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Biocompatible materials are of paramount importance in numerous fields. Unlike chemically-bridge polymer-based hydrogels, low molecular weight gelators can form a reversible hydrogel as their structure rely on non-covalent interaction. Although many applications with this type of hydrogels can be envisioned, we still lack their understanding due to the complexity of their self-assembly process and the difficulty predicting their behaviors (transition temperature, gelation kinetic, impact of solvent…). In this study, we extend the investigations of a series of nucleoside-derivatives gelators which only differ by subtle chemical modifications. Using a multi-technique approach, we determined their thermodynamic and kinetic features at various scale (molecular to macro) in different conditions. Monitored at supramolecular level by circular dichroism as well as macroscopic scales by rheology and turbidimetry, we found out that sol-gel and gel-sol transition are greatly depending on the concentration and on the mechanisms that are probed. Self-assembly kinetic depends on hydrogel molecules and is modulated by temperature and solvent. This fundamental study provides insight on the impact of some parameters on the gelation process, such as concentration, cooling rate and nature of the solvent.

Introduction

Low Molecular Weight Gelators (LMWG) have been of particular interest for the last decades, since they have the ability to self-assemble into fibrillar structures. The fibers entangled themselves, creating a network arrangement that entraps the solvent. This system forms a soft viscoelastic supramolecular gel [START_REF] Smith | Self-Assembling Fibrillar Networks-Supramolecular Gels[END_REF][START_REF] Loos | Design and Application of Self-Assembled Low Molecular Weight Hydrogels[END_REF][START_REF] Steed | Supramolecular Gel Chemistry: Developments over the Last Decade[END_REF] . LMWG hydrogelation features have potential applications in life science fields, e.g. tissue engineering [START_REF] Maisani | A New Composite Hydrogel Combining the Biological Properties of Collagen with the Mechanical Properties of a Supramolecular Scaffold for Bone Tissue Engineering[END_REF][START_REF] Ziane | A Thermosensitive Low Molecular Weight Hydrogel as Scaffold for Tissue Engineering[END_REF][START_REF] Zuidema | A Protocol for Rheological Characterization of Hydrogels for Tissue Engineering Strategies[END_REF] , cell culture [START_REF] Tibbitt | Hydrogels as Extracellular Matrix Mimics for 3D Cell Culture[END_REF][START_REF] Ruedinger | Hydrogels for 3D Mammalian Cell Culture: A Starting Guide for Laboratory Practice[END_REF][START_REF] Geckil | Engineering Hydrogels as Extracellular Matrix Mimics[END_REF][START_REF] Latxague | Control of Stem-Cell Behavior by Fine Tuning the Supramolecular Assemblies of Low-Molecular-Weight Gelators[END_REF] , drug delivery [START_REF] Kretlow | Injectable Matrices and Scaffolds for Drug Delivery in Tissue Engineering[END_REF][START_REF] Li | Designing Hydrogels for Controlled Drug Delivery[END_REF] , alongside polymer gels. Polymer gels are formed primarily by covalent interactions between monomers, whereas supramolecular gels consist of self-assembling of the building blocks by weak interaction (hydrogen bonds, Van Der Waals interactions, π-stacking…). This particular characteristic gives advantages compared to polymer gels, like among others the thermoreversibility of the gelation process. To match these properties, designing amphiphilic molecules has shown to be an efficient strategy since these kinds of molecules tend to spontaneously selfinteract in aqueous media, by a balance of hydrophobic and hydrophilic interactions. To this day, plenty of examples of successful LMWG design are listed and imply peptides [START_REF] Nowak | Rapidly Recovering Hydrogel Scaffolds from Self-Assembling Diblock Copolypeptide Amphiphiles[END_REF][START_REF] Ryadnov | Peptide Alpha-Helices for Synthetic Nanostructures[END_REF][START_REF] Zhao | Designer Self-Assembling Peptide Materials[END_REF][START_REF] Gao | Controlling Self-Assembling Peptide Hydrogel Properties through Network Topology[END_REF][START_REF] Parisi | Supramolecular Tripeptide Hydrogel Assembly with 5-Fluorouracil[END_REF] , nucleobases [START_REF] Araki | Nucleobase-Containing Gelators[END_REF][START_REF] Campins | Nanostructured Assemblies from Nucleotide -Based Amphiphiles[END_REF][START_REF] Peters | Supramolecular Gels Made from Nucleobase, Nucleoside and Nucleotide Analogs[END_REF] , urea and amide based molecules [START_REF] Fages | Systematic Design of Amide-and Urea-Type Gelators with Tailored Properties[END_REF] , and versatile derivatives [START_REF] Godeau | Glycosyl-Nucleoside Fluorinated Amphiphiles as Components of Nanostructured Hydrogels[END_REF][START_REF] Latxague | Glycoside Nucleoside Lipids (GNLs): An Intrusion into the Glycolipids' World?[END_REF][START_REF] Alies | Cytidine-and Guanosine-Based Nucleotide-Lipids[END_REF][START_REF] Baillet | Lipid and Nucleic Acid Chemistries: Combining the Best of Both Worlds to Construct Advanced Biomaterials[END_REF][START_REF] Latxague | Carbamate-Based Bolaamphiphile as Low-Molecular-Weight Hydrogelators[END_REF][START_REF] Ochi | Supramolecular Hydrogels Based on Bola-Amphiphilic Glycolipids Showing Color Change in Response to Glycosidases[END_REF][START_REF] Ramin | Low Molecular Weight Hydrogels Derived from Urea Based-Bolaamphiphiles as New Injectable Biomaterials[END_REF][START_REF] Chalard | Simple Synthetic Molecular Hydrogels from Self-Assembling Alkylgalactonamides as Scaffold for 3D Neuronal Cell Growth[END_REF] . Despite the apparent well-known features that characterize supramolecular gels, the hydrogelation process remains poorly understood. At this point, the approach to find a hydrogelator candidate is empirical and rationalizing the strategy of LMWG design is still a challenge [START_REF] Weiss | The Past, Present, and Future of Molecular Gels. What Is the Status of the Field, and Where Is It Going?[END_REF][START_REF] Zurcher | Tools for Identifying Gelator Scaffolds and Solvents[END_REF] . LMWG studies face lot of other issues, among them are the versatility and the reproducibility of the results, needing the parameters impacting them to be caught and mastered. These kind of issues were recently addressed and illustrated with examples of peptide-based LMWG triggered and affected by the pH, where the parameters influencing the gelation (temperature, physicochemical properties of the medium…) were discussed, as well as the different techniques that can be mobilized at every scales to study them [START_REF] Draper | Controlling the Assembly and Properties of Low-Molecular-Weight Hydrogelators[END_REF] . Differences in the properties of this type of gels were observed from macroscopic visual aspects to molecular assembly level, by tuning the properties of the medium [START_REF] Draper | Controlling the Assembly and Properties of Low-Molecular-Weight Hydrogelators[END_REF][START_REF] Raeburn | The Importance of the Self-Assembly Process to Control Mechanical Properties of Low Molecular Weight Hydrogels[END_REF][START_REF] Tang | Fmoc-Diphenylalanine Self-Assembly Mechanism Induces Apparent PKa Shifts[END_REF] . Although, the fact is that the demand of more exhaustive information about what could influence the gelation process is still a recent issue in the field of LMWG [START_REF] Weiss | Controlling Variables in Molecular Gel Science: How Can We Improve the State of the Art?[END_REF] . Because supramolecular gels are in a metastable state that result from thermodynamic and kinetic processes [START_REF] Liyanage | Spontaneous Transition of Self-Assembled Hydrogel Fibrils into Crystalline Microtubes Enables a Rational Strategy To Stabilize the Hydrogel State[END_REF] , this field required more of their studies in order to get crucial insights on gelation process [START_REF] Van Esch | We Can Design Molecular Gelators, but Do We Understand Them? Langmuir ACS[END_REF] . Some recent studies were undertaken in that way, by probing for example the gelation process and kinetic in terms of rheological behavior and supramolecular features, using a pool of different techniques [START_REF] Hashemnejad | Probing Gelation and Rheological Behavior of a Self-Assembled Molecular Gel[END_REF] . Others focused on the use of computational methods in order to predict the gelation process features, that can indeed be of great help combined with experimental data to facilitate the design of LMWG and to bring more light on the fundamental aspect of the gelation mechanism [START_REF] Lommel | Molecular Dynamics Based Descriptors for Predicting Supramolecular Gelation[END_REF] . Still, to complete the state of art in a more integrated view, the great diversity of LMWG molecular nature requires the same diversity of studies. In order to seek in this direction, we focus on specific types of LMWG: glyco-nucleo-bolaamphiphiles (GNB).

GNB are bioinspired amphiphilic molecules as they are made of nucleosides and lipids. Bolaamphiphiles general molecular structures have already shown their self-assembling properties because of their ability to balance well hydrophobic and hydrophilic interactions [START_REF] Nagarajan | Self-Assembly of Bola Amphiphiles[END_REF] , so GNB benefit of these advantages to successfully form a gel. They also display a low toxicity and have been used in vivo [START_REF] Ramin | Low Molecular Weight Hydrogels Derived from Urea Based-Bolaamphiphiles as New Injectable Biomaterials[END_REF] . The molecular architecture of these GNB consists of two glyco-modified thymidines linked by a hydrophobic segment and triazole moieties (Figure 1). Figure 1: Chemical structure of molecules studied named Glyco-Nucleo-Bola-Amphiphiles (GNB). Abbreviations of molecules are BU when X = X' = urea; BA when X = X' = amide and BC when X = X' = carbamate. GNB-based hydrogels form a network with solvent trapped into the mesh as shown by cryo-SEM experiments (Figure 2). It is important to note that despite the ability of cryo-SEM to keep sample in its native state as much as possible, alterations of the sample cannot be ruled out. GNB structures that are studied here differ only by the nature of the linker between the glyco-nucleoside and the aliphatic parts of the molecule. In Figure 1, we show the three different GNB we investigated, with a linker made of urea (BU), amide (BA) or carbamate (BC). Even though they all have gelating properties with a relatively same mesoscopic architecture, they exhibit different thermal, kinetic and rheological properties. Previous study showed the involvement of additional hydrogen-bonding sites contributing to higher elastic modulus G' and gel-sol transition temperature [START_REF] Ramin | Low Molecular Weight Hydrogels Derived from Urea Based-Bolaamphiphiles as New Injectable Biomaterials[END_REF] . Interestingly, they all tend to form a gel at room temperature, after solubilization by heating cycle, except BC that has to be stored at low temperature (< 10 °C) in order to form a gel homogeneously [START_REF] Latxague | Carbamate-Based Bolaamphiphile as Low-Molecular-Weight Hydrogelators[END_REF] . In this study, we aim to explore specific aspects: their thermal and structural properties. The results that are presented here are another contribution for sparking debate over the relationship between kinetic and thermodynamic in the gelation process, especially the time-temperature dependency in the process of homogeneous nucleation and fibers growth that lead to the gel phase. Issues about technical limitations for the study of these kinds of materials, as well as the relevancy of some methods, are also addressed and discussed. 

Materials & Methods

Sample preparation

Gels at 1% and 2% w/v were formed by weighting the aimed amount of GNB powders (10 mg and 20 mg, respectively) and adding the right volume of solvent (1 mL of ultrapure water or PBS). GNB used were synthesized in-house accordingly by previous procedures [START_REF] Latxague | Carbamate-Based Bolaamphiphile as Low-Molecular-Weight Hydrogelators[END_REF][START_REF] Ramin | Low Molecular Weight Hydrogels Derived from Urea Based-Bolaamphiphiles as New Injectable Biomaterials[END_REF] . The mixtures were sonicated for 30 seconds, heated at 82 °C (this temperature was arbitrary selected in order to solubilize our samples) for 10 min to ensure complete solubilization, then they remained at room temperature for gelation to occur (4 °C for BC). All gels below 1% w/v were obtained by successive dilutions of solubilized 1% w/v or 2% w/v preparations. Ultrapure water used was deionized water with resistivity of 18.2 MΩ. Dulbecco's Phosphate Buffer Saline (PBS) (without magnesium and calcium) was purchased from Sigma Aldrich.

Cryo-scanning electron microscopy (cryo-SEM)

Cryo-SEM microscopy experiments were conducted on a ZEISS GEMINI 300 at Bordeaux Imaging Center (BIC). The samples were cryo-fixed by high pressure freezing with a LEICA EM-HPM100. Cryo-SEM micrographs were obtained after sublimation (26 min for BU and 30 min for BA) and 30 s of sample platinum metallization.

Rheology experiments

Rheological measurements were carried out on a Malvern Kinexus Pro+rheometer with steel cone-plate geometry (diameter: 20 mm). The lower plate is equipped with a Peltier temperature control system. A solvent trap was used to ensure homogeneous temperature and to prevent water evaporation. BU, BA and BC 1% w/v in PBS were heated at 85 °C and the resulting solution was deposed on the motionless disk of the rheometer, then cone-plate was set and the gel could rest and cure between the disks. Frequency sweeps were performed at 25 ± 0.01 °C for BU and BA and 10 °C ± 0.01 °C for BC within the linear viscoelastic regime (LVER) at a strain of 0.1% to access the rheological moduli in a first place. Moduli were taken at a frequency of 1 Hz (ω = 6.283 rad s -1 ). Temperature sweeps were conducted at 5 angular frequencies (3.149, 6.283, 19.87, 31.49 and 62.83 rad s -1 ), in controlled stress condition (3 Pa) and in another run in controlled strain amplitude condition (0.1 %) in order to compare the effect of mechanical stress on gel-sol and sol-gel transition temperatures, on a range of temperature depending on the hydrogelator conditions (25-85 °C for BU and BA, 4-40 °C for BC) and with a temperature ramp of 2 °C min -1 . To characterize the gel-sol transition, frequency sweeps were done on a range of temperature near the expected gel-sol region of each gel and the gel point was approximated at the temperature region where the moduli are proportional to a power law of the frequency, based on Winter's criterion [START_REF] Winter | Analysis of Linear Viscoelasticity of a Crosslinking Polymer at the Gel Point[END_REF] . Gelation kinetic was performed for BC by deposing the melted solution into the rheometer and measuring G' and G'' as a function of time every minute at 4 °C, at the same 5 angular frequencies as taken for temperature sweeps experiments, and with a controlled strain amplitude of 0.1%.

Turbidimetry

Turbidity measurements were performed on a Perkin-Elmer UV-vis spectrometer (Lambda 25) coupled with a Peltier device (PTP 6). Hydrogels initially prepared at the aimed concentration for the purpose of the experiment were heated at 82 °C for at least 5 minutes to ensure complete solubilization then poured into quartz UV cuvette (optical path length: 1 cm). Absorbance at 500 nm was measured as an indicator of turbidity with a time interval of 1 minute for the temperature scans and 2 minutes for the gelation kinetic of BC. For the temperature scan measurements, three cycles of heating and cooling were done with a ramp of 1°C min -1 , on a temperature range depending on the hydrogelator conditions (20-85°C for BU, 10-70°C for BA and 1-64 °C for BC).

Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) was realized using METTLER TOLEDO. A total of two to three heating and cooling cycles were performed, on a range of temperature depending on the hydrogelator condition (27-87 °C for BU, 15-75 °C for BA) at 1% and 2% w/v in ultrapure water or in PBS at a constant rate of 1, 2 and 5 °C min -1 , in 100 μL aluminum crucibles. Heating cycle for BC 1% and 2% w/v in ultrapure water or in PBS was preceded by a waiting time of 30 min at 2 °C to ensure gelation, then was conducted at a ramp of 1 and 2 °C min -1 from 4 to 61 °C. Heat flow was also measured as a function of time for BC in isothermal condition at 4 °C after solubilization at 60 °C. Heating and cooling results of thermal analysis are reported in Table 1. These experiments were independently replicated at least two times. Mean values and standard deviation values are extracted from the replications of at least two temperature cycles per run.

Circular Dichroism /UV-Vis spectroscopy

UV-Vis and Circular Dichroism (CD) spectroscopy were performed on JASCO J-1500 Circular Dichroism (optical path length = 0.2 cm) in quartz cuvette coupled with a Peltier device.

Spectra were acquired at 82 °C to ensure complete solubilization for the disassembled hydrogelators and at 4 °C and 25 °C for the self-structured BC and BU/BA respectively, at 0.05% w/v in pure water and PBS. Temperature scans were done on a range of temperatures depending on the hydrogelator conditions (10-80 °C for BU, 10-75 °C for BA and 5-60 °C for BC), by acquiring spectra each 5 °C step in heating and cooling paths. BA was systematically solubilized between each acquisition during cooling to avoid aggregate formation. Scan interval was assessed for BC by acquiring spectra each 5 minutes at 4 °C after solubilization at 60 °C.

Thermal denaturation cycles were done by monitoring at one wavelength (268 nm for BU, 230 nm for BA, 276 nm for BC; corresponding to their self-assembled spectrum) every 1 °C at a temperature rate of 1 °C min -1 , in heating and cooling ways. Van't Hoff analysis was then done on these data. Kinetic of BC was performed by monitoring at one wavelength in CD every minute at 4°C after solubilizing at 60 °C.

Results and discussion

To get insight on the self-assembly process leading to hydrogels, we compared conformational and thermal properties of these gelators (BU, BA, BC, see Figure 1) between two media, water and PBS, at different scales (from molecular to macroscopic gel) and different concentrations.

We used different techniques to relate several features of the gels to their intrinsic properties: temperature-monitored turbidimetry was done based on the visual turbid aspect of the GNB in gel phase that is lost in solution phase to access the thermal phase transition and kinetic data; differential scanning calorimetry (DSC) and sol-gel rheometry were done in order to relate the thermal stabilities and optical features of the gels in terms of heat exchanges and mechanical properties; circular dichroism (CD) and UV-vis spectroscopy were assessed to relate thermal and kinetic properties of these GNB to the conformational properties at the self-assembly scale using induced supramolecular chirality upon self-organization.

Phase transition of GNB

1.1.Rheometry

Rheometry measurement was done in a purpose of mechanical based characterization of the temperature-state relationship of these hydrogelators. As it was previously determined [START_REF] Latxague | Carbamate-Based Bolaamphiphile as Low-Molecular-Weight Hydrogelators[END_REF][START_REF] Ramin | Low Molecular Weight Hydrogels Derived from Urea Based-Bolaamphiphiles as New Injectable Biomaterials[END_REF] the kind of linker moiety of the GNB impacts its rheological properties. Frequency sweep experiments with a constant strain amplitude of 0.1% show a storage modulus G' of 52.4 (± 12.7), 4.0 (± 2.0) and 1.0 (± 0.6) kPa for BU, BA and BC 1% w/v in PBS, respectively (Figure 3). Although mechanical properties arise out of global fibrillar architecture of the supramolecular gel, they are also strongly influenced by the design of the molecule structure. The greater G' of BU may come from the multiple fiber branching constituting its network, compared to the BA that has fiber joints instead (Figure 2), but also from the urea group that provides additional oriented hydrogen-bond sites and thus stronger intermolecular interaction [START_REF] Ramin | Low Molecular Weight Hydrogels Derived from Urea Based-Bolaamphiphiles as New Injectable Biomaterials[END_REF] . The linker has also an impact on the thermal stability based on gel-sol transition experiment. according to the Winter and Chambon method [START_REF] Winter | Analysis of Linear Viscoelasticity of a Crosslinking Polymer at the Gel Point[END_REF][START_REF] Winter | Rheology of Polymers near Liquid-Solid Transitions[END_REF] , frequency sweeps were done at different temperatures around the G'-G'' crossover observed in the temperature sweep graphs (Figure 4 bottom panels). In the gel phase, the moduli do not depend on the frequency, over the range of angular frequencies of the experiment. When the gel-sol transition occurs, the moduli follow a power law dependency on the angular frequency (G'~ G''~ ω n ). At 55 °C, BA remains in gel phase owing to the moduli independent of the frequency, but exhibits a liquid-like behavior at 57 °C as G' < G'', G'~ ω² and G''~ ω, meaning that the gel-sol transition is near this region of temperature [START_REF] Winter | Rheology of Polymers near Liquid-Solid Transitions[END_REF] . BU and BC remain in gel phase at 80 °C and 25 °C respectively but the transition to the sol phase does not exhibit the same power laws. BU seems to turn into sol phase at 82 °C with G' and G'' being proportional to ω² and ω, although at 85 °C the moduli become G' ≈ G''~ ω 1.8 . For BC at 30 °C, G' ~ ω 1.8 and G'' ~ ω 1.2 , which is a characteristic close to a viscous fluid, and at 27 °C the G' and G'' follow intermediate power laws, ω 1.9 and ω 1.6 , respectively. No others intermediate power laws were found in the range of temperatures of the experiment. These temperatures will be then referred as T gel-sol . These values are consistent with the power law behaviors previously observed (Figure 4 bottom panels) and with temperature sweep experiments at different frequencies that are reported in ESI (Figure S13-S17). This concordance between different ways to access the phase transition was previously reported in other works on thermally triggered and ionic gels [START_REF] Yan | Rheological Study on the Thermoreversible Gelation of Stereo-Controlled Poly(N-Isopropylacrylamide) in an Imidazolium Ionic Liquid[END_REF][START_REF] He | A Thermoreversible Ion Gel by Triblock Copolymer Self-Assembly in an Ionic Liquid[END_REF] , but as their authors have acknowledged, and for the sake of rigorous definition, the point of G' and G'' drop in values in temperature sweep experiment will be then referred as G'-G'' crossover point.

A cooling cycle was done for BU and BA just after their heating cycle to further investigate their gelation upon cooling. It showed a sharp recovery of its initial G' at a temperature of G'-G" crossover point below T gel-sol in some conditions (Figure 4 top left and top middle panels).

Temperature of sol-gel transition could be extracted from the tan δ plots of cooling cycles for BU and BA, being respectively 62.5 °C and 43.5 °C (Figure 5 bottom panels). These temperatures, also consistent with the G'-G'' crossover point upon cooling, will be then referred as T sol-gel . No T sol-gel was determined for BC since it does not form a gel upon a cooling sweep.

These profiles of G' and G'' upon heating and cooling with this kind of hysteresis were previously observed with other LMWG and explained by the fact that the heating triggers a progressive dissolution of the gels, shown by the progressive decrease of the moduli. Whereas during cooling, even if LMWG nuclei can be formed, the gel properties are recovered once the network has expanded in the whole sample volume, shown by the sharp increase of the moduli [START_REF] Fuentes-Caparrós | Annealing Multicomponent Supramolecular Gels[END_REF] .

Noteworthy that there are some differences whether the stress or the strain amplitude was chosen to be controlled. For example, BA does not cure upon cooling in controlled stress condition above 6.283 rad s -1 , but does in controlled strain amplitude (Figure S15-16). G'-G'' crossover point on the heating plots of BA varies between controlled stress and strain conditions, with values around 50 °C and around 60 °C for controlled stress and controlled strain amplitude respectively, showing the dependency of the transition on the parameters of the experiment that are impacting the sample (Table S1). Previous work showed that gelation of BC occurs at low temperature (< 10 °C) [START_REF] Latxague | Carbamate-Based Bolaamphiphile as Low-Molecular-Weight Hydrogelators[END_REF] . Gelation kinetic was performed at 4 °C by measuring the G' and G'' every 30 seconds at the same 5 frequencies chosen in temperature sweep experiments and a constant strain amplitude of 0.1% (Figure 6 top, Figure S18). The gel point determination of BC was attempted by the Winter and Chambon method [START_REF] Winter | Analysis of Linear Viscoelasticity of a Crosslinking Polymer at the Gel Point[END_REF][START_REF] Winter | Rheology of Polymers near Liquid-Solid Transitions[END_REF] , consisting on taking the crossing point of the tan δ of different frequency plots. The gel point was roughly determined by taking the point of stabilization of the tan δ of each frequency, which falls at 9 min and 30 s. The moduli kept around zero during a whole induction time stage, then began a linear growth stage of the gelation process at a t gel = 4.5 min, after which the moduli started to increase. The G' becomes ten times greater than the G'' after the gel point and reaches a pseudo-equilibrium after 20 min where the gelation enters in a non-linear growth stage. All the gelation kinetic plots at each frequency are reported in ESI (Figure S18). To describe more deeply the linear growth stage, an Avrami model 46 of this stage was used. This model describes well the nucleation-growth kinetic of fractal objects, particularly crystals [START_REF] Fanfoni | The Johnson-Mehl-Avrami-Kohnogorov Model: A Brief Review[END_REF][START_REF] Hillier | Modified Avrami Equation for the Bulk Crystallization Kinetics of Spherulitic Polymers[END_REF][START_REF] Yang | Distribution Kinetics of Polymer Crystallization and the Avrami Equation[END_REF] , and has been applied to gels since they involve similar mechanisms [START_REF] Liu | Identify Kinetic Features of Fibers Growing, Branching, and Bundling in Microstructure Engineering of Crystalline Fiber Network[END_REF][START_REF] Okesola | Supramolecular Self-Assembly To Control Structural and Biological Properties of Multicomponent Hydrogels[END_REF] . The model has this general form

ln(1 -𝑋) = -𝐾(𝑡 -𝜏) 𝑛 𝐴 (eq. 1.1)
where K is a constant related to the rate of growth, t is time, X the volume fraction of selfassemblies, n A the Avrami exponent and τ the induction time of self-assembling. The Avrami exponent denotes the dimension of the self-assemblies forming the gel, which is equal to 1, 2 or 3 for 1-D, 2-D or 3-D dimensional growth respectively. The induction time here is approximated as t gel . X is expressed in terms of the storage modulus G' as following

𝑋 = 𝐺 ′ (𝑡) -𝐺 ′ (0) 𝐺 ′ (∞) -𝐺 ′ (0) (eq. 1.
2)

The plots in Figure 6 bottom is derived from the model by integrating (eq. 1.

2) into (eq. 1.1)

and taking the natural logarithms. The slope corresponds then to n A which is here equal to 1.4 ± 0.2, which is in accordance with a one-dimensional fiber growth with very few branching [START_REF] Liu | Identify Kinetic Features of Fibers Growing, Branching, and Bundling in Microstructure Engineering of Crystalline Fiber Network[END_REF] . This result matches well with previous works that also describe the dimensionality of the growth of supramolecular gels, where the kinetic properties of the gel growth and the microscopic features of the gels that are observed in microscopy experiments are well related. [START_REF] Okesola | Supramolecular Self-Assembly To Control Structural and Biological Properties of Multicomponent Hydrogels[END_REF] These results show that the fine molecular design impacts the rheological aspect of the hydrogels, in terms of viscoelasticity and phase-transition temperature. Moreover, these transitions have different kinetic scale. BU and BA form a gel relatively fast upon cooling compared to BC when they reach their sol-gel transition temperature. Taking into consideration these timescales, the gelation of BU and BA is considered as a non-isothermal process, whereas BC is formed by an isothermal gelation, which fits well an Avrami kinetic model (corresponding to 1-Dimensional growth). 

Turbidimetry

Turbidimetry can be used to monitor gel visual aspect to go further in the thermal and kinetic properties of those gels. Indeed, these molecules form a turbid gel and a transparent sol phase when completely solubilized. This technique can probe at an early stage of the gelation process the first self-assembled objects that can scatter light. In order to determine phase-transitions temperature, we measure absorbance at 500 nm as function of temperature (Figure 7). No significant difference was observed in transition temperatures between water and PBS conditions (see also Figure S10-12). Interestingly, heating and cooling cycles exhibit a thermal hysteresis.

Heating cycles show a melting temperature T m of 80 °C and 60 °C for BU and BA gelators, respectively. Their hysteresis is quite high (ΔT ≈ 20 °C), and during cooling, once a cooling temperature T c is reached, the gelation seems to occur quite fast, with a big leap in turbidity at 60 °C and 40 °C for BU and BA respectively. These observations match with rheometry experiments, where the T gel-sol corresponds to the T m , although the T sol-gel can slightly differ from the T c . It is important to note that from rheology experiment, the explanation that could be given to the hysteresis was based on the mechanical properties of the gel that are recovered once the network has expanded in the whole volume, even if nuclei were formed while the sample is cooling. The fact is that turbidimetry shows no scattering effect from the formation of objects during the whole time of the hysteresis (20 min). This indicates that nucleation seems to be triggered only once the sample cooled to T c and it starts to spread at that moment. As in rheometry experiments, the BU and BA gelation is non-isothermal. Differences in sol to gel transition could be explained by the stress and strain conditions under the cone-plate geometry that influence the gelation process and the fibers orientation and organization during temperature ramp. Also, temperatures ramps were not the same (1 °C min -1 for turbidimetry, 2 °C min -1 for rheology) and these techniques do not monitor the same feature. Since turbidity is not directly related to elastic deformation some differences can be observed. BC has also a thermal hysteresis but its gel formation does not occur at the same rate as the two others upon cooling. To determine the T c , turbidity was measured in isothermal conditions as a function of time at different low temperatures (Figure 8). In water (Figure 8 top left), BC can form a gel, with a slower kinetic as the temperature is increasing, from 4 °C to 8 °C. Above 8 °C, no gel turbidity appears clearly in water, meaning that it is the critical temperature of gelation. At 10 °C, a slight increase in absorbance appears after 100 min and no turbidity is measurable at 12 °C after two hours. In PBS (Figure 8 top right), the kinetic of turbidity is quite in good agreement with the rheometry-based kinetic at 4 °C (Figure 6 top & Figure S18). The turbidity is concomitant with the start of the gelation process, even though there are some delays between maximum turbidity and complete gelation.

The increasing turbidity occurs even at 12 °C but does not reach the same plateau amplitude of turbidity as colder temperature. At 10 °C and above, the visual aspect of BC sample does not correspond to a gel, but more like floating aggregates and amorphous precipitates in an inhomogeneous suspension (Figure 8 bottom). These suspensions are also formed when BC solution is left at room temperature for at least 12h. To assess the impact of salt and pH on kinetic, BC 1% w/v in phosphate buffer at 10 mM and NaCl 0.9% w/v kinetic were performed and show ionic strength accelerate gelation (Figure S1).

The gel formation with these gelators is time-temperature dependent, where a ΔT is required as a thermodynamic force to start nucleation, but this temperature gradient needs to be restricted in an amount of time to ensure a propagative and homogenous fibrilogenesis in the whole volume (Figure 8 bottom). Unless, the self-assembling process will progressively form isolated aggregates of entangled fibers. Consequently, the T c for BC is chosen as the minimal temperature where 1) ΔT = T m T c is the smallest; 2) the gel is formed relatively fast (< 30 min) and homogeneously. From these requirements, the T c reported for BC is 6 °C.

These results show the temperature dependency of gelation for different kinds of GNB but also some kinetic parameters that are linked to gelation rate. In general, a crystal formation process is driven by a thermodynamic force called supersaturation, when a change in solubility occurs at a temperature below the solubility limit temperature. In the same way, for gelators, at a given set temperature T set below the T m , the gelation occurs because of a thermodynamic force defined by ΔT = T m -T set , called supercooling [START_REF] Rastogi | Thermodynamics of Metastable Equilibria (Metastability-Supersaturation[END_REF] . The smallest amplitude of temperature needed for complete gelation corresponds to a hysteresis ΔT where T set is at least equal to T c . Nonetheless, supercooling amplitude is a crucial parameter for nucleation and fibrilogenesis rate. Also, it has to occur within a certain range of time to lead to a homogeneous metastable gel state. As a result, the fast gelation of BA 1% w/v (3 min) and BU 1% w/v (40 s) gelators at room temperature after melting at 82 °C, previously determined [START_REF] Ramin | Low Molecular Weight Hydrogels Derived from Urea Based-Bolaamphiphiles as New Injectable Biomaterials[END_REF] and mentioned as gelation kinetic, may in fact refer to the time that is needed for the melted solution to cool down from T m to T set (T set usually being the room temperature). It takes approximately 40 s for BU 1% w/v to cool down from 80 °C to 60 °C and 5 min for the BA 1% w/v to cool down from 80 °C to 40 °C, when they are held at room temperature. In a constant ramp of temperature of 1 °C min -1 as used for turbidimetry, cooling from T m to the T c takes 20 min during which gelators remain in sol phase. Therefore, gelation kinetic greatly depends on the timescale of the transition temperature gradient. Heat exchange measurements constitute an important characterization of the temperaturephase relationship. DSC experiments were conducted in order to relate the data obtained from turbidimetry, which focus on visual aspects of the gels, to heat exchange processes. Table 1 shows temperatures of phase transition T m et T c for each gelator, with these clear thermal hysteresis. These data are in agreement with the optical transition measured by turbidimetry at 1% and 2% w/v, meaning that the visual change in turbidity actually relates to a thermodynamic mechanism. The thermal hysteresis is almost constant for all these gelators, with a ΔT ≈ 20 °C.

1.3.Calorimetry

For the same reason as mentioned above (slow process), the BC could not show any exothermic process during the cooling ramp and needed an isothermal ramp at 4 °C to show a positive peak of heat flow (Figure S2). For the BA, the T m and T c remain constant whether it is in water or PBS, whereas for BU and BC the T m is shifted, from 78 °C in water to 82 °C in PBS for BU and from 18 °C in water to 25 °C in PBS for the BC 1% w/v. Noteworthy that BC in water shows two heat peak during melting, one at 18 °C and a slight second at 25 °C (Figure S3). Its melting could involve two distinct mechanisms that release heat: a first corresponding to the loss of interfibrillar interactions, and a second corresponding to intermolecular disassembling. Although, only the first peaks were reported in Table 1 since it corresponds to the first temperature where heat is exchanged and because of a sharper peak than the second. By integrating the heat flow peaks, ΔH m and ΔH c are determined as the heat energy released or consumed during melting and self-assembling respectively. Comparing 1% to 2% w/v concentrations, ΔH m and ΔH c do not seem to follow a trend and they are not significantly different between water and PBS (Table 2).

Interestingly, the ΔH m and ΔH c also do not seem to significantly differ between these gelators when checked in the same condition of concentration and solvent. Differences in thermal stability depend on the linker, but same amount of energy involved in gelation and solubilization could mean that the energies of melting and self-assembling measured here are likely to correspond respectively to the energies of fibers organization and fibers disassembly, rather than molecular interactions energy. Also, there are dependencies on the temperature ramp, shown by the fact that a ramp of 0.5 °C min -1 seems too slow to show detectable heat exchange process (data not shown) but a ramp of 2 °C min -1 or 5 °C min -1 accentuates the curves of heat flow and shift the transition temperatures compared to the ramp of 1 °C min -1 (Figure S4). This was observed in other cases with organogelators 53 , and can be explained by the thermal inertia of the crucibles, but also by the fact that the state transition is indeed time-dependent and impacted by the temperature gradient. To probe the thermal inertia of crucibles, we measured heating cycle of azobenzene at these temperature ramps (Figure S5). It shows that the thermal inertia seems too low to be the main explanation of these shifts in transition temperature. A high cooling rate will shift the T c in lower values and increase the supercooling because the gelator will require more time to self-assemble, complete nucleation then growth to form the gel. In contrast, a low cooling rate will give enough time to the gelator to nucleate and self-assemble, although it has to be sufficiently high in order to propagate in the whole volume and not shrink. S19). These signals were previously assigned as corresponding to specific ellipticity bands of thymidine and its derivatives [START_REF] Alies | Cytidine-and Guanosine-Based Nucleotide-Lipids[END_REF] . In the longest wavelength (> 250 nm), the CD signal of the thymidine base was associated with an oriented π→π* transition within the aromatic ring [START_REF] Greve | Circular Dichroism of Adenine and Thymine Containing Synthetic Polynucleotides[END_REF][START_REF] Sprecher | Circular Dichroism of the Nucleic Acid Monomers[END_REF] .

These show that the glyco-nucleoside chromophore they have in common contributes to their CD spectra. Consequently, they exhibit the same ellipticity when they are solubilized in both water or PBS, their common moiety is freely exposed and excited in the same way.

When assembled, each gelator shows its own different supramolecular chirality according to its ellipticity signal (Figure 10 bottom). The BU has a positive band shifted to 265 nm in both pure water and PBS, but the valley at 230 nm in water is inverted into a shoulder and shifted to 232 nm in PBS. The BA and BC share similar ellipticity signature in water, with some subtle differences regarding the wavelength of their peaks: bands at 275 and 230 nm, and valleys at 251 and 218 nm for the BA; bands at 279 and 225 nm, and valleys at 250 and 217 nm for the BC.

Moreover, BC exhibits a complete peak inversion at 212 nm and higher intensity in PBS. When solubilized, these gelators have an absorption peak at λ max = 267 nm, corresponding to the modified thymine nucleobase present twice in those molecules, with an attenuation coefficient quite similar to two thymidine nucleosides (ε ≈ 18 000 L cm -1 mol -1 ). During the self-assembling, the λ max is slightly shifted as a hypsochromic effect, with a Δλ ≈ 5nm (Figure S6). These results

show that with the same global « backbone structure », the nature of the linker that differs between those gelators influences the conformational features. The linkers might impact as well the relative orientation of the whole glyco-nucleoside moiety along the axis of the fibers during self-interaction. The changes in direction of π→π* transitions are shown by the different shifts in wavelength of the ellipticity peaks between these three gelators. The nature of the linking moiety impacts the promotion of base stacking or hydrogen-bonding, leading to differences in chirality and physical properties. More interactions at molecular level give more mechanical and thermal stability to the assembly. The differences between supramolecular chirality in water or PBS show that conformation might also be affected by the nature of the solvent. Since the fibrilogenesis involves molecule-molecule interactions but also molecule-solvent interactions [START_REF] Zurcher | Tools for Identifying Gelator Scaffolds and Solvents[END_REF] , adding a pH buffer and/or ionic strength might change the way water molecule solvation occurs or the protons exchanges that are involved in hydrogen-bonding. In that way, if the solvent impacts the hydrogelator features at any scale, it is important to evaluate their influence on the gel properties.

For instance, in a purpose of biological application, knowing the impact of the buffer is crucial. To investigate thermal stability at the supramolecular scale, CD scans with temperature ramps were done (Figure 11; Figure S7-S8). During the heating cycle, gelators are losing progressively their supramolecular chirality until they exhibit their solubilized spectrum after complete melting. In the cooling cycle, they remain soluble until a brutal change in chirality corresponding to their self-assembly. Then by plotting their ellipticity at a specific wavelength as a function of the temperature, we can access their thermodynamics parameters (Figure 12).

2.2.Thermal stability at the supramolecular level

Thermodynamics data are obtained by processing a Van't Hoff analysis on the thermal denaturation plots. The constant K at each temperature is expressed as

𝐾 = 𝐶𝐷 𝜃 -𝐶𝐷 𝑠𝑜𝑙 𝐶𝐷 𝑓 -𝐶𝐷 𝑠𝑜𝑙
where CD sol and CD f corresponds respectively to the CD of solubilized and self-assembled GNB, and CD θ is the CD monitored at each temperature. Van The BC melts at around 20 °C but as expected no supramolecular chirality recovery was observed during cooling cycle. Although, at 4 °C its self-assembling occurs in PBS and in water, although slower in water (Figure 13). The nature of the solvent seems to impact thermal stability, with different transition temperatures between water and PBS conditions, but also the kinetic of self-assembling. The UV absorption spectra obtained with these temperatures ramp show a hypsochromic effect as mentioned above, for all the gelators, at low temperature, when they self-assemble. BU exhibits a hyperchromic effect during heating and hypochromic effect during cooling (Figure S6). The nucleobase of the BU gelator might be involved in base π-stacking, that might explain higher thermal stability of this gelators compared to the two others, in addition to the urea moieties adding hydrogen-bond sites. The blue shift in λ max noticed for all the GNB translates a change in energy of π→π* electronic transition of the thymidine moiety because of its involvement in intermolecular interactions.

Discussion

The transition temperatures determined by different techniques are quite different from one to another for two main reasons: 1) thermal stability depends on the concentration, therefore the difference can be explained by the different concentration used in those techniques (1% w/v and 2% w/v in calorimetry vs 0.05% w/v in CD); 2) each technique does not measure and monitor the same feature. Rheometry measures viscoelastic moduli that are related to the macroscopic and mesoscopic organization of the mesh formed by fibers entanglement. Moreover, stress and strain conditions under the cone-plate geometry might also influence the gelation process during thermal cycles, explaining the shift in phase transition temperature compared to DSC for instance. During a controlled stress experiment, the strain amplitude will adapt to the measurement in order to keep a decent signal to noise ratio. As the sample is weakened by the temperature, the strain amplitude will increase, but doing so will also contribute to the weakening of the sample. That explains why BA for example have smaller values of T gel-sol in controlled stress than in controlled strain amplitude, the latter being fixed at the lowest, but also why it does not cure at every frequency during cooling in controlled stress condition, knowing that the strain amplitude is still high enough during cooling, hindering the gelation. The signal is cleaner in controlled stress because of the increase of strain amplitude upon transition, but is still too variable. Since other techniques do not apply any mechanical stress and the sample is not undergoing any strain, differences between rheology and other techniques are expected, even though the constant strain amplitude experiment can give closer results to other experiments, that is actually quite the case. CD probes changing features at the molecular scale, so the transitions The temperatures of phase transition are lower as the concentration decrease. This observation highlights the fact that phase transition temperatures are influenced by the intermolecular stability but also by the interfibrillar interactions. By diminishing the quantity of fibers, the amount of energy required to solubilize the network will decrease. It is consistent with the thermal stability assessed by CD in diluted conditions, where the acquired transition temperatures are lower than in other techniques and correspond to intermolecular stability of the self-assembled units. Moreover, it seems like there are two different regime of transition temperature evolution, above and below the CGC, but lack of data in more diluted conditions makes it difficult to conclude this way. In more practical considerations, knowing the concentration dependencies of transition temperatures can clarify the range of applications of these hydrogels, e.g. using gels in low concentrations means that the melting temperature is lowered, but also the supercooling can take more times to permit the gelation at room temperature, so they can be easily manipulated in a wider range of time.

Finally, and interestingly, the turbidity curves in lower concentrations often show two inflexions during melting (Figure S10-S12). This can be explained by a two-step transition upon heating cycle, first transition could correspond to interfibrillar interactions weakening, leading to a drop in turbidity, and second transition corresponds to intermolecular disassembling and complete solubilization. The following table (Table 3) summarize the properties of GNB studied. 

Conclusion

The GNB hydrogelators that were studied, differ only by the small moiety that links the hydrophobic and the hydrophilic segments they have in common. These differences impacting mechanical properties, but also thermal and kinetic stability, were assessed by different techniques. All these hydrogelators display different phase transition temperatures and a thermal hysteresis, phase transition depending greatly on the path followed. For the urea and amide based GNB (BU and BA), the gelation process is kinetically fast and non-isothermal since the thermodynamic forces mainly contribute to it. Thermodynamic force and thermal hysteresis seem to be related to the supercooling process, similar to supersaturation in the case of crystallization, that consists of time dependent temperature gradient that drives nucleation and fibrilogenesis of these GNB. For the carbamate based GNB (BC), the gelation occurs at low temperature in an isothermal process and thus exhibits a measurable kinetic. Noteworthy that the time dependency is translated by the fact that temperature cycles with a low ramp, tend to form scatter aggregates, instead of a homogeneous gel brought by a sufficiently fast temperature gradient. In addition to the thermal properties assessment, conformational study was conducted by circular dichroism spectroscopy in order to relate the molecular structure of the GNB to their supramolecular assembly. It showed that the different GNB lead to different supramolecular chirality. The differences in self-structuring result from a possibility of intermolecular interactions which differ according to the nature of the linker. By promoting or not certain interactions, this leads to different stabilities, that were also assessed by temperature scan of CD signal. Finally, alongside the nature of the molecule, the solvent conditions and the concentration play a major role in the thermal and kinetic properties of these GNB. This study gives another view on the hydrogelation characteristics of these GNB, especially about the thermodynamic and kinetic properties, that can be of interest to determine the range of applications, but also some interesting conformational information brought by CD. Though, those properties need to be rationalized to fully understand the mechanisms at work in gelation process, further studies will be needed. Nonetheless, this study gives another argument in favor of more exhaustive list of information about the gelation protocols that are reported, such as cooling rate and temperature of isothermal gelation, controlled parameters of rheology based experiments, as well as the type of container. Indeed, many of these parameters have an impact on the gelation, for example different mechanical stress can influence the network formation in a way that could skew the measurement, and containers with different volume distribution and surface materials can impact the heat dynamics, hence affect gelation, especially of thermally driven gels. These are expected to be kept in mind and mentioned, for the sake of reproducibility.
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 2 't Hoff plots are shown in FigureS9and the data are summed up in The thermal hysteresis is still present for BU and BA and their self-assembling is also occurring in a non-isothermal process. At the supramolecular level, the thermal hysteresis can be attributed to the thermodynamic force that drives the first nucleations. The melting and self-assembling points of BU and BA are very different from these of the other acquisitions from previous techniques. T m is dropped from 80 °C and 60 °C to 50 °C and 30 °C, and T c is dropped from 60 °C and 40 °C to 35 °C and 20 °C, for BU and BA respectively. The greater melting enthalpy of BU is consistent with its ability to form additional hydrogen bonds. The more negative value of entropy for BU and BA in PBS compared to water can be attributed to a more ordered structure due to solvation effects.
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 2 Thermodynamics parameters of GNB at 0.05% w/v. Data from Van't Hoff analysis of CD thermal denaturation.
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