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Abstract
A photocrosslinkable gelatin-acrylate derivative (GelMA) and a biocompatible silk fibroin (SF) viscosity modifier were suggested for the rapid flow-in, cell sedimentation retardation and noncytotoxicity of bioinks in digital light processing (DLP) 3D printing. DLP 3D printing was performed with SF-GelMA precursor solution containing cells in a printing basin by irradiating the SF-GelMA precursor solution with the visible range of light using a DLP 3D printer. Square, triangle, circle, star, cross and letter “a” features were designed with the Rhinoceros 5.0 program. The curing was performed by irradiating the visible light from desktop DLP 3D printer using eosin Y as a photoinitiator and NVP and TEA as co-initiators. The biocompatibility of SF-GelMA was verified and the different cell-embedded hydrogel shapes were fabricated by projecting a feature contrast designed with CAD directly on the bioink. 
1.
Introduction
3D printing is an effective method to produce scaffolds that are able to support cells for tissue engineering and regenerative medicine1, 2. Scaffolds are normally printed using thermoplastic polymers3, metal powders4, biopolymers5, and decellularized materials from tissues6 and incubated for the attachment and proliferation of cells. Recently, a bioink capable of forming a cell-laden hydrogel has been developed using direct ink writing7, 8. These bioinks have a high viscosity to maintain the dimensional stability of constructs during the printing of semisolid gels. However, they are not applicable for DLP printing because low bioink viscosity is critical for the rapid flow-in to the gap between the base and the window of the light beam. Meanwhile, the low viscosity of the solution results in the sedimentation of cells during printing. To take full advantage of rapid processing of DLP systems, the stable cell distribution needs to be maintained in a relatively low viscosity of printing solution. 

Here, a photocrosslinkable gelatin derivative and a biocompatible silk fibroin (SF) viscosity modifier were suggested for the rapid flow-in, cell sedimentation retardation and noncytotoxicity of bioinks in DLP 3D printing. We adopted gelatin as a polymeric matrix for the preparation of cell-laden 3D structures. Gelatin has been evaluated for 3D bioprinting because gelatin resembles the chemical structure and biological functions of collagen in the native extracellular matrix9, 10. Specifically, the modification of gelatin with pendant methacrylate groups (GelMA) has been widely investigated due to the easy formation of a stable inner network structure through chemical crosslinking. Additionally, natural cell binding motifs, such as arginine-glycine-aspartic acid peptides, are retained in GelMA and improve cell adhesion, proliferation, migration, and differentiation11-13. Furthermore, because most scaffolds are required to be highly porous to ensure cell growth and the transportation of nutrients, low GelMA concentrations satisfy the high porosity as well as the requirement for the rapid bioink flow-in in DLP 3D printing. Fibrous silk proteins are present in nature, and refined SF from silkworms is highly biocompatible and does not generate an immune response; thus, many studies are in progress to apply SF for wound dressing, enzyme immobilization, artificial skin, and contact lenses14, 15. In this study, particles prepared from regenerated SF were used as a viscosity modifier in bioink, and their effects on cell sedimentation in medium was investigated.
2.
Results and Discussion
The distribution of the cells in the precursor solution was investigated by optical sectioning with a fluorescence microscope. The fluorescent signals from the cells were collected with a 50 µm depth spacing (Fig. 1a). The GelMA precursor solution showed that the most of cells were located at the bottom of the printing bath within 5 min. More cells were present in the upper layers as the amount of SF particles increased (Figure 4b). It was determined that the higher solution viscosity retarded the cell sedimentation to the bottom of the printing bath. The addition of 1 w/v % SF particles to the GelMA solution enhanced the stability of cell suspension throughout the medium, even after incubation for 5 h. 
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Figure 1. (a) Sectional fluorescence images of precursor solutions containing cells. The sedimentation of cells was evaluated by counting the fluorescent spots in the images. (b) Histogram of the cell number observed in each layer. The cells in the precursor solution were incubated for 1 h and imaged by optical sectioning with a fluorescent microscope.
The preliminary experiments showed that the dispersion of the cells in the SF-GelMA precursor solution was more stable when 1.5 w/v % of SF particles were added to the GelMA solution. However, excess amounts of SF particles induced the rapid precursor solution gelation and deteriorated the bioink printability because supplying the appropriate amount of solution to the curing zone was impossible. Based on the rheological properties and the sectional imaging of the precursor solutions, we chose 1 w/v % SF particles with 10 w/v % GelMA for the feasible DLP printing of cell-embedded hydrogels. 
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Figure 2. Cytotoxicity of (a) Eosin Y, (b) TEA and (c) NVP as a function of concentration added to the GelMA bioink.
DLP-type 3D printing was adopted for the feasible structuring of the SF-GelMA ink with a visible range of light by incorporating eosin Y, NVP and TEA. The use of visible light would increase the cell viability compared with the use of UV light. However, it is possible that the use of photoinitiators can be toxic to cells. For the reason, an optimal amount of eosin Y, NVP and TEA was determined by WST assay (Fig. 2). The use of less than 1 mM eosin Y was not cytotoxic and showed a relatively high cell viability of 90%. We fixed the eosin Y concentration at 0.1 mM to minimize the effects of the initiator on the cell viability. Both of NVP and TEA showed over 95% cell viability at concentrations of 0.3 w/v %; thus, the concentrations of them were fixed at 0.2 w/v % in 3D printing. The swelling of GelMA and SF-GelMA hydrogels photocrosslinked with a visible range of light was determined as a ratio of weight increase to dry weight of hydrogels. 
                                              Swelling ratio = (Ws - Wd)/Wd                                             (1)
Where Wd is the weight of dried hydrogel and Ws the weight of swollen hydrogel. The swelling ratio decreased as the SF content in the hydrogel decreased because the SF particles induced the formation of rigid hydrogel (Fig. 3a). In normal, the irregular shape and β sheet structure of SF molecules increase the bulk viscosity by self-structuring. In addition, due to the rigid crystalline morphology of SF platelets, the number of moiety for swelling decreases. The rigidity of the structure was reflected to the shear elastic modulus as shown in Fig. 3b. G’ value increased as the SF content increased in the SF-GelMA hydrogels. 
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Figure 3. Photocrosslinking of SF-GelMA by visible light. (a) Swelling ratio and (b) shear elastic modulus of SF-GelMA hydrogels. (c) Irradiation of visible light with patterns (d) after bioink crosslinking and (e) the structures obtained after washing the sample in (d). (f) Proliferation of cells in SF-GelMA hydrogels cultured for 1, 4, and 7 days.
The SF-GelMA bioink-containing initiators and fibroblast cells were placed in the printing bath and the beam with designed patterns were irradiated on the stage in the bath (Fig. 3c). Five distinguishable features were selected to verify the feasible fabrication of hydrogel patterns with embedded cells. The irradiated region turned a bright color due to the reaction of eosin Y during the crosslinking process, while the pattern backgrounds remained pink in the bath (Fig. 3d). This showed the formation of the hydrogel by the light beam. Highly resolved hydrogel patterns were obtained by washing the unreacted SF-GelMA and eosin Y from the bath (Fig. 3e).  

GelMA-based hydrogels have been widely used for tissue engineering scaffolds due to relevant characteristics such as biocompatibility, biodegradability and non-cytotoxicity. Especially, GelMA-based hydrogels including cell-loaded hydrogel showed excellent cell viability. To investigate whether SF particles affect the biological responses in GelMA hydrogels, alamarBlue® Assay were carried out with cell-loaded GelMA and SF-GelMA hydrogels after 1, 4, and 7 days culture (Fig. 3f). The metabolic activity related with cell viability within the hydrogel construct and the cytotoxic effect of the hydrogel matrix. Cell viability was similar in both GelMA hydrogel and SF-GelMA hydrogel at 1 day and the number of viable cells rapidly increased after 4 and 7 days. In addition, the metabolic activity of SF-GelMA was slightly higher than GelMA hydrogel after the incubation for 7 days (Fig. 3f). The result indicated that the SF particles did not show any adverse effect in the cell culture and promoted cellular proliferation. Furthermore, SF is well known that its amino acid sequence acts as cell receptors facilitating cell adhesion and growth. The results presented through the investigation indicated that SF-GelMA was biocompatible and it could be applicable as a material for 3D bioprinting in DLP.
3.
Conclusions
Cell sedimentation in the GelMA precursor solution for DLP 3D printing was prevented by the incorporation of SF particles into the solution. The improvement in the cell dispersion was confirmed by the fluorescence microscopic images with 3 dimensional sectioning of the precursor solution containing cells as well as the 3D bioink constructs after the printing. Cells in the GelMA precursor solution tended to sediment to the bottom in the short-term. However, the addition of SF particles to the GelMA solution increased the viscosity of the bioink and the friction against the sediment forming a stable colloidal state. SF particle biocompatibility was verified with a live and dead assay, and the SF particles functioned as a viscosity modifier of the cell dispersion homogeneity in the structures printed by DLP 3D printing. The different cell-embedded hydrogel shapes were fabricated by projecting a feature contrast designed with CAD directly on the bioink. 
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