion (13.9% in weight as determined by elemental analysis) [START_REF] Zandanel | Counterion of Chitosan Influences Thermodynamics of Association of siRNA with a Chitosan-Based siRNA Carrier[END_REF]. The degree of deacetylation was 92% as determined by RMN [START_REF] Zandanel | Counterion of Chitosan Influences Thermodynamics of Association of siRNA with a Chitosan-Based siRNA Carrier[END_REF] The purified mucins from porcine stomach were used a model of mucins in the ITC experiments. The commercial preparation was dispersed in Milli-Q ® water at a concentration of 1g/L for 2 h at room temperature and frozen at -20°C as aliquots of 1 cm 3 for storage until use.

For experiments of mucoadhesion performed on intestinal tissue mounted in Ussing chambers, the following material was needed: sodium hydroxide, magnesium chloride, calcium chloride, potassium phosphate monobasic and sodium chloride were obtained from Aldrich. Sodium dodecyl sulphate, sodium hydrogen carbonate, potassium phosphate dibasic were purchased from Prolabo. The Ringer solution (1 L) was prepared by mixing 50 cm 3 of solution I (MgCl 2 : 4.8 g.L -1 ; CaCl 2 : 3.5 g.L -1 in Milli-Q ® water), 100 cm 3 of solution II (K 2 HPO 4 : 4.2 g.L -1 ; KH 2 PO 4 0.5 g.L -1 in Milli-Q ® water), NaCl (6 g), NaHCO 3 (2.1 g) and 850 cm 3 of Milli-Q ® water. The pH was adjusted to 7.5 with hydrochloric acid solution (0.1N).

Methods

Preparation of nanoparticles

The nanoparticles were prepared by emulsion polymerization of IBCA using and adapting previously described protocols (Bertholon et al., 2006a,d, Bravo-Osuna et al., 2007a[START_REF] Petit | The Counterbalanced Effect of Size and Surface Properties of Chitosan-Coated poly(isobutylcyanoacrylate) Nanoparticles on Mucoadhesion Due to Pluronic F68 Addition[END_REF][START_REF] Palazzo | Mucoadhesive properties of low molecular weight chitosan-or glycol chitosan-and corresponding thiomer-coated poly(isobutylcyanoacrylate) core-shell nanoparticles[END_REF]. Each type of nanoparticles were prepared up to 10 times. Conditions were briefly reminded bellow.

Preparation of non labelled nanoparticles by redox radical emulsion polymerization (RREP): One polysaccharide (0.06 g of chitosan, dextran or dextran sulfate) and/or poloxamer 188 (175 mg) were dissolved in 4 cm 3 of a solution of nitric acid 0.2 N at a given temperature under a vigorous magnetic stirring and an argon atmosphere. After 10 min, 1 cm 3 of a solution of cerium (IV) ammonium nitrate 80 mM in nitric acid 0.2 M and IBCA (0.25 cm 3 ) were successively added. The polymerization was continued for 50 min. At the end of the polymerization, the dispersion was cooled down before purification. The temperature was set to 35°C to prepare nanoparticles containing chitosan and/or poloxamer 188 with a diameter above 100 nm. It was set at 42 °C to obtain nanoparticles with a diameter below 100 nm.

Preparation of non labelled nanoparticles by anionic emulsion polymerization (AEP): Chitosan (0.06 g) was dissolved in a solution of nitric acid 0.2 N (4 cm 3 ) at 45°C under a vigorous magnetic stirring. After addition of IBCA (0.25 cm 3 ), the polymerization was continued for 24 h. Then, the dispersion was cooled down before purification.

Preparation of labelled nanoparticles. Procedures described above were followed to obtained fluorescently labelled nanoparticles except that 800 µL of a solution of Polyfluor® 570 (2 mg.cm -3 in acetonitrile) was added 2 min after the addition of IBCA. The labeling method applied provided with an incorporation of the fluorescent probe in the core of the nanoparticles by covalent linkage to the polymer composing the core of the nanoparticles (Zandanel and Vauthier, 2012b).

Purification of nanoparticles

After preparation, nanoparticle dispersions were purified by dialysis against 0.5 L of distilled water using a Spectra/Por membrane with molecular weight cut off 100 000 g/mol. The dialysis pursued three times for 1 h and once overnight.

A systematic nomenclature to name the different nanoparticles was applied: R referred to the redox radical emulsion polymerization method used to prepare the nanoparticles and A to anionic emulsion polymerization. The following letters indicated the nature of the coating material C: chitosan, P: poloxamer 188, Dex: dextran, Dex-SO 3 H: dextran sulfate. Table S1 summarized the different nanoparticles synthesized for this work.

Physico-chemical characterization of the nanoparticles

Nanoparticle size

The mean hydrodynamic diameter, D H , of the nanoparticles was evaluated by dynamic light scattering (zetasizer Nano 90, Malvern Instrument) after dilution of the nanoparticle dispersion (5-30 µL) in acetic acid 0.1 N (1 cm 3 ). The size was given as the Z average hydrodynamic diameter. Results were given as the mean diameter obtained for the different preparation of a given nanoparticle dispersion.

Zeta potential

The zeta potential, ζ, was determined by electrophoresis light scattering from a dilution of 10-60 µL of the nanoparticle dispersions in 1 cm 3 of a 1mM sodium chloride solution. The determination was performed using a zetasizer Nano90 from Malvern Instrument (Malvern, Panalytical, Orsay, France).

Morphology by electron microscopy

Transmission Electron Microscopy (TEM) was performed using a JEOL JEM 1400 electron microscope operating at 80 kV equipped with a large format CCD camera Gatan available on the TEM platform IMAGERIE-GIF of the "Institute de Biologie Intégrative de la Cellule" I2BC at Gif sur Yvette, France. Samples were diluted with Milli-Q ® water (1/100) and deposited by flotation on a preionized Formvar-Carbon-coated copper grid for TEM. After 5 min, the sample was stained with an aqueous solution of phosphotungstic acid (1%, pH = 7) for 30 s. The excess of liquid was blotted, and the grid was left to dry before observation.

Concentration of the dispersions

The concentration of the nanoparticles in the dispersions in mass per volume unit (C m in mg.cm -3 ) was evaluated by gravimetry after lyophilization of aliquots (200 µL) of the corresponding nanoparticle dispersion (Alpha 1-2 LD plus, Bioblock Scientific).

The concentration of particles in the dispersion was also expressed in molarity, C N . It was deduced from the number of nanoparticles per volume unit, N, calculated with equation 1, divided by the Avogadro number, N A (Equation 2).

𝑁

Equation 1

𝐶 Equation 2

In Equation 1, D H represents the mean hydrodynamic diameter of the nanoparticles determined by DLS and ρ the volumetric mass of the nanoparticles (ρ = 1.14 g.cm -3 according to [START_REF] Vauthier | Measurement of the Density of Polymeric Nanoparticulate Drug Carriers by Isopycnic Centrifugation[END_REF].

The size, zeta potential and concentration of each preparation of nanoparticles were determined.

Results were expressed as the mean value of the parameter determined from all preparations of nanoparticles of the same type. The standard deviation was calculated to reflect the variability between batches.

Measuring interactions between nanoparticles and mucins by isothermal titration calorimetry (ITC)

Nanoparticle dispersions were used after a short period of storage at +4°C for 5 to 7 days from synthesis. Thermodynamic parameters of their interactions with model mucins were investigated using a VP-ITC microcalorimeter (MicroCal, GE Healthcare Europe) including a sample cell with a volume of 1.441 cm 3 . Titration experiments were performed at 37 °C under constant stirring at 220 rpm. The nanoparticle dispersion was placed in the syringe and was gradually added into the thermostated cell containing either Milli-Q ® water or a suspension of model mucins in Milli-Q ® water (0.06 or 0.12 mg.cm -3 , 94 or 187 nM calculated from the molar mass of one monomer unit 640 kDa [START_REF] Mejias-Luque | MUC5AC (mucin 5AC, oligomeric mucus/gel-forming) Atlas[END_REF]) prepared from a stock suspension stored at -20°C. Each titration began with 11 injections of 10 µL with an interval of 700 s followed by 17 injections of 10 µL each separated by 400 s.

Raw ITC data recorded heat flows generated from mucins-nanoparticles interactions occurring during titrations. These were recorded with VP viewer 2000 ITC software (version 1.4.12) and analyzed with Microcal LLC, ITC software based on Origin (version 7.0). Concentration of nanoparticles were expressed as a molarity as calculated from equations 1 and 2. Normalized enthalpograms were obtained from the difference between the raw titration data of the nanoparticles in interaction with the mucins and the corresponding raw dilution data obtained by adding nanoparticles in Milli-Q ® water. Normalized enthalpograms were analyzed graphically describing the type of thermic event generated by the interaction of the nanoparticles with mucins and their amplitude. The saturation of the system was taken as the inverse of the nanoparticle/mucin molar ratio at the beginning of the plateau indicating that the system reached equilibrium.

2.2.5

Retention on mucosa and permeability of nanoparticles through rat intestinal tissue evaluated in Ussing chamber model

Animal experiment

The intestine of male Wistar rats (250 ± 50 g purchased from Charles River, L'Arbresle, France) were used in experiments carried out in Ussing chambers (surface area 1 cm 2 , Biomecatronics, France) to evaluate the retention of nanoparticles on the gut mucosa and their permeability through the gut mucosa. All conditions involving the use of animals were performed following French and European ethical guidelines 2010/63/UE regarding the care and use of animals for experimental procedures. The protocol was approved by the Ministère de l'Enseignement Supérieur et de la Recherche -Direction Générale pour la Recherche et l'Innovation (protocole 2003-055). After arrival, rats were housed in a controlled temperature environment (20 ± 1°C) with a 12-hr light -dark cycle and were allowed water and a standard chow diet (Safe A04, Scientific Animal Food and Engineering, Augy, France) ad libitum for a 6-days acclimatization period. Before being euthanized by intraperitoneal injection of an overdose of pentobarbital, rats were fasted for a period of 17-18 h with free access to water. Their intestine was collected right after euthanasia and rinsed with the Ringer solution to eliminate the lumen content. The freshly excised jejunum was then cut as segments of around 1.5 cm length following the mesenteric canal to be mounted in Ussing chambers. A volume of 2 cm 3 of Ringer solution at 37°C was added in the donor (apical side of the jejunum tissue) and receiver (baso-lateral side of the jejunum tissue) compartments and placed under 95% O 2 -5% CO 2 bubbling for an equilibration time of 15 min. After 15 min, the Ringer solution on the donor compartment was replaced by the nanoparticle dispersion diluted with the Ringer solution (dilution 1/20) equilibrated at 37°C. This marked the start of the experiments that were then pursued for 120 min (2 hours) at 37 °C under 95% O 2 -5% CO 2 bubbling. Over the whole duration of the experiment, the viability of intestinal membrane was monitored measuring the transepithelial conductance (G) following the Ohm's law. The transmucosal electrical potential difference (mV) and the short circuit intensity (µA) were measured at 10 min intervals during the first 60 min and after 120 min. At each time, a ratio (expressed in %) between the conductance G t at time t and the initial conductance value G 0 was evaluated. At the end of the experiments (120 min), the viability of the intestinal membrane was checked by the addition of 80 µL of histamine solution (45 mM) in receiver compartment of the Ussing chambers. Control experiments were performed without adding nanoparticles in the donor compartment to check the influence of Ringer solution on the electrical parameters. Conditions for sampling and analysis depended on the purpose of the experiment as explained in following sections.

Retention of the nanoparticles on the mucosa:

The amounts of nanoparticles retained on mucosa was evaluated by measuring the fluorescence associated with the gut mucosa after the 120 min of the experiment. The intestinal tissue mounted in the Ussing chamber was recovered and degraded in 1 cm 3 of a lysis solution containing sodium hydroxide (1 % w/w) and sodium dodecyl sulfate (2% w/w) for 24 h at 37 °C. Lysed samples were placed in a black-wall 96-wells microplate for fluorescence measurements. The fluorescence was then measured using a 96 well plate reader (Fluostar Optima, BMG Labtech) with an excitation filter at 530 nm and an emission filter at 590 nm. The raw data were used to calculate the retention of the nanoparticles on the mucosa from the equation 3. In which, I 120 was the fluorescence intensity measured after lysis of the intestinal membrane collected at the end of the experiment performed with the nanoparticles, I tissue was the autofluorescence of the tissue. The autofluorescence of the intestinal membrane was determined from the measurement of the fluorescence of a lysed intestinal membrane collected from a running experiment in Ussing chamber performed without nanoparticles. The I 0 was the fluorescent intensity measured in the donor compartment of the Ussing chamber at the start of the experiment, V d was the volume of the donor compartment of the Ussing chamber (2 cm 3 ). (I 0 x V d ) represented the fluorescence of the initial amounts of nanoparticles introduced in the donor compartment of the Ussing chamber. C i (D) (in mg.cm -3 or in nanoparticle.cm -3 ) was the concentration in nanoparticles introduced in the donor compartment. V d x C i (D) represented the initial amounts of nanoparticles in mg or in number introduced in the donor compartment of the Ussing chamber. The retention was provided as a mass of nanoparticles associated with 1 cm² of mucosa (mg.cm -2 ) or as number of nanoparticles per surface unit of mucosa (NP.cm -2 ) according to the unit of C i (D). 

Evaluation of the permeability of the nanoparticles through the rat intestinal tissue in Ussing chambers.

The permeability of the nanoparticles across the intestinal tissue was evaluated from evidencing the presence of nanoparticles in the receiver compartment of the Ussing Chamber by TEM and evaluating the concentration of nanoparticles in this compartment by flow active cell sorting (FACS).

Analysis of the receiver compartment of the Ussing chamber by TEM. Presence of nanoparticles in the receiver compartment of the Ussing chamber was investigated through the direct observation of the content by TEM. Sample preparation was achieved without prior dilution following the procedure explained above. Observation conditions were identical to those used to analyze the nanoparticle dispersions after preparation (See section 2.2.3.3) Measuring the concentration of nanoparticles in the basolateral compartment of the Ussing chamber by Flow Active Cells Sorting. The amount of nanoparticles having crossed the intestinal membrane was evaluated from the measurement of their concentration found in the basolateral compartment of the Ussing chamber at the end of the experiment by Flow Active Cells Sorting (FACS) (BD Accuri C6 Flow Cytometer). The FACS instrument was equipped with 488 nm laser two light scatter detectors, and four fluorescence detectors FL1 533/30nm band pass, FL2 585/40nm band pass, FL3 >670nm long pass and FL4 675/25nm band pass.

Before analyses by FACS, the medium recovered from the basolateral compartment at the end of the experiment was centrifuged for 2 min at 4°C (Eppendorf 5417R, 800*g, rotor FA-45-30-11) to remove cells and cellular debris that detached from the mucosa during the experiment.

The method was calibrated with each type of nanoparticles to establish the relation between the concentration in nanoparticles in the sample with the FACS signal giving by the log FL2 (See Figure S1 in supporting information). For this calibration, nanoparticle dispersions were diluted with Ringer solution to obtain dispersions with concentrations ranging from 10 to 800 ng.cm -3 . A volume of 70 µL of each dispersion was then analyzed by FACS at medium flow rate. The mean log FL2 was plotted against the concentration of nanoparticles in samples. The background count due to the Ringer solution and compounds released from the intestinal tissue during the experiment was evaluated from a control experiments performed in Ussing chambers in absence of nanoparticles but following all other conditions than those used while experiments were performed with the nanoparticles. Such a control experiment was included in each run of Ussing chamber experiments. This background count was deduced from the raw value of mean log FL2 obtained from FACS measurement performed on the basolateral compartment of the Ussing chamber of experiment run with nanoparticles before calculating the nanoparticle concentration from the corresponding calibration curve.

The apparent permeability coefficient quantifying the translocation of nanoparticles from the donor to the receiver compartment of the Ussing chamber, P appD>R expressed in cm.s -1 , was calculated using the equation 4:

𝑃 Equation 4

With J expressing the flux of particles appearing in the receiver compartment of the Ussing chamber over a define period of time and C i (D) (expressed in mg.cm -3 ) the initial concentration of nanoparticles introduced in the donor compartment of the Ussing chamber. Replacing the C i (D) by the concentration of nanoparticles found in the mucus, C(M) in the equation 4 allowed to calculate the apparent permeability coefficient quantifying the translocation of nanoparticles retained in the mucus to the receiver compartment of the Ussing chamber, P appM>R (in cm.s -1 ). C(M) was deduced from the dosage of nanoparticles retained on the mucosa assuming that all nanoparticles were in the mucus and taken a mucus volume of 0.0123 cm 3 based on a surface of 1cm² and a thickness of 123 µm [START_REF] Atuma | The adherent gastrointestinal mucus gel layer: thickness and physical state in vivo[END_REF]. The flux, J, was calculated from the amounts of nanoparticles that appeared in the basolateral compartment, ΔQ, over a define period of time, Δt, (120 min, 7200 s in the present experiment), and the surface area of the intestinal tissue separating the two compartments of the Ussing chamber, A (1 cm² in the present experiment) using equation 5.

𝐽 ∆ ∆ Equation 5ΔQ was calculated from the concentration in particles found in the receiver compartment, C(R) (in mg.cm -3 or in nanoparticles.cm -3 ), and the total volume of this compartment, V r , that was equal to 2 cm 3 . For the calculation of P app , C(R) and C i (D) were expressed in mg.cm -3 . A calculation of the flux expressed as the number of particles having crossed the intestinal tissue per second and square centimeter was achieved by converting C(R) expressed in mg.cm -3 in number of nanoparticles per cm - 3 , N, using equation 6.

𝑁 10 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠. 𝑐𝑚 Equation 6

In equation 6, the particle diameter, D H , is expressed in nm and the volumetric mass, ρ, in g.cm -3 .

Statistical analyses: Statistical analysis of the data were performed using the Wilcoxson-Mann-Whitney test from the R software (https://biostatgv.sentiweb.fr/?module=tests/mann, 15 March 2021) Significant differences were considered for p-value ≤ 0.1 (*) and p-value ≤ 0.05 (**).

3 Results

Physicochemical characteristics of the nanoparticles

Characteristics of the nanoparticles synthesized for this work were summarized in the figure 1 (for Full data see table S1 in supporting information). The few formulations included in the series known from previous works showed consistent characteristics (R-C (Bertholon et al., 2006a, Bravo-Osuna et al., 2007a,b, Palazzo et al., 2017), R-Dex, A-C (Bertholon et al., 2006a), R-CP2, [START_REF] Petit | The Counterbalanced Effect of Size and Surface Properties of Chitosan-Coated poly(isobutylcyanoacrylate) Nanoparticles on Mucoadhesion Due to Pluronic F68 Addition[END_REF]). In general, the size of non-labeled and corresponding fluorescently labeled nanoparticles prepared by redox radical emulsion polymerization agreed well. Consistently with early reports, the size of the labelled nanoparticles prepared by anionic emulsion polymerization (A-C, A-CP) was larger than that of their unlabeled counterparts (Bertholon et al., 2006a) . Nanoparticles showing the lowest diameters (below 100 nm) (R-P2, R-CP2) were obtained increasing the temperature of polymerization and adding poloxamer 188 in the polymerization medium consistently with results reported elsewhere [START_REF] Seijo | Design of nanoparticles of less than 50 nm diameter: Preparation, characterization and drug loading[END_REF][START_REF] De Martimprey | New core-shell nanoparticles for the intravenous delivery of siRNA to experimental thyroid papillary carcinoma[END_REF][START_REF] Petit | The Counterbalanced Effect of Size and Surface Properties of Chitosan-Coated poly(isobutylcyanoacrylate) Nanoparticles on Mucoadhesion Due to Pluronic F68 Addition[END_REF].

Zeta potential values agreed with those expected (Bertholon et al., 2006a, Bravo-Osuna et al., 2007a[START_REF] Petit | The Counterbalanced Effect of Size and Surface Properties of Chitosan-Coated poly(isobutylcyanoacrylate) Nanoparticles on Mucoadhesion Due to Pluronic F68 Addition[END_REF]. The sign of the nanoparticle zeta potential depended on the nature of the coating material. Nanoparticles showing the highest negative charge were coated with dextran sulfate, R-DexSO 3 H. Nanoparticles coated with dextran, R-Dex, showed a slightly negative zeta potential closed to neutral (ζ = -8 mV). Nanoparticles showing the highest positive zeta potential were coated with chitosan only, A-C and R-C. The addition of poloxamer 188 (R-CP1, A-CP) and the increase of polymerization temperature (R-CP2) decreased the absolute value of the zeta potential which remained frankly positive considering these nanoparticles prepared with chitosan. Zeta potential of nanoparticles coated with only poloxamer 188, R-P1 and R-P2, were moderately negative with values varying between -19 and -23 mV. Consistently with previous works, the labelling had no influence on the zeta potential of the nanoparticles thanks to an incorporation of the fluorescent dye in the core of the nanoparticles by copolymerization with IBCA (Zandanel et al., 2012b).

By TEM, projected 2D images showed by all types of nanoparticles suggested that they had a spherical shape (Figure 2, left column). The size of the particles seen on TEM images obtained from one type of nanoparticles appeared homogenously distributed but all preparations seemed to include at least few nanoparticles of size below 100 nm. ), the polysaccharide chains were grafted on the end-on position taking a hairy molecular architecture (Bertholon et al., 2006b, Zandanel andVauthier, 2012a). In general, this parameter was sparsely considered so far possibly because synthesis of nanoparticles with different molecular architecture in their outmost is particularly difficult to implement and to demonstrate although it influences the biological outcome of nanoparticles designed to be administered by the intravenous route (Bertholon et al., 2006d[START_REF] Moghimi | The effect of methoxy-PEG chain length and molecular architecture on lymph node targeting of immuno-PEG liposomes[END_REF][START_REF] Hamad | Distinct polymer architecture mediates switching of complement activation pathways at the nanosphere-serum interface: implications for stealth nanoparticle engineering[END_REF], Zandanel and Vauthier, 2012a[START_REF] Coty | Tuning complement activation and pathway through controlled molecular architecture of dextran chains in nanoparticle corona[END_REF].

Evaluation of the retention of the nanoparticles on intestinal mucosa of rats in Ussing chambers

The viability of the mucosal tissue used in the Ussing chamber over the duration of the experiments was acknowledged by the quite stable value of the trans epithelial electrical resistance (TEER) during experiment and a transient variation observed after addition of histamine (figure S2 in supporting information). Noteworthy, the term "mucoadhesion" which is widely used in the literature to design nanoparticles that associate with mucosa was not used in the present paper. We preferred to use the term "retention" which seemed more general as long as we did not have a clear view on mechanisms explaining how nanoparticles were retained on the mucosa. The retention of several types of nanoparticles included in the present series (R-Dex, A-C, R-C, R-CP2) was evaluated separately in previous works using another evaluation method. Noteworthy, results obtained here were consistent with those of previous studies although acquired by other experimental techniques (Durer et al., 1994, Bertholon et al., 2006a, Bravo-Osuna et al., 2007a[START_REF] Petit | The Counterbalanced Effect of Size and Surface Properties of Chitosan-Coated poly(isobutylcyanoacrylate) Nanoparticles on Mucoadhesion Due to Pluronic F68 Addition[END_REF][START_REF] Palazzo | Mucoadhesive properties of low molecular weight chitosan-or glycol chitosan-and corresponding thiomer-coated poly(isobutylcyanoacrylate) core-shell nanoparticles[END_REF].

Different graphs were considered reporting the influence of the type of nanoparticles, of their size and zeta potential on the retention on 1 cm² of the jejunum mucosa exposed to the content of the donor compartment of the Ussing chambers spiked with nanoparticles. Amounts of nanoparticles retained on the mucosa after 120 min were expressed in mg.cm -2 and in number of nanoparticles retained on 1 cm² of tissue (NP.cm -²) (Figure 3, See table S2 for data). Differences in retention between the nanoparticles showed 3 orders of magnitudes in results expressed NP.cm -², but it remained in the same order of magnitude expressing the amounts of nanoparticles retained on mucosa in mg.cm -². This huge difference observed depending on the expression of the results was mentioned in an earlier work without an explanation [START_REF] Petit | The Counterbalanced Effect of Size and Surface Properties of Chitosan-Coated poly(isobutylcyanoacrylate) Nanoparticles on Mucoadhesion Due to Pluronic F68 Addition[END_REF] although it can be due to the difference in size between nanoparticles which intervened to the power 3 in calculations applied to convert a mass of nanoparticles in an equivalent number of nanoparticles (Equation 1). Considering results expressed in mg.cm -2 , statistical analysis of the data allowed to differentiate 3 groups of nanoparticles. Within each group, level of retention of the nanoparticles on mucosa were not significantly different considering a p-value of 0.05 but the results were significantly different while comparing the retention of the nanoparticles between the different groups. The highest retentions were observed with the nanoparticles R-DexSO 3 H and A-CP. The nanoparticles R-Dex and A-C showed the lowest retention while the group of nanoparticles including R-C and almost all PEGylated nanoparticles (R-P1, R-P2, R-CP1 and R-CP2) showed intermediate level of retentions. Results expressed in NP.cm -² showed significant differences at a p-value of 0.05 except within the group of PEGylated nanoparticles (See Table S3 in Supporting information).

The figure 4 showed plots of the retention of nanoparticles according to the nanoparticle size (Figure 4 A,B) and zeta potential (Figure 4 C,D). A clear influence of the size of the nanoparticles was evidenced expressing the results in NP.cm -² (Figure 4B). Consistently with results of the literature [START_REF] Durrer | Mucoadhesion of latexes. II. Adsorption isotherms and desorption studies[END_REF], Bertholon et al., 2006a[START_REF] Netsomboon | Mucoadhesive vs. mucopenetrating particulate drug delivery[END_REF][START_REF] Bandi | Effect of particle size and surface charge of nanoparticles in penetration through intestinal mucus barrier[END_REF], nanoparticles of the smallest size showed the highest retention. A marked increase of the number of nanoparticles retained by the mucosa was highlighted when nanoparticle diameters decreased below a value of 200 nm. Interestingly, experimental points of this plot could be fitted with a decreasing sigmoidal equation translating the observed variation in a quantitative relationship (Figure 4B, Equation 7, pearson correlation coefficient = 0.9788). Full data of the statistical analysis were provided in the Table S3 (see supporting information). No clear relation between the nanoparticle size and their retention in mg.cm -² of mucosa was evidenced (Figure 4B). Although it is generally believed that giving a positive zeta potential to nanoparticles would favor their retention on mucosa (see for instance [START_REF] Netsomboon | Mucoadhesive vs. mucopenetrating particulate drug delivery[END_REF][START_REF] Liu | Strategies and industrial perspectives to improve oral absorption of biological macromolecules[END_REF][START_REF] Wu | Engineering nanomaterials to overcome the mucosal barrier by modulating surface properties[END_REF][START_REF] Seyam | Recent Progress of Chitosan and Chitosan Derivatives-Based Nanoparticles: Pharmaceutical Perspectives of Oral Insulin Delivery[END_REF], none of the plots shown on the figures 4 C and D revealed an influence of the zeta potential in the experimental conditions used in the present work. Taken together, these data demonstrated a predominant effect of the nanoparticle size controlling their retention on the mucosa. As the equation of the curve fitting experimental points shown on the figure 4B depended only on the size of the nanoparticles, this confirmed that the retention of the nanoparticles by the mucosa was indeed independent of the zeta potential.

From the number of nanoparticles retained on the mucosa and the diameter of the nanoparticles which can serve calculating the surface of a cercle corresponding to the projected 2D image of the nanoparticles, it was possible to calculate the theoretical area that nanoparticles could covered assuming they arranged as a compact monolayer. The ratio between the obtained theoretical area covered by nanoparticles and the area of the mucosa available to host these nanoparticles gave a theoretical number of layers of nanoparticles assuming a maximum stacking that could be accommodated on the apparent surface area of the mucosa. This calculation may be debatable because it did not consider any surface amplification factor, e.g., surface of the villosities [START_REF] Mayhew | A geometric model for estimating villous surface area in rat small bowel is justified by unbiased estimates obtained using vertical sections[END_REF] but, was considered as more robust to understand better how nanoparticles distributed on the surface of mucosa. Results of this calculation provided with numbers varying from 0.06 for the nanoparticles A-C to 2.86 for the nanoparticles A-CP (Figure 5A). It can be postulated that enough surface area on the mucosa was available to accommodate the equivalent number of nanoparticles when values given by this calculation were below 1. On the contrary, values above 1 would indicate that nanoparticles tended to penetrate in the mucus layer as they needed more space than the surface area offered by the available mucosa. Highest values (ranging from 1.9 to 2.7) were obtained with the smallest nanoparticles (Figure 5B) which included PEG chains in their outmost. These nanoparticles showed diameters below 200 nm which were smaller than the mesh size of the mucus hydrogel allowing them to penetrate into the 3D network of the mucus (Lai et al., 2009, Netsomboon and[START_REF] Netsomboon | Mucoadhesive vs. mucopenetrating particulate drug delivery[END_REF]. In addition, the presence of PEG chains in their outmost was favorable to promote their diffusion into the mucus hydrogel, hence contributing in their penetration into the mucus hydrogel as suggested by several recent reports [START_REF] Huckaby | PEGylation for enhancing nanoparticle diffusion in mucus[END_REF][START_REF] Liu | Strategies and industrial perspectives to improve oral absorption of biological macromolecules[END_REF][START_REF] Murgia | The role of mucus on drug transport and its potential to affect therapeutic outcomes[END_REF][START_REF] Wu | Engineering nanomaterials to overcome the mucosal barrier by modulating surface properties[END_REF]. Other nanoparticles (R-Dex, R-C and A-C) showed values frankly below 1 (ranging from 0.06 to 0.7) suggesting that they were scattered on the mucosa surface. This agreed with their size which being larger than the mesh size of the mucus hydrogel was disavantageous for their diffusion and penetration in the mucus (Lai et al., 2009, Netsomboon and[START_REF] Netsomboon | Mucoadhesive vs. mucopenetrating particulate drug delivery[END_REF]. The case of the nanoparticles R-DexSO 3 H remained singular. Their value above 1 (almost 1.5) could not be explained neither by their size (D H = 348 ± 11 nm) that was above the mesh size of the mucus hydrogel nor by their zeta potential that was highly negative (ζ = -41 ± 3 mV) hence unfavorable to interact with negatively charged mucins (Figure 5B,C).

The percentage of nanoparticles retained on the mucosa from the initial amount introduced in the donnor compartment of the Ussing chamber was calculated from the previous results expressed in mg.cm -². Data reported on the figure 6A showed that only a low percentage of the initial amounts of nanoparticles (0.2 to 2.8 %) was retained on the apparent 1 cm² of the mucosa in the used experimental conditions. Another calculation was assessed evaluating the partition of the nanoparticles between the free nanoparticles remaining in donnor compartment of the Ussing chamber and the concentration in nanoparticles in the mucus (C(M)) after 120 min.

For this latter calculation, we also needed the concentration of the nanoparticles in the donnor compartment at the end of the experiment. This was not determined experimentally during the work. However, due to the very low percentage of nanoparticles which was retained on the mucosa and absorbed (Data shown in section 3.3), it was assumed that it coud be represented by the initial concentration. This asumption seemed reasonable as the difference in nanoparticle concentrations in the donnor compartment expected between the initial and final times of the experiments would be included in the accuracy range of any determination methods making difficult to measure significant differences between the two determinations. The results shown on the figure 6B reporting the ratio of concentrations of the nanoparticles between the mucus and the donnor compartment differentiated 3 types of behaviors. With a ratio below 1 (< 0.5) (Figure 6B, domain 1), concentrations in the nanoparticles A-C and R-Dex in the mucus was lower than that in the donnor compartment suggesting that the nanoparticles were excluded from the mucus layer. The nanoparticles from the second category included nanoparticles R-P1, R-P2, R-CP1, R-CP2 and R-C (Figure 6B, domain 2). The ratio ranged around 1 (0.5 -1.5) indicating that the concentrations in nanoparticles between the mucus and the donor compartment were rather equivalent. With these nanoparticles, it seemed that an equilibrium was established between the donnor compartment and the mucus layer. This could correspond to a free diffusion regimen of the nanoparticles in the different media including the mucus layer. The third behavior included nanoparticles R-DexSO 3 H and A-CP (Figure 6B, domain 3). With ratios above 1.5, nanoparticle concentrations in the mucus was higher than the concentration of nanoparticles in the donnor compartment suggesting that the nanoparticles were clearly retained by the mucosa. 

Thermodynamic Analysis of the mucosa retention process of the nanoparticles by ITC

Mucins are the main component of mucus. The understanding of interactions occurring between nanoparticles and mucins can inform on mechanisms by which nanoparticles may be retained or not on intestinal mucosa. Here, ITC was used to monitor thermal exchanges occurring between a preparation of model mucins and the nanoparticles while mixing. Consistently with other works, we used a preparation of model mucins that was obtained from a commercial form of purified porcine gastric mucins (Menchichi et al., 2014[START_REF] Meng-Lund | A mechanistic based approach for enhancing buccal mucoadhesion of chitosan[END_REF], Albarkah et al., 2015[START_REF] Xu | Impact of surface polyethylene glycol (PEG) density on biodegradable nanoparticle transport in mucus ex vivo and distribution in vivo[END_REF]. This preparation provides with a homogenous source of mucins to carry on studies evaluating interactions with drug carriers compared to mucin samples obtained from native mucus collected on animal mucosa [START_REF] Sogias | Why is chitosan mucoadhesive?[END_REF], Lock et al., 2019). In general, their use minimizes the variability of the results obtained between experiments thanks to their relatively well-defined composition [START_REF] Sogias | Why is chitosan mucoadhesive?[END_REF][START_REF] Wagner | Mucins and Their Role in Shaping the Functions of Mucus Barriers[END_REF], Lock et al., 2019). Enthalpograms of the figure 7 show representative examples of plots of the normalized enthalpy against the molar ratio between nanoparticles and mucins deduced from the analysis of titration curves. The blue color was attributed to nanoparticles having a negative zeta potential, the red color was given to nanoparticles having a positive zeta potential.

Measures were performed using the same range of nanoparticle/mucin mass ratio explaining the differences between ranges of nanoparticle/mucin molar ratio explored with the different types of nanoparticles. This was because the nanoparticles differed in their size and that their diameter intervened in the conversion of the concentration in mg.cm -3 into a molarity (see equation 1 and 2).

With most nanoparticles, a plateau corresponding to the equilibrium of the system was reached. The saturation of the nanoparticle surface by mucins could be determined at the beginning of the plateau. , the results expressed in number of moles of mucins per mole of nanoparticles suggested that these nanoparticles showed a higher capacity to associate mucins compared with nanoparticles including poloxamer 188 in their formulation. However, this difference disappeared considering the number of mucin molecules per surface area unit indicating that their capacity to attract mucins on their surface did not differ from that of the nanoparticles formulated with poloxamer 188. The general aspects of the enthalpograms revealed that thermodynamic events generated during the titration corresponded to complex interactions as reported in similar studies conducted on other nanoparticles [START_REF] Sogias | Why is chitosan mucoadhesive?[END_REF][START_REF] Menchicchi | Structure of chitosan determines its interactions with mucin[END_REF][START_REF] Chatterjee | Mucoadhesive Polymers and Their Mode of Action: A Recent Update[END_REF]. Different situations were highlighted depending on the zeta potential of the nanoparticles. Interactions between nanoparticles and the model mucins was acknowledged by a single signal due to occurrence of an exothermic (R-Dex: ζ = -11 ± 1 mV, R-P2: ζ = -16 ± 2 mV) or an endothermic (R-CP1: ζ = + 33 ± 1 mV) event but others exhibited more complex signals including a sequence of an endo followed by an exothermic event (R-DexSO An exothermic event is the signature of the predominance of non-covalent interactions including Van der Waals interactions, electrostatic interactions, and the establishment of hydrogen bonds between molecules. An endothermic event reveals the predominance of dessolvation phenomena causing a release of water of hydration [START_REF] Prozeller | Isothermal titration calorimetry as a complementary method for investigating nanoparticle-protein interactions[END_REF].

Existing models could not be used to interpret quantitively further the enthalpograms. This difficulty was also pointed out by [START_REF] Menchicchi | Structure of chitosan determines its interactions with mucin[END_REF] in a work investigating interaction between mucins and soluble chitosan by ITC. Thus, the analysis was achieved graphically evaluating the amplitude of heat changes monitored for each thermic event shown on curves. Orders of magnitude monitored for these amplitudes ranged from 10 +7 to 10 +10 kcal.mol -1 nanoparticles that were the injectant during ITC titration experiments (Figure 9). The present values were very high compared with other ITC studies analyzing interactions between small molecules (See examples in Archer and Schulz, 2020), but it can be explained by the very low ranges of concentrations (nMol range) of the interacting species due to their macromolecular and particular species [START_REF] Prozeller | Isothermal titration calorimetry as a complementary method for investigating nanoparticle-protein interactions[END_REF]. The highest amplitudes were recorded with the highly charged nanoparticles which showed the larger size and did not include poloxamer 188 in their formulation (R-DexSO No clear difference was highlighted in the amplitude of the exothermic events monitored with nanoparticles R-C and A-C (4.2x10 +9 kcal.mol -1 nanoparticles and 4.1x10 +9 kcal.mol -1 nanoparticles respectively) which differed from the architecture of chitosan chains at the nanoparticle surface. In contrast, the amplitude of the second thermic event that was endothermic differed between the two types of nanoparticles. The absolute value was higher (4.1x10 +9 kcal.mol -1 nanoparticles) with R-C nanoparticles on which chitosan chains was in a brush like configuration and the lowest (0.9x10 +9 kcal.mol -1 nanoparticles) with A-C nanoparticles on which the chitosan chains were arranged as loops and trains on the nanoparticle surface. Enthalpograms reporting heat exchanges monitored from interactions of mucins with R-Dex and nanoparticles prepared with poloxamer 188 showed much lower amplitudes suggesting that these nanoparticles poorly interacted with mucins (Figure 9B). For instance, the enthalpogram from titration experiments performed with R-Dex (D H = 220 ± 10 nm, ζ = -11 ± 1 mV) showed an exothermic event with an amplitude of 1.37x10 +8 kcal.mol -1 nanoparticles. That of R-P1 (D H = 149 ± 8 nm, ζ = -21 ± 1 mV) showed a first endothermic event with an amplitude of -1.43x10 +8 kcal.mol -1 nanoparticles followed by an exothermic event which amplitude could not be determined at the equilibrium. A single endothermic event was recorded with R-CP1 (D H = 184 ± 15 nm, ζ = + 33 ± 1mV) nanoparticles and an exothermic event followed by an endothermic event was monitored with nanoparticles A-CP (D H = 107 ± 3 nm, ζ = + 19 ± 5mV). The characteristics shown by nanoparticles of this last series were in the intermediate range of size and positive or negative zeta potentials. Lowest amplitudes were recorded with nanoparticles of the lowest size R-P2 and R-CP2 but showing opposite zeta potential (R-P2, D H = 95 ± 4 nm, ζ = -16 ± 2 mV, R-CP2, D H = 64 ± 1 nm , ζ = + 24 ± 6 mV).

Permeability of the nanoparticles through rat intestinal tissue in Ussing chambers

The permeability of the nanoparticles across the intestine of rats was evaluated in the Ussing chamber model investigating the content in nanoparticles of the receiving compartment after 120 min of experiment. Determinations were performed from the same set of experiments evaluating the retention of the nanoparticles on intestinal mucosa maintained in a viable stage in Ussing chambers (see section 3.2.). Examples of electron micrographs of samples recovered from the receiving compartment were included in figure 2 (right column). Nanoparticles could be observed in all samples, but the occurrence of the observation depended on the type of nanoparticles. Few nanoparticles could be seen in the receiving compartments of Ussing chambers of experiments performed with nanoparticles prepared without poloxamer 188 (R-DexSO 3 H, R-C, R-Dex) (figure 2). Interestingly, the observed nanoparticles showed a diameter below 100 nm corresponding to the smallest nanoparticles observed in the parent dispersion (Figure 2 left column). Many nanoparticles were observed on micrographs of the contents of receiving compartments of Ussing chambers of experiments performed with the smallest nanoparticles (D H < 100 nm) (R-P2, R-CP2). Having highlighted the presence of nanoparticles in the receiving compartments of the Ussing chambers, a dosage was achieved by FACS thanks to a linear response obtained between the fluorescence signal given by nanoparticles monitored by the detector of the FACS apparatus and the concentration of nanoparticles in the receiving compartment (Figure S1 in supporting information). Results of these dosages were used to calculate the flux, J, of nanoparticles across the intestinal tissue and their apparent permeability, P appD>R , through the normalization of the flux by the initial concentration of nanoparticles introduced in the donor compartment of the Ussing chambers. Another apparent permeability, P appM>R was calculated from the concentration in nanoparticles found in the mucus deduced from the analysis of the retention of the nanoparticles on the mucosa (see section 3.2.). A comparison between the two apparent permeability was assumed to provide information on the limiting steps to the absorption if any. Results were summarized in the figures 10 and 11. Details on statistical analysis of the data were provided in tables S4 and S5 in the Supporting information. C: See Table S4 in Supporting information for the results of the statistical analysis. S5 in Supporting information for the results of the statistical analysis.

Values observed for the flux and the P appD>R of the nanoparticles were consistent with those generally found in the literature for nanoparticles [START_REF] Petit | The Counterbalanced Effect of Size and Surface Properties of Chitosan-Coated poly(isobutylcyanoacrylate) Nanoparticles on Mucoadhesion Due to Pluronic F68 Addition[END_REF][START_REF] Fan | Design and evaluation of solid lipid nanoparticles modified with peptide ligand for oral delivery of protein drugs[END_REF]. Compared with values found in the literature for small molecules [START_REF] Westerhout | A new approach to predict human intestinal absorption using porcine intestinal tissue and biorelevant matrices[END_REF][START_REF] Sjögren | Excised segments of rat small intestine in Ussing chamber studies: A comparison of native and stripped tissue viability and permeability to drugs[END_REF], they were 10 to 1000 times smaller. This is not very surprising as small molecules undergoing developments are methodically preselected for their druglikeness according to well established rules like the Lipinski's rule which nanoparticles missed to fulfil considering their large size [START_REF] Lipinski | Experimental and computational approaches to estimate solubility and permeability in drug discovery and development settings[END_REF].

A difference of up to 4 decades was evidenced between nanoparticles showing the lowest flux and P appD>R (A-C: J = 2 ± 1 nanoparticles.s -1 .cm -², P appD>R = 2.3 x 10 -10 ± 0.9 x 10 -10 cm.s -1 ) and those showing the highest flux and P appD>R (R-P1: J = 2.4 x 10 4 ± 1.5 x 10 4 nanoparticles.s -1 .cm -², P appD>R = 2.5 x 10 -8 ± 1.5 x 10 -8 cm.s -1 ) (Figure 10 and 11). In general, fluxes and apparent permeabilities of nanoparticles formulated with poloxamer 188 (R-P1, R-P2, R-CP1, R-CP2 and A-CP) were significantly higher (p-value ≤ 0.1) than those shown by nanoparticles formulated without poloxamer 188 (R-C, A-C, R-DexSO 3 H and R-Dex). No significant difference was found between P appD>R and P appM>R for nanoparticles R-P1, R-P2, R-C, R-CP1, C-CP2 and A-CP suggesting a continuous transfer of nanoparticles from the donor compartment to the mucosa and from the mucosa to the receiver compartment of the Ussing chamber. Considering the nanoparticle R-DexSO 3 H, the P appD>R was significantly higher than P appM>R (pvalue < 0.05). This can be explained by the accumulation of the nanoparticles on the mucosa while their transfer in the receiver compartment was limited. The nanoparticles R-Dex and A-C showed a different behavior consistently with their low concentration in mucus. The higher value of P appM>R compared to P appD>R suggested that the limiting step to the absorption of these latter nanoparticles was their poor retention on the mucosa.

Ratios between amounts of nanoparticles found in the receiver compartment of the Ussing chamber and the initial amounts of nanoparticles introduced in the donor compartment or the amounts of nanoparticles retained on the mucosa were calculated to evaluate the percentage of nanoparticles absorbed through the gut epithelium from the donor compartment and the mucosa. Results presented in the figure 6A (orange and grey bars) showed maximal values of R receiver/donneur = 3.6 x 10 -2 %, R receiver/mucus = 5.2 % (see R-P1) and percentages varying from 1.3 x 10 -4 % (nanoparticles A-C) to 3.6 x 10 - 2 % (nanoparticles R-P1) considering the ratio between nanoparticles in the receiver compartment and the initial amounts introduced in the donor compartment. These results indicated a generally low absorption of the nanoparticles across the intestinal tissue in the experimental conditions used in the work.

To highlight eventual incidence of the nanoparticle characteristics, graphs showing the variation of P appD>R according to their size and zeta potential were plotted in the figure 12. The plot showing the influence of the nanoparticle size on the P appD>R tended to follow a bell shape curve with a maximum at D H around 150 and 200 nm. No clear correlation appeared between the zeta potential and the P appD>R of the nanoparticles (Figure 12). Several pairs of nanoparticles with opposite zeta potential showed very similar P appD>R (see for instance nanoparticles R-Dex: ζ = -7 ± 2 mV, P appD>R = 1.8 x 10 -9 ± 0.7 x 10 -9 cm.s -1 and R-C: ζ = + 36 ± 4 mV, P appD>R = 2 x 10 -9 ± 0.5 x 10 -9 cm.s -1 , or nanoparticles R-P2 : ζ = -19 ± 2 mV, P appD>R = 4.5 x 10 -9 ± 2 x 10 -9 cm.s -1 and R-CP2: ζ = + 17 ± 5 mV, P appD>R = 4.3 x 10 -9 ± 0.7 x 10 -9 cm.s - 1

). Nevertheless, differences in P appD>R shown between nanoparticles of positive zeta potential covered three orders of magnitude (2.3 x 10 10 ± 0.9 x 10 -10 cm.s -1 (A-C) to 1.9 x 10 -8 ± 1 x 10 -8 cm.s -1 (A-CP)) while the variation was narrower considering nanoparticles of negative zeta potential (1.8 x 10 -9 ± 0.7 x 10 -9 cm.s -1 (R-Dex) to 2.5 x 10 -8 ± 1.5 x 10 -8 cm.s -1 (R-P1)) (Figure 12 B,D). It is noteworthy that nanoparticles showing the highest values of P appD>R were all of size bellow 200 nm.

Equivalent graphs were drawn considering the flux of nanoparticles across the intestinal epithelium (Figure 13). Graphs showing the variation of the flux expressed in mg.s -1 .cm -² (Figure 13 A,B) resembled those given the variation of P appD>R plotted on the figure 12 A andB. This could be expected providing that P appD>R was calculated by dividing J by the concentration of the nanoparticles in the donor compartment which was very similar considering the different types of nanoparticles. Consistently with the previous results, experimental data were scattered on plots showing the flux in mg.s -1 .cm -² (Figure 13 A,B) and on graphs evaluating the influence of the zeta potential of the nanoparticles on their flux across the intestinal tissue (Figure 13 B,D). As pointed out considering P appD>R , nanoparticles showing zeta potential with opposite signs could show very similar values of flux emphasizing that the zeta potential had no influence on the passage of the nanoparticles across the gut epithelium (See for instance nanoparticles R-P2 with ζ = -19 ± 2 mV, J = 1.6 x 10 4 ± 1 x 10 4 Nanoparticles.s -1 .cm -², nanoparticles R-CP2 with ζ = + 17 ± 5 mV, J = 1.6 x 10 4 ± 0.2 x 10 4 Nanoparticles.s -

Figure 12: Influence of the nanoparticle size (A,C) and zeta potential (B,D) on the apparent permeability coefficient of the nanoparticles across the intestinal tissue from the donor to receiver compartment of the Ussing chamber (P appD>R ) (A,B) and from the mucosa to the receiver compartment of the Ussing chamber (P appM>R ) (C,D). Values of P app were given in a

1

.cm -² and nanoparticles R-CP1 with ζ = + 23 ± 1 mV, J = 1.3 x 10 4 ± 0.2 x 10 4 Nanoparticles.s -1 .cm -²) (Figure 13D). In contrast, data appeared more ordered on graphs evaluating the influence of the nanoparticle size on the flux expressed as the number of nanoparticles.s -1 .cm -² (Figure 13 C). Nanoparticles which diameters were below 200 nm showed the highest values of fluxes comprised in a narrow range. For nanoparticles with a size higher than 200 nm, the flux decreased gradually with the increase of the nanoparticle size. This decrease of the fluxes covered the 4 decades of difference noted above. Noteworthy, as for the retention on the mucosa, the nanoparticle characteristics influencing the most the absorption was the size while no influence of the zeta potential nor the chain configuration was evidenced (Figures 1213).

Discussion

The development of nanomedicines follows a generally long process. It is still largely based on empirical formulation methodologies which is a brake for an efficient clinical translation. An acceleration of development processes is expected to come from a better understanding of their interactions with biological barriers they are facing while delivering their cargo at the image of current methodologies used in the industry for the development of small molecular drugs (Lipinski et al., 2001, Larregieu and[START_REF] Larregieu | Distinguishing between the permeability relationships with absorption and metabolism to improve BCS and BDDCS predictions in early drug discovery[END_REF]. However, much work is still needed to fill the gap in order to have rational formulation tools that better anticipate the biological outcome of nanomedicines in their drug delivery mission [START_REF] Bueno | Bringing Nanotechnology Closer to Lipinski's Rule of Five[END_REF]. In this context, the present work was aimed to improve our knowledge on the design of polymer nanoparticles for the oral route investigating the influence of a series of nanoparticle characteristics on their capacity to be retained on the intestinal mucosa of rats and absorbed by the intestinal mucosa. Enhancing our understanding of their in vivo fate was expected to help designing nanoparticles which characteristics are well adjusted to the formulation aim, e.g., to promote a local delivery of the drug near the absorptive epithelium or nanoparticles that could be absorbed transporting drugs across the epithelium barrier when they would be incapable to cross by themselves.

To carry on this work, a series of 9 formulations of poly(isobutylcyanoacrylate) (PIBCA) nanoparticles was designed to include different size and zeta potential and to show different retention on mucosa and absorption fate according to data acquired in previous separate works from which 4 formulations were shared (R-C (Bertholon et al., 2006a, Bravo-Osuna et al., 2007a[START_REF] Palazzo | Mucoadhesive properties of low molecular weight chitosan-or glycol chitosan-and corresponding thiomer-coated poly(isobutylcyanoacrylate) core-shell nanoparticles[END_REF], R-Dex, A-C (Bertholon et al., 2006a), R-P1, [START_REF] Petit | The Counterbalanced Effect of Size and Surface Properties of Chitosan-Coated poly(isobutylcyanoacrylate) Nanoparticles on Mucoadhesion Due to Pluronic F68 Addition[END_REF]). Although the evaluation of the retention of nanoparticles on mucosa was performed with different methodologies, results shown here considering these 4 formulations agreed well emphasizing the reproducibility of the method of nanoparticle synthesis and of their biological properties (Bertholon et al., 2006a, Bravo-Osuna et al., 2007a[START_REF] Petit | The Counterbalanced Effect of Size and Surface Properties of Chitosan-Coated poly(isobutylcyanoacrylate) Nanoparticles on Mucoadhesion Due to Pluronic F68 Addition[END_REF][START_REF] Palazzo | Mucoadhesive properties of low molecular weight chitosan-or glycol chitosan-and corresponding thiomer-coated poly(isobutylcyanoacrylate) core-shell nanoparticles[END_REF].

In our series of nanoparticles, the nanoparticles R-C and A-C were formulated with a surface coated with chitosan. Chitosan is the gold standards for the design of mucoadhesive nanomedicines assuming it can enhance retention on the mucosa thanks to favorable electrostatic interactions with mucins [START_REF] Netsomboon | Mucoadhesive vs. mucopenetrating particulate drug delivery[END_REF][START_REF] Lang | Advances and applications of chitosan-based nanomaterials as oral delivery carriers: A review[END_REF][START_REF] Seyam | Recent Progress of Chitosan and Chitosan Derivatives-Based Nanoparticles: Pharmaceutical Perspectives of Oral Insulin Delivery[END_REF]. This compound was also added on nanoparticle surfaces as absorption enhancer in several works [START_REF] Schipper | Chitosans as absorption enhancers for poorly absorbable drugs. 2: mechanism of absorption enhancement[END_REF], Chaterjee et al., 2017[START_REF] Lang | Advances and applications of chitosan-based nanomaterials as oral delivery carriers: A review[END_REF][START_REF] Seyam | Recent Progress of Chitosan and Chitosan Derivatives-Based Nanoparticles: Pharmaceutical Perspectives of Oral Insulin Delivery[END_REF]. The nanoparticles R-P1 and R-P2 were synthesized with a coat of poloxamer 188 including PEG in its chemical structure. According to recent works, the presence of PEG on nanoparticle surface can promote their penetration in the mucus favoring their retention on the mucosa by mucopenetration [START_REF] Maisel | Effect of surface chemistry on nanoparticle interaction with gastrointestinal mucus and distribution in the gastrointestinal tract following oral and rectal administration in the mouse[END_REF][START_REF] Netsomboon | Mucoadhesive vs. mucopenetrating particulate drug delivery[END_REF][START_REF] Huckaby | PEGylation for enhancing nanoparticle diffusion in mucus[END_REF][START_REF] Liu | Strategies and industrial perspectives to improve oral absorption of biological macromolecules[END_REF][START_REF] Murgia | The role of mucus on drug transport and its potential to affect therapeutic outcomes[END_REF][START_REF] Wu | Engineering nanomaterials to overcome the mucosal barrier by modulating surface properties[END_REF]. Besides, poloxamer 188 was also used to reduce the size of nanoparticles in different works [START_REF] Seijo | Design of nanoparticles of less than 50 nm diameter: Preparation, characterization and drug loading[END_REF][START_REF] De Martimprey | New core-shell nanoparticles for the intravenous delivery of siRNA to experimental thyroid papillary carcinoma[END_REF][START_REF] Petit | The Counterbalanced Effect of Size and Surface Properties of Chitosan-Coated poly(isobutylcyanoacrylate) Nanoparticles on Mucoadhesion Due to Pluronic F68 Addition[END_REF]. Another set of nanoparticles were coated with both chitosan and poloxamer 188 (R-CP1, R-CP2 and A-CP) assuming they would include both mucoadhesive and mucopenetrating properties expecting this will enhance their retention on mucosa and promote their absorption. Last types of nanoparticles were synthesized with dextran (R-Dex) and dextran sulfate (R-DexSO 3 H) which have no known effect on the retention and/or absorption by the gut mucosa. The molecular architecture of the hydrophilic macromolecule decorating the nanoparticle surface was controlled through the polymerization mechanisms applied during nanoparticle synthesis.

Together, the series of nanoparticles included a great combination of characteristics that had never been considered before in a systematic study evaluating the retention of nanoparticles on the intestinal mucosa mounted in Ussing chambers, their absorption in the same experimental set and investigating their interactions with mucins on a thermodynamic point of view.

Results on the evaluation of the retention of the nanoparticles on the mucosa and of their absorption were acquired considering an apparent surface area of the intestinal mucosa of 1 cm² taken in the jejunum region of the rat intestine. The figure 14 gives a comparison between phenomena which can be expected resulting in the retention and absorption of nanoparticles by the gut mucosa with the different measures that could be achieved during this work. Some differences can be pointed out. For instance, the retention of nanoparticles on the mucosa results from dynamic phenomena occurring in physiological conditions which includes exchanges between the mucus and the donor compartment and diffusion through the mucus layer. In contrast, measurements provided with a snapshot of the amounts of nanoparticles associated with the whole mucosa at a certain time. Regarding the evaluation of the absorption, direct measurements could be achieved from the donor to the receiver compartment of the Ussing chamber evaluating the absorption through the whole mucosa. The absorption through the epithelium was also calculated from the amounts of nanoparticles retained on the mucus. One objective of the discussion was to give a realistic picture of the fate of the nanoparticles in the GIT simulating their retention and absorption along the entire length of the jejunum. Another objective was to analyze links between the retention of nanoparticles on the mucosa, the nature of interactions between nanoparticles and mucins and their absorption by the intestinal tissue suggesting mechanisms explaining the different fates observed with the different nanoparticles. Comparison between actual phenomena including dynamic exchanges between the compartments and the mucosa (left side) and measurements performed which give a snapshot of the distribution of the nanoparticles between the compartments and the mucosa at a given time of the experiment (right side).

Simulations of the retention and absorption of the nanoparticles by the entire length of the jejunum.

Evaluated on an apparent surface of 1 cm², fractions of the initial dose of nanoparticles introduced in the donor compartment of the Ussing chamber that were retained on the mucosa (Max 2.8%) and absorbed (Max 1%) were low (Figures 6A). However, the obtained results might be considered in the perspective of the intestinal transit along the entire length of the jejunum although it could not take into account the dynamic aspects of the transit as experimental results were determined at a single time as explained in the Figure 14. The simulation was performed considering the dimensions of the rat jejunum given in the literature (length: 100 cm, diameter: 0.4 cm, surface area: 126 cm²) [START_REF] Nascimento | Gastrointestinal morphological alterations in obese rats kept under hypercaloric diets[END_REF], Vdoviakova et al., 2016). Differences in retentions between nanoparticles varied from 18.5 (nanoparticles A-C) to 97.3 % (nanoparticles R-DexSO 3 H) of the initial amounts introduced in the donor compartment of the Ussing chamber, but the simulated absorption remained at a low level (between 0.01 and 3%) whatever the type of nanoparticles and their retention on the mucosa (figure 15A andB). With such a low absorption, the nanoparticles considered in the present work will not be suitable to achieve sufficient systemic delivery of drugs needing high absorption rates consistently with the question raised by Leroux a few years ago on the use of nanoparticles as a reasonable approach to increasing oral bioavailability of proteins notably for the treatment of diabetes [START_REF] Leroux | Drug Delivery: Too Much Complexity, Not Enough Reproducibility?[END_REF]). However, several types of nanoparticles (R-DexSO 3 H, R-C and A-CP) showed interesting rates of retention on the mucosa. They could be suitable to deliver a drug near the epithelium hence absorption sites providing that the drug would be released from the nanoparticles prior their elimination by the turnover of the mucus [START_REF] Date | Nanoparticles for oral delivery: Design, evaluation and state-of-the-art[END_REF][START_REF] Netsomboon | Mucoadhesive vs. mucopenetrating particulate drug delivery[END_REF][START_REF] Das Neves | Technological strategies to overcome the mucus barrier in mucosal drug delivery[END_REF][START_REF] Lang | Advances and applications of chitosan-based nanomaterials as oral delivery carriers: A review[END_REF]. Nevertheless, the low absorption level shown by these nanoparticles could be high enough deserving careful consideration from a safety point of view. of jejunum mucosa after 120 in of experiment. Simulations were performed from the experimental results acquired using a rat jejunum mucosa of 1 cm² in Ussing chamber and considering the dimensions of the rat jejunum given in the literature (length: 100 cm, diameter: 0.4 cm, surface area: 126 cm²) [START_REF] Nascimento | Gastrointestinal morphological alterations in obese rats kept under hypercaloric diets[END_REF], Vdoviakova et al., 2016).

Mechanisms of retention of the nanoparticles on the mucosa

As pointed out above, the calculated fraction of nanoparticles retained on the entire length of the jejunum from the initial amount varied from 18.5 % of the dose for the lowest observed with nanoparticles A-C to almost 100 % (97.3 %) for the nanoparticles R-DexSO 3 H (figure 15 A). Finding these nanoparticles at the extremes of the retention range was intriguing. The most retained nanoparticles showed a negative zeta potential (ζ = -41 ± 3 mV) while the less retained nanoparticles showed one of the highest positive zeta potentials (ζ = + 35 ± 2 mV) thanks to the presence of chitosan chains on their surface. The observed results contradict the preferred choice of chitosan supported in the literature to design formulations adhering on mucosa thanks to their positive zeta potential [START_REF] Netsomboon | Mucoadhesive vs. mucopenetrating particulate drug delivery[END_REF][START_REF] Liu | Strategies and industrial perspectives to improve oral absorption of biological macromolecules[END_REF][START_REF] Murgia | The role of mucus on drug transport and its potential to affect therapeutic outcomes[END_REF]. Although still strongly anchored, this formulation strategy was recently questioned by data showing interested retention of nanoparticles having negative zeta potential. This was explained by the complexity of phenomena leading to the retention of nanoparticles on mucosa which require a balance between hydrophilic/hydrophobic properties and of positive/negative charges on the nanoparticle surface as well as of nanoparticle mucus diffusive capacities [START_REF] Huckaby | PEGylation for enhancing nanoparticle diffusion in mucus[END_REF][START_REF] Liu | Strategies and industrial perspectives to improve oral absorption of biological macromolecules[END_REF][START_REF] Wu | Engineering nanomaterials to overcome the mucosal barrier by modulating surface properties[END_REF][START_REF] Han | Multifunctional oral delivery systems for enhanced bioavailability of therapeutic peptides/proteins[END_REF][START_REF] Li | The intestine-responsive lysozyme nanoparticles-in-oxidized starch microgels with mucoadhesive and penetrating properties for improved epithelium absorption of quercetin[END_REF]. This new context encouraged trying to explain the observed differences of behavior of our nanoparticles.

Before that, few general remarks were drawn from the results of the nanoparticle retention on the gut mucosa. At first, the most influencing parameter was the nanoparticle diameter as acknowledged by the quantitative relationship describing the number of nanoparticles retained per surface unit of mucosa according to the nanoparticle diameter (figure 4B) (see equation 7). In agreement with data of the literature, the most retained nanoparticles were those of the smallest size [START_REF] Durrer | Mucoadhesion of latexes. II. Adsorption isotherms and desorption studies[END_REF][START_REF] Ponchel | Mucoadhesion of colloidal particulate systems in the gastro-intestinal tract[END_REF], Bertholon et al., 2006a[START_REF] Petit | The Counterbalanced Effect of Size and Surface Properties of Chitosan-Coated poly(isobutylcyanoacrylate) Nanoparticles on Mucoadhesion Due to Pluronic F68 Addition[END_REF][START_REF] Liu | Strategies and industrial perspectives to improve oral absorption of biological macromolecules[END_REF][START_REF] Wu | Engineering nanomaterials to overcome the mucosal barrier by modulating surface properties[END_REF]. A clear size cut off above which the nanoparticles were less retained on mucosa appeared around 200 nm. This corresponded to the mesh size of the mucus hydrogel of the rat GIT [START_REF] Huckaby | PEGylation for enhancing nanoparticle diffusion in mucus[END_REF]Lai 2018, Murgia et al., 2018) and could be a threshold above which nanoparticles are excluded from a diffusion in the 3D network of the mucus hydrogel thanks to its sieving properties and bellow which nanoparticles can penetrate and diffuse into it [START_REF] Lai | Mucus-penetrating nanoparticles for drug and gene delivery to mucosal tissues[END_REF]. Secondly, the sign of the zeta potential of the nanoparticles depended well on the nature of the macromolecules coating the nanoparticle surface. However, it had no direct influence on the measured mucosa retention. Nonetheless, the nature of the macromolecules coating the nanoparticle surface influenced the nature of interactions between nanoparticles and mucins as revealed from determinations of their thermodynamic aspects by ITC considering a model mucin solution (Figure 7).

Based on these considerations, diameters shown by nanoparticles R-DexSO 3 H (D H = 348 ± 11 nm) and A-C (D H = 528 ± 11 nm) were above the mucus mesh size suggesting that none could penetrate the mucus hydrogel due to its sieving effect. According to the ITC experiments both types of nanoparticles could interact with model mucins despite their opposite zeta potential (ζ = -41 ± 3 mV and + 35 ± 2 mV respectively) (Figure 7, 8 and 9). Interactions were complex including a sequence of interactions of different nature that was opposite between the two types of nanoparticles (Figure 7). The nanoparticles R-DexSO 3 H were well retained on the mucosa as acknowledged by a concentration of nanoparticles in mucus 4.5 times higher than the concentration in the donor compartment (Figure 6B). However, consistently with their diameter, the number of theoretical nanoparticle layers at the surface of the mucosa (closed to 1 (1.3)) suggested that they remained on the surface of the mucus layer.

Accordingly, the high level of retention of R-DexSO 3 H nanoparticles can be explained by their capacity to interacts with mucins and to adhere on the surface of the mucus layer tightly bound to the mucosa surface as illustrated on the figure 16A1. The results suggesting this mechanism were obtained in static experimental conditions which could provide an optimistic view of the retention of nanoparticles on the mucosa. Indeed, premature removal of the nanoparticles from the mucosa surface cannot be excluded in physiological conditions due to the constant renewal of the mucus and the gut peristaltic motions that were not reproduced in the used experimental model. The behavior of the nanoparticles A-C was different. Their concentration in the mucus was 4 times lower than that in the donor compartment suggested that they were excluded from the mucus (Figure 6B). According to the theoretical number of layers of nanoparticles formed at the mucosa surface (much below 1), they were scattered on the mucosa surface. These fates contradicted their high capacity to interact with mucins showed by the saturation of their surface with mucin molecules (Figure 6B). These could be explained by the interactions of the A-C nanoparticles with soluble and loosely bound mucins upon transient contact with the mucosa as illustrated on the figure 16 A2 and postulated by Collado-Gonzalez et al., 2019. The retention of nanoparticles by this mechanism is not expected to be significantly affected by the dynamic conditions encountered under physiological conditions.

Figure 16: Mechanisms suggested to explain interactions of nanoparticles with the mucosa and their absorption. A: nanoparticles which size were above the threshold imposed by the mesh size of the mucus hydrogel. to the sieving effect of the mucus, the nanoparticles could not penetrate into the 3D network of the mucus hydrogel. A1: nanoparticles excluded from the mucus hydrogel but adhering on the mucus layer strongly bound to the epithelium, A2: Nanoparticles interacting with the loose mucus layer being not capable to remain on the mucosa, A3: Nanoparticles which did not interacted with mucus hampering their adhesion on the mucosa. B: nanoparticles which size were below the threshold imposed by the mesh size of the mucus hydrogel and which did not interact with mucus. These nanoparticles could diffuse in the 3D network of the mucus hydrogel and reached the underlying epithelium. B1: Nanoparticles with a diameter smaller than the mesh size of mucus hydrogel), B2: Nanoparticles which size was closed to the mesh size of the mucus hydrogel.

Nanoparticles characterized by a diameter lower than 200 nm were all prepared with poloxamer 188.

Having a diameter less than the mesh size of the mucus hydrogel and PEG chains from poloxamer 188 in their outmost, these nanoparticles showed favorable characteristics for their diffusion and penetration in the mucus hydrogel [START_REF] Lai | Mucus-penetrating nanoparticles for drug and gene delivery to mucosal tissues[END_REF], Netsonboom and Bernkop-Schnürch, 2016[START_REF] Huckaby | PEGylation for enhancing nanoparticle diffusion in mucus[END_REF][START_REF] Liu | Strategies and industrial perspectives to improve oral absorption of biological macromolecules[END_REF][START_REF] Murgia | The role of mucus on drug transport and its potential to affect therapeutic outcomes[END_REF][START_REF] Wu | Engineering nanomaterials to overcome the mucosal barrier by modulating surface properties[END_REF]. Our results pointed in this direction. At first, the theoretical number of nanoparticle layers stacking on the mucosa surface above 1 (Figure 5) suggested that nanoparticles were penetrating in the three-dimensional space of the mucus hydrogel network. Second, interactions between nanoparticles and the model mucins were weak providing with favorable thermodynamic conditions for a free diffusion of the nanoparticles in the aqueous channels of the mucus hydrogel (Figure 8 and9). Finally, the partition of the nanoparticles between the mucus and the medium contained in the donor compartment showed values around 1 (0.63 To 1.3) (Figure 6B) suggesting that nanoparticle concentrations between the two media tended to equilibrate. Accordingly, the retention of these nanoparticles on the mucosa can be explained by a mechanism which involved the establishment of an equilibrium in concentration between the mucus and the medium contained in the donor compartment of the Ussing chamber and from their capacity to freely diffuse in the mucus layer without interacting with mucins (Scheme 16B). Although applicable for all nanoparticles having a smaller diameter compared to the mucus hydrogel mesh size, marked differences on the percentage of the initial dose of nanoparticles retained on the total length of jejunum were observed between nanoparticles as it varied from 39 to 80 % (Figure 15 A). The lowest percentage was observed with the smallest nanoparticles while the larger nanoparticles of this series showed the highest retention (figure 17). [START_REF] Nascimento | Gastrointestinal morphological alterations in obese rats kept under hypercaloric diets[END_REF], Vdoviakova et al., 2016).

The variation followed the retention of nanoparticles on mucosa expressed in mass (Figure 4A) which is a representative expression of the potential dose of an active ingredient transported by drug loaded nanoparticles. Thus, with 80% of the initial dose retained on the mucosal after complete transit in the jejunum, the A-CP nanoparticles characterized by a hydrodynamic diameter (D H = 197 ± 11 nm) closed to the mesh size of the mucus hydrogel appeared the most interesting formulation of this group of nanoparticles. Regarding this, poloxamer 188 was used in other works to reduce the size of nanoparticles allowing the synthesis of nanoparticles with diameters much below that requested to obtain formulations an optimal retention on the gut mucosa [START_REF] Seijo | Design of nanoparticles of less than 50 nm diameter: Preparation, characterization and drug loading[END_REF][START_REF] De Martimprey | New core-shell nanoparticles for the intravenous delivery of siRNA to experimental thyroid papillary carcinoma[END_REF][START_REF] Petit | The Counterbalanced Effect of Size and Surface Properties of Chitosan-Coated poly(isobutylcyanoacrylate) Nanoparticles on Mucoadhesion Due to Pluronic F68 Addition[END_REF]. This mechanism is highly based on an equivalent partition of the nanoparticles between the donor compartment and the mucus layer thanks to dynamic exchanges between these two media. Thus, the retention of the nanoparticles is not expected to be significantly affected by the dynamic conditions encountered under physiological conditions.

The nanoparticles R-Dex and R-C showed diameters above the mucus hydrogel mesh size suggesting that they were unable to penetrate the mucus three-dimensional hydrogel network (Lai et al., 2009, Netsomboon and[START_REF] Netsomboon | Mucoadhesive vs. mucopenetrating particulate drug delivery[END_REF]. Considering their theoretical number of layers formed on the mucosa surface (0.43 for R-dex, 0.69 for R-C) and partition between mucus and donor compartment (0.21 for R-Dex, 0.93 for R-C) they were indeed excluded from the surface of the mucosa. However, ITC measurements have revealed differences on their interactions with mucins suggesting that they were excluded from the mucosa surface by different mechanisms. The nanoparticles R-C showed similar interactions than the nanoparticles A-C. Both were coated with chitosan. Their interactions with the mucosa can occur through a similar mechanism (Figure 16A2). The difference noted between R-C and A-C nanoparticles can be attributed to a difference in the conformation of the chitosan chains at their surface. Regarding the nanoparticles R-Dex, they interacted less with mucins suggesting that their low retention on the mucosa could be explained through a mechanism mainly based on a steric exclusion (Figure 16A3). Consequently, it can be expected that the retention rate of the nanoparticles on the digestive mucosa would be weakly influenced by dynamic phenomena occurring in physiological conditions.

Finally, similarly to what was reported considering nanoparticles designed for the intravenous route (Bertholon et al., 2006d[START_REF] Moghimi | The effect of methoxy-PEG chain length and molecular architecture on lymph node targeting of immuno-PEG liposomes[END_REF][START_REF] Hamad | Distinct polymer architecture mediates switching of complement activation pathways at the nanosphere-serum interface: implications for stealth nanoparticle engineering[END_REF][START_REF] Coty | Tuning complement activation and pathway through controlled molecular architecture of dextran chains in nanoparticle corona[END_REF], the molecular architecture in the nanoparticle outmost also influenced interactions of nanoparticles with the gut barriers having potential effect on the biological outcome of orally administered nanomedicines. This was highlighted from differences found in the retention of corresponding nanoparticles of the series A and R on the mucosa and in the thermodynamic aspects of their interactions with mucins. Additional investigations would now be necessary to understand better how it intervened and to clarify how it could be used to modulate and optimize the biological outcome of drugs associated with the nanoparticles after oral administration.

From the different scenario proposed to explain how nanoparticles interacted with the gut mucosa (Figure 16), those considering the adhesion of the nanoparticles on the layer of tightly bound mucus (figures 16A1) and the diffusion and penetration of nanoparticles having a size closed to the mucus threshold (Figure 16B2) gave the most interesting retention (above 60 % of the initial dose of nanoparticles on entire length of the jejunum).

Absorption of the nanoparticles through the mucosa

Direct evidence of the absorption of nanoparticles by the intestinal mucosa was provided by TEM having revealed nanoparticles of size below 100 nm in the receiver compartment of the Ussing chambers whatever was the mean hydrodynamic diameter of the parent dispersions (Figure 2, right column). This size limit was already mentioned in earlier works suggesting the existence of a threshold for the absorption of nanoparticles [START_REF] Jani | Further histological evidence of the gastrointestinal absorption of polystyrene nanospheres in the rat[END_REF][START_REF] Desai | Gastrointestinal uptake of biodegradable microparticles: effect of particle size[END_REF][START_REF] Florence | The oral absorption of micro-and nanoparticulates: neither exceptional nor unusual[END_REF][START_REF] Pinto-Alphandary | Visualization of insulin-loaded nanocapsules: in vitro and in vivo studies after oral administration to rats[END_REF][START_REF] Roger | Lipid nanocarriers improve paclitaxel transport throughout human intestinal epithelial cells by using vesicle-mediated transcytosis[END_REF][START_REF] Guo | Research on the fate of polymeric nanoparticles in the process of the intestinal absorption based on model nanoparticles with various characteristics: size, surface charge and pro-hydrophobics[END_REF]. On a quantitative standpoint, the fraction of nanoparticles absorbed was low (0.01 to 3% of initial amounts simulating absorption along the entire length of the jejunum) (Figure 15B). The most absorbed nanoparticles were the nanoparticles R-P1 corresponding to nanoparticles the most retained on the mucosa thank to their high capacity to penetrate in the mucus layer (Figure 15B and 17B). Their mean D H being 200 nm was not in contradiction with the absorption size threshold as the size distribution can include particles of size below the limit pointed out for absorption. The generally low absorption observed with our nanoparticles will not be enough to promote the bioavailability of a drug that would not be absorbed on the free form and for which a high dose is required to produce a therapeutic effect. However, considering nanoparticles sequestrated on the mucosa which could be used to promote a local delivery of drugs near the absorptive epithelium, the rate of translocation of nanoparticles through the gut mucosa was not null and need to be carefully considered from a safety point of view. Besides, the use of nanoparticles showing an absorption around 3% (R-P1) could be envisaged in some situations, e.g., for enabling the oral absorption of non-absorbable but extremely active molecules for which an even low increase of the bioavailability at the systemic level would be enough to produce a therapeutic activity.

Results of nanoparticle absorption were analyzed in more detail regarding their relationship with the retention on the mucosa. The variation of P appD>R and J in function of the retention of the nanoparticles on mucosa were plotted on the figure 18. No specific relationship could be deduced regarding the variation of P appD>R , but the flux increased until a plateau value was reached. At the plateau, the flux was independent of the concentration gradient in nanoparticles established between the mucosa and the receiver compartment of the Ussing chamber (Figure 18B). The nanoparticles found at the plateau values corresponded to those retained on the mucosa surface according to a mucus diffusion penetration mechanism (Figure 16B) consistently with their theoretical number of layers formed on the mucosa surface (value above 1.5) (Figure 18D). The retention on the mucosa was considered as the concentration of nanoparticles retained in the mucus expressed as the number of nanoparticles per volume unit of the mucus found on 1 cm² apparent surface of jejunum (mucus thickness: 123 µm according to [START_REF] Atuma | The adherent gastrointestinal mucus gel layer: thickness and physical state in vivo[END_REF] 

(A, B) and was expressed as theoretical number of nanoparticle layers on mucosa (C, D). The absorption was expressed as the P appD>R (A, C) and the flux (B, D).

Providing with experimental evidence that nanoparticle absorption was conditioned by their diffusion in the mucus hydrogel, this result was expected since the nanoparticles must reach deep layers of mucus lining the epithelium surface to have any chance to be absorbed. Present experiments could not provide with a precise information on the mechanism involved in the absorption of the nanoparticles. However, the appearance of the plateau suggested that the nanoparticles were translocated to the receiver compartment of the Ussing chamber through a saturable mechanism which might include a limit of size for the nanoparticles transported across the epithelium. [START_REF] Roger | Lipid nanocarriers improve paclitaxel transport throughout human intestinal epithelial cells by using vesicle-mediated transcytosis[END_REF] have reported an absorption of lipid nanoparticles with size around 100 nm in diameter by a transcellular route. Similarities of the characteristics of corresponding translocation mechanisms with those identified in the present work suggested that the absorption of our nanoparticles could also occur through a translocation involving a transcellular route which now needs to be identified.

Conclusion

The behavior of a homogeneous series of nanoparticles prepared from the same building blocks but with varied design and macromolecular organization of their surface has been investigated in an experimental model evaluating their oral delivery potential from their retention and absorption by the gut mucosa. Results of the present work have provided with a comprehensive view of the influence of nanoparticle characteristics on their biological outcomes considering the maximal time the intestinal tissue can be maintained in a viable stage in the Ussing chamber experimental set-up. The absorption was generally low but wide differences could be highlighted between nanoparticles. Further, data suggested that absorption could occur only for nanoparticles which size is below a threshold of 100 nm and through a saturable process. The absorption process seemed to be controlled by a hybrid mechanism resulting from a combination of "sieving" effects and saturable processes possibly corresponding to a transcellular route of translocation across the gut epithelium. Obviously, more work would now be needed to further decipher this mechanism and to elucidate the kinetics. Similarly, retentions of nanoparticles on the mucosa varied a lot even upon small variations of the nanoparticle design. Interactions of the nanoparticles with the mucosa involved different mechanisms which were linked to the fine characteristics of the nanoparticles. Rather unexpectedly, and although the nanoparticles were prepared from the same materials, they were either retained into the mucosa or excluded out of the mucosa. This observation highlights the importance of the molecular organization of these particles which drives their interactions with the intestinal mucosa from their properties. Finally, from the formulator standpoint, this work can be a useful guidance towards a more rational design of nanoparticle for oral drug delivery. In particular, the present results could be useful to address different oral drug delivery challenges by designing nanoparticles with specific characteristics requested for their applications.
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Figure 1 :

 1 Figure 1: Size (A), polydispersity index (B) and zeta potential (C) of the different nanoparticles synthesized in this work. (Black: non fluorescent nanoparticles, pink: fluorescent nanoparticles labelled with rhodamine).

Figure 2 :

 2 Figure 2: Transmission electron micrographs of labelled nanoparticles contained in the prepared dispersions (left column, arrows pointed out particles with size D H ≤ 100 nm on lines A, B and C) and highlighted from the analysis of the content of the receiver compartments of USSING chambers obtained during permeability experiments (right column, arrows pointed out nanoparticles in samples where they were only few in lines A and B). A: R-DexSO 3 H, B: R-Dex, C: R-C, D: R-P2, E: R-CP2. Scale bar: 200 nm. The overall series of PACA nanoparticles synthesized for the present work differed from their sizes (D H from 85 ± 3 to 520 ± 11 nm) and zeta potential (ζ from -41 ± 3 to + 36 ± 4 mV) thanks to a surface composition made of different polysaccharides, PEG brought by poloxamer 188 or blends of a positively charged polysaccharide, chitosan, and PEG. It is noteworthy that this series of nanoparticles included pairs of nanoparticles with almost the same size (see for instance R-CP2, 64 ± 1 nm and R-P2, 95 ± 4 nm) but having opposite zeta potential (ζ = + 24 ± 6 mV and ζ = -16 ± 2 mV respectively). Others showed closed zeta potential but a different size (See for instance: R-P1: D H = 131 ± 8 nm, ζ = -17 ± 4 mV and R-P2: D H = 85 ± 3 nm, ζ = -19 ± 2 mV, or R-C: D H = 392 ± 12 nm, ζ = + 36 ± 4 mV and A-C: D H = 528 ± 11 nm, ζ = + 35 ± 2 mV). Based on our knowledge about the nanoparticles composing this series, the nanoparticles of type A, (A-C and A-CP) were designed with polysaccharide chains grafted on the side-on position forming loops and trains on the nanoparticle surface. On the surface of the nanoparticles of the R type (R-DexSO 3 H, R-Dex, R-C, R-P1, R-P2, R-CP1 and R-CP2), the polysaccharide chains were grafted on the end-on position taking a hairy molecular architecture(Bertholon et al., 2006b, Zandanel and Vauthier, 2012a). In general, this parameter was sparsely considered so far

Figure 3 :

 3 Figure 3: Retention of the nanoparticles on the mucosa determined from the fluorescence associated with the intestinal tissue at the end of the experiments in USSING chambers. The nanoparticles were introduced in the Ussing chamber in the compartment of the apical side of the intestinal tissue (donor compartment) and the experiment was lasted for 120 min. The fluorescence attributed to nanoparticles associated with the intestinal tissue at the end of the experiment was evaluated after lysis of the tissue. Results were expressed as the mass (A) or number (B) of nanoparticles associated with 1 cm² of tissue. (A) linear scale, (B) log(10) scale. Statistics: significant difference was considered for p-value ≤ 0.05 (*) and p-value ≤ 0.005 (**).(A) no significant difference was found comparing R-P1 with R-P2, R-CP1 with R-P1 and R-P2, R-CP2 with R-Dex, R-P1 and R-P2, R-DexSO 3 H with ACP. (B) no significant difference was found comparing R-CP1 with R-P1, R-CP2 with R-P1 and R-CP1, A-CP with R-P1 and R-CP2. All other comparisons provided with significant differences with p-value ≤ 0.05 or ≤ 0.005.Full data of the statistical analysis were provided in the TableS3(see supporting information).

Figure 4 :

 4 Figure 4: Retention of the nanoparticles on the mucosa according to the nanoparticle size (A,B) and zeta potential (C,D). The retention of the nanoparticles was given in mass per surface area unit (mg.cm -²) (A,C) and in number of nanoparticles per surface area unit of mucosa (nanoparticles.cm -²) (B, D). Blue symbols: nanoparticles with a negative zeta potential, red symbols: nanoparticles with a positive zeta. Open symbols: nanoparticles with D H < 100 nm.

Figure 5 :

 5 Figure 5: Theoretical number of layers of nanoparticles on the mucosa surface. Plots given the theoretical number of layers of nanoparticles on the jejunum mucosa on the type of nanoparticles (A), depending on the size (B) and zeta potential (C) of the nanoparticles. The grey zone on graphs B and C pointed out nanoparticles which D H was below 200 nm. Blue symbols and bars: nanoparticles with a negative zeta potential, red symbols and bars: nanoparticles with a positive zeta. Open signs: nanoparticles with D H < 100 nm.

Figure 6 :

 6 Figure 6: Comparisons of the distribution of the nanoparticles in the different compartments of the experimental set up including the donor compartment, the mucosa, and the receiver compartment. A: Percentage of the initial amounts of nanoparticles that associated with the mucosa (bars in light colors) and was absorbed (Bars in dark color), percentage of the nanoparticles retained on the mucosa that were absorbed (bars in intermediate color intensity). B: ratios between the concentration of nanoparticles in the mucus and the nanoparticle concentration in the donor compartment. Blue bars: nanoparticles showing a negative zeta potential, red bars: nanoparticles showing a positive zeta potential. The numbers 1, 2 and 3 indicated distinct behaviors. (1) Distribution of the nanoparticles in favor of the donor compartment: Exclusion regimen, (2) Equilibrium of the nanoparticle concentration between the donor compartment and the mucus: Diffusion regimen, (3) Distribution of the nanoparticles in favor of the mucosa: Adhesion regimen.

Figure 7 :

 7 Figure 7: Examples of typical enthalpogram showing the normalized heat flow of the interactions occurring between nanoparticles and mucins monitored during isothermal titration calorimetry. In these experiments, the injectant contained the nanoparticles. A: R-DexSO3H; B: R-Dex; C: R-P1 ; D: R-P2 ; E: R-C; F: R-CP1; G: R-CP2; H: A-C ; I: A-CP.The blue color was attributed to nanoparticles having a negative zeta potential, the red color was given to nanoparticles having a positive zeta potential.

  Results were reported in the figure 8A. Results independent of the nanoparticle size are shown on the figure 8B giving the number of mucin molecules per surface area unit (cm²). The plateau was not reached with the nanoparticles R-P1 or not frankly marked with nanoparticles R-DexSO 3 H. No saturation of the surface of these nanoparticles with mucin molecules was reached and the mucin/nanoparticle ratio indicated on the graph of the figure 8B corresponded to the maximum value obtained at the end of the titration. Results display on figure 8 appealed several remarks. The nanoparticles formulated with poloxamer 188, R-P1, R-P2, R-CP1, R-CP2, A-CP, showed the lower saturation. In contrast, the nanoparticles coated with highly charged polysaccharides, R-DexSO 3 H, R-C and A-C, were the most coated by mucins independently of the sign of their zeta potential (ζ = -43 ± 1 mV, ζ = + 36 ± 2, ζ = + 37 ± 3 mV respectively). It is noteworthy that this last series of nanoparticles corresponded to those of the larger size in the collection of nanoparticles considered in this work (D H = 324 ± 7 nm, D H = 362 ± 18 nm, D H = 295 ± 14 nm respectively). Regarding the nanoparticles R-Dex (D H = 220 ± 10 nm, ζ = -11 ± 1 mV)

Figure 8 :

 8 Figure 8: Mucins per nanoparticle and per surface area determined at the saturation for most samples or at the highest nanoparticle/mucin ratio tested when the equilibrium was not reached (indicated by * (almost reached) and ** (not reached).

  3 H: ζ = -43 ± 1 mV, R-P1: ζ = -21 ± 1 mV) or vice versa (R-C: ζ = + 36 ± 2 mV, A-C: ζ = + 37 ± 3 mV, R-CP2: ζ = + 24 ± 6 mV, A-CP: ζ = + 19 ± 5 mV). The different types of signals can be attributed to the occurrence of different types of interactions.

  3 H: D H = 324 ± 7 nm, ζ = -43 ± 1 mV, R-C: D H = 362 ± 18 nm, ζ = + 36 ± 2 mV, and A-C: D H = 295 ± 14 nm, ζ = + 37 ± 3 mV).

Figure 9 :

 9 Figure 9: Amplitudes of thermic events determined from the graphical analysis of the normalized enthalpograms shown on Figure 7. A: graphs in full scale, B: enlargement of the Y axis. Blue bars: First thermic event, orange bars: second thermic event if any. * and ** indicated that the systems did not reached equilibrium at the end of the titration experiment (See legend of figure 8).

Figure 10 :

 10 Figure 10: Flux of nanoparticles across the intestinal tissue determined from the dosage of nanoparticles found in the receiving compartment of the Ussing chamber after 120 min experiment. Top line: J given in a linear scale, bottom line: J given in a log(10) scale. Blue bars indicated nanoparticles having a negative zeta potential. Red bars indicated nanoparticles having a positive zeta potential. A: in mg.s -1 .cm -², B in nanoparticles. s -1 .cm -².C: See TableS4in Supporting information for the results of the statistical analysis.

Figure 11 :

 11 Figure 11: Apparent permeability coefficients, P app , calculated from the flux of nanoparticles regarding the initial concentration of nanoparticles introduced in the donor compartment of the Ussing chamber (P appD>R ) (dark columns) and of the concentration of nanoparticles found in the mucosa (P appM>R ) (light columns). Blue bars indicated nanoparticles having a negative zeta potential. Red bars indicated nanoparticles having a positive zeta potential. See TableS5in Supporting information for the results of the statistical analysis.

  Figure 12: Influence of the nanoparticle size (A,C) and zeta potential (B,D) on the apparent permeability coefficient of the nanoparticles across the intestinal tissue from the donor to receiver compartment of the Ussing chamber (P appD>R ) (A,B) and from the mucosa to the receiver compartment of the Ussing chamber (P appM>R ) (C,D). Values of P app were given in a Log scale. Blue symbols: nanoparticles having a negative zeta potential. Red symbols: nanoparticles having a positive zeta potential. Open symbols: nanoparticles with D H < 100 nm. Lines on frames A and C were drawn as guides to the eyes.

Figure 13 :

 13 Figure 13: Variation of the flux in mg.s -1 .cm -²) (A,B) and in number of nanoparticles.s -1 .cm -² (C,D) with the nanoparticle size (A,C) and zeta potential (B,D). J were given in a Log scale. Blue symbols: nanoparticles having a negative zeta potential. Red symbols: nanoparticles having a positive zeta potential. Open symbols: nanoparticles with D H < 100 nm. Dotted lines on frames A and C were guides for the eyes.

Figure 14 :

 14 Figure 14: Translocation of nanoparticles from the donor to the receiver compartment of the Ussing chamber.Comparison between actual phenomena including dynamic exchanges between the compartments and the mucosa (left side) and measurements performed which give a snapshot of the distribution of the nanoparticles between the compartments and the mucosa at a given time of the experiment (right side).

Figure 15 :

 15 Figure 15: Simulated retention (A) and simulated absorption of nanoparticles (B) on the whole length

Figure 17 :

 17 Figure 17: Influence of the nanoparticle size on the percentage of the initial amounts of nanoparticles retained (A) and absorbed (B) considering the entire length of jejunum. The simulation was achieved from the results of the evaluation of the amounts of nanoparticles retained or absorbed on/by 1cm² of mucosa considering the total surface area (126 cm²) corresponding to 100 cm long and 0.4 cm diameter jejunum[START_REF] Nascimento | Gastrointestinal morphological alterations in obese rats kept under hypercaloric diets[END_REF], Vdoviakova et al., 2016).

Figure 18 :

 18 Figure 18: Influence of the nanoparticle retention on the mucosa on their absorption through the epithelium.The retention on the mucosa was considered as the concentration of nanoparticles retained in the mucus expressed as the number of nanoparticles per volume unit of the mucus found on 1 cm² apparent surface of jejunum (mucus thickness: 123 µm according to[START_REF] Atuma | The adherent gastrointestinal mucus gel layer: thickness and physical state in vivo[END_REF] (A, B) and was expressed as theoretical number of nanoparticle layers on mucosa (C, D). The absorption was expressed as the P appD>R (A, C) and the flux (B, D).

  YA, Green RJ, Khutoryanskiy VV. 2015. Probing the Mucoadhesive Interactions Between Porcine Gastric Mucin and Some Water-Soluble Polymers. MacromolBiosci. 2015; 15(11):1546-1553. doi: 10.1002/mabi.201500158. 

Figure S1 :

 S1 Figure S1: Calibration curves giving the relationship between the intensity of the signal recorded by FACS (Mean Log FL2) and the concentration in nanoparticles in the sample.

Figure S2 :

 S2 Figure S2: Example of monitoring of the trans-epithelial electrical resistance (TEER) (A, B) and of the variation of the transepithelial conductance (G) (C,D) recorded over the duration of experiments performed in Ussing chambers evaluating the mucoadhesion and the passage of the nanoparticles across the intestinal tissue. On the figure A and B, the sudden variation of the intensity appearing after 130 min of experiment was triggered by the addition of histamin and acknowledged the vialbility of the intestinal tissue until the end of the experiment.

Table S1 :

 S1 Physicochemical characteristics of the different types of dispersions synthesized for this work. These nanoparticles were used in experiments investigating thermodynamic aspects of interactions between nanoparticles and a model mucin by ITC. Synthesis performed at 42°C. All other synthesis were carried out at 40°C. TableS1(continued): Physicochemical characteristics of the different types of dispersions synthesized for this work. These nanoparticles were used in experiments carried out in Ussing chambers which aimed to evaluate the retention and absorption by the intestinal mucosa. Synthesis performed at 42°C. All other synthesis were carried out at 40°C.

	Non fluorescent nanoparticles: Nanoparticles Nature of coating R-DexSO 3 H Dextan sulfate R-Dex Dextran R-P1 Poloxamer 188 R-P2* Poloxamer 188 R-C Chitosan A-C Chitosan R-CP1 Chitosan + poloxamer 188 R-CP2* Chitosan + poloxamer 188 A-CP Chitosan + poloxamer 188 * Fluorescent nanoparticles: Nature of coating R-DexSO3H Dextan sulfate R-Dex Dextran R-P1 Poloxamer 188 R-P2* Poloxamer 188 R-C Chitosan A-C Chitosan R-CP1 Chitosan + poloxamer 188 R-CP2* Chitosan + poloxamer 188 A-CP Chitosan + poloxamer 188 * Table	D H (nm) 324 220 149 95 362 295 184 64 107 DH (nm) 348 224 131 85 392 528 123 90 197	SD on D H 7 10 8 4 18 14 15 1 3 SD on DH 11 1 8 3 12 11 5 12 11	PDI 0,217 0,024 0,025 0,04 0,088 0;221 0,05 0,206 0,542 PDI 0,204 0,067 0,028 0,086 0,08 0,195 0,111 0,211 0,314	SD on PDI 0,015 0,025 0,013 0,027 0,003 0,021 0,025 0,099 0,175 SD on PDI Zeta (mV) zeta (mV) -43 -11 -21 -16 36 37 33 24 19 0,034 -41 0,005 -6,5 0,015 -17 0,022 -19 0,022 36 0,028 35 0,003 23 0,089 17 0,005 13	SD on Zeta 1 1 1 2 2 3 1 6 5 SD on Zeta 3 2 4 2 4 2 1 5 1
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