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Introduction

3D bioprinting has emerged as a technological approach with the potential to address unsolved question in tissue engineering and regenerative medicine [START_REF] Mandrycky | 3D bioprinting for engineering complex tissues[END_REF][START_REF] Murphy | 3D bioprinting of tissues and organs[END_REF]. This approach, supported by computer-assisted design (CAD), offers the possibility for controlled deposition and patterning of cells, polymers, and/or hydrogels to create cellularized and structurally 3D defined scaffolds. The bioprinting of cell-laden biomaterials, termed bioinks, enables the deposition of cells encapsulated in a 3D construct and provides a procedure to develop complex synthetic biological systems and tissue-engineered constructs. However, the number of biomaterials that are bioprintable, enable high cell viability, are biocompatible and biodegradable, allow cells to migrate and maturate, and permit defined customization remains limited.

Different technologies of bioprinting have been developed, including inkjet, microextrusion and laser-assisted bioprinting [START_REF] Murphy | 3D bioprinting of tissues and organs[END_REF][START_REF] Hölzl | Bioink properties before, during and after 3D bioprinting[END_REF]. Different technologies enable distinct resolution, cell survival and speed (a thorough review can be assessed elsewhere [START_REF] Murphy | 3D bioprinting of tissues and organs[END_REF]). From this three main bioprinting technologies, microextrusion is the most common, due to its ease of operation and affordability. It allows to create, layer-by-layer, the deposition of a wide range of bioinks, where the viscosity of the chosen bioinks often play a key role in their printability [START_REF] Malda | 25th Anniversary Article: Engineering Hydrogels for Biofabrication[END_REF].

Usually, high viscosity biomaterials (e.g. high concentrations or high molecular weight) provide better printability, higher structural integrity to the printed geometry and can easily support their own weight, upon chemical and/or physical gelation. Nonetheless, their inherent higher viscosity induces cell mortality during bioprinting, due to the increased shear stress during extrusion, and the dense matrix can also limit the mobility and the capacity of encapsulated cells to restructure the surrounding matrix. In this sense, a huge effort has been dedicated to optimize at the same time the printability of a bioink while providing an optimal environment to live cells [START_REF] Donderwinkel | Bio-inks for 3D bioprinting: recent advances and future prospects[END_REF].

A wide range of hydrogel compositions have been developed as bioinks for bioprinting [START_REF] Hospodiuk | The bioink: A comprehensive review on bioprintable materials[END_REF][START_REF] Gungor-Ozkerim | Bioinks for 3D bioprinting: an overview[END_REF] including natural polymers like gelatin, type I collagen, hyaluronic acid, fibrin, agarose, alginate, or synthetic polymers such as polyethylene glycol, pluronics, among others [START_REF] Gopinathan | Recent trends in bioinks for 3D printing[END_REF].

Different chemistries can be envisaged to achieve cross-linking following bioprinting. One popular choice considers the use of photo initiated radical polymerization of (meth)acrylate groups, due to the spatial and temporal control of the reaction [START_REF] Gopinathan | Recent trends in bioinks for 3D printing[END_REF]. Nonetheless, one must bear in mind the intrinsic limitations of photopolymerization. Final material rigidity and degradation will be dependent on methacrylate group concentration and on photopolymerization conditions [START_REF] Pepelanova | Gelatin-methacryloyl (GelMA) hydrogels with defined degree of functionalization as a versatile toolkit for 3D cell culture and extrusion bioprinting[END_REF], and UV irradiation may lead to cytotoxicity and potential mutation [START_REF] Knowlton | Photocrosslinking-based bioprinting: Examining crosslinking schemes[END_REF]. As such, strict optimization must be fulfilled as means to attain successful bioprinting.

In sum, optimal bioink biomaterial properties have to take into account printability, mechanical properties, gelation, biodegradation, biological active sequences and/or modifiable functional groups on the surface and post printing maturation properties.

Although it is well recognized that no current biomaterial respects all of these requirements, extracellular matrix-derived polymers have shown inherent beneficial properties, like ease of degradation, better cell attachment, growth and proliferation [START_REF] Park | Research trends in biomimetic medical materials for tissue engineering: commentary[END_REF]. Such key examples are collagen and hyaluronic acid. Collagen, a major component of the extracellular matrix (ECM), is commonly used as bioink alone or in combination with other biomaterials [START_REF] Keriquel | In situ printing of mesenchymal stromal cells, by laser-assisted bioprinting[END_REF][START_REF] Yang | Collagen-alginate as bioink for three-dimensional (3D) cell printing based cartilage tissue engineering[END_REF][START_REF] Jang | Biomaterials-based 3D cell printing for next-generation therapeutics and diagnostics[END_REF], due to its excellent biocompatible properties [START_REF] Kleinman | Role of collagenous matrices in the adhesion and growth of cells[END_REF]. Nonetheless, the slow physical gelation of collagen and low mechanical bearing properties poses several limitations for 3D bioprinting.

In this sense the combination with other biomaterials increases its extrusion properties in view of bioprinting, as for instance fibrin [START_REF] Lee | Bioprinting of collagen and VEGF-releasing fibrin gel scaffolds for neural stem cell culture[END_REF], alginate [START_REF] Yang | Collagen-alginate as bioink for three-dimensional (3D) cell printing based cartilage tissue engineering[END_REF] or hyaluronic acid [START_REF] Mazzocchi | Optimization of collagen type I-hyaluronan hybrid bioink for 3D bioprinted liver microenvironments[END_REF].

Hyaluronic acid (HA), also a natural ECM major component, is abundantly present in cartilage, skin and in connective tissues [START_REF] Fraser | Hyaluronan: its nature, distribution, functions and turnover[END_REF]. Also it has shown relevant key functions that make it a key material for tissue engineering, namely wound healing properties [START_REF] Li | The preparation of hyaluronic acid grafted pullulan polymers and their use in the formation of novel biocompatible wound healing film[END_REF], reduce inflammation [START_REF] Chan | Deficiency of hyaluronan synthase 1 (Has1) results in chronic joint inflammation and widespread intra-articular fibrosis in a murine model of knee joint cartilage damage Osteoarthr[END_REF], induced cell proliferation and migration [START_REF] Murakami | Hyaluronic acid promotes proliferation and migration of human meniscus cells 32 via a CD44-dependent mechanism Connect[END_REF], key role in embryogenesis and morphogenesis [START_REF] Toole | Hyaluronan: from extracellular glue to pericellular cue[END_REF] and angiogenesis [START_REF] Pardue | Role of hyaluronan in angiogenesis and its utility to angiogenic tissue engineering[END_REF]. Thanks to these inherent properties, HA is one of the prominent biomaterials which are used in 3D bioprinting alone or in combination with other biomaterials (revised in [START_REF] Gopinathan | Recent trends in bioinks for 3D printing[END_REF]). Nonetheless, HA shows a weak post printing stability and in this sense its chemical modification by methacrylation [START_REF] Poldervaart | 3D bioprinting of methacrylated hyaluronic acid (MeHA) hydrogel with intrinsic osteogenicity[END_REF], thiolation [START_REF] Mazzocchi | Optimization of collagen type I-hyaluronan hybrid bioink for 3D bioprinted liver microenvironments[END_REF], or modification with phenolic hydroxyl moieties [START_REF] Sakai | Differentiation potential of human adipose stem cells bioprinted with hyaluronic acid/gelatin-based bioink through microextrusion and visible light-initiated crosslinking[END_REF], among others, have shown improvements on the long terms stability and on the capacity to sustain both osteogenesis, stromal cell elongation or for the culture of chondrocytes. Nonetheless, the focus on cell-specific tailored bioinks that can target cell specific functions has been lacking in the field.

Focusing on the field of tissue engineering and on tissue repair, the support of the angiogenesis process is widely accepted as key in order to attain efficient repair in most tissues. Additionally, more recent studies have shed light on the importance and implication of the innervation in tissue remodelling and repair [START_REF] Farkas | A brief history of the study of nerve dependent regeneration Neurogenes[END_REF]. In this sense, the development of bioinks that can support both of these processes are strongly awaited in the field of biofabrication, bioprinting and tissue engineering.

Here, we have focused on the development of two distinct bioinks, one focused on vasculogenesis and another on neurogenesis. Our approach was based on the methacrylation of both collagen and hyaluronic acid (CollMA and HAMA, respectively), both relevant ECM-derived polymers, and their combination with laminin-derived thiolated peptides. A combined thiol-ene reaction, between the methacrylate groups of CollMA and HAMA and the thiol moieties of the peptides, and radical polymerization reaction, between the excess methacrylate groups of the methacrylated polymers, was then accomplished following bioprinting. This approach enable to separate the optimization regarding printability, namely by tuning the CollMA and HAMA concentrations and ratio, and the cell active peptide sequence spatial density. Therefore, drastically increasing the tunability of the developed biomaterial inks and allowing to easily adapt to other peptide sequences or to create complex mixtures and/or gradients that can better attain the extracellular matrix requirements for cells.

The choice of the peptide sequences, namely IYGSR and IKVAV, were based on previous reports that have shown the capacity of these laminin-derived peptides to induce endothelial cell-cell interactions and tube-like formation [START_REF] Grant | Two different laminin domains mediate the differentiation of human endothelial cells into capillary-like structures in vitro[END_REF], and to promote neuron cell adhesion and neurite outgrowth [START_REF] Patel | Ile-Lys-Val-ala-Val (IKVAV) peptide for neuronal tissue engineering[END_REF], respectively.

Materials and Methods

Hydrogels synthesis

Methacrylation of hyaluronic acid: The procedure was adapted from Poldervaart et al. [START_REF] Poldervaart | 3D bioprinting of methacrylated hyaluronic acid (MeHA) hydrogel with intrinsic osteogenicity[END_REF]. Briefly, one gram of hyaluronic acid sodium salt from Streptococcus Equi (1.5-1.8 x 10E 6 Da, Sigma-Aldrich, France) was dissolved in 75 mL of mQ grade water, overnight at room temperature. Fifty mL of dimethylformamide (Sigma-Aldrich, France) was added and the pH was adjusted to 8 using NaOH 1M. 1.12 mL of methacrylic anhydride (Sigma-Aldrich) was added to the solution, corresponding to a molar ratio: methacrylic anhydride / HA disaccharide of 3, the pH was again adjusted to 8 and the solution was left under constant stirring overnight at room temperature. We added 50 mL of NaCl 5M and the volume of the solution was adjusted to 500 mL with mQ grade water. The solution was filtered using a 0.2 µm filter and then dialyzed (12-14 kDa, Sigma-Aldrich) for five days against 5 L mQ water and with two daily water changes. The obtained solution was freeze-dried for 5 days, the polymer recovered and stored at -20 °C until further use. Hyaluronic acid methacrylate (HAMA) stock solution was prepared by dissolving the polymer at 2% (w/v) in DMEM HG (Gibco) and stored at 4 °C until further use. Methacrylation degree was determined using nuclear magnetic resonance (NMR). Briefly, for 1 H-NMR a 1% (w/v) solution of HAMA was prepared in D2O (Sigma-Aldrich) and analyzed at 25 °C on a Bruker Avance I NMR spectrometer operating at 400 MHz. 1 H NMR spectra were recorded with an acquisition time of 4 seconds, a relaxation delay of 2 seconds and 64 scans. Methacrylate modification was determined by integration of the vinyl singlets relative to the ring of hyaluronic acid.

Methacrylation of type I collagen:

The procedure was adapted from Ravichandran et al. [START_REF] Ravichandran | Functionalised type-I collagen as a hydrogel building block for bio-orthogonal tissue engineering applications[END_REF]. Briefly, type I collagen from bovine skin (Sigma-Aldrich) was adjusted to pH 10 using 2N NaOH and kept on ice, under mild agitation. Methacrylic anhydride, at a molar ratio of 5:1 (with respect to number of lysine amine groups in collagen), was added subsequently drop-wise and left to react for 4 hours. The obtained solution was dialyzed (12-14 kDa, Sigma-Aldrich) for five days against 5 L mQ water and with 2 daily water changes.

The obtained solution was freeze-dried for 5 days, and the polymer recovered and stored at -20 °C until further use. The methacrylated type I collagen (CollMA) stock solution was prepared at 6 mg/mL in 0.02 M Acetic acid and stored at 4 °C until further use.

Methacrylation degree was determined using the Tri-nitro benzene sulfonic acid (TNBS) assay [START_REF] Tronci | Triple-helical collagen hydrogels via covalent aromatic functionalisation with 1,3-phenylenediacetic acid[END_REF]. Briefly, neutralized native collagen or CollMA were dissolved in 1 mL of carbonate buffer (0.1M, pH 8.5) at 0.1 mg/mL NaHCO3 (pH 8.5). To 500 µL of collagen or CollMA solution, we added 250 µL of a 1:500 dilution, in carbonate buffer, of TNBSA solution (5% w/v, Sigma-Aldrich) and let to react for 2 hours at 37°C. The reaction was then stopped by the addition of 250µL of 10% (w/v) of SDS (Sigma-Aldrich) and 125µL of 1M HCl. The OD335 of both the blank, collagen and CollMA was determined using a UV-Vis spectrophotometer (Nanodrop, ThermoFisher). The percentage of remaining free primary amines of CollMA was calculated in relation to the total amount of the pristine collagen. The degree of methacrylation was then determined using the loss of primary amines percentage loss (% DM).

Bioinks preparation

HAMA at 1% (w/v) was prepared by diluting HAMA 2% (w/v) using DMEM HG (Gibco) and mixed with 0.1 % (w/v) of the photonitiator lithium phenyl-2,4,6trimethylbenzoylphosphinate (LAP, TCI Chemicals). CollMA 0.1% (w/v) was prepared by diluting the stock 0.6% (w/v) CollMA solution (dissolved in 0.02 M Acetic acid) with DMEM HG (Gibco), neutralizing with NaOH 0.1M and mixed with LAP photonitiator to final 0.1 % (w/v). The adhesion peptides Cys-(Beta-Ala)-Ile-Lys-Val-Ala-Val-(Beta-Ala)-Cys (IKVAV) or Cys-(Beta-Ala)-Tyr-Ile-Gly-Ser-Arg-(Beta-Ala)-Cys (YIGSR) (Biomatik, Canada) were dissolved at 25 mg/mL in 0.02 M acetic acid aliquoted and stored at -20 °C untill further use. HAMA/CollMA, 1 and 0.1% (w/v) respectively, composite bioink was obtained by diluting and neutralizing the stock 0.6% (w/v) CollMA, HAMA 2% (w/v) was then added to the neutralized CollMA solution, mixed with LAP (to final 0.1 % (w/v)) and the volume adjusted with DMEM HG. In the case of the bioinks containing the laminin-derived peptides, the peptide solution was homogeneously added, at defined final concentrations (namely: 0.25, 0.5, 1 and 2 mg/mL for YIGSR peptide and 1 and 2 mg/mL for IKVAV peptide), to the composite polymer (HAMA +CollMA, denoted as HAMA/CollMA towards the manuscript) solution prior use. All formulations were prepared fresh, kept protected from light and on ice before bioprinting.

Rheological characterization

Different formulations of the hydrogels were prepared, loaded and directly polymerized (a 2w, 365 nm UV source and an exposure time of 2 minutes) in a Kinexus pro + rheometer (Malvern Instruments, UK), and stabilized at 37°C prior to the determination of the storage moduli (G') and loss moduli (G"). Frequency sweeps were performed at a constant strain (0.1%) in the angular frequency range 0.1-100 rad/s. Rotational shear-viscosity measurements were performed in flow mode with shear rate ranging from 0.01 to 500 s -1 .

Measurements were performed in triplicate and at 25 °C.

Primary cell culture

Human umbilical vein endothelial cells (HUVECs) were isolated as previously described [START_REF] Bordenave | Endothelial cell compatibility testing of three different Pellethanes[END_REF]. HUVECS were cultured, under standard conditions, in IMDM (Gibco), 20% foetal bovine serum (FBS) + Endothelial Cell Growth Supplement/ Heparin (PromoCell, France), until passage 9. As means to enable their visualization by fluorescent microscopy cells were stably transduced (at cell passage 2) with lentivirus bearing the RFP gene, under the EF1a promoter sequence (Vectalys, France), following the manufacturer's instructions. Infection efficiency was evaluated by flow cytometry and was determined to be superior to 98% (data not shown).

Human skin fibroblasts were isolated as previously described [START_REF] Germain | Early basement membrane formation following the grafting of cultured epidermal sheets detached with thermolysin or Dispase[END_REF], and cultured, under standard conditions, in DMEM:F12 (Gibco), 20% (v/v) FBS, until passage 10.

Primary sensory neurons were obtained from dorsal root ganglion (DRG) from healthy 5-9 weeks old Wistar rats as previously described [START_REF] Malin | Production of dissociated sensory neuron cultures and considerations for their use in studying neuronal function and plasticity[END_REF]. Briefly, following animal sacrifice with CO2, spinal columns were removed and opened from the caudal to the rostral in order to expose the DRGs. They were individually harvested and digested with 1 mg/mL Collagenase Type IV (Gibco®) for 2 h at 37 °C. Subsequently, digestion product was washed twice with DMEM high glucose (Gibco®) medium, supplemented with 2 % (v/v) B-27 Serum-Free Supplement® (B-27, Gibco®) and 1 % (v/v) Penicillin Streptomycin, and mechanically dissociated using fire-polished glass Pasteur pipettes (full diameter and ½ diameter). The cell suspension was finally washed three more times with medium and resuspended in complete culture medium. Nerve growth factor (NGF, 0.1 µg/mL, Sigma Aldrich) was added to the culture medium at 48 hours of culture, post printing. Important to refer that the obtained dissociated culture may contain glial satellite cells (e.g. Schwan cells).

Viability evaluation

Cell viability percentage was determined using the live-dead assay. Briefly, at defined time points samples were stained with calcein-AM ("live", 1 μL/mL, Invitrogen) and ethidium homodimer ("dead", 4 μL/mL, Invitrogen) for 45 min, following manufacturer's instructions.

Samples were then analysed by confocal laser-scanning microscopy (SPE7, Leica Microsystems). Image analysis of the percentage of viable cells was performed using ImageJ (n=4 replicates) by determining the total number of cells per field (cells positive for calcein + cells positive for ethidium homodimer), obtained by a 2D projection of a homogeneous acquired volume, and determining the percentage of "live" cells (cells positive for calcein).

Cell imaging

The capacity of HUVEC cells to form capillary like structures in 3D was assessed by confocal imaging of RFP + HUVEC cells at days 7 and 14, inside the different bioinks in 3D culture or after 3D bioprinting. For the 3D culture a 150 µm Z axis height was acquired using confocal microscopy. For the bioprinted structures a 500 µm Z axis height was acquired.

The capacity of DRG cells to extend neurites was assessed by confocal imaging following Calcein-AM (1 μL/mL, Invitrogen) staining for 45 minutes at day 14, inside the different bioinks in 3D culture or after 3D bioprinting. For the 3D culture a 150 µm Z axis height was acquired using confocal microscopy. For the bioprinted structures a 500 µm Z axis height was acquired.

Cell metabolic activity evaluation

Metabolic activity of HUVECs and DRGs, when cultured inside the hydrogels, was evaluated using a resazurin-based assay [START_REF] O'brien | Investigation of the Alamar Blue (resazurin) fluorescent dye for the assessment of mammalian cell cytotoxicity[END_REF]. Briefly, cells were seeded inside the different formulation hydrogels at 2 million cells/mL for HUVECs and 50 000 cells/mL for DRGs, respectively, for a final gel volume of 50 μL in a 96 well plate. 150 μL of culture medium containing resazurin (0.01 mg/mL) was added to each well and the microplate was incubated at 37 °C for 3 h. Subsequently, 100 μL of supernatant was transferred to another 96 wells microplate and fluorescence was measured (exc = 530 nm, em = 590 nm, Victor X3, Perkin Elmer).

Metabolic activity was measured at days 0, 3, 7 and 14 for ECS and days 0, 3, 7, 14 and 21 for DRGs, respectively, (n=6 replicates) % metabolic activity was calculated in relation to day 0.

Bioprinting

The 3D Discovery bioprinting platform (RegenHU, Switzerland) was used in this work. It is composed of two independent pressure activated microextrusion heads and two microvalve heads, automated tip length and substrate height calibration and integrated ultraviolet (UV, 365 nm, 2W, working distance to sample of 20-25 mm) photopolymerization diode. Also, the integrated computer assisted design software (BioCAD, RegenHU) enable to create the desired geometry of printing. The chosen geometry consisted on 5 parallel lines, spaced of 2.5 mm, and intercrossed with same geometry with a 90-degree angle rotation. The same geometry was repeated to a total of 4 layers. The geometry was adapted to print inside 6 well plate wells and repeated in series.

In the case of HUVEC+HSF bioprinting, a conic microextrusion tip of 0.21 mm diameter was used. HUVECs and HSF were loaded together inside the designated bioink (with HAMA/CollMA alone or HAMA/CollMA containing 0.25, 0.5, 1 or 2 mg/mL of YIGSR peptide), both at 10 millions/mL. The ink was homogenized and loaded inside the bioprinting syringe. The bioprinting process consisted on the deposition of the first layer with a pressure of 0.008 MPa, speed of 140 mm/s and a distance to the substrate of 0.075 mm. Then the first layer was polymerized during 15 seconds using the UV source. The second perpendicular layer was then deposited using the same pressure and speed conditions at a distance of 0.1 mm of the first layer. The process was then repeated for a total of 4 layers, before adding 3 mL of cell culture media, namely complete EGM-2 MV medium (Lonza).

In the case of DRG bioprinting, a conic microextrusion tip of 0.41 mm diameter was used.

DRG were loaded inside the designated bioink (with HAMA/CollMA alone or HAMA/CollMA containing 1 or 2 mg/mL of IKVAV peptide), at 50 000 cells/mL. The ink was homogenized and loaded inside the bioprinting syringe. The bioprinting process consisted on the deposition of the first layer with a pressure of 0.005 MPa, speed of 160 mm/s and a distance to the substrate of 0.075 mm. Then the first layer was polymerized during 15 seconds using the UV source. The second perpendicular layer was then deposited using the same pressure and speed conditions at a distance of 0.1 mm of the first layer. The process was then repeated for a total of 4 layers, before adding 3 mL of complete cell culture media, namely DMEM high glucose (Gibco®) medium, supplemented with 2 % (v/v) B-27 Serum-Free Supplement® (B-27, Gibco®), 1 % (v/v) Penicillin Streptomycin and Nerve growth factor (NGF, 0.1 µg/mL, Sigma Aldrich).

Immunocytochemistry and image analysis

The capacity of HUVECs to form capillary-like structures in 3D culture was quantified by image analysis of confocal stacking images using the Angiogenesis Analyzer [START_REF] Carpentier | ImageJ contribution: angiogenesis analyzer[END_REF] plugin for ImageJ. The software allowed to assess relevant parameters as number of junctions, number of segments and total segment length. HUVEC evaluation upon 3D printing was achieved by 3D image analysis of the volumetric confocal acquisition, at day 14, and using the Imaris software (9.0, Bitplane, UK). Imaris enables the segmentation of interconnected 3D regions, RFP + in this case, and to establish a virtual "Box" with defined X, Y and Z dimensions (defined as "Bounding Box" by the software). The capacity of HUVEC cells to maturate, migrate and form interconnected tube like structures can be evaluated by comparing the volume of each one of these independent 3D structures (volume bounding box, where higher volume values indicate larger 3D structures). 3D analysis was also complemented by comparing the length in the Z axis (Bounding Box length Z axis) as means to evaluate the capacity of bioprinting cells to interconnect between planes.

As to evaluate the phenotypic maturation of HUVEC network, in coculture with human skin fibroblasts and inside the composite bioprinted matrix, a whole mount CD31 immunocytochemistry was performed at 14 days post printing. The procedure was as follows: bioprinted matrices were recovered and fixed using 4% paraformaldehyde solution for 15 minutes at room temperature and washed with PBS. Samples were then frozen at -20 ºC for 1 hour, as to favor the permeation of the gel structure, and incubated with triton X-100 (0.1% v/v) for 15 minutes. Following washing with PBS, samples were blocked using 1% (w/v) bovine serum albumin (BSA, Sigma Aldrich, France) for 1 hour at room temperature and incubated with Rabbit Anti-CD31 antibody (ab28364, Abcam UK), at 1:100 in 1% BSA (w/v), overnight at 4 ºC. After washing with PBS, samples were incubated with Alexa 488 goat anti-rabbit (A11008, Invitrogen), at 1:400 in 0.5% BSA (w/v), during 4 hours at room temperature. Then, samples were washed with PBS and incubated with DAPI (4', 6'diamidino-2-phenylindole) (Vector Labs) at 1 μg/mL for 10 min at room temperature. After 2 additional washes with PBS, samples were mounted using Vectashield (Vector) and analyzed by confocal microscopy (Leica TCS SPE).

As to evaluate the regenerative phenotype of the bioprinted 3D culture of rat dorsal root ganglia sensory neurons inside the composite bioprinted matrix, a whole mount immunocytochemistry for growth associated protein 43 (GAP43) was performed at 21 days post printing. The procedure was as follows: bioprinted matrices were recovered and fixed using 4% paraformaldehyde solution for 30 minutes at room temperature and washed with PBS. Samples were then frozen at -20 ºC for 1 hour, as to favor the permeation of the gel structure, and incubated with triton X-100 (0.1% v/v) for 15 minutes. Following washing with PBS, samples were blocked using 1% (w/v) bovine serum albumin (BSA, Sigma Aldrich, France) for 1 hour at room temperature and incubated with Rabbit Anti-GAP43 antibody (ab16053, Abcam UK), at 1:100 in 1% BSA (w/v), overnight at 4 ºC. After washing with PBS, samples were incubated with Alexa 488 goat anti-rabbit (A11008, Invitrogen), at 1:400 in 0.5% BSA (w/v), during 2.5 hours at room temperature. Then, samples were washed with PBS and incubated with DAPI (4', 6'-diamidino-2-phenylindole) (Vector Labs) at 1 μg/mL for 10 min at room temperature. After 2 additional washes with PBS, samples were mounted using Vectashield (Vector) and analyzed by confocal microscopy (Leica TCS SPE).

The capacity of DRGs to extend neurites in 3D culture was quantified by image analysis of confocal stacking images using the NeuriteQuant [START_REF] Dehmelt | NeuriteQuant: an open source toolkit for high content screens of neuronal morphogenesis[END_REF] plugin for ImageJ. The software allowed to assess relevant parameters as number of neurites per neuron, maximum neurite length and neurite total length/per neuron. DRG evaluation upon 3D printing was achieved by 3D image analysis of the volumetric confocal acquisition, at day 14, and using filament tracing analysis with Imaris software (9.0, Bitplane, UK). The 3D segmentation of independent structures, inside the bioprinted matrix, were evaluated by segmental analysis and allow to determine the dendrite length distribution for different compositions of bioink.

Statistical analysis

Using the Graphpad Prism 5.0 software, a D'Agostino and Pearson omnibus normality test was used in order to test if data obeyed to a Gaussian distribution. Statistically significant differences between several groups were analysed by the non-parametric Kruskal-Wallis test, followed by a Dunns post-test. The non-parametric Mann-Whitney test was used to compare two groups. A p value lower than 0.05 was considered to be statistically significant.

Results

Hydrogel Characterization

Our approach for the creation of a printable composite hydrogel was based on an initial methacrylation of the base polymers, namely hyaluronic acid and type I collagen, both natural components of the extracellular matrix. The integration of laminin-derived peptides was achieved by the inclusion of cysteine groups at both the extremities of the peptides, what permits to graft, via a thiol-ene UV initiated radical addition, the peptides to the methacrylated matrix. Also, the excess methacrylate moieties enabled the photopolymerization of the matrix by radical polymerization via UV irradiation (see Fig. 1). 

HUVEC culture in 3D gels

Based on previous results of the optimization of the concentration of HAMA in the behavior of encapsulated HUVEC cells (see Fig. S3) we have established the concentration of 1% (w/v) as the basis for this study. Indeed, one can observe that the bioprinting of HUVECs using higher HAMA concentrations (namely 1.5 and 2% (w/v), see Fig. S3 g, with measured average G' of 301±70 Pa and 770±119 Pa, respectively, (n=3)) lead to a significant increase on mortality. Also, we could previously show that the inclusion of CollMA 0.1% (w/v) could further support HUVECs migration. Additionally, we have also evaluated bioink fidelity using the described bioprinting conditions. As observed in Fig. S2 a and b (supporting material) bioprinting strut dimensions show that the gel could respect the expected dimensions with an observable dispersion of 1.3x in relation to the expected dimensions and where no significant differences could be observed for the formulation with or without peptide. Additionally, the established conditions enabled to reach filament stability on air (Fig. S2 c) and to achieve the fabrication of complex structures, like a hollow tube (Fig. S2 d) or a parallelepiped (Fig. S2 e).

Here, and as observed in Fig. 4, we could show that in the present formulations and polymerization conditions that cells showed a percent viability of 67 and 77%, for HAMA and HAMA/CollMA (a -e), respectively, at 24 hours of culture. Based on this profile, we have selected this HAMA/CollMA formulation in the subsequent studies. As means to evaluate the impact of the inclusion of the laminin-derived YIGSR peptide on HUVECs we then evaluated their metabolic activity progression up to 14 days of culture. As seen in Fig. 4, f, no significant differences could be observed for the different HAMA/CollMA formulations containing increased concentrations of the YIGSR peptide. Moreover, we could see a significant progression of the metabolic activity of all formulations towards time, up to 14 days. We then evaluated the maturation of endothelial cells (HUVECs), when in coculture with HSF, inside the composite hydrogels containing different concentrations of the lamininderived peptide YIGSR. As observed in Fig. 5 a, for all formulations no significant maturation was observed at day 7. At day 14 of culture a significant increase on capillary-like structures was observed for the formulation containing the highest YIGSR concentration (2 mg/mL, Fig. 5 a). The quantification of the capillary-like structure was achieved by image analysis (Angiogenesis Analyser, ImageJ) and as seen in Fig. 5 b-d, a significant increase in terms of the number of junctions, number of segments and total segment length was observed at 14 days of culture and for the HAMA /CollMA + 2 mg/mL YIGSR peptide. 

Bioprinting of HUVEC cells

The obtained results allowed us to select the HAMA/CollMA + 2 mg/mL YIGSR peptide as optimal formulation for the maturation of HUVEC cells and we have compared it with the basal formulation, HAMA/CollMA. The chosen computer assisted design (CAD) consisted CD31, also known as platelet endothelial cell adhesion molecule-1 (PECAM-1), is abundantly expressed between adjacent ECs during angiogenesis and plays a key role in the maintenance of endothelial cell junctional integrity [START_REF] Müller | Expression of the endothelial markers PECAM-1, vWF, and CD34 in Vivo and in Vitro[END_REF]. As observed in Fig. 7 e, within the capillary-like structure of RFP + HUVECs, a CD31 staining could be observed between adjacent cells. Volumetric reconstruction of both RFP expression (red) and CD31 immunostaining (green) could be achieved (Fig. 7 f) and one can observe that within a transversal cut (Fig. 7 g) a CD31 accumulation between the adjacent endothelial cells, creating a center lumen. 

Dorsal root ganglia sensory neuron culture in 3D gels

Based on the previous results of the optimal bioink formulation for HUVECs we have established the same base of HAMA/CollMA to which we have combined a new lamininderived peptide, IKVAV. Important to refer that the same YIGSR formulations were equally tested for DRG culture and were found not optimal to sustain neurite outgrowth (data not shown).

Again, as to evaluate the impact of the inclusion of the laminin-derived IKVAV peptide on DRGs we have evaluated their viability at 7 days of culture and metabolic activity progression up to 21 days of culture. As seen in Fig. 8 a, no major signs of cell mortality were observed, for all formulations tested. Additionally, the metabolic activity follow-up, up to day 21, show no significant differences between formulations or a decrease in time (Fig. 8 b), indicating that in the use conditions the different composition could support the 3D culture of DRG neurons. Finally, based on image analysis we quantified the number of neurites, maximum neurite length and total neurite length per neuron (Fig. 8 c, d ande, respectively). We could observe a significant increase on all parameters for the highest peptide concentration, in relation with the formulation without peptide, and consistent with a dose response effect. 

Bioprinting of dorsal root ganglia sensory neurons

The chosen CAD consisted on 5 parallel lines, spaced of 2.5 mm, and intercrossed with same geometry with a 90-degree angle rotation, as before. The same geometry was repeated to a total of 4 layers. Both the speed of printing (160 mm/s), the diameter of the tip (0.41 mm) and the distance between the tip and the substrate (0.075 mm) were controlled in order to attain a reproducible geometry, as seen in Fig. 9 b. Live-dead assay staining assessed that the bioprinting process did not significantly affect the viability of the printed DRG neurons, as observe 14 days post printing (Fig. 9 a), and the inclusion of the IKVAV peptide could improve neurite formation. As such, and as seen in Fig. 9 c we perform image analysis of calcein stained DRG neurons at 14 days post printing, and evaluated the formation of neurite processes (Fig. 9 d) using segment analysis with Imaris software. Neurite length quantification could assert that for the formulation containing 2 mg/mL of IKVAV peptide a significant increase could be observed (Fig. 9 e). As means to assess the regenerative phenotype of the 3D sensory neurons inside the bioprinted composite matrix, containing 2 mg/mL of IKVAV peptide, we performed a whole mount growth associated protein (GAP43) immunocytochemistry at 21 days post printing. This marker is considered to be widely involved in neuronal mechanisms underlying axonal growth, regeneration and synaptic plasticity [START_REF] Chong | GAP-43 expression in primary sensory neurons following central axotomy[END_REF]. As seen in Fig. 9 f, one can observe a specific staining of the axonal branching. This observation was further depicted using 3D image analysis, surface reconstruction (Imaris, Fig. 9 g), reinforcing the pro regenerative phenotype of the dissociated sensory neurons cultured inside the composite bioprinted matrix. One can also observe in the higher magnification insert (Fig. 9 h) isolated DAPI positive nuclei (not positive for GAP43), what we hypothesize to be isolated Schwan cells co-isolated with the primary sensory neurons. 

Discussion

Biofabrication technologies, including bioprinting, have in recent years been considered as promising approaches to tackle unsolved problems in tissue engineering, based on the capacity to precisely distribute cells and biomaterials in a defined 3D geometry [START_REF] Groll | Biofabrication: reappraising the definition of an evolving field[END_REF].

Typically, bioprinting relies on the use of bioinks, consisting on the combination of relevant cells, biologically active compounds and support biomaterial inks [START_REF] Groll | A definition of bioinks and their distinction from biomaterial inks[END_REF]. Generally, the biomaterials used must satisfy several properties, including printability, mechanical properties relevant for structural stability and pertinent for the final application, gelling capacity, biodegradation, presence of modifiable surface functional groups or cellular adhesion sequences, and the capacity to sustain the maturation of the printed structure in time. In this scope, great interest has been devoted to the development of novel biomaterial inks and their adaptation for the creation of more efficacious bioinks. Indeed, in recent years the lack of relevant biomaterials to be used as bioinks has been identified as a major obstacle limiting the advance of 3D bioprinting field [START_REF] Jungst | Strategies and Molecular Design Criteria for 3D Printable Hydrogels[END_REF]. Several recent reviews demonstrate the great effort of the scientific community in the development, combination and modification of biomaterials to this end [START_REF] Gopinathan | Recent trends in bioinks for 3D printing[END_REF][START_REF] Ashammakhi | Bioinks and bioprinting technologies to make heterogeneous and biomimetic tissue constructs[END_REF]. Several approaches, based on synthetic or natural, including ECM-derived, polymers are described. Within this plethora of choices, natural polymer and hydrogels, particularly ECM-derived, have shown to further support cell attachment, proliferation, migration and maturation. Nonetheless, tunable properties or intrinsic mechanical properties have shown limitations in their application for bioprinting [START_REF] Burdick | Hyaluronic acid hydrogels for biomedical applications[END_REF].

In this sense, the chemical modification of ECM-based polymers, different formulations and/or combinations of these polymers and the association with bioactive molecules will enable to address the printability and structural stability, while respecting the requirements for specific cell types. Here, we have focused on the methacrylation of ECM derived polymers, namely type I collagen and hyaluronic acid, as means to enable their polymerization upon bioprinting and to allow the easy grafting of bioactive peptide sequences. Our approach for peptide grafting is based on radical mediated thiol-ene chemistry, between thiol flanked peptides and the methacrylated HAMA and CollMA. Our choice for peptides bearing two terminal cysteine residues concerns the capacity of such peptide design to balance the loss of active methacrylate groups for the creation of a crosslinked gel matrix. In our conditions, and by using the maximal peptide concentrations (2 mg/mL, for both IKVAV and YIGSR) the molar equivalents of cysteine residues correspond to nearly 40% of the available methacrylate groups, a bi-cysteine approach enables the creation of an efficient linker between polymer chains and therefore retain the mechanical properties of the base hydrogel. This high yield and efficient chemistry enables to achieve a cytocompatible polymerization of the hydrogel structure, while allowing to encapsulate cells and easily adapt to a bioprinting procedure [START_REF] Jiang | Click hydrogels, microgels and nanogels: emerging platforms for drug delivery and tissue engineering[END_REF][START_REF] Hoyle | Thiol-ene click chemistry[END_REF]. Additionally, a major advantage of this chemical approach is its inherent flexibility, enabling to easily adapt different biologicalactive peptide densities, different sequences or to adjust the ratios of the different components. To our knowledge, this is the first report using such modular approach for the creation of a composite bioprintable gel.

Previous studies have already demonstrated the printability and the capacity of HAMA to sustain osteogenesis [START_REF] Poldervaart | 3D bioprinting of methacrylated hyaluronic acid (MeHA) hydrogel with intrinsic osteogenicity[END_REF] and thiolated hyaluronic acid in combination with CollMA to achieve the bioprinting of functional primary human hepatocytes and liver stellate cells [START_REF] Mazzocchi | Optimization of collagen type I-hyaluronan hybrid bioink for 3D bioprinted liver microenvironments[END_REF].

Nonetheless, the combination with bioactive peptides and the specific application to support vasculogenesis and neurite outgrowth was not yet described.

The importance of vasculature formation and remodeling, in the scope of tissue regeneration or in the understanding of pathological conditions, is well recognized. In this sense, a wide range of studies have been focusing on the use of bioprinting in order to mimic the vascular structure in vitro. The great majority of studies have focused on the use of microextrusion bioprinting, due to the capacity of this technology to accommodate the fabrication of large structures while attaining a desired resolution [START_REF] Ashammakhi | Bioinks and bioprinting technologies to make heterogeneous and biomimetic tissue constructs[END_REF]. Two major approaches have been explored, the fabrication of perfusable constructs and the creation micro-vascular networks [START_REF] Sasmal | 3D bioprinting for modelling vasculature Microphysiological[END_REF]. Previous studies have focused on a wide range of hydrogels including alginate [START_REF] Jia | Direct 3D bioprinting of perfusable vascular constructs using a blend bioink[END_REF],

gelatin [START_REF] Kolesky | Three-dimensional bioprinting of thick vascularized tissues[END_REF], methacrylated gelatin [START_REF] Kolesky | 3D Bioprinting of Vascularized, Heterogeneous Cell-Laden Tissue Constructs[END_REF], agarose, poly(ethylene glycol) diacrylate [START_REF] Miller | Rapid casting of patterned vascular networks for perfusable engineered three-dimensional tissues[END_REF], collagen and fibrin [START_REF] Lee | Generation of Multi-Scale Vascular Network System within 3D Hydrogel using 3D Bio-Printing Technology[END_REF], with different approaches or combinations of materials for the creation of the 3D scaffold. In the majority of these studies no specific attention was devoted to the composition of the bioink, considering the capacity of the matrix to sustain cell attachment and migration and enable cell degradation. To this end we have focused on the use of ECM-derived components, i.e. collagen and hyaluronic acid, to whom human cells have an inherent enzymatic degradation secretome. Additionally, in order to further favor cell migration and organization we have included (in a dose response fashion) the lamininderived YIGSR, associated to cell adhesion via integrins [START_REF] Caniggia | Identification of receptors binding fibronectin and laminin on fetal rat lung cells[END_REF]. Integrins are key adhesion receptors used by endothelial cells to interact with the extracellular microenvironment, and this interaction is critical for the regulation of cell proliferation, migration, and survival [START_REF] Stupack | Integrins and Angiogenesis[END_REF],

fundamental processes during vasculogenesis and angiogenesis. In this sense, enabling to easily tune integrin binding sequences in 3D is key in order to attain optimal behavior of cells post printing.

In the field of biofabrication and bioprinting, and in contrast with hard tissues like bone and cartilage, the research in neural tissue has been lagging, probably linked to the complexity of the central and peripheral nervous system and to the stringent conditions required by neurons to thrive in 3D in vitro culture. Neural tissue ECM is mainly composed of structural proteins, like collagen, and proteoglycans and glycoproteins [START_REF] Beachley | Tissue matrix arrays for high-throughput screening and systems analysis of cell function[END_REF]. The glucosaminoglycon hyaluronic acid is equally an important component of the neural ECM that has been shown to be key in nerve regeneration process [START_REF] Schmidt | Neural Tissue Engineering: Strategies for Repair and Regeneration[END_REF].

The combination of peptides with hydrogels is not new, Lozano and colleagues grafted RGD peptide in gellum gum and showed that this biomaterial could maintain cell viability and sustained the neurite development of cortical neurons [START_REF] Lozano | 3D printing of layered brainlike structures using peptide modified gellan gum substrates[END_REF]. Nonetheless, this approach was based on a non-physiological relevant hydrogel and the grafting procedure hinders the capacity to adapt to different RGD densities, independently of the overall bioink concentration. Also, Ning and colleagues have formulated physical gels composed on unmodified hyaluronic acid, RGD grafted alginate and fibrin. They could show the capacity of these composite gels to permit the bioprinting of viable Schwann cells, and then to sustain the culture of sensory neurons on the surface of the cell laden matrix [START_REF] Ning | 3D bioprinting of scaffolds with living Schwann cells for potential nerve tissue engineering applications[END_REF]. Nonetheless, the effective printing of the neurons and the added value of the addition of the RGD peptide was not demonstrated. Again, one can assume that the density of RGD, or the sequence itself, was not adjusted to permit to promote sensory neurons optimal neurite attachment and growth. As its dose adjustment was linked to the alginate concentration it could not be modified in a simple manner.

Additionally, we could compare the neurite length in the study of Ning et al., in the range of 900 µm at 7 days of culture [START_REF] Ning | 3D bioprinting of scaffolds with living Schwann cells for potential nerve tissue engineering applications[END_REF], with our results where we observe an average neurite length in the range of 300 µm at 14 days of culture. Nonetheless, we have to consider that in our study we performed the culture of DRGs inside the hydrogel in 3D, in contrast with and the study of Ning and colleagues where the culture is performed in the surface of the hydrogel mostly in a 2D conformation. This might, in our conditions, limit the active elongation of the neurons due to constraints of matrix degradation. Also, the methodology used here for the determination of neurite length can be associated with inherent limitations as the software used considers the shortest distance in the intricate 3D arborescence's created inside the hydrogel and the real values tend to be lower than would be determined if in a 2D conformation.

The use of IKVAV peptide was recently explored in a 3D bioprinting approach, by combining fiber-forming peptide amphiphiles (containing the IKVAV sequence, to thiolated gelatin and homobifunctional maleimide-poly ethylene glycol (PEG) [START_REF] Yan | Tailoring nanostructure and bioactivity of 3Dprintable hydrogels with self-assemble peptides amphiphile (PA) for promoting bile duct formation[END_REF]. The authors could show that the laminin-derived peptide could support cholangiocyte maturation and duct formation, although limited functional assessment was shown [START_REF] Yan | Tailoring nanostructure and bioactivity of 3Dprintable hydrogels with self-assemble peptides amphiphile (PA) for promoting bile duct formation[END_REF]. Nonetheless, this approach was based on the mere mixing of both the peptide amphiphiles and the gelatin/PEG gels, with limited characterization in terms of peptide dose response.

The use of laminin-derived peptides has been already explored in several biomaterial approaches in order to sustain/modulate cellular response. This interest is based on the fact that laminins are major components of the basement membrane and play important roles in cell adhesion, migration, proliferation, angiogenesis and neurite outgrowth [START_REF] Iorio | Laminins: Roles and Utility in Wound Repair[END_REF]. Previous studies could show that: hyaluronic acid/poly(ethylene glycol) diacrylate composite gels combined with IKVAV peptide could support myoblast migration, proliferation and an increase in relevant transcription factors [START_REF] Garcia | Functionalization of hyaluronic acid hydrogels with ECM-derived peptides to control myoblast behavior[END_REF]; the grafting of laminin-111 peptides to hyaluronic acid promoted cell spreading and improved cell viability of human dermal fibroblasts and could support the creation of neurites by PC12 rat pheochromocytoma cells [START_REF] Yamada | Laminin-111derived peptide-hyaluronate hydrogels as a synthetic basement membrane[END_REF]; self-assembling peptide nanofiber hydrogels, containing the laminin-derived motif IKVAV and a BDNF-mimetic peptide, showed to increase Schwan cell adhesion and elongation, and improved peripheral nerve regeneration, in vivo, in a sciatic nerve resection model [START_REF] Yang | Self-assembling peptide hydrogels functionalized with LN-and BDNF-mimicking epitopes synergistically enhance peripheral nerve regeneration[END_REF]. In contrast with these studies we did not focus on the initial grafting of the peptide to the structural polymers, as that would not allow to dissociate the laminin-derived peptide concentration from the concentration of the base hydrogel polymers. Again, in the scope of bioprinting, our approach enables to address, in a "one pot" fashion, the composition of the bioink in terms of printability, polymerization, bioactive peptide density and cellular maturation potential. It is currently accepted that different matrix compositions have to be determined to individual cell types and for specific biological applications. In this sense, bioink formulations based on modular approaches considering at the same time the printability and rigidity (enabling to easily adapt components concentrations), while enabling to adjust for optimal cell adhesion sequence density or even on the combination or gradient of sequences, represents an added value in future developments in bioprinting. Our approach follows this line of thought, enabling inherent modularity and tunability while respecting the aimed application simplicity.

The neural/vascular crosstalk continues to raise great interest as it may hold the key to unveil the molecular basis of neurological diseases or in tissue repair [START_REF] Quaegebeur | The Neurovascular Link in Health and Disease: Molecular Mechanisms and Therapeutic Implications[END_REF]. Nonetheless, the effective bioprinting of a neurovascular niche remains an unmet challenge in the field [START_REF] Qiu | Bioprinting Neural Systems to Model Central Nervous System Diseases[END_REF]. One main limitation considers the capacity to supply an universal medium to both neurons and vascular cells, and corresponding support cells, that can sustain both phenotype development and maturation.

Previous key examples of blood-brain-barrier neurovascular models have mainly consider the use of microfluidic chambers that can be used to physically separate specific cell culture medium [START_REF] Bang | Low Permeability Microfluidic Blood-Brain Barrier Platform with Direct Contact between Perfusable Vascular Network and Astrocytes[END_REF][START_REF] Adriani | Lab on a Chip A 3D neurovascular microfluidic model consisting of neurons, astrocytes and cerebral endothelial cells as a blood-brain barrier[END_REF][START_REF] Maoz | A linked organ-on-chip model of the human neurovascular unit reveals the metabolic coupling of endothelial and neuronal cells[END_REF]. In this line, bioprinting holds the promise to address the fabrication of complex in vitro models to study the important neurovascular crosstalk or to develop novel approaches for tissue regeneration. This is particularly relevant in the fields of brain organoid development [START_REF] Balikov | Organotypic Neurovascular Models: Past Results and Future Directions[END_REF] and to model neurovascular pathologies [START_REF] Bosworth | Modeling neurovascular disorders and therapeutic outcomes with human-induced pluripotent stem cells Front[END_REF]. To this aim, novel biomaterials that can be applied to this purpose are currently awaited. Our approach, based on ECM-derived biopolymers and due to its inherent flexibility and ease of adaptation hold great promise in future bioprinting developments.

Phage display technology and the rampant field of biotechnology have already identified a wide range of small peptide sequences with inherent biological activity [START_REF] Hamley | Small Bioactive Peptides for Biomaterials Design and Therapeutics[END_REF]. Our simple approach enables to easily adapt to other bioactive peptide sequences, opening the field of application of such bioinks to a wide range of cell types and applications. The adaptation of these novel formulations to other major bioprinting technologies, namely inkjet or laserassisted bioprinting, are currently being explored opening the range of applications for this approach.
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Figure 1 -

 1 Figure 1-Schematic representation of the chemical approach for extracellular matrix (ECM)derived polymer modification in order to enable biocompatible photopolymerization and specific grafting of laminin-derived peptides. Two ECM-derived polymers were selected, namely hyaluronic acid and type I collagen.
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 213 Figure 2-1 H NMR spectrum of methacrylated hyaluronic acid (HAMA) in D2O. Methacrylate modification (20±1%, n=3) as determined by integration of the vinyl singlets (1H each, shaded green, a) relative to the ring of hyaluronic acid (10H, shaded gray, b).

Figure 4 -

 4 Figure 4 -Microscopic evaluation of the live/dead assay with HUVECs cultured inside manually casted and polymerized methacrylated hyaluronic acid (HAMA) at 1% (w/v) (a, b), or HAMA (1% (w/v)) and methacrylated collagen (CollMA) (0.1% (w/v)) composite (c, d) at 24 hours of culture. Quantification of percent viability of the live/dead assay with HUVECs cultured inside polymerized HAMA or HAMA /CollMA composite (e), at 24 hours of culture (Aver±SD, n=4, ND denotes non-significant). Metabolic activity of HUVECs when cultured inside HAMA /CollMA composite gels containing increased concentrations of the YIGSR peptide (0.25 -2 mg/mL) at days 0, 3, 7 and 14 (f; Aver±SD, n=4, NS denotes nonsignificant).
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 5 Figure 5-(a) Microscopic evaluation of RFP + HUVECs (red), in 1:1 coculture with human skin fibroblasts, inside manually casted methacrylated hyaluronic acid (HAMA) and methacrylated type I collagen (CollMA) hydrogels containing increasing concentration of laminin derived peptides (i.e. YIGSR). Capillary-like structure maturation evaluation, namely number of junctions (b), number of segments (c) and total segment length (d), at 7 and 14 days (Aver±SD, n=4, * and ** denotes p<0.05 and p<0.01, respectively).
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 5 parallel lines, spaced of 2.5 mm, and intercrossed with same geometry with a 90 degree angle rotation. The same geometry was repeated to a total of 4 layers (See Fig.6 a). Both the speed of printing (140 mm/s), the diameter of the tip (0.21 mm) and the distance between the tip and the substrate (0.075 mm) were controlled in order to attain a reproducible geometry, as seen in Fig.6b. Additionally, we tested the capacity of the composite hydrogel containing bioprinting and using the same CAD. As observed in Fig.6 c, both composition permitted the microextrusion bioprinting of the scaffold containing both HUVECs and HSFs. Additionally, one can observe that the composition containing the YIGSR peptide could further support HUVECs maturation, particularly relevant at day 14.

Figure 6 -

 6 Figure 6 -(a) Computer assisted design (CAD) of the desired bioprinting scaffold, comprised of 2.5mm grid with 4 total layers, and the correspondent microextrusion bioprinted scaffold (b) inside a 6 well cell culture plate. (c) Microscopic evaluation of bioprinted methacrylated hyaluronic acid (HAMA) and methacrylated type I collagen (CollMA) hydrogels, containing/or not the laminin derived peptide YIGSR, and containing RFP + HUVECs (red), in coculture with human skin fibroblasts, at days 0, 7 and 14 post printing.
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 7 Figure 7 -(a) Tridimensional reconstruction of the HUVECs network inside the bioprinted matrix at 14 days post printing. (b) Tridimensional Z axis length quantification of the interconnected HUVECs network inside the bioprinted matrix, at 14 days post printing. Tridimensional volume quantification of the interconnected HUVECs network inside the bioprinted matrix, in terms of Z axis length (c) and volume (d), at 14 days post printing (Aver±SD, * and *** denotes p<0.05 and p<0.001, respectively). CD31 immunocytochemistry of the interconnected HUVECs network inside the bioprinted methacrylated hyaluronic acid (HAMA) and methacrylated type I collagen (CollMA) hydrogel, containing 2 mg/mL of the laminin-derived peptide YIGSR, at 14 days post

Figure 8 - 1 - 2

 812 Figure 8 -(a) Microscopic evaluation of the live/dead assay of dorsal root ganglia (DRG) neurons cultured inside manually casted and polymerized methacrylated hyaluronic acid (HAMA) and methacrylated collagen (CollMA) (at 1 and 0.1% (w/v), respectively) (HAMA/CollMA) and the composite with increased concentration of the IKVAV peptide (1 -2 mg/mL) at day 14. (b) Metabolic activity of DRG neurons cultured inside HAMA /CollMA composite gels containing increased concentrations of the IKVAV peptide (1 -2 mg/mL) at days 0, 3, 7, 14 and 21 (Aver±SD, n=4, NS denotes non-significant). Image analysis quantification (Neurite tracer, ImageJ) of the number of neurites (c), maximum

Figure 9 -

 9 Figure 9 -(a) Microscopic evaluation of the live/dead assay of dorsal root ganglia (DRG) neurons bioprinted inside polymerized methacrylated hyaluronic acid (HAMA) and methacrylated collagen (CollMA) (at 1 and 0.1% (w/v), respectively) (HAMA/CollMA) and the composite of HAMA/CollMA with 2 mg/mL of IKVAV peptide, and the correspondent bioprinted scaffold (b) inside a 6 well cell culture plate. Microscopic evaluation of bioprinted DRG neurons within HAMA/CollMA and HAMA/CollMA with 2 mg/mL of IKVAV peptide (c) and their correspondent image analysis using the segment tool (Imaris) (d) and subsequent quantification of neurite length (e) (Aver±SD, *** denotes p<0.001). Whole mount immunocytochemistry of growth associated protein (GAP43) for sensory neurons cultured for 21 days inside bioprinted HAMA/CollMA with 2 mg/mL of IKVAV peptide matrices (f) and correspondent 3D image reconstruction (g and h, white arrows denote isolated DAPI positive nuclei).
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