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Glucose-responsive multilayer capsules have been produced through the layer-by-layer deposition of biodegradable polymers (alginate derivative and polyvinylpyrolidone, PVPON) based on hydrogen bonding. The used polymers are alginate derivative and polyvinylpyrolidone (PVPON). Concentration-dependent glucose responsiveness was reached through chemical modification of alginate, selected as polyanion, with phenylboronic acid moieties (known to enable complexes with diols derivative). This strategy was implemented for the fabrication of smart capsules employing calcium carbonate microparticles as a removable core template. Glucose responsiveness was induced in the polymer assembly through chemical modification of alginate with phenylboronic acid moiety. Herein, we Quartz crystal microbalance measurements demonstrated that the alginate derivative self-assembles with the PVPON in accordance with (i) the formation of hydrogen bonding layer-by-layer assembly, and (ii) also evidence an enhancement of the stability versus the pH. We demonstrate that incorporating boronic acid moieties inside a polymer chain allows (i) glucose-responsiveness and (ii) using boronic moieties as hydrogen bond acceptor. This point is very appealing since H-bonds are classically stable in acidic media. This strategy was implemented for the fabrication of smart capsules employing calcium carbonate microparticles as a removable core template. This later strategy enables to consider the loading of two probes (rhodamine b and methylene blue hydrate). The porosity of the calcium carbonate microparticles this template has been used to load the first probe (rhodamine b) and the other one has been loaded through electrostatic interaction with the carboxylate moiety in the alginate (methylene blue hydrate). Insulin has also been loaded as chemical of interest to demonstrate the interest of the present strategy.

Introduction

The layer-by-layer (LbL) technique for the production of polymeric multilayer microcapsules has attracted great attention in the development of drug delivery systems (DDS). Indeed, LbL self-assembly is a versatile method enabling the production of multilayered thin films with controlled structure, thickness and composition. [START_REF] Donath | Novel hollow polymer shells by colloid-templated assembly of polyelectrolytes[END_REF] A key challenge for the application of capsules as a responsive DDS is to stabilize them at physiological conditions, as in an intracellular environment, while also being able to trigger film disassembly with an external stimulus, releasing the encapsulated substances. The driving force of LbL deposition is not restricted to attraction by electrostatic forces, [START_REF] Borges | Molecular interactions driving the layer-by-layer assembly of multilayers[END_REF] but can include others binding interactions such as covalent bonding, biological affinity and hydrogen bonding. [START_REF] Eugenia | Layer-by-Layer Hydrogen-Bonded Polymer Films: From Fundamentals to Applications[END_REF].

Hydrogen-bonding bonded LbL assembly was first highlighted by Rubner and Zhang simultaneously in 1997. [START_REF] Stockton | Molecular-Level Processing of Conjugated Polymers. 4. Layer-by-Layer Manipulation of Polyaniline via Hydrogen-Bonding Interactions[END_REF][START_REF] Wang | A new approach for the fabrication of an alternating multilayer film of poly (4-vinylpyridine) and poly (acrylic acid) based on hydrogen bonding[END_REF] This assembly method is based on alternate deposition of polymers with either a hydrogen bond donor or a hydrogen bond acceptor. [START_REF] Zhang | Fabrication of Hollow Capsules Based on Hydrogen Bonding[END_REF] An important characteristic of hydrogen-bonding bonded LbL multilayer films is that they are very sensitive to ionic strength and pH, which can be an advantage for the loading and release of chemicals of interest from these films. [START_REF] Thomas | Multiple Functionalities of Polyelectrolyte Multilayer Films: New Biomedical Applications[END_REF] Since hydrogen-bonding bonded LbL films are often composed of a polyacid (carboxylic acid moiety) as hydrogen bond acceptor, increasing the pH above the pKa of the polyacid leads to the disruption of hydrogen bonding by deprotonation of the carboxylic acid group. [START_REF] Zhang | Fabrication of Hollow Capsules Based on Hydrogen Bonding[END_REF] Consequently, most of the hydrogen-bonding bonded LbL multilayers are not stable under physiological conditions, which might be an issue. Some strategies have been developed to overcome this problem. One example is crosslinking the multilayer film [START_REF] Kozlovskaya | pH-Controlled Permeability of Layered Hydrogen-Bonded Polymer Capsules[END_REF] [3] [START_REF] Zelikin | Disulfide Cross-Linked Polymer Capsules: En Route to Biodeconstructible Systems[END_REF][START_REF] Zelikin | A general approach for DNA encapsulation in degradable polymer microcapsules[END_REF] However, developing a strategy to allow stability of hydrogen-bonded multilayer films under physiological conditions is still of major interest.

The glucose-sensitive drug delivery systems use a crucial biological function in living systems and are still a challenging task [START_REF] Wu | Organization of Glucose-Responsive Systems and Their Properties[END_REF]. Only a few researchers have paid attention to glucose as a chemical stimulus for monitoring the physicochemical properties of polymerbased assemblies. [START_REF] De Geest | Glucose-responsive polyelectrolyte capsules[END_REF] Phenylboronic acids are recognized to be able to form covalent bonds with polydiols such as polysaccharides under specific physicochemical conditions [START_REF] De Geest | Glucose-responsive polyelectrolyte capsules[END_REF]. Indeed, the complexation is only possible in a pH range above of the pKa of the boronic moieties (pKa~9) [START_REF] Wu | Organization of Glucose-Responsive Systems and Their Properties[END_REF][START_REF] De Geest | Glucose-responsive polyelectrolyte capsules[END_REF][START_REF] Brooks | Synthesis and Applications of Boronic Acid-Containing Polymers: From Materials to Medicine[END_REF]. Under this condition, there is an equilibrium between an uncharged and a charged form of this chemical (phenylboronic vs phenylboronate). Complexation with glucose is able to shift the equilibrium in the direction of increasing charged phenylborates due to the fact that only charged borates can form a stable complex with glucose in aqueous solution. Most of the developed strategies implied the total destabilisation of the film upon contact with a sugar solution above a critical concentration. [START_REF] De Geest | Glucose-responsive polyelectrolyte capsules[END_REF][START_REF] Levy | Polymer Microcapsules with Carbohydrate-Sensitive Properties[END_REF] A complementary approach to the sugar-induced total dissolution of multilayered has recently been proposed by Belbekhouche et al. [START_REF] Belbekhouche | Glucose-sensitive polyelectrolyte microcapsules based on (alginate/chitosan) pair[END_REF] We may then cite some example of work. Levy et al. reported on the preparation of glucose-sensitive capsules, stabilized through ester bonds formed between phenylboronic acid moieties grafted onto poly(acrylic acid) and mannan [START_REF] Levy | Polymer Microcapsules with Carbohydrate-Sensitive Properties[END_REF]. The competitive binding of saccharides (fructose, glucose, mannose and galactose) and mannan with the boronic acid moiety within the multilayer assembly induce destabilization of the film. Glucose-sensitive capsules were also De Geest et al. produced by the layer-by-layer technique, i.e. assembly of a poly(styrene sulfonate) as the polyanion and a copolymer of acrylamidophenylboronic acid and dimethylaminoethylacrylate as the polycation. De Geest found evidence of The glucose responsiveness due to a change in the electrostatic interactions between the phenylboronic acid-containing polycation and the polyanion [START_REF] De Geest | Glucose-responsive polyelectrolyte capsules[END_REF]. Belbekhouche et al. reported the glucose-sensitive microcapsules assemblies based on biopolymers, i.e. an alginate derivative containing phenylboronic acid side group and chitosan. [START_REF] Belbekhouche | Glucose-sensitive polyelectrolyte microcapsules based on (alginate/chitosan) pair[END_REF] The glucosesensitive behaviour correlated to the glucose concentration in the surrounding buffer, involving The glucose response was correlated to a variation of the swelling behaviour according to the crosslinking time, as well as the average chitosan molar mass and the acetylation degree. Herein, we suggest a complementary approach to the sugar-induced total dissolution of multilayered films.

In this context and with With the final aim of creating a glucose-sensitive DDS system, our research consisted of building-up and characterizing, degradable LbL thin films based on phenylboronic-modified alginate derivative and PVPON, a pair of polymers that forms hydrogen bonds. The chemical modification of this alginate is reported [START_REF] Belbekhouche | Glucose-sensitive polyelectrolyte microcapsules based on (alginate/chitosan) pair[END_REF] but no study explores the potential use of this modified alginate containing both carboxylic acid and boronic acid moieties, according to the pH, for producing a hydrogen-bonded multilayer film with new properties (i.e. both glucose responsiveness and enhanced stability against high pH). This research aims to increase the LbL multilayer film stability against high pH. This is crucial as the oral administration of glucose-responsive DDS containing a drug such as insulin requires protection against acid condition as in the gastric environment, i.e. for crossing the stomach, and release in intestinal media for promoting insulin uptake. [START_REF] Martins | Insulin-loaded alginate microspheres for oral delivery -Effect of polysaccharide reinforcement on physicochemical properties and release profile[END_REF]. In the present work, in comparison with our previous study implying chitosan and phenylboronic acid-containing alginate, [START_REF] Belbekhouche | Glucose-sensitive polyelectrolyte microcapsules based on (alginate/chitosan) pair[END_REF], we produce a glucose-responsive system based on PVPON instead of chitosan. Employing this biopolymer requires a multilayer film crosslinking step to allow stability against high pH or ionic strength and swelling ability in the presence of glucose.

Herein, we propose to use PVPON as a hydrogen bond acceptor and to use the phenylboronic -modified alginate for simultaneously furnishing two types of hydrogen bond donors according to the pH, i.e. acid moiety (boronic acid and carboxylic acid). We expect an increase of stability according to the pH will then solve one of the main issues of using hydrogen-bonding bonded LbL multilayers which has poor stability under physiological conditions. Moreover, attaining this stability against high pH does not require an additional processing step. As, the driving force of LbL deposition is hydrogen bonding if using PVPON instead of chitosan. Then, , this results in particle without any electrostatic charge on the surface (with the PVPON as the last layer). Therefore, this This may be useful to limit interaction with the charged surface of cell walls for instance. PVPVON interacts with alginate derivative through polar interactions. Furthermore, this multilayer may not be affected by the increase of ionic strength which is not the case if implying chitosan as PVPON was proven to prevent particle aggregation in 0.5 M NaCl which might be correlated to a steric barrier. [START_REF] Smith | Adsorption of Polyvinylpyrrolidone onto Polystyrene Latices and the Effect on Colloid Stability[END_REF] Additionally, new characteristics can be developed, such as control of the multilayer thickness, glucose-responsiveness or even the possibility to load another probe.

For the first time, we provide evidence that the incorporation of boronic moieties inside a polymer backbone allows both (i) glucose-responsiveness and (ii) increasing stability of hydrogen-bonding bonded multilayer films. This is based on the following hypotheses: (i) glucose-responsiveness is expected due to the incorporation of boronic acid moieties, which are known to be able to form covalent bonds with diol derrivatives such as saccharides and (ii) the pKa of the boronic moieties is around 9, which is expected to enhance the film's stability against high pH (i.e. use of boronic acid as hydrogen bond acceptor instead of the well-known carboxylic acid alone).

Moreover, the implemented strategy allows the loading of two probes: (i) by using the calcium carbonate template porosity and (ii) inside the multilayer film by taking advantage of the presence of the carboxylate group according to the pH. This second possibility of loading is very appealing. Indeed, compared to reported glucose-systems, the possibility to simultaneously load two probes, one inside the glucose-responsive capsule and the other one in the shell, allows us to investigate the possibility of using the proposed system for theranostic applications.

Experimental

Materials

The following chemicals were used as received: alginate (alg -, according to the data provided by the manufacturer, the mannuronic / guluronic ratio was 1.4 (Cargill (Baupte, France), = 270 000 g•mol -1 , Ð = 2.3), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, Sigma-aldrich, > 98.5%), N-hydroxysuccinimide (NHS, Sigma-aldrich, > 98%), poly(vinylpyrrolidone) (PVPON, 3.6 10 5 g.mol -1 , Sigma-aldrich), poly(ethylenimine) (PEI, Sigma-aldrich), calcium chloride (CaCl2, rectapur, 99%), [9-(2-carboxyphenyl)-6diethylamino-3-xanthenylidene]-diethylammonium chloride (rhodamine b, Alfa Aesar, > 98.5%), 4-aminophenylboronic acid hydrochloride (Alfa Aesar, 97 %), acetic acid (Alfa Aesar,>99%), sodium acetate (Alfa Aesar, 99%), methylene blue hydrate (Sigma-aldrich), insulin (bovine pancreas, Sigma-aldrich) and ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich, 98%).

The phenylboronic-modified alginate (alg-bor) (grafting ratio of phenylboronic acid groups about 20%, = 2.5 10 5 g.mol -1 , Ð = 2.5) was synthesized according to the procedure developed by Belbekhouche et al. [START_REF] Belbekhouche | Glucose-sensitive polyelectrolyte microcapsules based on (alginate/chitosan) pair[END_REF]. Average molar masses and molar masses distributions were determined by size exclusion chromatography (SEC) coupled online with multi-angle light scattering (MALS) and differential refractive index (DRI) detectors. The MALS apparatus is the DAWN Heleos-II from Wyatt Technology (Ca, USA) filled with a K5 cell and a Ga-As laser (λ= 690 nm). The DRI detector is a Shimadzu RID-10A (Japan). Columns

[Shodex SB OHpak 804 and 806 HQ for alginate, Eprogen CATSEC 100 and 1000 for chitosan] were eluted with 0.1 mol.L -1 LiNO3 or acetate buffer 0.1M, respectively at 0.5 mL min -1 . Eluent was filtered through 0.1 µm filter unit (Millipore, USA), degassed (Shimadzu DGU3, Japan). The sample (1 g.L -1 for alginate (dn/dc = 0.140 mL.g -1 [START_REF] Colinet | New amphiphilic modified polysaccharides with original solution behaviour in salt media[END_REF] filtered on 0.45 µm unit filter (Millipore) was injected (100 µL) with an automatic injector (Shimadzu SIL-20A).

Water was purified with a Milli-Q reagent system (Millipore). The modified alginate was characterized by FT-IR, 1 H NMR and Total Organic Carbon analyses (TOC) and Total Nitrogen (TN) analysis. Fourier transform infrared spectra were recorded on a Bruker Tensor 27 instrument equipped with a Digi TectDLaTGS detector. 1 H NMR spectra were recorded on a Bruker Avance 300 NMR spectrometer. 1 H NMR (Bruker Avance 300MHz, Ge) was used to estimate the Degree of Substitution (DS) of the modified alginate with solutions at 10 g/L in D2O.Total organic carbon analyses (TOC) and total nitrogen (TN) analysis were performed on a Shimadzu TOC-L CSN instrument (ten measurements were performed).

Fabrication of hollow "glucose-responsive" capsules.

Negatively charged CaCO3 microparticles were prepared according to Volodkin et al. [START_REF] Volodkin | Protein encapsulation via porous CaCO3 microparticles templating[END_REF] De Geest et al. [START_REF] De Geest | Glucose-responsive polyelectrolyte capsules[END_REF] Equal volume of 0.33 M calcium chloride (CaCl2) and sodium carbonate (Na2CO3) solutions were mixed under a vigorous stirring for 3 min. This method led to a rapid precipitation of the CaCO3 microparticles. A centrifugation process of the suspension during 10 min allows removal of the residual ions. Lastly, the resulting particles were rinsed several times with water. Acetone was used to remove the water. Particles were dried under a stream of filtered air.

The hydrogen-bonded LbL films were based on the alternate deposition of polymers with a hydrogen bond acceptor (PVPON) and a hydrogen bond donor (phenylboronic -modified alginate). As hydrogen bond acceptor, PVPON presented the carbonyl group. Interestingly, according to the pH, phenylboronic -modified alginate furnished two types of hydrogen bond donors, i.e. acid moieties (boronic acid and carboxylic acid). The pka of alginate and boronic acid are above 3-4 and 9, respectively. Two pH were then investigated, i.e. 2 or 8, to evidence the possibility to use boronic acid moiety as hydrogen bond donors. Indeed, at pH 2, the carboxylic and the boronic acid forms were obtained. Then, they both could be implied as hydrogen bond acceptor donnor. At pH 8, the carboxylate and boronic acid forms could be considered. Therefore, only boronic acid moiety could be used as hydrogen bond acceptor donnor.

These microparticles were first pretreated with PEI. More precisely, 10 mg of CaCO3 particles were incubated in 500 µL of water. The first layer of PEI (1 mg.mL -1 ) was deposited onto the surface of the calcium carbonate particles by adding 500 µL of this polycation stock solution to the particles during 15 min. At pH 2 (below pKa of alginate), the alginate derivative (algbor) presenting then carboxylic acid moiety will be adsorbed on the PEI layer through hydrogen bond whereas at pH 8 (up to pKa of alginate) the polysaccharide derivative will be absorbed through electrostatic interaction.

The excess of PEI was then removed by centrifugation process (5 min, 10 000 rpm) and particles were washed two times with water (5 min). Note that the final volume was always kept at 1 mL and the aqueous solution used for the rinsing is water adjusted at pH 2 for the build-up at pH 2 with few droplets of HCl 100 mM and 8 for the build-up at pH 8. After the second rinsing, the particles were suspended in aqueous solution and 500 µL of alg-bor (1 mg.mL -1 ) was added to the particles suspension and the mixture was stirred for 15 min for alg-bor deposition on the previous PEI layer. The excess of polymers was removed by centrifugation process (5 min, 10 000 rpm), after each adsorption process, by two washing steps with aqueous solution each during 5 min. The particles were suspended in aqueous solution and 500 µL of PVPON (1 mg.mL -1 ) was added and the mixture was stirred for 15 min. This process describes the assembly of a single bilayer: (alg-bor /PVPON)1 and was repeated to obtain different number of assembled bilayers.

Multilayer buildup was then performed by a coating of hydrogen-bonded film from aqueous solutions of 1 mg.mL -1 alginate derivative and 1 mg.mL -1 poly(vinylpyrrolidone). The excess of polymers was removed, after each adsorption process, by two washing steps. After the LbL construction with the desired number of (alg-bor/PVPON) bilayers, the CaCO3 core was dissolved overnight using 0.2 M EDTA followed by a dialysis washing step (3.5 kDa cut off)..

The adsorption of the PEI and then alg-bor (at pH 8) was monitored by zeta potential measurement (a Zetasizer Nano-ZS, Malvern Instrumente, equipped with a He-Ne laser, i.e. λ = 633 nm; scattering angle, 173°).

For the proof-of-concept, wetting contact angle and QCM were used. This last technique was employed to monitor the hydrogen-bonding bonded multilayer buildup and to investigate the glucose-response. A Q-Sense E1 (Q-Sense, Sweden) system employing ATcut gold-coated quartz crystal sensors (Lot-Oriel, France) with a nominal frequency of about 5 MHz was used.

The gold coated QCM Sensor Crystal was cleaned (i) with water and ethanol and (ii) in a UV/ozone chamber for 20 min. After an additional rinsing with ethanol, surfaces were dried under N2 flow and pretreated overnight with a solution containing the anchoring layer (solution of PEI, 1 mg.mL -1 prepared in water). After mounting in the QCM flow chamber, the sensor was conditioned in the solvent (pH 2 or pH 8) for 10 min. The self-assembly of algbor /PVPON was performed onto flat gold substrate through a flushing of stock solutions of polymers (1 mg.mL -1 ) for 15 min injected into the cell with a flow rate of 500 μL.min -1 . A rinsing step with aqueous solution was performed between each polymer deposition step during 10 min. Stock solutions of polymers (1 mg.mL -1 ) were injected into the cell with a flow rate of 500 μL.min -1 . After the multilayer build-up, the resulting film was exposed to a gradual increase of concentration of glucose. The measurements of wetting contact angle were carried out at room temperature with a Kruss goniometer in the sessile drop configuration. For the wettability study, the multilayer film was performed onto flat gold substrate pretreated with PEI through the dipping of stock solutions of polymers (1 mg.mL -1 ) for 15 min. A rinsing step with aqueous solution was performed between each polymer deposition step. A droplet (5 μL) of Milli-Q water was deposited onto the resulting modified surface and the recorded image was analyzed by the Drop Shape Analysis software to determine the contact angle value. An average of three measurements was performed on each modified surface.

Probes/Drug-loaded microcapsules.

Loading inside the capsule. A 0.5 mg of rhodamine b was dissolved in 5 mL of deionized water. 10 mg of microparticles were added to the solution and stirred for 12 h. The CaCO3 microparticles were then centrifuged (5 min, 10 000 rpm) and washed with deionized water three times to remove free probe. The LbL process was conducted as described in section 2.4

2.2. The same process was used if loading insulin instead of rhodamine derivative. Both was loaded at pH = 4.

Loading in the capsule wall. Methylene blue hydrate was entrapped in the capsule particle shell through a diffusion process/electrostatic interaction of this molecule from solution through the (alg-bor/PVPON)n multilayer at pH 8 (pH > pKa alginate) (interaction between the carboxylate group of the alginate and the cationic function of the methylene blue). A solution containing (alg-bor/PVPON)n particles microcapsules were introduced into a dialysis tubing.

A concentrated methylene blue hydrate solution (0.5 g.L -1 ) was used as dialysate for 48 h at room temperature. The unloaded probe was removed by a dialysis step. The loaded microcapsules were subjected to absorbance measurement at 663 nm (Varian, Cary 100).

The probe loading, as well as the entrapment efficiency, are estimated as follows (equations 1 and 2).

Probe loading = (amount of probe in microparticles) / (amount of microparticles) x 100% (1)

Entrapment efficiency = (amount of entrapped probe) / (initial amount of probe) x 100% (2)

To investigate the release behavior, the loaded microcapsules were introduced in a dialysis bag and immersed in glucose solution at pH 8 or 2, keeping the final dialysate volume equal to 400 mL. The involved glucose concentration, named "critical glucose concentration" will further be determined by QCM measurement. At predetermined intervals, 1 mL of solution outside the dialysis bag was taken out and replaced with 1 mL of fresh buffer solution.

Absorbance spectra were recorded with a UV-Visible spectrophotometer from Varian Cary 100 (at 554 nm for the rhodamine derivative and 663 nm for the methylene blue hydrate solution). Insulin concentration was estimated using the Bradford assay. [START_REF] Martins | Insulin-loaded alginate microspheres for oral delivery -Effect of polysaccharide reinforcement on physicochemical properties and release profile[END_REF][START_REF] Bradford | A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding[END_REF] Insulin samples and Bradford reagent were admixed at 1:1 (v/v) ratio and incubated at room temperature for 15 min. The absorbance was measured at 595 nm. Images of the capsules were taken with an optical fluorescence ZEISS microscope equipped with a CCD camera and a fluorescence illuminator and various mirror units. Images were recorded at ×630 magnification and processed using the ZEN software. A 5 µL drop of capsules suspension was placed on a coverslip to visualize the microcapsules. To visualize the microcapsules, a 5 µL drop of capsule suspension was placed on a cover slip. To assess the glucose-responsive behavior of the microcapsules, a To assess the glucose-responsive behavior of the microcapsules, a second 5 µL drop containing a solution of glucose was added gently (preventing capsule movement as much as possible) to the drop of capsule suspension.

preventing capsule movement as much as possible.

[12]

Results and discussion

As shown in Figure 1, the implemented strategy combines both templating method uses of particles (CaCO3) as a sacrificial template and glucose-responsive polysaccharide. We focus on calcium carbonate (CaCO3) cores as sacrificial template due to its easy preparation, low cost, biocompatibility, decomposition in mild conditions and intrinsic porosity. After deposition of the desired number of polymer layers (PVPON/phenylboronic acid-modified alginate), the sacrificial template is eliminated in the presence of ethylenediaminetetraacetic acid. Its selective removal allows the formation of capsules (hollow particles) presenting highly controlled dimensional features. This latter Glucose-response was obtained by the chemical modification of the alginate (incorporation of phenylboronic acid moiety intended to provide glucose sensitivity). The stability of microcapsules against glucose and the probe loading/release properties are finally tested. The coupling of the aminophenylboronic acid with the carboxylic acid groups of alginic acid was done using [1-ethyl-3-(dimethylamino)propyl]carbo-diimide hydrochloride as a condensation reagent. [START_REF] Kitano | Glucose-responsive complex formation between poly (vinyl alcohol) and poly (N-vinyl-2-pyrrolidone) with pendent phenylboronic acid moieties[END_REF][START_REF] Kitano | A novel drug delivery system utilizing a glucose responsive polymer complex between poly (vinyl alcohol) and poly (Nvinyl-2-pyrrolidone) with a phenylboronic acid moiety[END_REF] This allows obtaining an alginate derivative containing phenylboronic acid as a pending group. In this method, the carboxyl group of the alginate reacts with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) to form an unstable intermediate. Upon reacting with N-hydroxysuccinimide (NHS), a more stable, amine-reactive intermediate is formed. Finally, this intermediate is coupled to the amine groups of the aminophenylboronic acid, completing the polysaccharide modification. After a purification process (i.e. dialysis 6-8 kDa cut off and freeze-drying), a white compound was obtained and labelled as alg-bor. The 1 H NMR spectra show the chemical shifts of the protons of the alginate chain (from 3 to 4 ppm) and phenyl moiety (from 6.7 to 7.2 ppm) (Figure 2).

Indeed, as seen from the spectra of the pristine alginate, all the chemical shifts of the protons in the alginate chain are above 3 to 4 ppm. Therefore, using this technique, the presence of aromatic groups is qualitatively checked for the modified alginate. Unfortunately, we could not distinguish, using this technique, whether the substitution occurred mainly on the guluronate or on the mannuronate residues of alginate. Indeed, all the protons of the alginate chain, i.e. protons from guluronate and mannuronate, all experience about the same chemical shift. From 1 H NMR, the presence of aromatic groups is qualitatively evidenced and will enable a qualitative determination of the Degree of Substitution "DS" (equation 1 3) by employing the method of Pettignano et al. [START_REF] Pettignano | Boronic acid-modified alginate enables direct formation of injectable, self-healing and multistimuli-responsive hydrogels[END_REF], i.e. from the ratio between the integration values of the phenylboronic acid unit those from the alginate and by considering the number of hydrogens responsible for the integrated area. DS = (IH in boronic unit in alg-bor) / (IH in alginate unit in alg-bor)

The DS value was also estimated and confirmed by Total Organic Carbon analyses (TOC)

and Total Nitrogen (TN) analysis (equation 4).

= ( ( ) ( !) ) " i.e. = 0.2 -1 (4) 
MC (alginate) : molar mass of carbon in the alginate unit; MC (boronic acid): molar mass of carbon in the boronic acid; MN: molar mass of nitrogen due to the grafting of the boronic moiety, C/N= carbon/nitrogen ratio. The value of the C/N ratio for the modified alginate is above 6.0 ± 0.2.

The FT-IR spectrum (Figure S1) of the polymer shows peaks that confirm the presence of functional groups in the alginate structure (867 cm -1 and 945 cm -1 = guluronate and mannuronate residues of alginate and alg-bor samples / 3300 cm -1 = hydroxyl groups / 1143 The negatively charged surface of the CaCO3 is first pre-treated with a polycation (poly(ethylene imine)) leading to a positively charged surface and enabling the adsorption of the polyanion (phenylboronic-modified alginate) at pH 8 or enabling the adsorption of a polysaccharide derivative through hydrogen bonding at pH 2.

After this step, a hydrogen-bonded layer-by-layer (LbL) technique was used to build multilayers (particle shell), i.e. between poly(vinylpyrrolidone) and the phenylboronic acid modified alginate. Herein, the hydrogen-bonding bonded LbL films are based on the alternate deposition of polymers with a hydrogen bond acceptor and a hydrogen bond donor. As hydrogen bond acceptor, poly(N-vinylpyrrolidone) (PVPON) presents the carbonyl group.

Interestingly, according to the pH, phenylboronic -modified alginate furnishes two types of hydrogen bond donors, i.e. acid moieties (boronic acid and carboxylic acid) (Figure 3a). After adding the desired number of polymer layers, the sacrificial core is removed. The stability of microcapsules against glucose is then investigated. Furthermore, in the present study, it is possible to load one or two probes according to the pH, i.e. (i) inside the capsule (no pH restriction) and (ii) in the capsule shell (only possible at pH up to pKa of the alginate) (Figure 3b). This property allows us to (i) use this modified polyanion in the construction of multilayer films via alternating adsorption of PEI and alginate derivative and (ii) load a positively charged probe inside the multilayer film (Figure 3b).

For the proof-of-concept, the implemented strategy was first demonstrated on a flat substrate through static contact angle and QCM measurements. Static contact angle measurements are performed on flat gold surfaces before and after treatment by the polymers, i.e. PEI-(algbor/PVPON)n to qualitatively confirm the formation of the multilayer polymers onto the substrate. The contact angle decreased from 70° to 20° upon coating, in agreement with the hydrophilic nature of the introduced polysaccharide and PVPON (Figure 4). This variation in surface wettability after LbL treatment is found to be independent of the number of bilayers and the LbL procedure (pH 2 or 8). The possibility to involve both carboxylic acid and boronic acid as hydrogen bond donors was then demonstrated by the construction of multilayers under varying pH. To support this aim, QCM measurements were performed (Figure 5a). This technique enables the monitoring of the assembly in real time on a flat surface to (i) evidence the stepwise adsorption of (algbor/PVPON) polymers, (ii) investigate the adsorption kinetics and (iii) illustrate the impact of the pH (2 and 8) on the LbL build-up. First, a quartz substrate is precoated with a PEI layer, enabling the adsorption of the polyanion (alginate derivative, i.e. electrostatic interaction at pH 8 or H-bonding at pH 2) followed by PVPON adsorption (i.e. hydrogen bonding interaction). The build-up procedure at pH 2 ensures, both the presence of carboxylic groups and that boronic acid moieties remained uncharged during the layer-by-layer build-up since the pKa of phenylboric acid is 8.9, [START_REF] Westmark | Selective Monosaccharide Transport through Lipid Bilayers Using Boronic Acid Carriers[END_REF] facilitating hydrogen bonds between the carbonyl group of PVPON and the carboxylic acid and boronic acid groups of alginate. However, preparing the assembly at pH 8 leads to the formation of carboxylate groups (pH > pKa of alginate) and therefore there is only formation of hydrogen bonds between boronic moieties and the carbonyl groups of PVPON. As evidenced in Figure 6 5a, a decrease of the frequency signal by increasing the number of adsorption cycles is noticed regardless of the pH, indicating that mass was being added onto the surface and then evidencing the successful multilayer buildup (i.e four bilayers of alg-bor/PVPON) at pH 2 or 8. This result is very interesting because hydrogen-bonded multilayers are typically only stable at low pH. Since hydrogen-bonding bonded LbL films are often composed of a polyacid (carboxylic acid moiety) as the hydrogen bond acceptor, increasing the pH above the pKa of the polyacid leads to the disruption of hydrogen bonding by deprotonation of the carboxylic acid group. [START_REF] Zhang | Fabrication of Hollow Capsules Based on Hydrogen Bonding[END_REF] When comparing films based on electrostatic interactions to the ones based on hydrogenbonding bonded interactions, the pH range at which hydrogen-bonding bonded polymers can interact and form stable films is restricted because it depends on the pKa of the polymers and the strength of the interaction between the pairs of polymers which have hydrogen-bonding bonded functional groups. Several researchers have reported the stabilization of hydrogenbonding bonded multilayers versus pH through crosslinking using either photochemical, [START_REF] Yang | Micropatterning of Polymer Thin Films with pH-Sensitive and Cross-linkable Hydrogen-Bonded Polyelectrolyte Multilayers[END_REF] chemical [START_REF] Kozlovskaya | pH-Controlled Permeability of Layered Hydrogen-Bonded Polymer Capsules[END_REF][START_REF] Yang | Bioinert Solution-Cross-Linked Hydrogen-Bonded Multilayers on Colloidal Particles[END_REF] or even thermal [START_REF] Kozlovskaya | pH-Controlled Permeability of Layered Hydrogen-Bonded Polymer Capsules[END_REF] techniques. Herein, we then propose a new method based on the incorporation of boronic acid moieties in a polymer backbone to tune the responsiveness of pH-sensitive film. respectively. These values can be used as references to investigate the glucose response of the films, in accordance with the swelling behaviour due to glucose complexation with the boronic moieties, and the film's stability. For this last case, the film removal should lead to a variation of the equilibrium frequency shift of about +60 ± 5 Hz and + 115± 7 Hz for the build-up at pH 8 and at pH 2. As seen in Figure 5b, increasing the glucose concentration leads to an increase of the frequency signal which reaches to a plateau regime. The critical glucose concentration is close to 1 g.L -1 . The same experiments were repeated (i) at pH 2 in presence of glucose and (ii) at pH 8 without glucose, but no variation of the frequency shifts was observed. Note that no variation of the frequency shift was observed upon the increased of the ionic strength. Therefore, the multilayer stability was not affected by this parameter which is in accordance by the work reported by Smith et al. [START_REF] Smith | Adsorption of Polyvinylpyrrolidone onto Polystyrene Latices and the Effect on Colloid Stability[END_REF] Phenylboronic acids are known to form covalent bonds with polydiols such as saccharides [START_REF] De Geest | Glucose-responsive polyelectrolyte capsules[END_REF] and the complexation occurs efficiently in a pH range above the pKa of the boronic moities (pKa~9) [START_REF] Wu | Organization of Glucose-Responsive Systems and Their Properties[END_REF][START_REF] Brooks | Synthesis and Applications of Boronic Acid-Containing Polymers: From Materials to Medicine[END_REF] This lead to the formation of anionic complex formed by "glucose/borate" as presented in figure 6B. The sensitivity of phenylboronic acid derivative to saccharide (as glucose) [START_REF] Springsteen | A detailed examination of boronic acid-diol complexation[END_REF] is well-known to be dependent on the pH of the surrounding medium, more precisely around the pKa of the phenylboronic acid. From Springsteen and

Wang's work, the phenylboronic acid/polydiol complexes formation clearly induces a decrease of 2-4 pKa units of the apparent pKa. [START_REF] Springsteen | A detailed examination of boronic acid-diol complexation[END_REF] They explained the change in pKa to the stronger acid behaviour of the polydiol complex compared to the phenylboronic acid derivative. [START_REF] Springsteen | A detailed examination of boronic acid-diol complexation[END_REF][START_REF] Yoon | Fluorescent chemosensors of carbohydrates. A means of chemically communicating the binding of polyols in water based on chelation-enhanced quenching[END_REF] De Geest et al. [START_REF] De Geest | Glucose-responsive polyelectrolyte capsules[END_REF] and Belbekhouche et al. [START_REF] Belbekhouche | Glucose-sensitive polyelectrolyte microcapsules based on (alginate/chitosan) pair[END_REF] who prepared glucoseresponsive capsules at pH 8 and 9 explained their results based on Springsteen and Wang's work, [START_REF] Springsteen | A detailed examination of boronic acid-diol complexation[END_REF] the as-observed glucose behavior arises mainly from incorporation of glucose within the films through complexation with the phenyl boronic moieties.

Herein, at pH 8, the multilayer build-up between PVPON and alg-bor is due to hydrogen bonds between PVPON/carboxylic groups of alg-bor and between PVPON/ phenylboronic acid moieties of alg-bor (near the pKa of phenylboronic acid), the decrease of the apparent pKa upon addition of glucose involves a strong enhancement of borate anions. More precisely, the borate groups are charged and complexation could occur between borate moieties and glucose. Increasing the glucose concentration promotes an increase in the number of borate moieties which begin to strongly interact with the polymers constituting the multilayers. There is simultaneously (i) complexation caused by the electrostatic interactions in the anionic complex composed by glucose/borate complex and (ii) disruption of the hydrogen-bonding bonded between the boronic acid and the PVPON. The synergy of these phenomena seems to result in the disruption of the overall multilayer film. Therefore, This explains why at pH 8 the gradual increase of the glucose concentration leads to the frequency signal increases. , This could be directly correlated to in accordance with a mass removal or multilayer disassembly, due to the addition of glucose, where the glucose concentration is gradually increased. Schemes presented in figure 6 illustrate this hypothesis.

However, at pH 2 upon the increase of the addition of glucose concentration, the increase in borate anions does not occur. Therefore, no impact of the increase of the glucose concentration variation of the glucose is expected at this pH no variation of equilibrium frequency shift as a function of glucose concentration is expected at this pH. This is corroborated by the QCM results, after the multilayer build-up, no variation of the frequency signal or impact on the multilayer is observed (Figure 5b). As the layer-by-layer assembly was done under acidic conditions ( At pH 2, the phenylboronic acid moieties are uncharged and participate in the hydrogen bound during the assembly along with the carboxylic groups.

Furthermore, Complexation between glucose and borate is not favourable at this pH.

Consequently, no significant impact on the hydrogen-bonding bonded assembly multilayers behaviour is observed due to the addition of glucose. The alg-bor/PVPON pair has been evidenced to be suitable for multilayer formation and exhibits glucose-responsive behaviour at pH 8. These conditions will further be employed for the preparation of hollow polyelectrolyte microcapsules exhibiting glucose-response.

Elaboration of the glucose responsive capsules based on alginate derivative and PVPON

The zeta-potential value of the particles is measured after PEI and alg-bor addition for monitoring their adsorption onto the microparticles. The zeta-potential value of the bare (uncoated) calcium carbonate particles is -7 mV and switches to a positive value after the initial layer of PEI adsorption (+ 50 mV) and a negative value after the subsequent layer of alginate derivative deposition at pH 8 (-20 mV). This step is followed by hydrogen-bonding bonded assembly on particle templates by sequential alternative deposition of PVPON and alg-bor. The probe was preloaded on the particle templates prior to LbL film assembly.

Preloading allows to great enhancement of the efficiency of encapsulation as significantly less amount of probe material is required in the adsorption/loading step. As a typical example, Caruso et al. reported that a distinguishing feature of this method was the possibility to concentrate DNA from a dilute solution onto the template particles to produce capsules with increased concentration compared to the initial solution. [START_REF] Zelikin | A general approach for DNA encapsulation in degradable polymer microcapsules[END_REF] In their study, the DNA was electrostatically bound to the surface of the particles and then multilayers were assembled.

Removal of the sacrificial silica particles results in the formation of capsules containing DNA.

We have then used this method to load a probe (i.e. rhodamine) inside the capsule. The rhodamine loaded microparticles are prepared and then the CaCO3 core is removed employing a 0.2 M EDTA solution. The incorporation of rhodamine does not significantly impact the zeta-potential of the loaded CaCO3 template. As evidenced by fluorescent microscopy, even after the core removal step, microparticles have a well-defined spherical shape and mainly exist as single microparticles (Figure 9 7A). SEM and TEM images also confirm the spherical shape and micrometer size of the microparticles and microcapsules (Figures S2 andS3). The entrapment efficiencies of microcapsules are greater than 60% and the probe loading is around 5%, indicating this probe could be readily loaded into the particles' matrix due to the porous structure of CaCO3.

When the rhodamine-loaded capsules were placed into a solution at pH 8, they remained intact and stable (Figure 7 A). However, when the capsules were suspended in a solution containing glucose at pH 8, the capsules were destabilized and rhodamine is released as shown in Figure 9 7 B. For the release, the involved glucose concentration is the critical glucose concentration determined during the QCM experiment. We repeated the same test at pH 2 and, as expected, we observed that the capsules remained stable in the presence of glucose (data not shown Figure 7C). The ability to load small molecules containing ionic groups in polyelectrolyte layers (chitosan/poly(acrylic acid)) of a particle through simple diffusion/electrostatic entrapment is highlighted in the work of Hu et al. [START_REF] Hu | Hollow chitosan/poly (acrylic acid) nanospheres as drug carriers[END_REF] or Belbekhouche et al. also evidenced the possibility to load an antibiotic (i.e. amoxicillin) through a polyelectrolyte multilayer film. [START_REF] Belbekhouche | Promising sub-100 nm tailor made hollow chitosan/poly (acrylic acid) nanocapsules for antibiotic therapy[END_REF] Based on these works, a second probe (methylene blue) has been entrapped in the multilayer shell,. This implies i.e. through the electrostatic interaction of the methylene blue loading in a protonated form and the carboxylate groups of alginate (Figure 4 3B). The methylene blue entrapment efficiency is 70±3% and the probe loading is 3.4±0.2 % with (alg-bor/PVPON)4. This was determined by subjecting the loaded microcapsules to absorbance measurement at 663 nm.

We then demonstrate the possibility to load two probes one inside the capsule (rhodamine derivative) and one in the multilayer shell (methylene blue).

After this demonstration of proof-of-concept, we then switch to loading insulin instead of rhodamine derivative. The entrapment efficiencies of microcapsules and the probe insulin loading are greater than 65% and 5.5 % respectively. At pH 2, in presence of glucose, no release of insulin was observed in agreement with the proof-of-concept result (Figure 8). This point is very appealing because resistance to acid pH is required to prevent the release of insulin from the carriers when passing through the stomach to release this drug in intestinal media and promote insulin uptake. [START_REF] Martins | Insulin-loaded alginate microspheres for oral delivery -Effect of polysaccharide reinforcement on physicochemical properties and release profile[END_REF]. However, when the PVPON/alg-bor microcapsules were suspended in glucose solution at pH 8, the insulin is released in fewer 10 minutes. As expected at pH 8 without glucose, no release is observed. Indeed as discussed during the QCM study, for impacting the multilayer assembly, pH 8 and glucose are both required simultaneously to allow (i) complexation caused by the electrostatic interactions in the anionic glucose/borate complex and (ii) disruption of the hydrogen-bonding bonded between the boronic acid and the PVPON. In these conditions, the insulin release from the microcapsule might be correlated to the multilayer disassembly as discussed in section 3. The ability to load small molecules containing ionic groups in polyelectrolyte layers (chitosan/poly(acrylic acid)) of a particle through simple diffusion/electrostatic entrapment is highlighted in the work of Hu et al. [START_REF] Hu | Hollow chitosan/poly (acrylic acid) nanospheres as drug carriers[END_REF] Belbekhouche et al. also evidenced the possibility to load an antibiotic (i.e. amoxicillin) through a polyelectrolyte multilayer film. [START_REF] Belbekhouche | Promising sub-100 nm tailor made hollow chitosan/poly (acrylic acid) nanocapsules for antibiotic therapy[END_REF] Based on these works, a second probe (methylene blue) has been entrapped in the multilayer shell. This implies the electrostatic interaction of the methylene blue loading in a protonated form and the carboxylate groups of alginate (Figure 4 3B). The methylene blue entrapment efficiency is 70±3% and the probe loading is 3.4±0.2 % with (alg-bor/PVPON)4. This was determined by subjecting the loaded microcapsules to absorbance measurement at 663 nm. We then demonstrate the possibility to load two probes one inside the capsule (rhodamine derivative)

and one in the multilayer shell (methylene blue).

Conclusion

Novel assemblies based on PVPON and an alginate derivative containing phenylboronic acids moieties have been employed to prepare glucose sensitive hollow microspheres. This approach combines both templating method and hydrogen-bonded LbL multilayer. One of the novelties of the present work is to provide evidence that the incorporation of boronic acid moieties in the alginate backbone enables (i) production of multilayer films based on hydrogen bonding that are stable under physiological conditions (Figure S4 S3) and even in basic media (pH < 9) and (ii) glucose-responsiveness. This involves PVPON as a hydrogen bond acceptor and phenylboronic -modified alginate simultaneously furnishing two types of hydrogen bond donors according to the pH, i.e. acid moieties (boronic acid and carboxylic acid). Our strategy is based on the sequential surface deposition of the respective phenylboronic acid-containing polyanion and PVPON on pretreated, with PEI, CaCO3 microparticles used as sacrificial templates. The hollow morphology of the microcapsules was evidenced by fluorescence microscopy imaging and SEM. The glucose-sensitive character was related to the glucose concentration in the surrounding buffer, involving a disassembly/destructuring of the multilayer film. This phenomenon is related to the competitive binding of glucose and boronic acid groups of the alginate within the multilayer film, resulting in destabilization of the film. Furthermore, one of the novelties of the present work is to provide evidence that the incorporation of boronic acid moieties in the alginate backbone enables (i) production of multilayer films based on hydrogen bonding that are stable under physiological conditions and even in basic media (pH < 9) and (ii) glucoseresponsiveness. The initial hypotheses are successfully validated, i.e. incorporating boronic acid moieties inside a polymer chain (herein a polysaccharide, the alginate) allows glucoseresponsiveness and (ii) using boronic moieties as hydrogen bond acceptor. We then demonstrate an increase of stability according to the pH under neutral conditions and even in basic media and then propose a new approach to overcome the main issues due to hydrogenbonding bonded LbL multilayer, poor stability under physiological conditions. This is crucial as DDS must resist the acidic media in the gastric environment. Moreover, this elegant strategy enables the loading of two probes: (i) by using the calcium carbonate template porosity and (ii) inside the multilayer film by taking advantage of the presence of the carboxylate group according to the pH. Indeed, the glucose-dependent stability of these capsules has been investigated by monitoring the loading and release of probes (rhodamine derivative inside the capsules and methylene blue inside the shells) and then insulin. The present capsules with dual functionality may be useful for theranostic applications for both glucose detection and treatment.
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 1 Figure 1. Implemented strategy for the elaboration of the glucose-responsive microcapsules based on phenylboronic acid containing alginate (alg-bor) and poly(vinylpyrrolidone) (PVPON) loaded with two cationic probes.
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 1 C-O stretching vibration of alcoholic hydroxyl group / 1023 cm -1 = C-O-C stretching vibration / 1080 cm -1 = C-N stretching vibration appeared after the chemical modification with the aminophenylboronic acid / 1595 cm -1 and 1412 cm -1 = N-H deformation and C-N stretching vibrations / 1740 cm -1 = carbonyl group from the amide). The experimentally determined phenylboronic acid content (the DS) is estimated to be about 0.20 ± 0.04. The average molecular weights and dispersity are = 2.5 10 5 g.mol -1 and Ð = 2.5, respectively.
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 2 Figure 2. A) 1 H NMR spectrum (D2O) of alginate and alg-bor, B) Zoom-in of graph A.
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 33 Figure 3. a) Suggested illustration of the implied hydrogen-bonding interaction between algbor and PVPON pair at (A) pH 2, pH < pKa alginate and pH < pKa boronic acid (B) pH 8 and pH > pKa alginate and pH < pKa boronic acid, b) Loading of a cationic probe inside the (PVPON/alg-bor) multilayer film. For clarity purpose, the scheme is not to scale.

Figure 4 .

 4 Figure 4. Wetting angle contact value for (A) a flat gold bare surface and (B) gold surface modified with (alg-bor/PVPON)4.
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 55 Figure 5.a) Evolution of the frequency shift values as a function of time for films build up at (A) pH 8 and (B) 2 with (alg-bor/ PVPON)n as a function of bilayer number. (filled arrow (alg-bor) addition) and unfilled arrow (PVPON addition), b) Effect of increasing concentrations of glucose at pH 8 on (alg-bor/PVPON)4 film.

Figure 6 .

 6 Figure 6. A) Suggested mechanism of the glucose-induced decomplexation of (PVPON/algbor) bilayer at pH = 8. The circles containing the letter A represent the PVPON as H-acceptor, the one containing the letter D represent the boronic groups, i.e. as H-donor. The circles labeled D -corresponds to the uncharged phenylboronic acid groups becoming anionic after addition of glucose (red circles with the letter G). B) Equilibrium between phenylphenylboronic acids-containing alginate and diols-based glucose in aqueous solution.

Figure 7 .

 7 Figure 7. Confocal microscopy image of microcapsules consisting of (alg-bor/PVPON)5 loaded with rhodamine derivative A) before and -B) after addition of a solution containing glucose at pH = 8 and C) after addition of a solution containing glucose at pH = 2 (630x magnification).

Figure 8 .

 8 Figure 8. A) Release of insuline from (alg-bor/PVPON)5 capsules pH 8 in presence of glucose solution (1 g.L -1 ) at ∆ pH 2, pH 8 and x pH 8 without glucose, B) Zoom-in of graph A.
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