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Introduction

Spontaneous self-and hierarchical assembly underpins most biological systems, including tissues. [START_REF] Ifkovits | Photopolymerizable and degradable biomaterials for tissue engineering applications[END_REF][START_REF] Riley | Granular hydrogels: emergent properties of jammed hydrogel microparticles and their applications in tissue repair and regeneration[END_REF][START_REF] Daly | Biofabrication of spatially organised tissues by directing the growth of cellular spheroids within 3D printed polymeric microchambers[END_REF][START_REF] Daly | Hydrogel microparticles for biomedical applications[END_REF] To mimic these assemblies and complex structures, biomaterials, including synthetic hydrogels, able to organize at the nanoscale via microphase separation in water, bringing specific macroscopic properties, have shown significant interest and potential. [START_REF] Nowak | Rapidly recovering hydrogel scaffolds from self-assembling diblock copolypeptide amphiphiles[END_REF][START_REF] Sun | Self-Sorting Microscale Compartmentalized Block Copolypeptide Hydrogels[END_REF][START_REF] Patrickios | Covalent amphiphilic polymer networks[END_REF][START_REF] Zhang | Tough physical double-network hydrogels based on amphiphilic triblock copolymers[END_REF] Hydrogels are able to display a broad range of properties making them applicable to many unmet medical needs including depots for therapeutic delivery, [START_REF] Strong | Hydrogel-nanoparticle composites for optically modulated cancer therapeutic delivery[END_REF][START_REF] Sisso | Self-healing injectable gelatin hydrogels for localized therapeutic cell delivery[END_REF][START_REF] Li | Designing hydrogels for controlled drug delivery[END_REF] contact lenses, [START_REF] Karayilan | Polymeric Materials for Eye Surface and Intraocular Applications[END_REF][START_REF] Kita | Evaluation of polyvinyl alcohol hydrogel as a soft contact lens material[END_REF] coatings and cell scaffolds for tissue engineering. [START_REF] Madl | Engineering hydrogel microenvironments to recapitulate the stem cell niche[END_REF][START_REF] Jia | Evolutionarily conserved sequence motif analysis guides development of chemically defined hydrogels for therapeutic vascularization[END_REF] In particular, mechanical properties of hydrogels have been reported as a factor for modifying the differentiation and proliferation behavior of human mesenchymal stem cells (hMSCs). [START_REF] Engler | Matrix elasticity directs stem cell lineage specification[END_REF][START_REF] Gilbert | Substrate elasticity regulates skeletal muscle stem cell self-renewal in culture[END_REF][START_REF] Khetan | Degradation-mediated cellular traction directs stem cell fate in covalently crosslinked three-dimensional hydrogels[END_REF][START_REF] Brown | Secondary photocrosslinking of click hydrogels to probe myoblast mechanotransduction in three dimensions[END_REF][START_REF] Madl | Bioengineering strategies to accelerate stem cell therapeutics[END_REF] In this context, the design of simple hydrogels and the thorough understanding of their formation process throughout self-assembly phenomena is a critical point toward the development of the future materials for tissue engineering. Simultaneously, elaboration of materials adapted to be used in state-of-the-art technologies such as addictive manufacturing, also known as 3D printing, turns out to be a necessity. [START_REF] Mondschein | Polymer structureproperty requirements for stereolithographic 3D printing of soft tissue engineering scaffolds[END_REF][START_REF] Nadgorny | Functional polymers and nanocomposites for 3D printing of smart structures and devices[END_REF] Thanks to 3D printing, objects can be generated without the need for molds, enabling a high degree of flexibility in design, contributing in the development of patient specific products.

Block copolymers consist on two or more covalently linked different polymer sequences able to self-assemble into nanostructured materials depending on block incompatibility. The resulting morphology and characteristics on the 10-100 nm length scale results from the balance between maximizing each block entropic degree of freedom and minimizing the contact between the different incompatible block. Linear ABA triblock copolymers undergo specific self-assembly process upon introduction into a B-block selective solvent and was broadly used to form hydrogel in water when a hydrophilic mid B-block is involved. The physical crosslinking in hydrogels obtained from ABA triblock copolymers is from the segregation of hydrophobic A-blocks into separated domains, while the B-block bridges two hydrophobic domains. [START_REF] Semenov | Associating polymers: equilibrium and linear viscoelasticity[END_REF][START_REF] Lang | Solvent-non-solvent rapid-injection for preparing nanostructured materials from micelles to hydrogels[END_REF] To reinforce the mechanical properties of such hydrogels, chemical crosslinking between hydrophobic blocks is a way to explore.

We previously reported the 3D printing of chemically crosslinked hydrogels based on amphiphilic ABA triblock copolymers, poly(propylene fumarate)n-block-poly(ethylene glycol)mblock-poly(propylene fumarate)n (PPFn-b-PEGm-b-PPFn). [START_REF] Dilla | Synthesis and 3D printing of PEG-poly (propylene fumarate) diblock and triblock copolymer hydrogels[END_REF] Poly(ethylene glycol) (PEG) has been explored extensively for its use in biomedical applications as a consequence of PEG's hydrophilicity, ease of end group modification, and low immunogenicity and antigenicity. [START_REF] Schellekens | The immunogenicity of polyethylene glycol: facts and fiction[END_REF] Poly(propylene fumarate) (PPF), an unsaturated, degradable and hydrophobic polyester used in a number of medical applications such as controlled drug release, [START_REF] Choi | Multimodal imaging of sustained drug release from 3-D poly(propylene fumarate)(PPF) scaffolds[END_REF][START_REF] Seetharaman | Design, preparation and characterization of pH-responsive prodrug micelles with hydrolyzable anhydride linkages for controlled drug delivery[END_REF] and tissue engineering [START_REF] Fisher | Photocrosslinking characteristics and mechanical properties of diethyl fumarate/poly (propylene fumarate) biomaterials[END_REF][START_REF] Fisher | Thermoreversible hydrogel scaffolds for articular cartilage engineering[END_REF][START_REF] Dean | Effect of transforming growth factor β2 on marrow-infused foam poly (propylene fumarate) tissue-engineered constructs for the repair of critical-size cranial defects in rabbits[END_REF][START_REF] Liao | Tissue-engineered cartilage constructs using composite hyaluronic acid/collagen I hydrogels and designed poly (propylene fumarate) scaffolds[END_REF][START_REF] Wang | Photo-cross-linked hybrid polymer networks consisting of poly (propylene fumarate) and poly (caprolactone fumarate): controlled physical properties and regulated bone and nerve cell responses[END_REF][START_REF] Lee | Bone regeneration using a microstereolithography-produced customized poly (propylene fumarate)/diethyl fumarate photopolymer 3D scaffold incorporating BMP-2 loaded PLGA microspheres[END_REF][START_REF] Bracaglia | Reinforced pericardium as a hybrid material for cardiovascular applications[END_REF][START_REF] Trachtenberg | Extrusion-based 3D printing of poly (propylene fumarate) scaffolds with hydroxyapatite gradients[END_REF][START_REF] Olthof | Effect of different sustained bone morphogenetic protein-2 release kinetics on bone formation in poly (propylene fumarate) scaffolds[END_REF] has shown remarkable properties in the fabrication of medical devices and 3D tissue scaffolds using stereolithography (SLA), such as continuous digital light processing (cDLP). [START_REF] Wallace | Validating continuous digital light processing (cDLP) additive manufacturing accuracy and tissue engineering utility of a dye-initiator package[END_REF][START_REF] Childers | 3D printing of resorbable poly (propylene fumarate) tissue engineering scaffolds[END_REF][START_REF] Wang | Evaluating 3D-printed biomaterials as scaffolds for vascularized bone tissue engineering[END_REF][START_REF] Luo | Synthesis and biological evaluation of well-defined poly (propylene fumarate) oligomers and their use in 3D printed scaffolds[END_REF][START_REF] Wilson | Magnesium catalyzed polymerization of end functionalized poly (propylene maleate) and poly (propylene fumarate) for 3d printing of bioactive scaffolds[END_REF] The chains can be photo-crosslinked through the alkenes to build reliable, high-fidelity structure from a UV sensitive liquid resin. [START_REF] Lee | Poly (propylene fumarate) bone tissue engineering scaffold fabrication using stereolithography: effects of resin formulations and laser parameters[END_REF][START_REF] Walker | Design and mechanical characterization of solid and highly porous 3D printed poly (propylene fumarate) scaffolds[END_REF] First, PPFn-b-PEGm-b-PPFn were synthesized with narrow molar mass distributions by using telechelic PEG chain as initiator for the copolymerization of maleic anhydride with propylene oxide. [START_REF] Dilla | Synthesis and 3D printing of PEG-poly (propylene fumarate) diblock and triblock copolymer hydrogels[END_REF] Then, aqueous printable resins were obtained by simply submerging a neat copolymer in water with a water-soluble photo-initiator. 3D printed hydrogels via cDLP were found to be compatible with MC3T3, NIH3T3, and Schwann cell lines demonstrating the potential of these materials in tissue engineering applications.

These amphiphilic PPFn-b-PEGm-b-PPFn hydrogels combine both physical interactions due to hydrophobicity of PPF blocks and covalent bonding. Because the key point driving the macroscopic properties of amphiphilic hydrogels is the phase separation in water, to further exploit their applications, their structures have been investigated by differential scanning calorimetry, in situ diffuse reflectance infrared spectroscopy (DRIFTS-IR) and small-angle neutron scattering to be correlated with their mechanical properties and degradation behavior.

Experimental section

Materials

All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA). All solvents were purchased from Fisher Scientific (Hampton, NH, USA) and dried using an Innovative Technology Inc. (Newburyport, MA, USA) Pure Solv MD-3 solvent purification system. Mg(BHT)2(THF)2 was synthesized as reported previously. [START_REF] Wilson | Immortal'ring-opening polymerization of ω-pentadecalactone by Mg (BHT) 2 (THF) 2[END_REF] Poly(ethylene glycol) diol starting materials (2.0 kDa and 4.0 kDa named PEG45 and PEG91 respectively) were dried by azeotropic distillation according to methods described previously. [START_REF] Dilla | Synthesis and 3D printing of PEG-poly (propylene fumarate) diblock and triblock copolymer hydrogels[END_REF] Maleic anhydride was dried under vacuum over P2O5 for one week. Propylene oxide was dried over calcium hydride overnight prior to vacuum distillation. All other reagents were used as received. sample holder with a diameter of 0.9 cm and depth of 0.4 cm. The disk was placed in a DRIFTS

Characterization techniques

Proton

cell and left open to ambient atmospheric conditions. The UV light was turned on after one minute and turned off after 10 min of curing. Each IR absorbance spectrum corresponds to four co-added scans with a resolution of 4 cm -1 . Each in situ UV curing study was performed in triplicate. Relative alkene conversion XC=C was determined overtime using OMNIC Software: the signal height at ν = 1646 cm -1 corresponding to the alkene C=C stretching was normalized to the reference signal height at ν = 1118 cm -1 which corresponds to C-O stretching. [START_REF] Shameli | Synthesis and characterization of polyethylene glycol mediated silver nanoparticles by the green method[END_REF] The baseline used for the peak height was in the range 1800-1550 cm -1 . Consequently, the following equation 1 was used: The diameters and heights of 3D printed cylindrical hydrogels swollen in water for 48 h were measured with a digital caliper (Marathon, Vaughan, Ontario, Canada) with an accuracy of 0.01 mm.

The mechanical properties were measured by compression tests using an Instron 5543 universal testing machine (Norwood, MA, USA) at ambient temperature, with a strain rate of 0.1 (mm/mm)/min. Force and displacement were zeroed prior to compression, with the top plate slightly above the surface of the sample. Each test was stopped manually when the samples were fractured to compression. The compressive moduli were obtained from the slope of the initial region of the stress-strain curve, by linear fitting the data from 0-5% strain. The compressive strength and fracture strain were defined respectively as the stress and strain at the point where the hydrogels fractured during a compressive test. Five samples were tested for each sample group (n = 5) and data were presented as means ± standard deviations.

As microscopic image analyses have difficulties in keeping the gel structure intact during sample preparation, small-angle neutron scattering (SANS) experiments were performed to probe the nanostructure of crosslinked triblock copolymers in D2O (to enhance the scattering contrast between the polymer network and the solvent) at the National Institute of Standards (NIST) Center for Neutron Research (NCNR). Measurements were performed on the NGB-30 m SANS line with a neutron wavelength of 6.27 Å at detector distances of 1.3, 4, and 13.2 m, covering a scattering vector q (q = (4 π/ λ) sin(θ/2)) range of 0.004-0.4 Å -1 . The samples were loaded between two quartz slides with a 2 mm optical path length and the scattering for each sample was measured for 15 min at ambient temperature. All data were reduced using the Igor Pro NIST Reduction macros.

Analysis of the scattering intensity aims at obtaining the characteristic sizes and the shape (represented by the form factor P(q)), and the interactions (represented by the structure factor S(q)).

Classical expression of the scattering intensity per unit volume of particles is (Equation 2): I(q) = nΔρ 2 Vpart 2 P(q)S(q) Equation 2

where n is the number density of particles, Δρ is the difference in the scattering length density between the scattering species and the solvent, and Vpart. is the volume of scattering domains. The form factor describes the structure of domains and fulfills P(q → 0) = 1 while the structure factor describes the interaction between scattering domains.

The data were fitted using models available in the SaSview software (http://www.sasview.org). Guinier analyses were done by linearizing the data in the Guinier regime (plateau), plotting it as ln(I) versus q 2 . [START_REF] Guinier | Small-angle scattering of X-rays[END_REF] The radius of gyration Rg can be obtained by fitting the following model (Equation 3): I(q) = I(0)exp(-Rg 2 q 2 /3) Equation 3The Guinier-Porod model describes a generalized Guinier/power law object. This is an empirical model used to determine the size and dimensionality of scattering objects of diverse shapes, including asymmetric objects such as rods or platelets and intermediate shapes between spheres and rods or between rods and platelets. [START_REF] Hammouda | A new Guinier-Porod model[END_REF] The scattering intensity is given by two contributions:

I(q) = G 𝑞 𝑑𝑖𝑚 exp ቀ -𝑞 2 𝑅 𝑔 2 3-𝑑𝑖𝑚 ቁ q ≤ q 1 Equation 4
D/q m q ≥ q 1 I(q) is the scattered intensity, q is the scattering variable, Rg is the radius of gyration, m is the Porod exponent, and G and D are respectively the Guinier and Porod scale factors. With the requirement that the values of the Guinier and Porod terms and their slopes (derivatives) be continuous at a value q 1 , the following relationships (Equation 5) are obtained with the Guinier form used for q ≤ q 1 and the Porod form used for q ≥ q 1 . The two forms are never used concurrently.

q 1 = 1 𝑅 𝑔 ቀ 3𝑚 2 ቁ 1/2 D = G exp( -𝑞 1 2 𝑅 𝑔 2 3 ) 𝑞 1 𝑚 = G expቀ -𝑚 2 ቁ ቀ 3𝑚 2 ቁ 1/2 1 𝑅 𝑔 𝑚 Equation 5
For three-dimensional globular objects (such as spheres), dim = 0, for rods dim = 1 and for lamellae

(or platelets) dim = 2. A dimensionality parameter (3-dim) is defined.
The Guinier model can be applied in a narrow q range and is defined by the Rg. In hierarchical structures, such as hydrogels, at low q, the next larger structural level interferes, and at higher q, the Porod law regime obscures the operating range of the Guinier model. Indeed, to apply the power-law equation, at least one or two q decades in which the power-law scaling can be clearly observed are necessary. Consequently, it is difficult to apply both Guinier model and the power-law, especially in overlapping regimes. For these reasons, there was a need to define a scattering equation including both the Guinier model and the Porod-law in a non-exclusive manner over a wild range of scattering vector q and able to describe the combination of scattering functions from local structural levels to hierarchical structures such as those observed in polymer gels. This model developed by Beaucage (Equation 6), uses an empirical exponential/power-law fit method unified at multiple levels. [START_REF] Beaucage | Approximations leading to a unified exponential/power-law approach to smallangle scattering[END_REF][START_REF] Beaucage | Small-angle scattering from polymeric mass fractals of arbitrary mass-fractal dimension[END_REF] 

I(q) = background + ∑ [𝐺 𝑖 exp ( -𝑞 2 𝑅 𝑔𝑖 2 3 ) + 𝐵 𝑖 exp ( -𝑞 2 𝑅 𝑔(𝑖+1) 2 3 ) ( 1 𝑞 𝑖 * ) 𝑃 𝑖 ] 𝑁 𝑖=1
Equation 6

with

𝑞 𝑖 * = 𝑞 [𝑒𝑟𝑓 ቀ 𝑞𝑅 𝑔𝑖 √6 ቁ] -3
Here, two functions are included so two levels can be used. In addition, a 0 level has been added which calculates I(q)=scale/q + background. For each level, the four parameters Gi, Rgi, Bi and Pi must be determined. Beaucage has an additional factor k in the definition of 𝐪 𝐢 * which is ignored here. The model works best for mass fractal systems characterized by Porod exponents from 5/3 to 3 and is particularly adapted for fractal analysis. It is a suitable method for the description of hydrogels because they are self-similar in certain length scales. 

Synthesis of poly(propylene maleate-block-ethylene glycol-block-propylene maleate) (PPMn

Isomerization of (PPMn-b-PEGm-b-PPMn) into poly(propylene fumarate-block-ethylene glycolblock-propylene fumarate) (PPFn-b-PEGm-b-PPFn):

PPM7-b-PEG45-b-PPM7 (89.60 g, 0.021 mol, 0.30 mol of olefin) was dissolved in chloroform (150 mL). Diethylamine (3.30 g, 4.65 mL, 0.045 mol, 0.15 mol. eq. olefin) was added to the solution and the solution was heated to reflux for 24 h under a nitrogen atmosphere. After cooling to room temperature, the organic solution was washed with 1 M sodium phosphate solution (500 mL, pH = 6) and the polymer recovered by drying under vacuum. [START_REF] Ifkovits | Photopolymerizable and degradable biomaterials for tissue engineering applications[END_REF] 

Continuous digital light processing (cDLP) additive manufacturing: Aqueous suspensions of

PPFn-b-PEGm-b-PPFn triblock copolymer were prepared at 20 wt.% in deionized water with a 1:5 molar ratio of LAP:alkene. The mixtures were stirred magnetically at 50 ℃ overnight to ensure homogeneous mixing. Hydrogels were printed on an EnvisionTEC (Dearborn, MI, USA) Micro Plus Hi-Res 3D Printer, which uses a 405 nm UV projector with a layer resolution of 50 μm.

Before printing, a curing test was performed for each resin to determine the exposure time/layer of hydrogel: drops of solution were crosslinked with different exposure times and the thickness of the resulting cured films was measured with a caliper. Optimal exposure time to obtain a layer of 50 μm was obtained from linear regression and defined to be in range of 20-180 seconds depending on the formulation. 3D cylindrical models (with 6 mm diameter and 3 mm height) were designed using EnvisionTEC Perfactory software by scaling standard CAD files from ASTM standards.

After each printing job, uncured resin on printed hydrogels was washed out gently with deionized water. The hydrogels were then removed from the build plate using a razor blade before being placed on glass slides and put into a UV chamber (EnvisionTec, 70 W, 55 Hz, λmax = 400 nm) for 20 min to further crosslinking. They were then reserved in capped vials to prevent dehydration and for further use.

Sol fraction measurements: the 3D printed hydrogels were frozen in liquid nitrogen and lyophilized. The lyophilized materials were weighed (Wl) and placed individually in 10 mL of acetone overnight to remove the uncrosslinked copolymer (sol). Washing was repeated twice to ensure complete removal. Hydrogels were lyophilized and weighed again (Wg). Four independent samples were assessed for each group (n = 4). The sol fraction was calculated by the following equation 7:

𝑆𝑜𝑙 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) = 𝑊 l -𝑊 g 𝑊 l × 100 Equation 7
In vitro degradation study: The 3D printed hydrogels (n = 210) were placed individually in 10 mL of acetone overnight to extract the sol, the acetone was removed, the hydrogels dried under vacuum and placed in 10 mL of phosphate buffer saline (PBS, pH = 7.4) in individual vials at 37 °C. The solutions were replaced with fresh PBS every four days. At each time point (days 2, 4, 6, 8, 16, 24, and 32), five samples were taken out for gravimetrical analysis (n = 5). The hydrogels were weighed in the swollen state (Ws), washed in deionized water, dried, and weighed again (Wd).

Each sample was weighed in the swollen state (Wis) and the dried state (Wid) prior to degradation for reference. The normalized remaining mass for each sample was calculated by:

𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑚𝑎𝑠𝑠 (%) = 𝑊 id -𝑊 d 𝑊 id × 100 Equation 8
Water content for each sample at each time point was calculated by:

𝑊𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (%) = 𝑊 s -𝑊 d 𝑊 d × 100 Equation 9
The swelling ratio of the hydrogels by weight was defined by:

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 (%) = 𝑊 s 𝑊 d × 100
Equation 10

Results and discussion

Poly(propylene fumarate)n-block-poly(ethylene glycol)m-block-poly(propylene fumarate)n (PPFnb-PEGm-b-PPFn) ABA triblock copolymers were synthesized by ring-opening copolymerization of maleic anhydride and propylene oxide initiated by PEG-diol as described previously. [START_REF] Dilla | Synthesis and 3D printing of PEG-poly (propylene fumarate) diblock and triblock copolymer hydrogels[END_REF] The number average molar mass (𝑀 𝑛 ̅̅̅̅ ) of PPF blocks and consequently the total 𝑀 𝑛 ̅̅̅̅ were deduced from MAn conversion from 1 H NMR spectra of crude samples by comparing the monomer proton resonance (δ = 7.01 ppm, 2 H) to the corresponding polymer proton resonance (δ = 6.27 ppm).

The monomer conversion of propylene oxide (PO) was not determined due to the low vapor pressure and boiling point of the PO leading to unreliable integrations assessed by [START_REF] Ifkovits | Photopolymerizable and degradable biomaterials for tissue engineering applications[END_REF] As previously reported, [START_REF] Dilla | Synthesis and 3D printing of PEG-poly (propylene fumarate) diblock and triblock copolymer hydrogels[END_REF] ABA triblock copolymers with a PEG middle block having a 𝑀 𝑛 ̅̅̅̅ of 2.0 kDa and more were suspended homogeneously in water, allowing for the formation of photochemically 3D printed crosslinked hydrogels in the presence of a water-soluble lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) photoinitiator. Moreover, we showed that the swelling ratio decreased as the PPF block length increased.

As a consequence, the present work focuses on the effect of PEG and PPF block lengths on the nanoscale ordering within the hydrogel due to amphiphilicity of the various copolymers and their resulting mechanical and degradation properties. The macroscopic mechanical properties were investigated via compression tests and the structures of these 3D printed hydrogels have been investigated by classical characterization methods as differential scanning calorimetry, and by in situ DRIFTS-IR and small-angle neutron scattering.

First, the thermal properties of PPFn-b-PEGm-b-PPFn copolymers in water at 20 wt. % before 3D printing and of chemically crosslinked hydrogels were investigated by DSC. The thermograms that were obtained are presented in Figure 1. In water, the thermal properties were dominated by the melting of PEG, which lies between 30 and 38˚C for PEG45 and between 45 and 52 ˚C for PEG91 (Figures 1A and1B). In suspension DSC traces showed an exothermic transition peak attributed to the crystallization of the PEG block when linked to PPF7 and PPF12, highlighting the role of the hydrophobic PPF block length on the capacity of these triblock to organize in water.

The large melting transitions of PEG crystals occluded the appearance of the Tg of the amorphous PPF blocks usually observed around -6 and 12°C for oligomeric PPF. [START_REF] Luo | 3D Printing of Poly (propylene fumarate) Oligomers: Evaluation of Resin Viscosity, Printing Characteristics and Mechanical Properties[END_REF] For the covalently crosslinked hydrogels (Figures 1C and1D), the DSC traces showed a clear difference in the PEG crystallization behavior, indeed, the crosslinking triggered a total disappearance of PEG crystallization peaks. Moreover, in these hydrogels, we observed a large decrease or a total disappearance of the melting peak (Tm) for the longest PPF blocks, showing that the crosslinking hindered the crystallization of the PEG middle block due to entanglements and a lack of mobility. In contrast to the mono-and end-functionalization crosslinking sites observed in many hydrogel systems, the unsaturated backbone of PPF offers many sites for possible crosslinking.

The crosslinking density has been demonstrated in numerous examples to directly affect network mechanical properties. [START_REF] Lee | Controlling mechanical swelling properties of alginate hydrogels independently by cross-linker type and crosslinking density[END_REF] Therefore, as the PPF block length increases in PPFn-b-PEGm-b-PPFn copolymers, it is reasonable to expect differences with regard to intra-and interchain crosslinking and consequently in the mechanical properties of the hydrogel. To assess the amount of crosslinking for each copolymer, the change in the alkene stretch absorbance at ν = 1646 cm -1 was monitored during the crosslinking reaction by in situ IR spectroscopy (Figure 2A). Because the key point driving the macroscopic properties amphiphilic networks is their phase separation, the mechanical response of gels depends on their structure at various length scales.

Small-angle neutrons scattering (SANS) constitutes a remarkable technique capable of describing the self-assembly behavior of hydrophobic chain while taking into consideration specific defects through appropriate models. SANS was employed to gain better insight in the phase separation phenomenon and to probe quantitatively the nanoscopic structure in crosslinked hydrogels as a function of PEG and PPF block lengths (Figure 3). For clarity, scattered intensities of red and blue curves were multiplied by a power of 10 on the graph. The fitting parameters used are summarized in Table S1. From a general point of view, the SANS data obtained with these hydrogels are qualitatively very different within each series. On the Figure 3A, the scattered intensity as a function of q for PPF3-b-PEG45-b-PPF3 showed an intermediate q value regime (2.0×10 -2 Å -1 < q ˂ 1.5×10 -1 Å -1 ) with a variation in q -4 followed by a Guinier plateau that corresponds to a compact structure characterized by a sharp surface and a finite size approachable by SANS. At the lowest q values, the data showed a weaker variation in q -5/3 corresponding to large size clusters. This variation in q -5/3 is the signature of a diffusion-limited cluster aggregation (DLCA) process whereby particles, undergoing a random walk due to Brownian motion and a lack of repulsive forces, cluster together, forming aggregates of such particles. The first part of this curve, from the highest q values to the Guinier plateau was fitted using the Guinier-Porod model allowing to determine the radius of gyration Rg = 27.0 Å (and R = 34.9 Å) of the scattering spherical particles (dim = 0). For PPF7-b-PEG45-b-PPF7, the scattering curve could be divided into two distinct regimes separated by the socalled "knee point" at qc ≈ 2.10 -2 Å -1 . The first regime (q > qc) revealed discrete internal structures whereas scattering from large clusters dominated within the second regime (q < qc). Both regimes showed variations in q -4 , each followed by a Guinier plateau describing a well-defined hierarchical multiscale organization. This scattering is well described by the yellow line representing the best fit of the data using the Beaucage model with Rg1 = 32.8 Å and Rg2 = 333.2 Å. The scattered intensity as a function of q for PPF12-b-PEG45-b-PPF12 showed a succession of different powerlaws: a variation in q -4 corresponding to a compact structure of sharp surface in a 1.5.10 -1 -7.10 -2 Å -1 q range, followed by an intermediate variation in q -2 , a variation in q -3.2 and by the beginning of a Guinier plateau at the lowest q values. Thereby for this hydrogel, the scattering indicates dominating self-assembled structures bundles with fractal-like aggregation. The yellow fitting curve using the Beaucage model revealed Rg1 = 35.9 Å and Rg2 = 215.4 Å.

The Figure 3B presents the scattering data and corresponding fits for crosslinked hydrogels based on triblock copolymers with a PEG91 middle block. For PPF3-b-PEG91-b-PPF3, the triblock copolymer with the highest hydrophilic weight ratios (f = 81 %), the intermediate q value regime (2.0×10 -2 Å -1 < q ˂ 1.5×10 -1 Å -1 ) is characterized by a variation in q -2.4 , characterizing undefined aggregates (dim = 0) with a weak interface, indicating that lower f values are necessary to drive the formation of hydrophobic domains with sharp surface. Moreover, the scattering at the lower q range, in q -2.4 , is well described by a Guinier-Porod model corresponding to rods (dim = 1) with a reaction-limited cluster aggregation phenomenon (RLCA), in which a repulsive potential is in place with only a fraction of the occurring collisions is effective (as not all particles over-come the repulsive forces present). The scattered intensity as a function of q for PPF7-b-PEG91-b-PPF7 revealed a variation in q -4 followed by Guinier plateau corresponding to spherical aggregates of Rg = 32.3 Å and a slight intensity increase corresponding to a poorly aggregated structure. Finally, for PPF12-b-PEG91-b-PPF12, the triblock copolymer combining both relatively long PEG and PPF blocks, the data display a slight correlation peak at q = q* indicating that the nanoaggregates show a preferred separation distance ξ = attractive (VA) potentials. Therefore, the aggregation mechanism of the hydrogels can be conjectured from their resulting fractal structures. Moreover, sol fraction measurements (Figure 4) revealed that the hydrogels with longer hydrophobic PPF blocks tend to contain higher soluble portion in both series, which could be attributed to the favored formation of self-assembled nanostructures that do not incorporate into the network. In addition, hydrogels prepared from PEG91 had slightly less sol than those prepared from PEG45 with the same PPF DPn. Consequently, short PPF blocks and relatively long PEG middle block are necessary to ensure interconnection between hydrophobic crosslinked domains. To elucidate the link between the gel structures and their mechanical properties, uniaxial compressive tests were performed. The resulting stress-strain curves (Figure 5A) showed a fracture for all the swollen hydrogels. However, due to a better network flexibility, hydrogels containing the longest PEG middle block exhibited higher compression capacity than those containing the shortest PEG (Figure 5B). As reported in the literature for chemically crosslinked hydrogels, the increase in crosslink density usually results in higher modulus and strength, but the hydrogels become rigid and fragile. [START_REF] Fu | Triblock Copolymer Micelle-Crosslinked Hydrogels. In Self-Healing and Self-Recovering Hydrogels[END_REF] Interestingly, as presented in Figures 5C and5D Finally, the correlation between the in vitro degradation behavior in PBS and the nanoscale ordering into PPFn-b-PEGm-b-PPFn ABA triblock copolymer hydrogels was investigated by measuring the remaining dry mass (Figure 6A), the water content (Figure 6B) and the swelling ratio (Figure 6C) over 32 days. Due to PPF hydrolysis, some chains were no longer incorporated in the hydrogel network, leading to mass loss. As shown in Figure 6A, all samples degraded faster at the initial stage, during the first eight days, as there were more PPF to degrade. All hydrogel samples tended to absorb more water and were swollen to a greater extent as the degradation proceeded, indicating a bulk and homogeneous erosion mechanism (Figures 6B and6C). [START_REF] Göpferich | Mechanisms of polymer degradation and erosion[END_REF] Intuitively, PPF12-b-PEG45-b-PPF12 and PPF12-b-PEG91-b-PPF12 hydrogels, with higher PPF contents and crosslinking sites, should degrade the slowest. But interestingly, these hydrogels displayed the most important degradation rates after 32 days, respectively 39 % and 18 % in mass, and the higher increases of water content and swelling ratios overtime compare to the initial values.

Indeed, as shown above, longer hydrophobic PPF blocks tend to favor the formation of crosslinked nanostructures that do not incorporate into the network and a few interconnections between crosslinked domains. Consequently, chains scission via hydrolysis of ester bonds within these 

  ( 1 H; 500 MHz) and Carbon ( 13 C; 125 MHz) NMR experiments were performed in D2O or CDCl3 at 25 °C using a Varian (Palo Alto, CA, USA) Mercury NMRS 500 spectrometer. All chemical shifts were recorded in parts per million (ppm) relative to the reference peak solvent at δ = 4.80 ppm for D2O and δ = 7.26 ppm for CDCl3. The relative number-average molar masses (𝑀 𝑛 ̅̅̅̅ ) and the molar mass distributions (Đm) of the copolymers were determined by size exclusion chromatography (SEC) on a TOSOH (Grove City, OH, USA) EcoSEC HLC-8320GPC with TSKgel GMHHR-M columns in series. A refractive index detector (RI) and tetrahydrofuran (THF) was used as the eluent flowing at 1.0 mL•min -1 . The sample concentrations were 10 mg•mL -1 . Relative 𝑀 𝑛 ̅̅̅̅ were calculated using a calibration curve determined from NIST-traceable polystyrene standards. Differential scanning calorimetry (DSC) was performed on uncured resins and hydrogels using a DSC-TA Discovery DSC250 (New Castle, DE, USA) scanning a temperature range from -50 to 120 °C with heating and cooling ramps of 10 °C•min -1 . The crystallization and melting peaks were referred as the crystallization transition temperature (Tc) and the melting temperature (Tm), both determined at the peak transition. The photocrosslinking reaction was studied over time during the UV curing process by in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). A FTIR spectrometer equipped with an MCT detector Nicolet 6700 from Thermo Fisher Scientific (Waltham, MA, USA) and coupled with a diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) cell was used. A Hg lamp was used as a UV light source (Oriel 68810) with an intensity set to 50 mW•cm -2 . An aliquot (5 μL) of each PPFn-b-PEGm-b-PPFn suspension were placed in a metal

  -b-PEGm-b-PPMn): six different PPMn-b-PEGm-b-PPMn triblock copolymers were synthesized, with m = 45 or 91, the degree of polymerization (DPn) for the PEG block, and n = 3, 7 or 12, the DPn for each PPM block. As an example, for the synthesis of PPM7-b-PEG45-b-PPM7, dry PEG45-diol (2.0 kDa, 40.000 g, 0.02 mol), Mg(BHT)2(THF)2 catalyst (2.430 g, 0.004 mol, 0.20 eq.), propylene oxide (17.42 g, 20.50 mL, 0.30 mol) and maleic anhydride (29.42 g, 0.30 mol) were dissolved in 160 mL of anhydrous toluene into a 250 mL round-bottom flask. The copolymerization was conducted at 100 ℃ under inert atmosphere for 48 h. The resultant triblock copolymer was recovered by precipitation in hexanes at 40 °C and dried under vacuum. 1 H NMR (500 MHz, 303 K, CDCl3): δ (ppm) = 6.28-6.24 (t, OC(=O)CH=CHC(=O)O), 5.30-5.20 (m, CH2CH(CH3)O), 4.29-4.21 (m, CH2CH(CH3)O), 3.64 (m, OCH2CH2O), and 1.33-1.31 (m, CH2CH(CH3)O.

  H NMR spectroscopy. Six copolymers with varying PEG and PPF block lengths corresponding to a large range of hydrophilic mass ratios (f) were synthesized, three copolymers with a hydrophilic PEG middle block of 2.0 kDa: PPF3-b-PEG45-b-PPF3 (f = 68 %), PPF7-b-PEG45-b-PPF7 (f = 48 %), PPF12-b-PEG45-b-PPF12 (f = 35 %) and three copolymers with a hydrophilic PEG middle block of 4.0 kDa: PPF3-b-PEG91-b-PPF3 (f = 81 %), PPF7-b-PEG91-b-PPF7 (f = 65 %), PPF12-b-PEG91-b-PPF12 (f = 52 %) (Table 1

Figure 1 .

 1 Figure 1. Differential scanning calorimetry (DSC) traces for PPFn-b-PEGm-b-PPFn triblock copolymers in water (20 wt.%), with (A) PEG45 and (B) PEG91, and for 3D printed hydrogels with (C) PEG45 and (D) PEG91. Temperature scan rate was 10 °C•min -1 .

  The double bond absorbance at 1646 cm -1 was plotted versus time in Figure 2B. Upon the exposure of UV light onto the uncrosslinked aqueous suspension, the signal intensity of C=C stretching rapidly decreased, indicating the formation of the covalent network. The relative conversion of double bonds into single bonds for each triblock copolymer was calculated as the ratio between the peak height for C=C to a constant reference peak (stretching at 1118 cm -1 ) as shown in Figure 2C.

Figure 2 .

 2 Figure 2. In situ DRIFTS-IR measurements of PPFn-b-PEGm-b-PPFn uncrosslinked suspensions and crosslinked hydrogels. (A) IR profile of PPF12-b-PEG45-b-PPF12 before (black line) and after photocrosslinking (red line). The double bond absorbance was seen to decrease after UV treatment (inset). (B) Evolution of double bond stretching absorbance at 1646 cm -1 over time during UV exposure. (C) Relative alkene conversion determined as a function of block length. (D) Number of crosslinking sites as a function of block length.

Figure 3 .

 3 Figure 3. Small-angle neutron scattering of crosslinked hydrogels made of PPFn-b-PEGm-b-PPFn triblock copolymers in D2O (20 wt. %) with (A) PEG45 (2.0 kDa) and (B) PEG91 (4.0 kDa) as hydrophilic middle block. The solid red lines are the fitting curves obtained by using the Guinier-Porod model while the solid yellow lines were obtained from the unified Beaucage model.

2𝑞*

  due to repulsive effect The best fit was obtained using a Guinier-Porod model with a Percus-Yevick structure factor describing hard spheres of Rg = 60.6 Å (R = 78.2 Å) with ξ = 220.0 Å. The aggregation of colloidal particles is regulated by the balance between repulsive and attractive forces, or rather by the corresponding repulsive (VR) and

Figure 4 .Scheme 1 .

 41 Figure 4. Sol fraction of 3D printed PPFn-b-PEGm-b-PPFn triblock copolymers hydrogels (n = 3, 7 and 12, and m = 45 and 91).

  , increasing DP of PPF blocks and consequently the number of crosslinked sites led to a fall in the resistance to breaking and compressive modulus in both copolymer series. On the contrary, the swollen PEG regions allow to building up the stress and similar hydrophilic weight fractions f led to close compressive strength values. Moreover, the PPF12-b-PEG45-b-PPF12 hydrogel was shown to exhibit significantly lower compressive strength and compressive modulus than the other five formulations due to poor interconnection between PPF domains. The characteristic values of mechanical properties obtained from compressive tests are resumed in the

Figure 5 .

 5 Figure 5. Mechanical properties of 3D printed PPFn-b-PEGm-b-PPFn hydrogels with different block lengths: (A) representative stress-strain curves, (B) fracture strain, (C) compressive strength and (D) compressive modulus of 3D printed hydrogels with different block lengths (error bars represent ± standard deviation values on 5 independent measurements).

  hydrogels led to a faster separation between crosslinked domains. On the contrary, PPF7-b-PEG45b-PPF7 and PPF7-b-PEG91-b-PPF7 combine both relatively long PPF blocks and intern structures allowing crosslinking between PPF domains. These phenomena highlighted that the global hydrophilic weight fraction f of the copolymers and the absolute number of crosslinking sites are not the key parameters driving the degradation rate of such amphiphilic triblock hydrogels. Indeed, the self-assembly behavior leading to the final nanostructure and the interconnection between hydrophobic crosslinked domains is of great importance.

Figure 6 .

 6 Figure 6. (A) Remaining dry mass, (B) water content, and (C) swelling ratio of 3D printed PPFnb-PEGm-b-PPFn triblock copolymer hydrogels during in vitro degradation in PBS.

Table 1 .

 1 ). Molecular characteristics of PPFn-b-PEGm-b-PPFn triblock copolymers.

	Entry	PEG 𝐌 𝐧 ̅̅̅̅ (kDa)	Target DP PPF a	MAn conversion b (%)	𝐌 𝐧 ̅̅̅̅ 1 H NMR b (KDa)	𝐌 𝐧 ̅̅̅̅ SEC c (KDa)	𝐌 𝐰 ̅̅̅̅̅ SEC c (KDa)	ƉM c	f (%) d
	1		6	95	2.9	0.5	0.5	1.12	68
	2	2.0	15	95	4.2	3.6	4.9	1.49	48
	3		25	97	5.7	4.6	7.5	1.61	35
	4		6	91	4.9	4.3	7.2	1.65	81
	5	4.0	15	99	6.3	6.7	10.0	1.51	65
	6		25	94	7.7	4.3	8.3	1.92	52

a Based on an initiator-to-monomer ratio, b 1 H NMR in CDCl3, c SEC in THF, RI detector, PS standard, d hydrophilic weight fraction f = PEG 𝑀 𝑛 ̅̅̅̅ /total 𝑀 𝑛 ̅̅̅̅ based on 1 H NMR.

Table 2 .

 2 The water content increased when hydrophilic weight fraction f increased but non-linearly. Moreover, in each series, short PPF3 blocks led to higher water contents while copolymers with PPF7 and PPF12 blocks showed similar water content values. However, the mechanical properties did not correlate clearly with the water content. These observations suggest differences in nanostructure into amphiphilic triblock copolymer hydrogels, and consequently into interconnections of PPF crosslinked domains, are responsible for maintaining high compressive modulus combining with high PEG content and relatively low crosslinking sites. Indeed, longer hydrophobic PPF blocks tend to decrease the mobility of the PEG block, to favor the formation of crosslinked nanostructures that do not incorporate into the network, decreasing the mechanical properties.

Table 2 .

 2 Values characterizing the mechanical properties of 3D printed PPFn-b-PEGm-b-PPFn triblock copolymer hydrogels. hydrophilic weight fraction f = PEG 𝑀 𝑛 ̅̅̅̅ /total 𝑀 𝑛 ̅̅̅̅ based on 1 H NMR.
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