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INTRODUCTION

Hydrogels are three-dimensional hydrophilic networks that can imbibe large amounts of water without losing their structure and integrity. [START_REF] Gyles | A review of the designs and prominent biomedical advances of natural and synthetic hydrogel formulations[END_REF] Due to their soft consistency and viscoelastic nature they resemble living tissues and find wide use in biomedical applications such as tissue engineering or drug delivery. [START_REF] Gyles | A review of the designs and prominent biomedical advances of natural and synthetic hydrogel formulations[END_REF][START_REF] Oprea | Synthesis and characterization of some cellulose/chondroitin sulphate hydrogels and their evaluation as carriers for drug delivery[END_REF][START_REF] Zhang | Thermo-sensitive hydrogels as scaffolds for cartilage tissue engineering[END_REF][START_REF] Wei | Thermo-sensitive polypeptide hydrogel for locally sequential delivery of two-pronged antitumor drugs[END_REF][START_REF] Liu | Component effect of stem cell-loaded thermosensitive polypeptide hydrogels on cartilage repair[END_REF][START_REF] Wang | Chiral polypeptide thermogels induce controlled inflammatory response as potential immunoadjuvants[END_REF] Hydrogels can be classified into two main categories attending to the nature of their cross-linking junctions. These junctions prevent hydrogel dissolution when swollen and consist either on physical or chemical bonds. [START_REF] Fajardo | Hydrogel based on an alginate-Ca2+/chondroitin sulfate matrix as a potential colon-specific drug delivery system[END_REF] Physically cross-linked hydrogels, also called reversible hydrogels, are formed by physical entanglements or physical interactions such as ionic or hydrogen bonds. On the other hand, chemical hydrogels result from the covalent cross-linking of polymer chains and form permanent and stable 3D networks. Chemical cross-linking strategies have been widely studied over the last years as they improve the mechanical properties and stability of the hydrogels. [START_REF] Desai | Versatile click alginate hydrogels crosslinked via tetrazine-norbornene chemistry[END_REF] The properties of chemically cross-linked hydrogels can be tuned as a function of the nature and amount of cross-linker as well as by the number of cross-linking points in the network. These factors are crucial in hydrogel design as they influence several hydrogel parameters such as swelling, degradation, microstructure or mechanical properties. [START_REF] Gyles | A review of the designs and prominent biomedical advances of natural and synthetic hydrogel formulations[END_REF] However, many of these cross-linking strategies compromise hydrogel's biocompatibility as they often involve the use of toxic reagents. [START_REF] Buwalda | Hydrogels for Therapeutic Delivery: Current Developments and Future Directions[END_REF] In recent years, metal free click-type reactions have emerged as an alternative to traditional cross-linking strategies due to their high reactivity, selectivity and lack of byproducts. [START_REF] Jiang | Click hydrogels, microgels and nanogels: Emerging platforms for drug delivery and tissue engineering[END_REF] Among them, reactions such as electron-withdrawing azide-alkyne cycloaddition [START_REF] Desai | Versatile click alginate hydrogels crosslinked via tetrazine-norbornene chemistry[END_REF], Diels-Alder (DA) [START_REF] Kirchhof | Diels-Alder Hydrogels for Controlled Antibody Release: Correlation between Mesh Size and[END_REF][START_REF] García-Astrain | Hydrogel synthesis by aqueous Diels-Alder reaction between furan modified methacrylate and polyetheramine-based bismaleimides[END_REF][START_REF] Yu | Diels-Alder Click-Based Hydrogels for Direct Spatiotemporal Postpatterning via Photoclick Chemistry[END_REF] or thiol-ene coupling [START_REF] Kharkar | Thiolene Click Hydrogels for Therapeutic Delivery[END_REF] have proved to be suitable candidates for hydrogel formation. The Diels-Alder reaction, a [4+2] cycloaddition between a diene and a dienophile to form an adduct, has become particularly popular for hydrogel cross-linking as it can take place under aqueous conditions, without any catalyst or by-products and under mild reaction conditions. [START_REF] Jiang | Click hydrogels, microgels and nanogels: Emerging platforms for drug delivery and tissue engineering[END_REF] Therefore, the DA reaction opens the way to greener strategies for hydrogel crosslinking with high selectivity and reduced derivatives, low energy-consumption and use of safer solvents. Moreover, the use of furan compounds as dienes results particularly interesting in view of their renewable nature and their marked dienic character that fosters the reaction. [START_REF] Gheneim | Diels-Alder reactions with novel polymeric dienes and dienophiles: Synthesis of reversibly cross-linked elastomers[END_REF] Diels-Alder cross-linked hydrogels have been prepared following different strategies such as the reaction between complementary clickable polymers or the use of functional cross-linkers. [START_REF] García-Astrain | Green chemistry for the synthesis of methacrylatebased hydrogels crosslinked through Diels-Alder reaction[END_REF][START_REF] Smith | Diels-Alder Click-Cross-Linked Hydrogels with Increased Reactivity Enable 3D Cell Encapsulation[END_REF] As mentioned before, the number of cross-links influences hydrogel properties and, thus, the type of cross-linker used or the nature of the complementary macromonomers determines a number of the network properties. Kirchoff et al. studied the cross-linking of hydrogel using multifunctional PEG-based complementary macromonomers and the mechanical and swelling properties were influenced by the branching factor and molar mass of the macromonomers. [START_REF] Kirchhof | Investigation of the Diels-Alder reaction as a cross-linking mechanism for degradable poly(ethylene glycol) based hydrogels[END_REF] Thus, by playing with the cross-linker nature the hydrogel properties can be easily modulated.

However, to the best of our knowledge, the influence of cross-linker functionality and structure (not being a complementary macromonomer) over hydrogel properties has not been thoroughly studied.

We hypothesized that the use of crosslinkers with varying nature and functionality could affect the properties of alginate hydrogels such as swelling, degradation and mechanical properties. Alginate, an anionic polysaccharide derived from brown algae and composed of (1,4)-linked β-D-mannuronate (M) and α-L-guluronate (G) residues, was used for hydrogel formation. [START_REF] Lee | Alginate: properties and biomedical applications[END_REF][START_REF] Gao | Properties of glycerol-plasticized alginate films obtained by thermo-mechanical mixing[END_REF] Despite its well-known gelling properties and biocompatibility, few works report on the click cross-linking of this polymer for hydrogel formation and none of them employed DA reaction [START_REF] Desai | Versatile click alginate hydrogels crosslinked via tetrazine-norbornene chemistry[END_REF][START_REF] Lee | Alginate: properties and biomedical applications[END_REF][START_REF] Breger | Synthesis of "click" alginate hydrogel capsules and comparison of their stability, water swelling, and diffusion properties with that of Ca+2 crosslinked alginate capsules[END_REF]. In our previous work, alginate was modified with furan groups to create DA click cross-linked hydrogels with varying cross-linker concentrations resulting in stimuli-responsive materials with promising properties for drug delivery applications with tunable properties as a function of the hydrogels composition [START_REF] García-Astrain | Synthesis and evaluation of functional alginate hydrogels based on click chemistry for drug delivery applications[END_REF].

The aim of this work is to have a further insight on the influence of the cross-linker architecture over the hydrogel properties by playing with the chemical structure and the functionality of the cross-linker. The influence of each cross-linker over the rheological behavior and the swelling and degradation properties of the hydrogels was studied.

Furthermore, the pH-responsiveness of the cross-linked hydrogels and their pulsatile behavior is reported. Finally, the release of vanillin, a biobased and traceable aromatic molecule with interesting pharmaceutical properties such as antiepileptic or antimicrobial effect, was also monitored with different hydrogel compositions. For the first time, to the best of our knowledge, furan-modified alginates were reacted and studied with polyethylene glycol-based bis or trismaleimides of varying molar masses, resulting in several hydrogels with properties linked to biomedical applications. 

MATERIALS AND METHODS

Chemical modification of Alginate

Alginate was modified with furan groups as reported previously. [START_REF] García-Astrain | Synthesis and evaluation of functional alginate hydrogels based on click chemistry for drug delivery applications[END_REF] Typically, alginate (0.50 g) was dissolved in distilled water (50 mL) and EDC (0.54 g, 2.84 mmol) was added. The mixture was stirred for 1 h at room temperature. Then, furfurylamine (0.55 g, 5.68 mmol) was added in 1:2 carboxylic acid to furfurylamine molar ratio and the pH was adjusted to 3.5. The mixture was stirred for 24 h at room temperature, precipitated in ethanol and dialyzed against water. Furan-modified alginate (AF) was finally recovered after freeze-drying. The achieved degree of substitution, as reported previously, was 0.63.

Chemical modification of a TMI by chain extension (TMI CE)

To increase the solubility of TMI, a chain extension step was performed before its use as cross-linker. [START_REF] García-Astrain | Green chemistry for the synthesis of methacrylatebased hydrogels crosslinked through Diels-Alder reaction[END_REF] Typically, 3.00 g of TMI (0.90 mmol, 2.60 meq) were dissolved in 30 mL of chloroform and reacted with 1.44 g (0.70 mmol, 1.30 meq) of PEO diamine.

The reaction mixture was heated at 55 °C for 3 h under reflux and stirred overnight at room temperature. After that time, the solvent was evaporated under reduced pressure and the chain extended products recovered. The product will be named hereafter as TMI CE. Scheme 1 shows the chemical reaction for TMI CE synthesis.

Hydrogel formation by click reaction

For the preparation of the hydrogels, the same procedure employed before was used [START_REF] García-Astrain | Synthesis and evaluation of functional alginate hydrogels based on click chemistry for drug delivery applications[END_REF]. An aqueous solution of AF (7% w/v) was mixed with the stoichiometric amount of cross-linker (0.65 (0.12 mmol), 0.15 (0.12 mmol), 0.04 (0.12 mmol) and 1.56 g (0.08 mmol) for high molar mass BMI (BMI3), medium molar mass BMI (BMI2), low molar mass BMI (BMI1) and TMI chain extended (TMI CE), respectively) and allowed to gel at 65 °C for 5 h. The amount of BMI/TMI CE was adjusted for each formulation in order to have a stoichiometric amount of furan and maleimide groups. Hydrogels will be referred hereafter as HGAFBMI1, HGAFBMI2, HGAFBMI3 and HGAFTMI corresponding to BMI1, BMI2, BMI3 and TMI CE, respectively. A representation of hydrogel formation is shown in Scheme 2.

Methods

Fourier Transformed Infrared Spectroscopy (FTIR) was performed on a ThermoScientific FTIR spectrometer in attenuated total reflectance (ATR) mode at room temperature. FTIR spectra were recorded by accumulation of 32 scans and a resolution of 4 cm -1 . Proton Nuclear Magnetic Resonance ( 1 H NMR) spectra were acquired on a Bruker 500 MHz spectrometer (1s delay, 64 scans) at room temperature in CDCl3. The storage and loss modulus of the hydrogels were measured by frequency sweep tests with a MCR 301 Rheometer (Anton Paar), using parallel plate geometry (diameter 25 mm) at 37 ºC at a fixed strain of 1%. First, all samples were submitted to strain sweep tests in order to establish the linear viscoelastic region, where both the storage (G') and the loss modulus (G'') are independent of the applied strain. Storage and loss modulus values were measured in triplicate for each sample. Gel content was determined after swollen hydrogel samples were dried to constant weight, and the percentage conversion was evaluated using Eq. ( 1):

100 (%) Content Gel ⋅         = d t W W ( 1 
)
where Wd is the initial weight of the dry hydrogel sample and Wt is the dry weight of the hydrogel at time t (after incubation in PBS for 1 h). Swelling capacity of freeze-dried hydrogels was studied by a general gravimetric method. Freeze-dried hydrogel samples were immersed in three different media (PBS, HCl 0.1 M and NaOH 0.1 M) at 37 ºC.

The swelling capacity was determined gravimetrically. After immersion, samples were removed at selected time intervals and weighed, once the excess of liquid was carefully withdrawn with filter paper. The equilibrium swelling was considered to be achieved when the weight of the hydrogels no longer increased. The swelling ratio (SR) was calculated using Eq. ( 2):

100 ) ( % ⋅ - = d d s W W W SR (2)
where Ws and Wd are the weight of the swollen and final freeze-dried hydrogel samples, respectively. Pulsatile swelling of the as-prepared hydrogels was evaluated at two different pHs, basic (NaOH 0.1 M) and acidic (HCl 0.1 M). The hydrogels were first swollen in NaOH solution for 10 min and their swollen weight was monitored every 2 min. Then the samples were transferred to HCl solution and the swelling was monitored following the same procedure. Swelling capacity of the samples at each pH was measured according to Eq. 2.

For the release studies, the dried loaded hydrogel samples were incubated in 80 mL of PBS solution (pH = 7.4) at 37 ºC. At regular time intervals, an aliquot of 3 mL was withdrawn and analyzed by UV-vis spectroscopy. Once studied, the aliquot was returned to the beaker to keep the total volume constant. A standard calibration curve was prepared for neat vanillin solutions in the appropriate concentration regions to quantify the amount of released vanillin by comparing the absorbance at 347 nm (maximum absorbance of vanillin). The cumulative drug release at each time point was calculated using Eq. ( 3):

100 (%) Release Cumulative 0 ⋅         = m m t ( 3 
)
where mt is the cumulative mass of vanillin released at time t and m0 is the total amount of vanillin loaded, which was determined from the amount of drug solution absorbed by the hydrogel. Drug delivery tests were made in triplicate.

RESULTS AND DISCUSSION

Alginate was chemically modified to bring furan groups following a procedure reported in our previous work. [START_REF] García-Astrain | Synthesis and evaluation of functional alginate hydrogels based on click chemistry for drug delivery applications[END_REF] The degree of substitution (DS) was estimated for AF by the calculation of both the areas of the proton signals of the furan ring (3 protons) and those of the alginate backbone (5 protons) of the 1 H NMR spectra. Furan-modified alginate with a high substitution degree of 0.63 was synthesized.

Different maleimide-based cross-linkers were used for the click reaction with the furanmodified alginate. To study the effect of cross-linker chain length and composition over hydrogel properties several BMI of different molar masses were used, namely, BMI1, BMI2 and BMI3. Then, to study the influence of the functionality of the cross-linker, a synthesized and modified TMI was used. For that purpose, a starting TMI was reacted with PEO based on amine ending groups (PEONH2). Figure 1 shows the FTIR and NMR spectra of the modified TMI. As it can be observed in Figure 1A, PEONH2 shows a band at 1664 cm -1 , attributed to the N-H bending vibration of primary amines. This band was not observed in TMI CE, indicating that the primary amine disappeared after the reaction. In this case, the characteristic bands of the carbonyl groups of the maleimide ring were observed at 1706 and 1767 cm -1 , also present in TMI. [START_REF] García-Astrain | Hydrogel synthesis by aqueous Diels-Alder reaction between furan modified methacrylate and polyetheramine-based bismaleimides[END_REF][START_REF] Buono | Lignin-Based Materials Through Thiol-Maleimide "Click" Polymerization[END_REF] Moreover, TMI CE shows additional peaks corresponding to the secondary amine formed after the chain extension with PEONH2, such as the ones near 1280 and 930 cm - 1 , attributed to C-N stretching and N-H wag vibrations, respectively. Figure 1B shows the 1 H NMR spectra of PEONH2, TMI and TMI CE. As it can be observed, the -CH2protons of the PEONH2 backbone appeared around 3.60 ppm. In the case of TMI, -CHand -CH2-protons were observed between 3.20 and 3.40 ppm whereas the -CH3protons appeared between 0.90 and 1.20 ppm. Moreover, the peak corresponding to the protons of the double bond (CH=CH) of the maleimide ring was observed at 6.48 ppm.

After chain extension, both the characteristic peaks of PEONH2 and TMI were observed. Moreover, at 3.69 ppm (inset in Figure 1B), a new peak was observed attributed to the -CH-proton of the maleimide ring that appears after the saturation of the double bond during the reaction with PEONH2. [START_REF] García-Astrain | Hydrogel synthesis by aqueous Diels-Alder reaction between furan modified methacrylate and polyetheramine-based bismaleimides[END_REF] Then, DA-based hydrogels were obtained after the reaction of AF with the different cross-linkers for 5 h at 65 °C, as already reported. [START_REF] García-Astrain | Synthesis and evaluation of functional alginate hydrogels based on click chemistry for drug delivery applications[END_REF] In this case, cross-linkers of different molar masses and functionalities were employed in stoichiometric amounts to study the effect of the chemical architecture of the cross-linker, molar mass and functionality over the properties of the materials. The chemical structure of the hydrogels was analyzed by FTIR spectroscopy and the spectra of the different formed hydrogels is shown in Figure 2A. The bands corresponding to the carbonyl groups of the maleimide ring appear at 1770 and 1697 cm -1 . Moreover, the band corresponding to the stretching vibration of the C-O-C bond and C=C bonds present in the DA adduct appeared at 1450 and 1020 cm -1 , respectively, confirming the cross-linking of the hydrogels by DA reaction. [START_REF] García-Astrain | Synthesis and evaluation of functional alginate hydrogels based on click chemistry for drug delivery applications[END_REF] The gel content is a key parameter to determine hydrogel stability and thus, in this study the gel content was evaluated after immersion of the hydrogels for 1 h in PBS solution at 37 °C (Human body temperature). [START_REF] Jin | Injectable chitosan-based hydrogels for cartilage tissue engineering[END_REF] In this test, the unreacted alginate or crosslinker is dissolved and only the cross-linked chains remain. The gel content was 66 ± 2, 92 ± 5, 100 ± 2 and 69 ± 9 for HGAFBMI1, HGAFBMI2, HGAFBMI3 and HGAFTMI, respectively. As it can be observed, the gel content increased with the length of the BMI crosslinker and resulted to be lower when using a TMI CE. Nevertheless, high gel contents were observed for all hydrogel formulations.

The swelling behavior of hydrogels represents a key parameter for the design of drug delivery vehicles and is influenced not only by the swelling media but also by the hydrogel composition and extent of cross-linking. The swelling properties of the different hydrogels prepared were determined in different media using a gravimetric method. The weight gain was recorded in PBS (pH = 7.4), acidic pH simulating gastric fluids (HCl 0.1 M, pH = 1) and basic pH (NaOH 0.1 M, pH = 13) at 37 ºC, simulating human body conditions. Figure 3A shows the equilibrium swelling ratio (SR%) for the different hydrogels prepared and swelled in different media. The swelling was recorded for 48 h to ensure that the equilibrium was achieved. The equilibrium was reached after 48 h for HGAFBMI1 and HGAFBMI2 in PBS, whereas for HGAFBMI3 the equilibrium was reached after 24 h. In the case of using TMI CE as cross-linker, the equilibrium was reached much faster, namely after 2 h of incubation. This behavior could be explained considering the higher hydrophobicity of TMI CE due to the PPO chains of TMI. Therefore, the equilibrium is reached faster because the network does not swell to a high extent. When the hydrogels swelled under acidic pH, the equilibrium was reached after 24 h except for HGAFBMI1 that reached the equilibrium after 2 h.

The shorter cross-linker chains and the low repulsion between the chains under basic pH might influence the swelling rate and, thus, the low SR is reached faster. Finally, under basic pH, the equilibrium was reached after 2 h of incubation for HGAFBMI2 and HGAFBMI1 whereas for HGAFBMI3 the time needed to reach the equilibrium was 48 h. This could be explained by the chain length of the cross-linkers, longer cross-linker chains could result in a more sustained swelling favored by repulsion between the deprotonated chains. In this case again, HGAFTMI reached the equilibrium faster, namely in 30 min, following the same trend that when immersed in PBS solution.

Since the concentration of alginate was held constant for all hydrogel formulations, two parameters influence the swelling in this case, the extent of cross-linking and the nature of the cross-linker. Highly cross-linked hydrogels restrict the solution to permeate inside the hydrogel whereas the hydrophilicity and the length of the cross-linker will also influence the swelling. [START_REF] Yu | An interpenetrating HA/G/CS biomimic hydrogel via Diels-Alder click chemistry for cartilage tissue engineering[END_REF] It can be observed that HGAFBMI2 shows the highest SR when incubated in PBS solution, followed by HGAFBMI3. The use of cross-linkers of higher molar masses results in a higher SR when comparing with HGAFBMI1. In this case, lower SR were achieved when using a shorter cross-linker, reducing intercrosslinks distances with a higher chain density and then a reduced swelling is observed. Up to a certain cross-linker chain length, the differences in the SR are not very pronounced. Then HGAFTMI shows the lowest SR, this could be related with a higher degree of cross-linking achieved after the use of a trifunctional cross-linker. The presence of more junction zones when compared with BMI-cross-linked hydrogels could result in more compact networks with reduced swelling.

As expected, the SR was considerably reduced while immersed in HCl. As reported previously, the carboxylate groups in alginate remain protonated at low pH and the electrostatic repulsions between neighboring chains are reduced, resulting in gel shrinking. [START_REF] García-Astrain | Synthesis and evaluation of functional alginate hydrogels based on click chemistry for drug delivery applications[END_REF][START_REF] Bui | Preparation of novel hybrid gels from polyaspartamides and natural alginate or hyaluronate by[END_REF] Regarding the hydrogel composition, the SR followed the same trend as reported for PBS. On the contrary, under basic pH, the SR is considerably increased.

This behavior is due to the deprotonation of the carboxylate groups that increases the repulsion between alginate chains. It is also worth noting that the SR of HGAFBMI2 and HGAFBMI3 are considerably higher than the others hydrogels. The hydrophilicity of the cross-linker chains could play a critical role as the presence of hydrophilic ether groups has been reported to increase the swelling. Thus, the use of cross-linkers of higher molar masses based on groups susceptible to protonation could increase the swelling. [START_REF] García-Astrain | click" chemistry for the cross-linking of furfurylgelatin-polyetheramine hydrogels[END_REF] Regarding the hydrogel stability, all the compositions were quite stable up to 48 h of incubation. However, Figure 3B shows that HGAFBMI3 and HGAFTMI started to lose weight at 48 h of incubation. When comparing HGAFBMI2 and HGAFBMI3, the higher swelling of the former could mask the degradation of the network. It has to be taken into account that during this study, the mass loss could have started earlier, even if a weight increase was recorded, as both the weight gain and the mass loss take place concurrently during hydrogel swelling. Under the studied conditions, the degradation could only be attributed to the formation of a more swelled and disbanded structure, resulting in a partial solubilization of the hydrolyzed sample. In the case of HGAFBMI1, the lower swelling could prevent the hydrolytic cleavage of the network.

Thus, the use of a shorter cross-linker could reduce hydrogel degradation. Finally, the hydrolytic stability of HGAFTMI was lower, even if a more cross-linked network with lower swelling was achieved. This result could be attributed to the higher molecular weight of the cross-linker chain.

The pulsatile behavior of pH-sensitive hydrogels results particularly interesting for biomedical applications, such as drug delivery, where the release of drugs may be guided by pulses or changes in the environmental conditions. [START_REF] Kikuchi | Pulsatile drug release control using hydrogels[END_REF] This pulsatile behavior is crucial for drugs that require a specific time dosing or absorption in e.g., a particular body region or for targeted drug release. The reversibility of the swellingdeswelling process of the hydrogels was also studied after immersing the hydrogels at two different pHs, namely 1 and 13 (Figure 3B) using HCl and NaOH solutions. The solution pH was cycled between both pHs every 10 min. A pulsatile behavior was observed for all the hydrogel compositions. This process is repeatable for several cycles.

A sharper swelling-deswelling was observed for HGAFBMI2, as the difference between the SR in basic and acid pH was more pronounced, suggesting a faster response to changes in pH. For HGAFBMI1 and HGAFTMI, the results were in accordance with the low SR reported before. The difference between HGAFBMI2 and HGAFBMI3 could be linked to the presence of PPO that imparts hydrophobicity to the network.

Thus, the chemical nature of the cross-linker chain plays a key role over the pulsatile properties of the hydrogels.

The rheological properties of the as-prepared hydrogels were assessed by means of dynamic rheological analysis to study their viscoelastic properties. The experiments were performed at the temperature of the human body (37°C), using parallel plate geometry. Frequency sweeps were conducted at a fixed strain, within the linear viscoelastic region where both the storage (G') and the loss modulus (G'') are independent of the applied strain. In all cases, G' was constant and higher than G'' confirming hydrogel formation (Figure 4A).

HGAFTMI displays the highest G' value whereas similar values were recorded for HGAFBMI2 and HGAFBMI3. The use of a trifunctional cross-linker resulted in the formation of a denser cross-linked network due to the availability of more junction points and, thus, G' increases. These results are in accordance with the behavior observed during swelling measurements, where the swelling ratio of HGAFTMI was lower due to its higher extent of cross-linking. Regarding the BMI of medium and high molar mass, no significant differences in the G' values were observed even if G' was slightly lower for HGAFBMI2. However, the G' value of HGAFBMI1 was significantly lower, indicating that the molar mass of the cross-linker determines the G' up to a certain value. The molar mass of the cross-linker has been reported to play a significant role on the mechanical properties of the hydrogels [START_REF] García-Astrain | Hydrogel synthesis by aqueous Diels-Alder reaction between furan modified methacrylate and polyetheramine-based bismaleimides[END_REF][START_REF] Vanderhooft | Rheological Properties of Cross-Linked Hyaluronan-Gelatin Hydrogels for Tissue Engineering[END_REF]. The use of cross-linkers of higher molar mass results in stiffer materials due to more chains entanglements and interactions. Functionality and molar mass of the cross-linker can be adjusted to tune the mechanical properties and then, the applications of these alginate-based hydrogels.

The tan δ values for the different compositions as a function of the frequency are shown in Figure 4B. Tan δ was always lower than 1, which is characteristic of a more elastic than viscous behavior. HGAFBMI1 showed slightly higher tan δ values with respect to the other hydrogel compositions.

Finally, in order to prove the potential use of the as-prepared hydrogels as drug delivery vehicles, drug release studies were carried out in PBS at 37 ºC using vanillin as a model drug (Figure 5). The amount of released vanillin was monitored by UV-vis spectroscopy. Drug loadings were found to be between 1 and 6 mg vanillin/g hydrogel.

HGAFTMI showed the lowest drug loading and increasing loadings were recorded as the molar mass of the cross-linker increased. HGAFBMI1, HGAFBMI2 and HGAFTMI released 100% of the loaded drug whereas HGAFBMI3 released near 76% of the absorbed drug. It should also be noticed that HGAFBMI1 showed a burst release, the drug being completely released at an early stage. On the contrary, the other hydrogel compositions showed a more sustained release over time. The maximum drug released was recorded after 1.5, 3 and 4 h for HGAFBMI3, HGAFBMI2 and HGAFTMI, respectively. The highest SR observed for HGAFBMI3 and HGAFBMI2 seems to facilitate the permeation of the drug solution inside the polysaccharide-based matrix, favouring a sustained drug release after swelling in PBS. In any case, the chemical nature of the cross-linker seems to directly influence the release of drugs.

To understand better the mechanisms that govern the vanillin release from the hydrogels, the data were fitted to the power law, reported by Peppas et al., that describes the drug release from polymeric systems (Eq. 4): [START_REF] Siepmann | Modeling of drug release from delivery systems based on hydroxypropyl methylcellulose (HPMC)[END_REF] 

n t k ⋅ = ∞ M M t (4) 
where Mt and Minf are the amount of drug released at time t and infinite time, respectively, k is a constant incorporating structural and geometric characteristics of the device and n is the release exponent, indicative of the mechanism of drug release.

According to this equation, the n values for the as-prepared hydrogels resulted to be 0.42, 0.43 and 0.7 for HGAFBMI2, HGAFBMI3 and HGAFTMI, respectively. The data from HGAFBMI1 were not fitted to the equation due to the observed burst release. Thus, the release from HGAFBMI2 and HGAFBMI3 are governed by Fickian diffusion.

In the case of HGAFTMI, the mechanism governing the drug release is a case of anomalous transport where diffusion and swelling phenomena are superposed. Even if this equation gives a rough idea of the predominant mechanism responsible of drug release, these results are only a limited insight into this mechanism and other aspects such as varying swelling or drug diffusion during drug release studies should be considered to determine the exact mechanism controlling the drug release.

CONCLUSIONS

In this study, cross-linkers of different chain length, chemical structure and functionality were employed for the successful synthesis of biobased hydrogel cross-linking via DA reaction, for the first time. The results clearly show that final hydrogels properties such as rheological, swelling and drug release properties were influenced by the type and the architecture of the cross-linker. Trifunctional cross-linker resulted in the formation of more junction points within the 3D network and lead to higher storage moduli values.

The swelling properties varied also significantly depending on the nature of the crosslinker. Higher SR were recorded for cross-linkers with increasing chain length and the use of TMI CE resulted in lower SR values. The hydrophilicity of the cross-linker plays also a main role in hydrogel swelling. A more pronounced swelling-deswelling process was observed for HGAFBMI2 and the composition of the cross-linker chain seems to influence the swelling. Finally, the drug release ability of the as-prepared hydrogels varies also according to the cross-linker nature. The use of shorter cross-linkers resulted in a burst release of the loaded drugs whereas the use of TMI CE lead to a more sustained drug release over time. Moreover, the mechanisms governing the drug release were also affected by cross-linker functionality. In view of these results, hydrogels based on bifunctional cross-linkers with middle molar mass result in improved properties such as high gel contents, pronounced pulsatile swelling, appropriate G' values and a suitable controlled drug release behavior. If stiffer hydrogels are required the functionality of the cross-linker can be tuned to achieve higher cross-linking degrees and thus, improved mechanical properties. The hydrogel network properties are closely related to the nature of the cross-linker, confirming our initial hypothesis. Parameters 
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1.1. Materials

  

	(poly(ethylene oxide) bismaleimide and Poly(propylene oxide)-b-poly(ethylene oxide)-
	b-poly(propylene oxide) bismaleimide) and Trismaleimide (TMI) (Poly(propylene
	oxide) trismaleimide)) were purchased from Specific Polymers (Castries, France) and
	Sigma-Aldrich (1,8-bismaleimido-diethyleneglycol). Their main characteristics are
	detailed in Table 1. Poly(ethylene oxide) with amine ending groups (Mw = 2000 g/mol,
	PEONH2) was purchased from Scientific Polymer Products, Inc. Furfurylamine (99%)
	and vanillin (99%) were purchased from Alfa Aesar. 1-ethyl-3-(3-
	dimethylaminopropyl) carbodiimide hydrochloride (EDC, Pierce Premium-Grade) was
	purchased from Thermo Scientific and Phosphate Buffered Saline (PBS) solution was
	prepared from PBS tablets from Sigma-Aldrich. All reagents and solvents were
	employed as received.
	Sodium alginate (Scogin ® MV Alginate) was kindly donated by FMC BioPolymer,
	Ireland. The viscosity of 1% solution at 25 °C is high, 350-500 mPa.s, which
	corresponds to a molar mass of 310-340 kDa, according to the manufacturer. The
	sodium alginate particles are yellowish to light-brown. A minimum of 96.0% of alginate
	particles can pass through 25 mesh BS. The manuronic/glucuronic ratio (M/G) was
	estimated at 0.84 by 1 H-NMR.[25] The cross-linkers employed (Bismaleimides (BMI)
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such as chain length, functionality or chemical composition can be tuned according to the requirements for specific biomedical applications such as responsive drug release devices. Even if additional studies regarding the biocompatibility of these materials need to be addressed, promising properties of these alginate-based hydrogels might be of huge significance for the development of innovative devices such as light-or thermally controlled drug release systems, or scaffolds designed by 3D/4D printing.
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