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A new prototype of hybrid silk fibroin and sodium alginate (SF-SA) based osteogenic hydrogel scaffold with a concentration of 2.5% magnesium phosphate (MgP) based gel was prepared with the assistance of an extrusion-based three-dimensional (3D) printing machine in this study. To determine the optimum ratio of MgP-based gel in the hydrogel, a series of physical and biochemical experiments were performed to determine the proper concentration of MgP in two-dimensional hydrogel films, as well as the cell compatibility with these materials in sequence. The SF-SA hydrogel with 2.5wt% magnesium phosphate (SF-SA/MgP) stood out and then was used to fabricate 3D hydrogel scaffolds according to the consequences of the experiments, with SF-SA hydrogel as a control. Then the morphology and osteogenic activity of the scaffolds were further characterized by field emission scanning electron microscope (SEM), calcium mineralization staining, and reverse transcription-polymerase chain reaction (rt-PCR). The SF-SA/MgP hydrogel scaffold promoted the adhesion of rat mesenchymal stem cells with higher degrees of efficiency under dynamic culture conditions. After co-culturing in an osteogenic differentiation medium, cells seeded on SF-SA/MgP hydrogel scaffold were shown to have better performance on osteogenesis in the early stage than the control group. This work illustrates that the 3D structures of hybrid SF-SA/MgP hydrogel are promising headstones for osteogenic tissue engineering.
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1 INTRODUCTION
The application of additive manufacture (3D printing technology) has revolutionized bone tissue engineering due to its remarkable ability in simulating tissues by producing precise layer-by-layer deposition of bioactive and biocompatible materials (Murphy and Atala, 2014; Markstedt et al., 2015; Daly et al., 2016a; Groll et al., 2016). This advanced technology has helped to establish models of tumor, drug-releasing, and organ grafts since it was first introduced in 1998 (Kim et al., 1998). Key to the successful application of 3D-printing technology in bone tissue engineering is an appropriate selection of ink based on the working mode of the 3D printing machine such as drops inkjet (Saunders and Derby, 2014), micro-valve dispensing (Gudapati et al., 2016), laser-assisted techniques (Sorkio et al., 2018), and continuous micro-extrusion (Ozbolat and Hospodiuk, 2016). As the most frequently used mode used in bone tissue engineering, extrusion-based printing products show excellent performance on versatility, multiple modes of solidification, and towel adaptation in printing complex structures (Ozbolat and Hospodiuk, 2016; Placone and Engler, 2018). An applicable bioactive ink should be well extrudable to prevent blockage and able to produce 3D structures with high shape fidelity and mechanical stability. An appropriate bioactive ink should also behave like the extracellular matrix: it can protect cells, provide a stable environment, and subsequently promote the functional expression of cells (Parak et al., 2019). Although many investigations have been conducted by other researchers, an applicable single-component hydrogel with multiple features to greatly fit extrusion-based 3D printing machines has not been achieved (Zhang et al., 2014; Pei et al., 2016; Du et al., 2019).
During the process of optimizing cellular function and tissue integration, the bioactivity of bioink is a critical factor as it is crucial to the creation of a microenvironment similar to extracellular matrix (ECM) in bone. The bioactivity of current hydrogel-based bioinks needs to be improved in cell biocompatibility and bioactivity (adhesion and proliferation), hydrophilicity, osteoconductivity, and osteoinductivity (Ma et al., 2018). One promising approach is to blend inorganic bioactive components with organic matrices, which has been widely used in tissue engineering in recent years (Laurenti et al., 2016).
Silk fibroin (SF), natural polymeric fibrin consisting of 18 amino acids (Palcone et al., 2018; Parak et al., 2019) derived from Bombyx mori cocoons, has excellent mechanical properties, biocompatibility, and biodegradability (Du et al., 2019). The applications of SF in biomedicine and 3D printing have been extensively reported in recent years (Wang et al., 2008; Cao and Wang, 2009; Jiang et al., 2009; Shi et al., 2017; Zhong et al., 2019). The featured gelation process of the SF solution would take place under specified conditions on account of the conformational transitions during which the SF molecule chain transfers from random coil to β-sheet (Wang et al., 2008). Among those conditions, Polyethylene glycol (PEG) gelated SF hydrogel was successfully applied as an injectable tissue repair material in a recent study (Wang et al., 2015). However, pure SF gelation was shown to lack osteogenic activity in vivo (Zhang et al., 2011), and the natural fibroin is difficult to degrade because of its special crystallization and orientation, as well as compact structure (Cao and Wang, 2009).
Sodium alginate, which was extracted from native brown seaweed (Phaeophyceae) and composed of two uronic acids, β (1–4) linked D-mannuronic acid (M) and α (1–4) linked L-guluronic acid (G) (Lee and Mooney, 2012; Venkatesan et al., 2015), was shown to be another prominent biopolymer for the fabrication of hydrogels (de Moraes et al., 2014; Gong et al., 2016). SA has been widely used as a kind of biomaterial for biomedical applications not only because SA regulates the biodegradation of SF (Zheng et al., 2018; Wang et al., 2020) but also because it helps stabilize organization on the surface to maintain inner stability when exposed to calcium chloride (Smrdel et al., 2006).
In this study, we novelty prepared multiple crosslinking hydrogels with inorganic material magnesium phosphate-based gels. Magnesium phosphate is considered a potential solution to promoting the osteogenic activity function of the hydrogel. Indeed, in recent years, magnesium phosphate (Klammert et al., 2011; Mestres and Ginebra, 2011; Babaie et al., 2016; Babaie et al., 2017) has captured more attention as an alternative for bone replacement. As highlighted by Ostrowski et al. (2016) and Nabiyouni et al. (2018), many MgP phases, such as struvite (MgNH4PO4˙6H2O) or newberyite (MgHPO4˙3H2O) have advantages of better solubility and smaller tendency while transforming into lower soluble phases in vivo (Tamimi et al., 2011), since Mg2+ ions suppress Hydroxyapatite formation by stabilizing gel-like amorphous calcium phosphate phases to inhibit crystal growth (Yang et al., 2011). This inhibition leads to faster resorption and is likely to pronounce bone regeneration capacity, which has already been demonstrated in a couple of studies carried out in small animal models (Kanter et al., 2018). However, a notable weakness of magnesium phosphate as a blended material applied in extrusion-based 3D printing machines is the clogging of particles that may lead to blockage during extrusion. Previous research has proposed a potential solution to overcoming this—the novel thixotropic magnesium phosphate-based gel (TMP-BG) for 3D bioprinting (Laurenti et al., 2016; Chen et al., 2020). TMP-BG was shown to have excellent printability (Chen et al., 2018).
To optimize the performance of the composites, a new type of 3D-print assisted hybrid SF-SA/MgP hydrogel scaffold was prepared in this study. To adequately utilize the advantages of the composites in hydrogel and minimize their shortages simultaneously, formulations were adjusted and MgP concentration was made in different ratios. Next, the mechanical properties, rheological, bioactivity, in vitro behaviors, and printability were characterized and optimized. Then living cells were co-cultured with the hybrid hydrogel scaffolds. Their viability and osteogenic differentiation ability in printed constructs were evaluated. The hybrid mechanisms of the hydrogel scaffolds were also explored in this step.
The objective was to find an alternative scaffold with the assistance of 3D printing technology that promotes osteodifferentation in the early stage and matches degradation with new bone deposition. To achieve the goal, a new prototype of hybrid hydrogel consisting of sodium alginate and MgP-based gel in PEG-gelated silk fibroin hydrogel was created to strengthen the mechanical properties of hydrogel and balance the degradation rate with the newly formed tissues. Previous studies have demonstrated that pore size and the 3D spatial structure of the scaffolds are key factors for cell proliferation, differentiation, and extracellular matrix (ECM) production during bone regeneration (Gudapati et al., 2016; Ma et al., 2018). It has been shown that in bone repair, cells prefer scaffolds with pore sizes between 100 and 300 µm for better proliferation, differentiation, and ECM production ability (Ma et al., 2018). Hence, a 3D-printing hydrogel scaffold with macropores around 200 µm was highly preferred in our study.
2 MATERIALS AND METHODS
2.1 Materials
Silk fibroin was used as the fundamental component of the scaffolds. Thixotropic magnesium phosphate-based gel was made of magnesium hydroxide, sodium hydroxide, and phosphoric acid (Huge, Shanghai). The hydrogels were cross-linked using PEG-400 (Aladdin, Shanghai), sodium alginate (Macklin, Shanghai), and calcium chloride (Huge, Shanghai).
2.2 Experimental Methods
2.2.1 Preparation of the Silk Fibroin and Sodium Alginate and SF-SA/MgP Hydrogel 2D Films
Silk fibroin/sodium alginate solution was made with a mass of 1 g lyophilized silk fibroin protein particles (Simatech, China) in a volume of 10 ml 0.5% sodium alginate solution. The bioactive nano inorganic MgP hydrogel material was made based on a previous report (Chen et al., 2020). Specifically, the molar ratios of NaOH/H3PO4/Mg(OH)2 were 2.87/2/1. The solution and MgP-based gel were mixed in different ratios (Table 1), and the acquired liquid was termed M0, M1, M2.5, and M3, in which the concentrations of magnesium phosphate were 0%, 1%, 2.5%, and 3%, respectively. Then the different ratios of mixed solution were quickly and intensely stirred to form a homogeneous slurry. The formulations of SF-SA and SF-SA/MgP gels were optimized experimentally based on the gelation properties. We found that the hydrogel would collapse when the concentration of MgP was over 5%. Afterward, an equivalent volume of 80% PEG-400 was added to facilitate the gelation of silk fibroin. The solvent was added to separate wells of a 24-well-plate at a volume sufficient to coat the base of the well before its gelation at 37°C. The 0.2M CaCl2 solution was added to each well to make SA crosslink with Ca2+ to obtain a firmer surface before the next step. Then all the wells were washed three times with ddH2O and PBS in turn to exclude PEG and Cl− ions and were sterilized by 30 min exposure to UV light in a biological safety cabinet. Plates were either seeded with cells immediately or stored at 4°C until use. Moreover, SF-SA hydrogel was prepared as a control.
TABLE 1 | Formulations of SF-SA/MgP hybrid bioinks.
[image: Table 1]2.2.2 Spectroscopic Characterization
Fourier transform infrared (FT-IR) spectroscopy was carried out to have a better understanding of the properties of individual materials. The spectra of Lyophilized SF-SA/MgP hydrogels and SF-SA hydrogel, collected from wavelength 4,000 to 400 cm−1 with a resolution of 4 cm−1 were analyzed by using an FT-IR spectrometer (IN10, Thermo Scientific).
2.2.3 Rheological Characterization
Rheological measurements were carried out on a Rotational Rheometer (Thermo HAAKE MARS60) at room temperature. The samples were all reached into a state of equilibrium for 60 s before measurement. A parallel plate (35 mm) was used for the four formulated inks, and the shear viscosity was measured at shear rates from 0.01 to 1,000 s−1. A pressure of 10 Pa was chosen for the oscillation frequency measurements conducted at a frequency range of 10−1–10 Hz. The 100s−1 shear rate was estimated to be the maximum shear rate experienced by the SF-SA-based hydrogels during the 3D printing process.
2.2.4 In vitro Cellular Activities
2.2.4.1 Rat Bone Mesenchymal Stem Cell Isolation and Culture
Rat BMSCs were extracted from the bone marrow of 4-week-old Sprague–Dawley rats (Nanjing Medical University Experimental Animal Center, China). All experiments related to the use of animals were approved by the Institutional Animal Care and Use Committee, following the procedure for Animal Experimental Ethical Inspection of Jiangsu Province Hospital, which is affiliated with Nanjing Medical University. In accordance with previous research (Jiang et al., 2009), the rats were euthanized by the injection of overdosed 10% chloral hydrate. Then the femurs were cut off and separated into pieces at the epiphysis, and the bone marrow was quickly rinsed using PBS supplemented with 2% streptomycin and penicillin. The harvested cells were incubated in Mesenchymal Stem Cell Medium (MSCM) supplemented with 15% FBS, 100 U/mL streptomycin, and 100 U/mL penicillin at 37°C in an atmosphere containing 5% CO2. The growth medium was refreshed every 3 days.
2.2.4.2 Assessment of Cell Proliferation and Viability
A CCK-8 assay (n = 3) (Cell Proliferation Kit; Dojindo Laboratories, Japan) was conducted to evaluate cell proliferation on hybrid hydrogels and cytotoxicity. For the CCK-8 assay, the cell-seeded hydrogels were incubated in a 24-well plate (5 [image: image] 104 cell/well) in Dulbecco’s modified eagle’s medium (DMEM) supplemented with 10% FBS, 100 U/mL streptomycin and 100 U/mL penicillin while pure BMSCs was set as control. At different time points of co-culture (1, 3, 5, and 7 days) after cell-seeding on the hydrogels, the wells were switched with fresh medium (300 μL) and then the cck-8 solution (30 μL) was added to incubate for 2.5 h. The optical density at 450 nm absorbance was measured by using a microplate reader after a 100 μL volume of supernatant was added to a new 96-well plate.
2.2.4.3 Cell Adhesion and Morphology
The analysis of cell adhesion and morphology on scaffolds was performed by nuclei staining with F-actin with phalloidin (Actin-Tracker Red-594, Beyotime Biotechnology, China) and fixed in Antifade Mounting Medium with DAPI (P0131, Beyotime Biotechnology, China). Specifically, BMSCs (passage 3) seeded on hydrogel films in a 24-well plate (2 [image: image] 104 cells/well) were fixed with 4% paraformaldehyde (Biosharp Life Sciences, China) for at least 30 min and washed with PBS on day 3 and day 7. Cytoskeletal actin filaments were stained with FITC-phalloidin at 1/80 dilution (200 T/ml) in PBS and incubated for 1 h at 37°C, followed by three times PBS washing. The nuclei staining was carried out by incubation for 3 min at room temperature with DAPI. The whole staining procedure should be protected from light. Finally, the samples (n = 3) were observed by fluorescence microscopy.
2.2.4.4 Alkaline Phosphatase Activity
To measure alkaline phosphatase activity, BMSCs were plated in 24-well culture plates (2 [image: image] 104 cells/mL) with osteogenic differentiation medium (ODM). To be detailed, the ODM was a mixture of 100 μM dexamethasone (Sigma-Aldrich), 10 mM β-glycerophosphate (Sigma-Aldrich), and 50 μM ascorbate-2-phosphate (Sigma-Aldrich) with the DMEM medium. To avoid the interference from silk fibroin protein in the extraction of cell proteins, the ODM used in this section was further prepared according to the International Organization for Standardization (ISO)-10993-5. Specifically, hydrogel films were immersed in ODM for 24 h before the extracts of the hydrogel were filtrated for cell culturing. After the cells were cultured in ODM for 7 days, the cells were washed with PBS 3 times before being lysed in 200 μL 0.1% Triton X-100 on ice for 10 min. Afterward, the ALP activity was evaluated colorimetrically with the Alkaline Phosphatase Assay Kit (P0321, Beyotime Biotechnology, China). The optical density (λ = 405 nm) was analyzed by using a microplate reader (SpectraMaxM2e, MD). Staining of ALP enzyme was also performed by a BCIP/NBT alkaline phosphatase color development kit (Beyotime, China) for visualization.
2.2.5 Fabrication of 3D Silk Fibroin and Sodium Alginate and SF-SA/MgP Hydrogel Scaffolds
The selected ratio of SF-SA/MgP was based on the cell proliferation and early osteodifferentiation performance of three hybrid SF-SA/MgP hydrogel films. To fabricate the 3D scaffold with the MgP-based hydrogel bioink, the final chosen concentration of M2.5 (SF-SA/MgP with the concentration of MgP 2.5%wt), and M0 hydrogel (SF-SA) was set as the control group. The fabrication was performed using a 3D printing system (3D Discovery, regenHU, Switzerland), and the whole fabrication process is shown in Figure 1. The diameter of the applied single nozzle was 510 μm and the moving speed was set as 6 mm/s, the pneumatic pressure was configured at 100 kPa. When the process of printing was finished, the structures were further cross-linked by immersion in 0.2 M CaCl2 to maintain outside shape and enhance structural stability. At last, the structure was washed with PBS 3 times to exclude PEG and Cl− ions.
[image: Figure 1]FIGURE 1 | The flow chart is an illustration of how the SF-SA and SF-SA/MgP hydrogel scaffolds were fabricated. The whole process was in a sterilized environment.
2.2.6 Scanning Electron Microscopy
The morphology of all hydrogel scaffolds was investigated using scanning electron microscopy (MAIA3 TESCAN). All the hydrogel scaffolds were pre-lyophilized and coated with palladium prior to SEM observation.
2.2.7 Analysis of Osteodifferentiation on 3D Hydrogel Structures
Alizarin Red S staining of the scaffolds was carried out to analyze calcium mineralization. The scaffolds were washed twice with PBS and then fixed in 4% paraformaldehyde. After fixing for 30 min, all samples were washed again with PBS 3 times. Then 0.2% Alizarin Red S (Shanghaiyuanye Bio-Technology Co., Ltd., China) was added to react with calcium nodules for 5 min. The stained samples were then rinsed with PBS until the remaining red dye was completely removed. The optical images of the samples were captured by a stereomicroscope. To qualify the calcium mineral density, the obtained optical density (λ = 562 nm) was measured by a microplate reader after the stained samples were lysed with 10% cetylpyridinium chloride (CPC) dissolved in ddH2O for 1 h.
A quantitative real-time polymerase chain reaction (RT-PCR) for the BMSCs co-culture with hydrogel scaffolds was conducted on day 7 and day 14, to measure the relative gene expression levels of alkaline phosphatase (ALP), osteocalcin (OCN), and osteopontin (OPN) (Primer sequence showed in Table 2). The normalized housekeeping gene was Glyceraldehyde-3-phosphatedehydrogenase (GAPDH). RNA isolation was performed with Takara minibest universal RNA extraction kit and then cDNA was synthesized by PrimeScript RT Master Mix (Perfect Real Time) (Takara, Japan). The RT-PCR was performed by QuantStudio™ 6 and 7 Flex Real-Time PCR Systems (Applied Biosystems, United States) and the TB Green Premix Ex Taq II (Takara, Japan) following the manufacturer’s protocols. All reactions were run in quintuplicate for each sample and each gene.
TABLE 2 | Primer sequences used for this study.
[image: Table 2]2.3 Statistical Analysis
All obtained data was used processed and analyzed with OriginPro 8 (OriginLab) and Prism 9 (GraphPad) for statistical analyses. ANOVA analysis of variance test was applied in this study based on the number of variables, and comparison between groups was with Turkey test. In all the analyses, p < 0.05 was considered statistically significant (*p < 0.05, **p < 0.01, ****p < 0.0001).
3 RESULTS
3.1 Scaffold Characterization
Fourier transform infrared (FT-IR) spectroscopy was applied to observe the material properties by analyzing specific absorption peaks to determine the structure of organic compounds in lyophilized SF-SA and SF-SA/MgP particles. As the Figure 2A illustrated, all the samples showed specific peaks at 1,634 cm−1 (alkyl C-H stretching vibrations), 1,528 cm−1, corresponding to bending vibration of amide nitrogen and hydrogen, and the carbonyl group of carboxy anion after carboxylic acid salt was also peaked near this region, proving the presence of β-sheet in silk fibroin (Kweon et al., 2001). Peaks at 1,460 and 1,353 cm−1 corresponded to alkyl C-H bending vibration, 1,249 cm−1 to carbon-nitrogen stretching vibration, and 1,103 cm−1 to C-O-C stretching vibration. In addition, a broad peak at 3,416 cm−1 corresponded to amino and O-H stretching vibration (the area with hydrogen bond was broad), and peaks at 948 cm−1 and 840 cm−1 were fingerprint areas of organic materials, revealing the presence of (HPO4)2− (Chen et al., 2018). Overall, with an increased concentration of MgP, the infrared spectra deviation in M1 and M2.5 was not as significant as that in M3, illustrating that the transformation of β-sheet was not obliviously affected by the mixture in M1 and M2.5. In all MgP-added groups, the absorption peak of phosphate between 1,200 and 1,000 cm−1 (Vivekanandan et al., 1997; Zhang and Darvell, 2010; Yu et al., 2013) was very weak, presumably overlapped by the ether bond of organic materials.
[image: Figure 2]FIGURE 2 | Mechanical characteristics of m0, m1, m2.5, and m3 hydrogels. (A) FT-IR spectra of four films after lyophilization. (B,C) rheological analyses of four hydrogels before crosslinking with CaCl2. (B) flow curves of hybrid bioinks with a shear rate from 0.1% to 100%. (C) G′ and G″ of four hydrogels under the mode of frequency sweep ranging from 0.1 to 10 Hz.
3.2 Rheological
To determine the effect of MgP made on the rheological property of the hydrogel bioink, M0, M1, M2.5, and M3 were prepared only with PEG gelation. As the results showed in Figure 2B, the increasing content of MgP promoted the shear-thinning under a high-speed shear. Notably, the addition of magnesium phosphate increased the static viscosity of the material at the beginning. When the material was subjected to shearing, the shear viscosity of the material with MgP decreased more. Next, as the shear rate increased, this shear thinning effect is further enhanced. The relationship between the storage modulus (G′) and loss modulus (G″) of the four samples is shown in Figure 2C. In the frequency ranging from 0.1 to 10 Hz, all samples were basically in line with G′> G″, proving that the material in this frequency range was a viscoelastic solid material. From low frequency to high frequency, the storage modulus change curve of the four materials was stable and slightly increased when the frequency is under 10 Hz. In the dynamic modulus of the four samples, the hydrogels with MgP were higher, and the loss modulus was M2.5 > M1 > M3 > M0 as shown.
3.3 Cell Proliferation and Viability
Figure 3A showed the evolution of the BMSCs proliferation performed by a CCK-8 assay (displayed as mean OD value) over 7 days. The average cell viability in the former three experimental groups was not significantly different from the control group in the first 3 days, suggesting that the chemical compositions of the hydrogels were cytocompatible with BMSCs at an early stage. At the interval time of day 5, the proliferation of BMSC on hydrogel films was slightly lower than in the control group but there was no significant difference among the four experimental groups. On day 7, The proliferation result of M2.5 was superior than other hydrogel groups but was still lower than control. Notably, for groups M0, M1, and M2.5, the lower cell viability in hydrogel films can be explained by the fragile construction of films and the degradation of hydrogels. For M3, however, an overdosed MgP content may be unbeneficial for cell proliferation because of an excessive release of Mg2+ or rapid degradation of hydrogel films. Additionally, the successive refreshment of the culture medium through aspiration and the washing procedure may also result in a decrease in the cell number.
[image: Figure 3]FIGURE 3 | (A) CCK8 assay of BMSCs on 2D hydrogel films at different time intervals (Day 1, 3, 5, and 7). (B–E) cells on films stained with DAPI (blue) and phalloidin (red) on day 3 and day 7.
In fluorescence microscopy images, the BMSCs adhesion on hydrogel films was the cells seeded on days 3 and 7. The F-actin filaments of the cell cytoskeleton and cell nuclei were stained with phalloidin (red) and DAPI (blue), respectively. Figures 3B–E confirmed that the cells on the M2.5 and M3 scaffold tended to form cell aggregates and a non-uniform distribution on the films (Figures 3D,E), whereas BMSCs seeded on M0 and M1 (Figures 3B,C) showed a more homogeneous distribution on day 3. When it comes to day 7, BMCs on four scaffolds (Figures 3B–E) all displayed uniform distribution with a high cell density, proving that the surfaces of four kinds of hydrogel films all presented to be positive for cell adhesion and viability.
3.4 Alp Activity
The ALP expression is a key characteristic of osteogenic differentiation in the early stage of cell differentiation, reflecting the ability of osteoblasts to synthesize collagen I and to form a bone matrix (Basdra and Komposch, 1997). On day 7, the cells in a 24-well-plate induced by the extracts of four hydrogels were stained with a BCIP/NBT alkaline phosphatase color development kit. As Figures 4A–H showed, the M2.5 and M3 groups had deeper colors than M0 and M1 groups. Figure 3I showed the ALP activity on the same plate. The difference in ALP activity between the low content of MgP and high MgP content groups was significant (p < 0.05). The ALP activity of the M2.5 was the highest reaching 12.49 U/gprot and M3 reaches to12.20 U/gprot. Both the high content MgP groups were showing significantly higher alp activities than M0 and M1 groups, where the value was only 4.49 U/gprot and 8.54 U/gprot, respectively.
[image: Figure 4]FIGURE 4 | (A–H): alp staining pictures after 7 days of cell culture, M0 (A,B), M1 (C,D), M2.5 (E,F), and M3 (G,H) under scanning and 10× microscope. (I) the different alp activities in quantitative. Scale bar for 200 µm.
3.5 Scanning Electron Microscope
The stereomicroscope and SEM images of the fabricated SF-SA and SF-SA/MgP scaffolds were shown in Figure 5A,B. In stereomicroscope, the surface of SF-SA was smoother and more uniform. On the contrary, in SEM images, the micro-pores of SF-SA/MgP were more homogeneous and evenly distributed, as the average micro-pores diameter was around 57.885 ± 5.341 µm while the pore size in SF-SA ranged from 31.25 to 88.18 µm. The energy spectrum (Figure 5E–I of SF-SA/MgP also showed that the elements of Ca, Na, P, and Mg were evenly distributed on the surface of scaffolds, proving that nano MgP particles were homogeneously distributed in the hydrogel scaffold. Moreover, a step-by-step crosslinking process in fabrication maintained its good injectability first during 3D printing, and further prevented the solid-liquid separation after immersion in CaCl2.
[image: Figure 5]FIGURE 5 | Images of 3D-printed SF-SA (A) and SF-SA/MgP (B) scaffolds under stereoscopy, SEM images of the surface morphology of SF-SA (C) hydrogel and SF-SA/MgP (D) scaffolds. (E–I): the surface of EDS of SF-SA/MgP scaffold.
3.6 Osteodifferentiation on 3D Hydrogel Structures
Figure 6A demonstrated the results of calcium deposition/mineralization by staining with alizarin red on day 14. As shown in the figure, the color of alizarin red was deeper as a result of the mixture of MgP. The quantification results were illustrated in Figure 6B where the OD values of SF-SA/MgP hydrogel were significantly higher, in correspondence with the staining results and previous alp activity analysis. For rt-PCR, Figures 6C–E showed the expression level of the osteogenic genes ALP, OCN, and OPN on day 7 and day 14. The gene expression of cells seeded on SF-SA/MgP scaffolds all presented higher levels than on SF-SA scaffolds, indicating that the osteogenic differentiation process of BMSCs on scaffolds was affected by the MgP component.
[image: Figure 6]FIGURE 6 | 3D structures of SF-SA and SF-SA/MgP hydrogel scaffolds co-cultured with BMSCs on day 14. Alizarin staining (A), and qualification by 10% CPC (B). ALP, OCN, and OPN expression of each sample on days 7 and 14 (C–E).
4 DISCUSSION
In our previous study, we designed an injectable silk-MgP hydrogel for the repair of the defect in bone tissues. However, in follow-up experiments we found that this kind of injectable hydrogel was seriously stuck with the loading plate of the 3D-print machine, making it impossible for a pre-designed scaffold to be fabricated and defect repaired. To overcome this issue, we made improvements by adding a low concentration of sodium alginate, with which we were able to fabricate a hydrogel bioink that can be applied for an extrusion 3D-print system.
In this newly hydrogel bioink, SF was the main component for the fabrication of the scaffold as SF is a natural polymer with excellent biocompatibility that can mimic the function of extracellular materials. There have been many reports on the successful application of SF-made 3D-printed scaffolds (Zhong et al., 2019; Kim et al., 2021a; Kim et al., 2021b). Theoretically, the silk protein can be catalytically hydrolyzed into amino acids under the action of proteolytic enzymes, then those amino acids would be metabolized by the body (Zheng et al., 2018). A recent study also revealed that the addition of sodium alginate can regulate the degradation rate of SF (Wang et al., 2020). The intermolecular covalent bonds and hydrogen bonds of SA macromolecule help SA form an interactive polymer network structure with SF which can affect the amount of silk II in SF hydrogel (Wang et al., 2020). In the following stage, the printed scaffold would be soaked into 0.2 M CaCl2 to further reinforce the scaffold and better maintain its stability (Hua et al., 2010; Hong et al., 2016). The selection of 0.5%wt of SA is based on the fact that the transition of silk fibroin molecular in the follow-up experiments would not be affected while the viscosity of the SF solution was improved in this concentration, which is beneficial for the dispersion of MgP nanoparticles.
A thixotropic magnesium phosphate was also applied in this study in the form of nanoparticles instead of the traditional inorganic MgP particles. Laurenti, et al. were the first research group to study the fabrication and application of magnesium phosphate-based gel in bone repair (Laurenti et al., 2016). The MgP nanoparticles can evenly spread in the solution as a result of the ionization; the positive and negative charges simultaneously present lead to electrostatic and van der Waals interactions (Roth and Lenhoff, 1995). The particles dispersed in the solution, forming a 3D network known as the “house of cards” structure. (Barnes, 1997; Mewis and Wagner, 2009). By applying mechanical forces, thixotropic materials can be liquefied to flow; when the mechanical stress stops, the particles were driven into contact by Brownian motion to reform the 3D network again and the liquid-like dispersion is converted to solid-like gel. (Mewis and Wagner, 2009; Bergaya and Lagaly, 2013).
Generally, the hybrid hydrogel was confirmed to be a satisfying bioink for 3D scaffold production. The FT-IR spectrum of four hydrogel films shared similar structures with no obvious deviation, illustrating that the amount of MgP nanoparticles would not affect the transformation to the β-sheet in the SF solution. The absorption bands at a frequency ranging from 1,620 to 1,640 cm−1 and 1,695 to 1700 cm−1 corresponded to the functional groups in silk II form (Hu et al., 2006). As Figure 2A showed, the peaks at 1,634 cm−1 represented the existence of β-sheet structure (Kweon et al., 2001), but the value of transmittances decreased as the amount of the MgP increased.
For rheological analysis, an ideal substance for extrusion-based 3D printing should be shear-thinning, thixotropic, easily extruded, and with fine formability (Chung et al., 2013; Schuurman et al., 2013; Ozbolat and Hospodiuk, 2016). The four hydrogels in our study all showed well shear-thinning properties. The G′ value was higher than that of G″ in frequency sweep mode in all samples, showing that the G′ and G″ were independent of the change in frequency. This result indicated the gel-like behavior and a stable decentralized system of the bio-ink (Malkin et al., 2004).
To study the biocompatibility and bioactivity of the components in the hydrogel, MSCs were first seeded on 2D hydrogel films for cell viability and then incubated with extractions of biomaterials for ALP activity because the hydrogel films would collapse after 5 days due to the swelling of hydrogel. As shown in Figure 3, the CCK-8 analysis was in contradiction with the fluorescent staining. The decreased OD value in M3 on day 7 can be explained by the crack of hydrogel and washing with PBS. The extractions of hydrogels contained the releasing of Mg2+ with different concentrations; the results of CCK-8 and ALP activity exquisitely reflected the proper concentration of MgP which optimally promoted the osteogenic activity. The results of proliferation analysis and ALP activity were in accordance with a previous study (Wang et al., 2017), which revealed that low Mg2+ concentration (i.e., 0.1 × 10−3 M) had an inhibitory effect on the differentiation of osteoblasts while an overdosed Mg2+ concentration (i.e., 18 × 10–3 M) was harmful to osseous metabolism (Basdra and Komposch, 1997; Wang et al., 2017).
In the process of the 3D scaffold fabrication, the air pressure was set at 100kPa, far less than the 0.45 MPa as described by Andrew C Daly, et al (Daly et al., 2016b). Figures 5A,B showed the shape fidelity and accuracy of the scaffold, reflected by the bar width and smoothness after the 4-layer printing. The SF-SA scaffold had a smoother surface but wider line than the SF-SA/MgP scaffold since SF-SA/MgP bio-ink had better recovery. The diameter of the syringe was finally set at 510 µm because the MgP nanoparticles would clog and block the finer syringe. This may be explained by the uneven gelation of the hydrogel. To overcome this problem, several improvements were proposed, such as the extension of stirring, ultrasonic, and syringe replacement with a conical nozzle. However, no feasible and sustainable solution had been found. Micro morphology of the scaffolds under SEM (Figure 5C,D) showed that the micropores of SF-SA/MgP were better for the medium penetration and absorption, as well as cell migration and adhesion. The results also explained why the performance of cell proliferation on M2.5 suppressed the performance on M0 because the M0 film had a smoother surface and more unevenly distributed micropores, making it difficult for cell attachment especially when the cell confluency reached over 80%.
5 CONCLUSION
The combination of MgP-based gel with silk fibroin and a low concentration of sodium alginate has been shown in previous research to be a highly effective hybrid hydrogel for 3D printing. We constructed an SF-SA/MgP hydrogel scaffold for bone tissue engineering with a content of 2.5% MgP. This hydrogel scaffold had good porosity with macro-pores around 200 µm between bars and outstanding biochemical properties that are beneficial to the growth of BMSCs. The mean diameter of micro-pores was 57.885 ± 5.341 µm. Moreover, as a bioactive hydrogel, it positively stimulated the osteogenic activity of cells due to the release of Mg2+. Although the softness of SF-SA/MgP hydrogel can provide a microenvironment similar to ECM to use as cell-loaded bioink, it cannot be applied in force-loading structures like mandibular. The absence of experiments in vivo cannot explain the relationship between osteogenesis and degradation in detail. Overall, this 3D-printing SF-SA/MgP hydrogel provides a potential solution to the bone defect issue and has the potential to be put into practice in future bone tissue engineering.
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