[image: image1]Silicon Nitride, a Bioceramic for Bone Tissue Engineering: A Reinforced Cryogel System With Antibiofilm and Osteogenic Effects

		ORIGINAL RESEARCH
published: 15 December 2021
doi: 10.3389/fbioe.2021.794586


[image: image2]
Silicon Nitride, a Bioceramic for Bone Tissue Engineering: A Reinforced Cryogel System With Antibiofilm and Osteogenic Effects
Seunghun S. Lee1*, Leanid Laganenka2, Xiaoyu Du1, Wolf-Dietrich Hardt2 and Stephen J. Ferguson1*
1Department of Health Sciences and Technology, Institute for Biomechanics, ETH Zurich, Zurich, Switzerland
2Department of Biology, Institute of Microbiology, ETH Zurich, Zurich, Switzerland
Edited by:
Xu Wang, Shandong University, China
Reviewed by:
Jianfu Zhang, Changchun University of Science and Technology, China
Dandan Guo, Upstate Medical University, United States
* Correspondence: Seunghun S. Lee, seunglee@ethz.ch; Stephen J. Ferguson, sferguson@ethz.ch
Specialty section: This article was submitted to Biomaterials, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 13 October 2021
Accepted: 08 November 2021
Published: 15 December 2021
Citation: Lee SS, Laganenka L, Du X, Hardt W-D and Ferguson SJ (2021) Silicon Nitride, a Bioceramic for Bone Tissue Engineering: A Reinforced Cryogel System With Antibiofilm and Osteogenic Effects. Front. Bioeng. Biotechnol. 9:794586. doi: 10.3389/fbioe.2021.794586

Silicon nitride (SiN [Si3N4]) is a promising bioceramic for use in a wide variety of orthopedic applications. Over the past decades, it has been mainly used in industrial applications, such as space shuttle engines, but not in the medical field due to scarce data on the biological effects of SiN. More recently, it has been increasingly identified as an emerging material for dental and orthopedic implant applications. Although a few reports about the antibacterial properties and osteoconductivity of SiN have been published to date, there have been limited studies of SiN-based scaffolds for bone tissue engineering. Here, we developed a silicon nitride reinforced gelatin/chitosan cryogel system (SiN-GC) by loading silicon nitride microparticles into a gelatin/chitosan cryogel (GC), with the aim of producing a biomimetic scaffold with antibiofilm and osteogenic properties. In this scaffold system, the GC component provides a hydrophilic and macroporous environment for cells, while the SiN component not only provides antibacterial properties and osteoconductivity but also increases the mechanical stiffness of the scaffold. This provides enhanced mechanical support for the defect area and a better osteogenic environment. First, we analyzed the scaffold characteristics of SiN-GC with different SiN concentrations, followed by evaluation of its apatite-forming capacity in simulated body fluid and protein adsorption capacity. We further confirmed an antibiofilm effect of SiN-GC against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) as well as enhanced cell proliferation, mineralization, and osteogenic gene upregulation for MC3T3-E1 pre-osteoblast cells. Finally, we developed a bioreactor to culture cell-laden scaffolds under cyclic compressive loading to mimic physiological conditions and were able to demonstrate improved mineralization and osteogenesis from SiN-GC. Overall, we confirmed the antibiofilm and osteogenic effect of a silicon nitride reinforced cryogel system, and the results indicate that silicon nitride as a biomaterial system component has a promising potential to be developed further for bone tissue engineering applications.
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INTRODUCTION
Bone is a complex tissue that continuously undergoes dynamic biological remodeling to maintain homeostasis. However, healing in large and critical defect areas is often impaired, leading to inferior bone regeneration and extended hospitalization (Bose et al., 2012; Zhang et al., 2016; Annamalai et al., 2019; Koons et al., 2020). Along with this, the increasing number of bone fractures and orthopedic-related injuries due to an exponential growth of the elderly population has prompted researchers to explore bone tissue engineering to address these issues (Bose et al., 2012; Gong et al., 2015; Longoni et al., 2018). Many therapeutic strategies have been suggested to promote bone regeneration, including scaffolds (Lin et al., 2019; Zhang et al., 2019; Zhou et al., 2019), stem cells (Annamalai et al., 2019; Kim et al., 2019; Kim et al., 2020), and osteogenic factors (Naskar et al., 2017; Lee et al., 2020; Amirthalingam et al., 2021; Lee et al., 2021b). More recently, biomaterial scaffolds that can promote bone tissue repair on their own, without the need for delivering cells, have emerged as a potentially powerful paradigm for bone tissue engineering, due to their promising advantages of reduced cost and fewer translational barriers than other regenerative medicine strategies, such as cell-based therapy (Christman, 2019; Montoya et al., 2021). Thus, the development of scaffolds with appropriate biomaterials became one of the key success paths for bone tissue engineering (Bose et al., 2012; Kim et al., 2020).
As one of many potential solutions, silicon nitride (SiN [Si3N4]), a synthetic non-oxide ceramic with high stiffness, strength, and fracture resistance, has been recently proposed as a promising biomaterial for orthopedic applications (Ishikawa et al., 2017; Lal et al., 2018; Sainz et al., 2020). According to the studies, SiN has several key advantages of biocompatibility, hydrophilicity, stable mechanical properties, and excellent imaging across all modalities, such as computed tomography (CT) and magnetic resonance imaging (MRI), which are indispensable elements for scaffolds (Bal and Rahaman, 2012; Webster et al., 2012; Pezzotti et al., 2017b; Rambo, 2018). In addition, antibacterial and osteoconductive properties of SiN make it a unique biomaterial for bone tissue engineering applications by preventing infection after surgery and promoting bone tissue regeneration simultaneously (Ishikawa et al., 2017; Lee et al., 2021a). Osteogenic effects of SiN were confirmed in several in vitro tests with different cell types, such as human osteosarcoma SaOS-2 cells (Pezzotti et al., 2016; Pezzotti et al., 2017b; Zanocco et al., 2019), mouse bone marrow stromal cells (BMSCs) (Pezzotti et al., 2017a), and human BMSCs (Amaral et al., 2002). The effectiveness of SiN was further confirmed in several in vivo studies using a goat lumbar interbody fusion model (Kersten et al., 2019), a rat calvarial defect model (Webster et al., 2012), and a murine tibial implant model (Ishikawa et al., 2017). However, the brittleness and lack of resilience, common disadvantages of ceramic biomaterials, make it problematic to use SiN alone as a scaffold. As the use of SiN in medical fields is a fairly recent development, to date, there are scarce data on SiN for bone tissue engineering applications. Particularly, to the best of our knowledge, there has not been a study of scaffolds using SiN combined with a hydrogel which can provide a hydrophilic, biocompatible, and porous structure similar to the extracellular matrix (ECM) (Yu and Ding, 2008; Yue et al., 2020).
In this study, we developed a SiN reinforced gelatin/chitosan cryogel system (SiN-GC) by loading SiN microparticles into a macroporous gelatin/chitosan cryogel (GC), a type of hydrogel with a highly interconnected and macroporous structure, formed by lyophilizing ice crystals during cryogelation at a subzero temperature, that has been fabricated in a previous study (Lee et al., 2020) (Figure 1). Such a biomimetic scaffold provides an optimal environment for cells, potentially combined with antibacterial and osteogenic effects. In this scaffold system, the GC component provides a biocompatible, hydrophilic, and macroporous environment for cells, while the SiN component not only may provide antibacterial properties and osteoconductivity but also increase the mechanical stiffness of the scaffold, to provide enhanced mechanical support for the defect area and a better osteogenic environment (Engler et al., 2006; Chen et al., 2015; Zhang et al., 2018). In this study, we focused on three aims to study the potential of SiN-GC for bone tissue engineering applications: 1) fabrication of SiN-GC to overcome the limitations of SiN and GC, 2) investigation of the functionalities of SiN-GC such as antibiofilm and osteogenic effects, and 3) evaluation of the osteogenic profile of the SiN-GC cryogel system under simulated physiological cyclic loading conditions in a bioreactor.
[image: Figure 1]FIGURE 1 | Schematic illustration of silicon nitride reinforced cryogel (SiN-GC). First, gelatin/chitosan cryogel (GC) was synthesized via cross-linking between gelatin and chitosan by the glutaraldehyde-mediated cryogelation process, and silicon nitride (SiN) was used to reinforce GC to fabricate SiN-GC. After analysis of the characteristics and bioactivity of SiN-GC, in vitro experiments were carried out to investigate biological properties such as antibacterial effects, cellular response, mineralization, and osteogenesis under both static and cyclic loading conditions.
MATERIALS AND METHODS
Fabrication of Gelatin/Chitosan Cryogel and Silicon Nitride Reinforced Cryogel
First, gelatin/chitosan cryogel (GC) was polymerized via a glutaraldehyde cross-linking reaction as described in a previous study (Lee et al., 2020). Briefly, 1% (w/v) of type A gelatin (Sigma-Aldrich, G1890) and 0.3% (w/v) of chitosan (Merck Millipore, 375,095) were dissolved in 1% acetic acid solution (Merck, 100063). Then, 1% (w/v) glutaraldehyde (Sigma-Aldrich, 340855) was used as the cross-linker for cryogelation, and the used volume of 1% glutaraldehyde for GC was one-fourth of the mixed gelatin/chitosan solution. After mixing all the solutions homogenously, 200 μL of the precursor solution was put in a pre-cooled cylindrical cryogel mold and placed at −20°C overnight to induce cryogelation. After cryogelation, cryogels were lyophilized for a minimum of 6 h to remove ice crystals. After lyophilization, GC cryogels were soaked and fully swollen with distilled water (DW) until use in further experiments.
For the silicon nitride reinforced cryogel (SiN-GC), medical-grade silicon nitride microparticles (SiN) (MC2 silicon nitride, SINTX Technologies, United States; median particle size: 0.279 μm of diameter) were dispersed in DW homogenously to obtain 1, 5, 10, and 20% (w/v) of SiN solution for each SiN-GC group (SN1, SN5, SN10, and SN20, respectively). Then, a GC cryogel was placed in 1 ml of SiN solution in a microtube and vortexed at 1400 RPM for 2 h in a thermomixer (Eppendorf, ThermoMixer). After vortexing, SiN-GCs were dipped in clean DW and vortexed at 500 RPM for 1 h to wash out extra SiN on the surface of the cryogels. For in vitro experiments, the SiN-GCs were soaked with PBS and sterilized by UV irradiation for 3 h.
Silicon Nitride Loading Efficiency Measurement
The loading efficiency of SiN into GC cryogels was assessed as described in the previous study (Kim et al., 2019). Briefly, SiN-GCs were digested in Papain solution (Sigma-Aldrich, P3125) at 60°C. After 24 h, the digested solution was frozen at −20°C and lyophilized to remove water. The weight of the remaining SiN was then measured to determine the loading efficiency.
Scanning Electron Microscopy
GC and SiN-GC cryogels were frozen, lyophilized, and cut longitudinally to access the cross section. The samples were fixed on metal stubs with carbon tape and coated with platinum/palladium (80/20) sputtering (CCU-010, Safematic). Field emission scanning electron microscopy (FE-SEM) (SEM SU5000, Hitachi) was used to capture the microstructure, distribution of SiN microparticles, and cross sections of the scaffolds at 3 kV. For energy-dispersive X-ray spectroscopy (EDS) analysis to identify ion deposited on the scaffold, FE-SEM (JSM-7100F, JEOL) was used at 8 kV and live time of 30 s.
Mechanical Test
For compressive mechanical testing, all tested scaffolds were produced in a cylindrical shape, and the dimensions were measured with a digital caliper for precise calculation of elastic modulus. Prior to the testing, the scaffolds were fully swollen with distilled water. Compressive mechanical testing was performed using an electrodynamic material testing machine (Instron, ElectroPuls E10000). An unconfined quasi-static compression was performed between two parallel smooth plates, at a displacement rate of 1 mm/min. After testing, the elastic modulus was calculated from the linear region of the stress–strain curve.
Swelling Ratio and Interconnected Porosity Measurement
The lyophilized weight of GC and SiN-GC groups (SN1, SN5, SN10, and SN20) was measured after fabrication, freezing, and lyophilization. The lyophilized scaffolds were submerged in PBS at room temperature until the scaffolds were fully swollen. The weights of fully swollen scaffolds were measured to calculate the swelling ratio:
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where Ws is the weight of fully swollen samples and Wl is the weight of the lyophilized samples.
Interconnected porosity was measured as previously described (Lee et al., 2020). First, the scaffolds were submerged in PBS, and the weights of swollen scaffolds were measured. Then, the swollen scaffolds were dehydrated with Kimwipes to completely remove water. The weights of the dehydrated scaffolds were measured to calculate the percentage of interconnected porosity:
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where Ws is the weight of fully swollen cryogels and Wd is the weight of dehydrated cryogels.
Enzyme-Mediated Degradation of Cryogel
To measure enzyme-mediated degradation of the cryogel, weights of fully swollen GC and SiN-GC cryogels were measured (initial weight, Wi). The cryogels were incubated in 24-well plates filled with 0.25% trypsin—EDTA (ThermoFisher, 25200056) solution at 37°C for 60 days. At every time point, the weights of samples were measured to calculate the degree of degradation:
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where Wi is the initial weight of samples before degradation and Wdg is the weight of samples after degradation.
Apatite Formation of Scaffolds in Simulated Body Fluid Immersion and ICP Analysis
Fabricated GC, SN5, SN10, and SN20 scaffolds were submerged with 1 ml of SBF solution (58.43 g NaCl, 2.77 g CaCl2, and 1.39 g of NaH2PO4·H2O per liter) and incubated at 37°C for 1 and 2 weeks (Kwon et al., 2018). The scaffolds and remaining SBF solutions were subsequently collected, and the scaffolds were washed with distilled water (DW) and lyophilized. Apatite formation was analyzed by SEM and EDS.
For inductively coupled plasma mass spectrometry (ICP-MS), collected SBF solutions were used to measure the remaining amount of P3+ and Ca2+ ions in SBF by using ICP-MS (iCAP RQ ICP-MS, ThermoFisher).
Protein Adsorption Analysis
To measure the protein adsorption capacity of GC, SN5, SN10, and SN20 cryogels, each scaffold was placed in a 24-well plate filled with 1 ml of 0.1 mg/ml or 1 mg/ml bovine serum albumin (BSA) solutions for 1 h at room temperature. After collecting the scaffolds, a Bradford protein assay (ThermoFisher, 23200) was used to measure the protein adsorbed on the scaffolds by following the manufacturer’s protocol. For the protein adsorption experiment with complete medium, scaffolds were submerged in DMEM/F-12 (ThermoFisher, 31330038) with 10% fetal bovine serum (FBS) (ThermoFisher, 26140079) and incubated for 1 h at room temperature. Then, the scaffolds were collected, and the protein adsorbed was measured with the Bradford protein assay in the same manner.
Hemolysis Rate Testing
The blood compatibility of the scaffolds was evaluated by hemolysis rate testing. Pig blood was obtained from a city of Zurich authorized butcher shop. The whole blood was centrifuged (2000 rpm, 5 min) to obtain the red blood cells. Collected red blood cells were diluted using PBS (1% v/v), and each scaffold was placed in a 24-well plate filled with 1 ml of the above prepared solution for 2 h. After taking out the scaffolds, the solution was centrifuged at 2000 rpm for 5 min, and the absorbance of the supernatant was measured at 540 nm. The PBS group was used as a negative control group, while the distilled water (DW) group was used as a positive control group. After the absorbance measurement, the hemolysis rate was calculated with the following equation: Hemolysis rate (%) = (ODsample − ODnegative)/(ODpositive − ODnegative) x 100%.
Antibiofilm and Antibacterial Activity Analysis
The antibiofilm and antibacterial activities of the SiN-GC scaffolds were evaluated using E. coli W3110 (Serra et al., 2013) and S. aureus [Hardt Lab strain collection, isolated from mice harboring low complexity microbiota (Stecher et al., 2010)]. Bacterial overnight cultures were grown in Lysogeny broth (LB) medium (10 g tryptone and 5 g NaCl per liter) at 37°C with shaking. The cultures were then diluted 1:100 in 1 ml fresh LB, followed by incubation under static conditions in 24-well microtiter plates (TPP, Switzerland, 92024) for 8 and 32 h at 37°C. At the end of the culture period, the samples were washed in PBS buffer (8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, and 0.24 g KH2PO4 per liter) to remove loosely adherent bacteria. The amount of remaining attached bacteria was determined using a PrestoBlue assay (ThermoFisher, P50200) by following the manufacturer’s protocol. Additionally, OD600 of planktonic cultures was measured with an Ultrospec 10 spectrophotometer (Biochrom, Great Britain).
To allow imaging of bacterial biofilms, E. coli cells were transformed with pM965 plasmids constitutively expressing GFPmut2 under control of rpsM promoter (Stecher et al., 2004). The biofilms were visualized with confocal laser scanning microscopy (CLSM) (Zeiss, LSM 780 upright).
Live and Dead Assay and Proliferation Rate
5 × 104 mouse pre-osteoblast cells (MC3T3-E1, obtained from the University of Zurich, Switzerland) were seeded onto the scaffolds. After 2 h of attachment, cells were cultured in growth medium (GM) composed of MEM-α without ascorbic acid (ThermoFisher, A1049001), 10% fetal bovine serum (ThermoFisher, 26140079), and 1% antibiotic–antimycotic (ThermoFisher, 15240062). After 2 days of incubation, cells were stained for 30 min in 0.5 µL/ml calcein-AM and 2 µL/ml ethidium homodimer-1 from the Live/Dead Assay Kit (ThermoFisher, L3224). Then, the cells were visualized with confocal laser scanning microscopy (Zeiss, LSM 780 upright), and viability was calculated as the number of live cells divided by the total number of cells. For the cell proliferation assay, 5 × 103 cells were seeded onto the scaffolds, and a PrestoBlue assay kit (ThermoFisher, P50200) was utilized by following the standard protocol. Briefly, after the attachment of cells, the GM was changed to the assay medium containing 10% of PrestoBlue solution. After 30 min of incubation, the medium was changed to the fresh GM, and the assay medium was collected, and its fluorescence was analyzed with a microplate reader (Tecan, Infinite 200 Pro) at an excitation wavelength of 560 nm and emission of 590 nm. The same procedure was performed on days 0, 2, 4, 6, 8, 10, and 13, and the percentage of reduction was calculated for the proliferation rate.
Actin/DAPI Staining and Analysis
3 × 104 MC3T3-E1 cells were seeded onto the scaffolds and cultured for 3 days in GM. Then, actin and cell nuclei were stained using Alexa Fluor 568 Phalloidin (ThermoFisher, A12380) and DAPI (ThermoFisher, 62247) by following the manufacturer’s protocol. Briefly, after washing with PBS, samples were fixed in 4% paraformaldehyde (PFA) in PBS for 15 min. After washing with PBS, the cells were permeabilized using 0.1% Triton X-100 in PBS for 15 min, followed by incubation in blocking buffer (0.1% Triton X-100, 1% BSA in PBS) for 45 min. For immunofluorescence staining of actin, samples were stained with fluorescent phalloidin staining solution for 60 min and rinsed three times with PBS. For DAPI staining, the samples were stained with the DAPI solution for 10 min and rinsed five times with PBS to remove excess staining solution. Finally, the samples were visualized with CLSM, and actin length, cell area, and fluorescence intensity were measured and analyzed using ZEN software (Zen 3.0 Blue, Zeiss).
In Vitro Osteogenic Differentiation
Osteogenic medium (OM) was prepared by adding 100 nM of dexamethasone (Sigma-Aldrich, D4902), 10 mM of glycerol-2-phosphate disodium salt hydrate (Sigma-Aldrich, G9422), and 50 µg/ml of L-ascorbic acid (Sigma-Aldrich, A92902) to GM. For 3D cell culture, MC3T3-E1 was seeded on the scaffolds, and cells were cultured in OM at 37°C. For 2D cell culture, OM was used after the cells reached confluence with GM in the plate. Alkaline phosphatase (ALP), Alizarin red S (ARS) staining, and real-time quantitative polymerase chain reaction (RT-qPCR) were performed after 7 and 14 days of culture to determine mineralization and osteogenic differentiation.
Bioreactor and Cyclic Loading Setup
All the components for the bioreactor such as polycarbonate well plate, flexible membranes, and metal shuttles (CellScale, Canada) were autoclaved for sterilization prior to cyclic loading. The bioreactor setup is schematically illustrated in Supplementary Figures S4A,B. Briefly, the scaffolds were loaded into the center of each well. Each well was then filled with 1 ml of OM. The shuttles were placed on top of the scaffolds, and a flexible membrane was used to cover the well to minimize contamination from outside. Then, a magnet was placed at the center of each well, and a metal plate was used as a connecting plate between the well and the electrodynamic testing machine (Instron, ElectroPuls E10000). The well plate was placed in a glass container filled with distilled water kept at a constant temperature of 37°C by a hotplate (VWR, United States). Cyclic monoaxial compression was applied at a frequency of 1 Hz, strain of 10%, and duration of 1 h/day. Loading was performed every day until sample collection for ARS or RT-qPCR.
ALP and ARS Staining
After 7 days of osteogenic induction, ALP staining (Sigma-Aldrich, 85L-2) was performed in the 2D cell culture by following the standard protocol (Lee et al., 2020). For calcium deposition, the ARS kit (ScienCell Research, 0223) was used (Lee et al., 2020) after 7, 14, and 21 days of osteogenic induction. Cells were fixed in 4% PFA (Santa Cruz Biotech, 281692) for 15 min and washed three times with distilled water. Then, the samples were stained with 2% ARS solution for 30 min at room temperature and washed with distilled water until excess staining agents were removed. The amount of mineral content was measured by eluting the ARS with 10% cetylpyridinium chloride (Sigma-Aldrich, C0732), and the absorbance was measured with a microplate reader (Tecan, Infinite 200 Pro) at a wavelength of 570 nm.
Real-Time Quantitative PCR Analysis
After 7 and 14 days of incubation, MC3T3-E1 cell-laden scaffolds were mixed with 1 ml of TRIzol (ThermoFisher, 15596026) and homogenized using a Polytron homogenizer (PT2500E). Then 0.2 ml of chloroform was added and mixed homogenously. After 5 min of incubation at room temperature, the samples were centrifuged at 13,000 g for 10 min at 4°C. The upper aqueous phase was transferred into a new microtube and mixed with the same volume of 70% RNAse-free ethanol. The mixed solution was processed with the RNeasy Plus Mini Kit (Qiagen Inc., United States), following the manufacturer’s protocol. RT-qPCR was performed to confirm osteogenic gene expression levels by using TaqMan gene expression assays with the following probe/primer combinations: GAPDH, Mm99999915_g1; ALP, Mm00475834_m1; COL1, Mm00801666_g1; RUNX2, Mm00501578_m1; and OCN, Mm03413826_mH (ThermoFisher Scientific, United States).
Statistical Analysis
All experiments were performed at least in triplicate, and all data were analyzed as mean ± SD. For statistical analysis, one-way ANOVA was performed followed by Tukey’s post hoc test, and statistical significance was considered by p-value: *p < 0.05, **p < 0.01, and ***p < 0.005.
RESULTS
Fabrication of Silicon Nitride Reinforced Gelatin/Chitosan Cryogel
Lyophilizing ice crystals that were formed during the glutaraldehyde-mediated imine bond cross-linking between gelatin and chitosan at −20°C resulted in a macroporous structure of the gelatin/chitosan (GC) cryogel with sponge-like properties and biocompatibility. Prior to reinforcement of silicon nitride (SiN), SiN microparticles were analyzed with SEM and showed acicular polycrystal shape with a homogenous size of approximately 300 nm (Figure 2A). Four types of SiN-GC cryogels were prepared by loading different concentrations of SiN microparticles on GC cryogels (SN1: 1% of SiN, SN5: 5% of SiN, SN10: 10% of SiN, and SN20: 20% of SiN) to determine the concentration of SiN with the best efficiency. As shown in Figure 2B, we fabricated white cylindrical-shaped scaffolds and observed that the color of the scaffold became whiter as the SiN concentration in the cryogel increased, which shows successful SiN microparticle reinforcement in SiN-GC groups. In addition, the sizes of all cryogels in the fully swollen state or dehydrated state were similar, which indicated that SiN microparticles did not affect the morphology of the cryogel, e.g., sponge-like characteristics.
[image: Figure 2]FIGURE 2 | Characterization of SiN-GC cryogels. (A) Representative field emission scanning electron microscopy (FE-SEM) image of silicon nitride microparticles. (B) Representative photographs of gelatin/chitosan cryogel (GC) and SiN-GC with different concentrations of SiN (SN1, SN5, SN10, and SN20). The image shows the dehydrated and swollen states of GC and SiN-GCs (diameter of scaffold: 8 mm). (C) Representative FE-SEM images of SiN-GC cryogels. The images represent the cross sections of each scaffold. Scale bar of top and bottom images = 150 and 100 μm, respectively. (D) SiN loading efficiency into cryogel. After SiN-GCs were digested in papain solution, the weight of SiN remaining in cryogels was measured (n = 3). (E) Elastic modulus of SiN-GC cryogels from compression tests (n = 3). (F) Swelling ratio and (G) interconnected porosity of SiN-GC cryogels (n = 5). (H) Degradation rate of SiN-GC in 0.25% trypsin—EDTA solution (n = 5). Error bars indicate SD.
Characterization of SiN-GC Cryogels
SEM of lyophilized cryogels was used to evaluate the microstructure of the scaffolds’ cross sections. All groups showed a uniform and porous structure with well-interconnected pores, indicating a homogeneous network constructed by a slow cross-linking reaction at subzero temperature (Figure 2C). For the SiN-GC groups, the SiN microparticles were homogenously distributed on the cryogels. In the case of SN10 and SN20, SiN microparticles were more dispersed and consistently coated the surfaces of cryogels, compared to the rest of the groups. Moreover, more SiN microparticles were observed on the SiN-GC groups with higher SiN concentrations. Regarding the structures of scaffolds, there was no significant difference in pore sizes or microstructures based on the observation of SEM images, suggesting a consistent macroporous structure in all cryogel groups.
From loading efficiency measurements, the highest amount of SiN was found embedded in SN20 (18.04 ± 1.16 mg), followed by SN10, SN5, and SN1 with 12.17 ± 2.07 mg, 5.47 ± 1.90 mg, and 1.71 ± 1.07 mg, respectively (Figure 2D). This confirms that SiN microparticles were successfully reinforced into GC cryogels except for the SN1 group which showed no statistically significant difference from the GC group. After confirming the SiN loading efficiency, we further determined the mechanical reinforcement with SiN. The Young modulus of SiN-GC groups increased significantly as the concentration of SiN increased (SN1 = 5.24 ± 0.86 kPa, SN5 = 6.65 ± 1.08 kPa, SN10 = 7.59 ± 1.01 kPa, and SN20 = 10.90 ± 1.16 kPa) compared to that of GC cryogel (2.74 ± 0.52 kPa) (Figure 2E). SiN reinforcement thus increased the mechanical stiffness of the scaffold.
We further measured the swelling ratio and interconnected porosity of GC and SiN-GC groups. As shown in Figure 2F, the GC scaffold showed the highest swelling ratio of 28.6 ± 5.9, which was significantly higher than that of SN1, SN5, SN10, and SN20 (swelling ratio of 11.6 ± 4.4, 9.9 ± 1.6, 5.6 ± 0.1, and 3.5 ± 0.3, respectively) due to increased weight of SiN compared to that of GC cryogels, which would, in turn, affect the total weight and swelling ratio calculation. Despite the difference in swelling ratio between the GC cryogel and SiN-GC groups, the interconnected porosity of all groups was above 85%, indicating that the pores of all scaffolds were well-interconnected (Figure 2G). This suggests that the SiN microparticles did not cause any obstructions between the pores of the scaffold, which would otherwise impede cell migration and bone ingrowth into the scaffold.
We additionally investigated the stability of the SiN-GC cryogels against enzymatic degradation. After 7 days of trypsin–EDTA incubation, all groups showed a similar degradation rate, which was ca. 20% (Figure 2H). However, after 10 days, the SiN-GC groups showed slower degradation than GC due to the higher density of SiN than gelatin and chitosan, which caused less reduction of mass in the remaining portion of the scaffold than in the group without SiN. After 60 days of incubation, GC and SN20 showed around 46.5 ± 8.5% and 36.3 ± 3.9% of degradation, respectively. However, there was no significant difference among the groups, which indicates that SiN reinforcement does not affect the degradation rate of the scaffold significantly, regardless of how much SiN was loaded.
Based on the characterization results, we excluded the SN1 group from further study, as it showed no significant SiN loading, compared to GC, and therefore proceeded further with the four groups (GC, SN5, SN10, and SN20) to investigate and compare more distinctive biological effects caused by different levels of SiN loading between the scaffold groups.
Bioactivity of SiN-GC Cryogels
We further compared the bioactivity of the SiN-GC cryogels by investigating apatite formation on the scaffold under a simulated physiological environment. All the sample groups demonstrated apatite formation already after 1 week of incubation. However, there was a clear difference in the amount of apatites between the GC and SiN-GC groups (Figure 3A). While the GC cryogel could only promote small apatite particle formation on the surface of the cryogel, SN5, SN10, and SN20 cryogels all promoted significantly larger amounts of apatite deposition. The difference in apatite formation became even more apparent after 2 weeks of incubation. The surfaces of SN10 and SN20 scaffolds were almost completely covered with apatite particles (Figure 3A). In order to verify whether apatites were derived from calcium phosphate (CaP), energy-dispersive X-ray spectrometry (EDS) elemental mapping was performed to analyze the composition of the particles. As shown in Figure 3B, EDS analysis confirmed calcium, oxygen, and phosphorous ions in the precipitations, indicating that the formed particles were indeed CaPs. The Ca/P ratio obtained from the EDS analysis was 1.57, essentially in the range of CaPs between tricalcium phosphate (TCP, 1.5) and hydroxyapatite (HAP, 1.67). In order to compare the ion concentrations in the cryogels, we additionally collected the remaining SBF from each group and performed an inductively coupled plasma spectroscopy (ICP) analysis of the solution. At both week 1 and week 2, the GC group showed significantly higher remaining phosphorous and calcium ion concentrations than all SN5, SN10, and SN20 groups, which suggests that higher ion concentrations were used for apatite formation on the surfaces of SiN-GC groups (Figures 3C,D). This is due to the strong negative charges of SiN which causes calcium ion binding, followed by phosphorus ions to form more apatites than GC. In addition, acicular polycrystal microstructures of SiN increased the overall surface area of the scaffold which provides more area for apatite deposition. However, it should be noted that other factors such as pore size, hydrophilicity, and water evaporation during the experiment could have affected these results. To further test our hypothesis, calcium deposition of the scaffold was confirmed as well with Alizarin red S (ARS) staining in a later experiment.
[image: Figure 3]FIGURE 3 | Apatite-forming and protein adsorption capacity of SiN-GC cryogels. (A) Representative FE-SEM images of GC, SN5, SN10, and SN20 after immersing in SBF at 37°C for 1 week and 2 weeks. The images show the cross sections of each scaffold (scale bar = 25 μm). (B) EDS spot analysis of an apatite particle that was formed in SN20 cryogels. The yellow dashed area shows the region of the EDS spot that was analyzed. EDS analysis confirms the existence of calcium and phosphate ions in the particle. (C–D) Quantified (C) phosphorous ion and (D) calcium ion concentrations remained in SBF 1 week and 2 weeks after immersion of scaffold. (E) Adsorbed bovine serum albumin (BSA) protein amounts on the testing groups, depending on 0.1 mg/ml and 1 mg/ml of BSA solution. The scaffolds were submerged in the BSA solution for 1 h. (F) Relative adsorbed protein on the scaffolds when submerged in growth medium with 10% fetal bovine serum. (G) Comparison of the hemolysis rate of GC, SN5, SN10, and SN20 with PBS (negative control) and DW (positive control). Error bars indicate SD (n = 3).
Then, we examined the protein adsorption capacity of scaffolds by submerging them in bovine serum albumin (BSA) solution to determine which scaffold provides a favorable cell environment with protein binding. The amount of BSA adsorbed on SiN-GC groups was significantly higher than that in the GC group in both solutions (Figure 3E). Also, the increase in SiN concentration led to significantly higher protein adsorption capacity of SiN-GC. Although the difference of adsorbed BSA amount between SN5 and SN10 was not significant in 0.1 mg/ml BSA solution, SN20 demonstrated a significantly higher protein adsorption than the rest of the groups. Specifically, the protein adsorption capacity of SN20 was about three times that of GC. This suggests that the acicular polycrystal microstructures of hydrophilic SiN increased the surface area to adsorb more proteins than the control group. Furthermore, we performed another protein adsorption test with growth medium containing 10% fetal bovine serum (FBS) to mimic the in vivo environment. As shown in Figure 3F, although the adsorbed protein amount between groups was not as dramatically different as the 0.1 mg/ml or 1 mg/ml BSA solution experiment, it demonstrated similar results, i.e., all SiN-GC groups showed a significantly higher protein adsorption than GC, and higher SiN concentration in the scaffold led to a higher protein adsorption.
Along with bioactivity, the blood compatibility was also evaluated by the hemolysis rate measurement. The release of hemoglobin was analyzed, and DW and PBS treated with red blood cells were used as positive and negative controls, respectively. As shown in Figure 3G, the hemolysis rates of all SiN-GC groups were less than 0.7%. This indicates all SN5, SN10, and SN20 scaffolds do not cause any disturbance to red blood cells or hemolytic anemia, implying that all SiN-GC scaffolds have safe blood compatibility properties.
Antibiofilm Activity and Inhibition of Bacterial Attachment of SiN-GC Cryogels
Antibiofilm and antibacterial properties of SiN-GC cryogels were evaluated by incubating the scaffolds in growing E. coli and S. aureus static cultures. For E. coli, the SN20 group showed the lowest bacterial attachment among the group at both 8 and 32 h (0.40 ± 0.20 and 0.57 ± 0.12-fold lower than GC at 8 and 32 h, respectively) (Figure 4A). As shown in Figure 4B, for S. aureus, a similar result was obtained that all SN5, SN10, and SN20 groups demonstrated significantly lower bacterial attachment than the GC group (0.81 ± 0.08-, 0.58 ± 0.17-, and 0.55 ± 0.14-fold lower at 8 h and 0.65 ± 0.08, 0.54 ± 0.07, and 0.40 ± 0.07 at 32 h, respectively). In addition, we confirmed again that cryogels with higher SiN concentrations resulted in less bacterial attachment. The SN20 group showed the highest antibiofilm activity, reducing the attachment by approx. 50% compared to the control group. We checked the absorbance of planktonic culture after the experiment to see if SiN-GC had a long-term bactericidal effect. However, there was no statistically significant difference between groups, and SiN-GC groups generally exhibited a lower absorbance value than the GC group in both the E. coli and S. aureus experiments (Supplementary Figures S1A,B).
[image: Figure 4]FIGURE 4 | Antibiofilm effect and inhibition of bacterial attachment of SiN-GC cryogels. (A–B) Quantitative analysis of bacterial attachment of (A) E. coli and (B) S. aureus in GC, SN5, SN10, and SN20 cryogels after 8 and 32 h of culture. Attached bacteria were quantified by the Presto blue assay (n = 7). (C–D) (C) Representative confocal laser scanning microscopy (CLSM) images and (D) quantified relative bacteria counts showing the attachment of E. coli expressing green fluorescent protein (GFP) (GFP-E.coli) to the testing groups after 32 h of culture. (E–F) Biofilm inhibiting capacity of SiN-GC cryogels. (E) Representative CLSM images of inner cross sections of GC and SN20 cryogels that were seeded with GFP-E. coli and cultured for 32 h. White arrow represents the biofilm formed by GFP-E. coli. (F) Quantified analysis of relative fluorescence intensity of the biofilm formed in GC and SN20. Error bars indicate SD (n = 10).
We also used E. coli expressing green fluorescent protein (GFP) (GFP-E. coli) to visualize the antibiofilm effect of SiN-GC using confocal laser scanning microscopy (CLSM). As shown in Figure 4C, significantly less GFP-E. coli cells were attached to the SiN-GC scaffolds compared to the GC after 32 h of incubation. To verify this result quantitatively, we used the CLSM software to count the bacteria in the sample images, and the relative counts of attached bacteria on GC, SN5, SN10, and SN20 surfaces were 1.00 ± 0.13, 0.56 ± 0.14, 0.38 ± 0.09, and 0.24 ± 0.08, respectively (Figure 4D). This confirms our previous results showing that the SiN-GC groups with higher SiN showed a significantly stronger antibiofilm effect. We further evaluated the cross section of the scaffolds using CLSM and performed a direct comparison of antibiofilm property between GC and SN20. Easily distinguishable biofilms with web-like morphology were formed by GFP-E. coli cells on the GC scaffold, which was not the case for SN20 (Figure 4E). Then, to confirm the antibiofilm activity of GC and SN20 with quantitative data, the biofilm fluorescence intensity of randomly selected biofilms in each group was analyzed. As shown in Figure 4F, the fluorescence intensities of biofilm in GC and SN20 groups were 33.8 ± 5.7 and 16.2 ± 3.4, respectively. Taken together, our data strongly suggest an effective inhibition of bacterial attachment and antibiofilm activity and of SN20.
Cellular Activity and Proliferation of SiN-GC Cryogels
Before evaluation of cellular activity on SiN-GC cryogel, first we checked the cellular response of MC3T3-E1 on 2D culture using general media with SiN 0% (control), 1, 2, 3% (w/v) concentration to check biocompatibility and proliferation. As shown in Supplementary Figures S2A,B, all groups showed greater than 98% viability, confirming the biocompatibility of SiN microparticles for use in a biomaterial scaffold. For the proliferation rate, although there was no statistically significant difference, the result showed a tendency toward a higher cell proliferation rate as the SN concentration in media increased (Supplementary Figure S2C).
Based on 2D in vitro results, we moved on to investigate cellular activity on the SiN-GC cryogels. For cell viability, the CLSM images show that most of the cells in all groups were alive (Figure 5A). In addition, based on quantified results from the Live/Dead assay, GC, SN5, SN10, and SN20 all exhibited cell viability above 94%, which indicates all scaffolds are biocompatible even if the SiN concentration in the scaffold increases (Figure 5B). For the proliferation rate, until day 6, SN20 and SN10 exhibited the highest and the second-highest cell proliferation rate, while GC showed the lowest cell proliferation rate (Figure 5C). On day 2, SN20 showed about a threefold higher cell proliferation rate than GC. However, after day 6, while the GC group showed an increase in the proliferation rate, the cell proliferation of all SiN-GC groups started to decline, due to the SiN enabling the cells in the SiN-GC groups to reach a plateau faster than the GC group, and its osteoconductivity inducing osteogenic differentiation.
[image: Figure 5]FIGURE 5 | Biocompatibility, proliferation, and cell morphology in SiN-GC cryogels. (A) Representative CLSM images show the Live/Dead fluorescent assay of MC3T3-E1 pre-osteoblasts that have been seeded on GC, SN5, SN10, and SN20 (green: live, red: dead). 5 × 104 cells were seeded on scaffolds and stained by the Live/Dead assay after 24 h of seeding. (B) Quantitative analysis of cell viability from the Live/Dead assay. (C) Proliferation rate of pre-osteoblast cells that were seeded on GC, SN5, SN10, and SN20. 5 × 103 cells were seeded on scaffolds, and cell proliferation was measured by the Presto blue assay (n = 4). (d) Representative CLSM images that show the staining of actin microfilament cytoskeletal protein (red) and nuclei counterstained with DAPI (blue) of the cells after 3 days of culturing on GC, SN5, SN10, and SN20 cryogels. (E–G) Quantitative analysis of (E) relative actin length, (F) cell area, and (G) actin fluorescence intensity in response to GC, SN5, SN10, and SN20 cryogels based on the CLSM images of actin/DAPI stained cells. Data were measured and analyzed by CLSM software based on randomly chosen cells in three independent experiments (n = 10). Error bars indicate SD.
Furthermore, cells on the scaffolds were stained with phalloidin and DAPI to analyze cellular morphology. Most of the cells in all groups showed a round and well-spread morphology on the scaffold (Figure 5D). However, there were some differences between the GC group and SiN-GC groups that while some cells in the GC group showed an elongated spindle-shaped morphology without stress fibers, the cells in SiN-GC groups especially in SN20 exhibited a round polygonal cellular morphology with distinct and thick stress fibers. However, since the differences among SN5, SN10, and SN20 were marginal, we used CLSM software to quantify the actin length, cell area, and actin fluorescence intensity of the cells in each group. For actin length, while there was a statistical difference in SiN-GC groups, SN10 and SN20 showed significantly longer actin length than GC (Figure 5E). Furthermore, SN20 was the only group with a significantly higher cell area and actin fluorescence intensity than the GC, suggesting stronger focal adhesion and better biocompatibility (Figures 5F,G). Our data thus confirm the previous results on cell proliferation and quantified cell morphology.
Mineralization and Osteogenic Effect of SiN-GC Cryogels
Following cellular activity, the mineralization and osteogenic effect of SiN-GC cryogels were evaluated. First, ALP and ARS staining was used to analyze osteoconductivity of SiN via 2D in vitro cell culture with SiN-conditioned medium (OM). The SN3% group showed the highest level of osteogenesis with the highest ALP activity, while the rest of the groups, except for the control group, showed moderate osteogenesis (Supplementary Figure S3A). Similarly, ARS staining on day 7 showed that SN3% reached the highest level of calcification (Supplementary Figure S3B). Quantification confirmed that SN3% showed a significantly higher osteogenic differentiation than the rest of the groups at both time points (Supplementary Figure S3D). Additionally, the same result for ARS was demonstrated on day 14, as well as a significantly higher level of calcification for the SN3% group (Supplementary Figures S3C,E). Interestingly, the SN1% group showed about the same level of osteogenic differentiation compared to the control group, suggesting that a certain level of SN is required for enhanced osteogenic differentiation.
In 3D cell-laden SiN-GC cryogels, SN10 and SN20 demonstrated significantly higher calcium deposition on day 7 than GC, and the group with higher SiN concentration exhibited higher mineralization (Figure 6A). On day 14 and day 21, the ARS staining presented similar results as the data on day 7 (Figures 6B,C). In addition, although there was no significant difference between SN5 and SN10, SN20 showed the highest level of calcium deposition among the groups. On day 21, the mineralization from SN20 was significantly higher than that of GC, SN5, and SN10. Furthermore, we repeated ARS staining to investigate mineralization under osteogenic medium (OM) conditions to determine whether SiN can bring a synergistic effect in osteogenesis with osteogenic factors in the media. As Figure 6D shows, unlike previous experiments under GM conditions, SN5, SN10, and SN20 showed significantly higher mineralization than the GC group on day 7. Similarly, on days 14 and 21, the SiN-GC group with higher SiN yielded higher calcium deposition, and SN20 showed the highest calcium deposition than the rest of the group (Figures 6E,F). In general, we were able to confirm that the overall mineralization difference between GC and SiN-GC groups under culturing conditions with OM was greater than that in the experiment under culturing conditions with GM. This indicates that osteoconductivity of SiN from SiN-GC was able to exhibit a synergistic effect on osteogenesis, and the higher concentration of SiN further enhances the osteogenic effect.
[image: Figure 6]FIGURE 6 | Mineralization and osteogenic effect of SiN-GC cryogels. (A–F) Quantitative analysis of mineralization by Alizarin red S (ARS) staining after (A,D) 7 days, (B,E) 14 days, and (C,F) 21 days of culturing pre-osteoblasts with (A–C) general media (GM) or (D–F) osteogenic media (OM) on GC, SN5, SN10, and SN20. (G–H) Relative fold induction of osteogenic genes on (G) day 7 and (H) day 14. Pre-osteoblasts were seeded on the scaffolds and cultured with osteogenic medium. (I) Heatmap of osteogenic gene profiles from RT-qPCR after 7 and 14 days of osteogenic differentiation (red = upregulations, white = downregulations). Error bars indicate SD (n = 3).
We further focused on osteogenic gene expression of pre-osteoblasts by quantitative real-time PCR (RT-qPCR) after seeding on the scaffolds and culturing with OM for 7 and 14 days. In line with ARS analysis, on day 7, the SN20 group exhibited the highest expression of osteogenic markers ALP, COL1, RUNX2, and OCN, with 2.0 ± 0.69, 2.0 ± 0.69, 3.9 ± 1.4, and 3.7 ± 0.64-fold higher than those of GC, respectively (Figure 6G). The SN10 group showed the second-highest osteogenic gene expressions and significantly higher gene expression of COL1, RUNX2, and OCN than GC. However, in case of SN5, the osteogenic gene expressions of SN5 showed a slightly upregulated osteogenic gene expression than GC; however, the difference was insignificant. On day 14, the gene expression from RT-qPCR demonstrated a similar result as that of day 7. As shown in Figure 6H, the SN20 group exhibited the highest expression of osteogenic markers ALP, COL1, RUNX2, and OCN, 3.0 ± 0.09, 5.7 ± 0.29, 11.1 ± 0.13, and 5.1 ± 0.04-fold, respectively, higher than GC and the rest of the groups. SN10 showed significantly higher gene expression in COL1, RUNX2, and OCN than GC. Moreover, the osteogenic gene expression of SN5 was significantly upregulated compared to GC. Overall, as the heatmap of osteogenic gene profiles from all groups shows, we noted a significant upregulation of osteogenic markers in scaffolds with higher SiN concentration and an increase in gene expression difference over time between SiN-GC groups and the GC group (Figure 6I).
Osteogenic Profile of SiN-GC Cryogels Under Cyclic Loading in the Bioreactor
Then, we evaluate the osteogenic profile of SiN-GC cryogels by 3D in vitro culture under simulated physiological cyclic loading conditions in a custom-made mechanobioreactor system (Figure 7A; Supplementary Figure S4). The loading condition was set to be 1 h/day of cyclic monoaxial compression with a frequency of 1 Hz and strain of 10% as the waveform graph shown in Figure 7B, and all the scaffolds did not show any deformation during or after the cyclic loading due to sponge-like characteristics of GC cryogel (Supplementary Video S1).
[image: Figure 7]FIGURE 7 | Osteogenic profile of SiN-GC under cyclic loading by a bioreactor. (A) Schematic illustration with a side view photograph shows the cyclic loading mechanism of the bioreactor. (B) Waveform graph that shows the cyclic loading condition used in this study (1 h/day of cyclic compression, f = 1 Hz and ε = 10%). (C–E) Quantitative analysis of mineralization by Alizarin red S (ARS) staining after (C) 7 days, (D) 14 days, and (E) 21 days of culturing pre-osteoblasts with osteogenic media (OM) on GC, SN5, SN10, and SN20 under cyclic loading by a bioreactor. (F–G) Relative fold induction of osteogenic genes on (F) day 7 and (G) day 14. Pre-osteoblasts were seeded on the scaffolds and cultured with osteogenic medium under cyclic loading by a bioreactor. (H) Heatmap of osteogenic gene profiles from RT-qPCR after 7 and 14 days of osteogenic differentiation under cyclic loading condition (red = upregulations, white = downregulations). Error bars indicate SD (n = 3).
Starting from day 7, ARS staining showed that all SiN-GC groups (SN5, SN10, and SN20) demonstrated significantly higher mineralization than the GC group (Figure 7C). Similar to ARS staining under static conditions, the group with higher SiN concentration showed more calcium deposition. For SN5 and SN10, both groups showed significantly higher mineralization than the GC group on days 14 and 21, and the mineralization of SN10 was higher than that of SN5, but the difference was not significant (Figures 7D,E). For SN20, calcium deposition was highest among the groups, and the mineralization of SN20 was significantly higher than the mineralization of the other groups on days 14 and 21. In addition, interestingly, overall ARS results demonstrate that scaffolds cultured under cyclic loading conditions resulted in higher mineralization than the scaffolds cultured under static conditions.
In line with RT-qPCR results from static conditions, the group with higher SiN showed significant upregulation of osteogenic gene expression. On day 7, osteogenic genes in the SiN-GC groups were upregulated compared to GC (Figure 7F). Specifically, SN10 and SN20 showed a significantly higher expression of osteogenic markers ALP, COL1, RUNX2, and OCN, with 3.2 ± 0.12, 3.9 ± 0.08, 2.8 ± 0.22, and 3.9 ± 0.45-fold (SN10) and with 10.3 ± 1.79, 5.2 ± 0.98, 4.1 ± 1.3, and 4.90 ± 0.85-fold (SN20) upregulation compared to those of GC, respectively. In contrast to insignificant changes in osteogenic gene expression under static conditions, insignificant expression of COL1, RUNX2, and OCN under cyclic loading conditions was significantly higher in SN5 than GC. On day 14, RT-qPCR results showed similar trends, but the difference in gene expression between SiN-GC groups and the GC group was greater, especially for the SN20 group. As shown in Figure 7G, SN20 demonstrated the highest expression of osteogenic markers ALP, COL1, RUNX2, and OCN, with 12.3 ± 1.70, 6.9 ± 0.90, 6.4 ± 0.45, and 14.8 ± 1.69-fold higher expression than in the GC group and the rest of the groups. In addition, in line with previous experiments, the scaffolds with higher SiN concentration led to higher osteogenic gene expression, which shows the relationship between osteogenic effect and SiN.
Based on the results, we analyzed and compared the osteogenic profile between cyclic loading conditions by bioreactor and static conditions. As shown in Supplementary Figure S5, the expression level of osteogenic genes under cyclic loading conditions in a bioreactor is generally higher than that under static conditions in all scaffold groups. Besides, although the difference was not significant in all testing genes, it was clearly shown that SN20 led to higher osteogenic gene upregulation in bioreactor compared to static condition than GC did in bioreactor compared to static condition which indicates the osteogenic effect of SiN. Overall, the heatmap of osteogenic gene profiles under cyclic loading conditions shows that significant upregulations of osteogenic markers were found in the scaffold with higher SiN concentration, and the osteogenesis in SiN-GC groups get enhanced over time due to the synergistic effect from osteoconductivity of SiN microparticles and mechanotransduction during the dynamic loading in the bioreactor (Figure 7H).
DISCUSSION
In the present study, we developed a SiN-GC scaffold system composed of GC cryogel that is reinforced with SiN microparticles to achieve antibacterial and osteogenic effects with an enhanced cellular activity for optimal bone regeneration. We fabricated the GC cryogel by cryogelation with a glutaraldehyde-mediated cross-linking reaction to form an imine group between two amine groups from gelatin and chitosan (Bakhshpour et al., 2019; Lee et al., 2020). The GC component has two key advantages as a scaffold: cellular environment by biocompatibility and hydrophilicity and a macroporous structure. Gelatin and chitosan are biocompatible and hydrophilic materials that have been used widely in bone tissue engineering, and a cryogel ensures the hydrophilicity for the cellular environment (Di Martino et al., 2005; Doty et al., 2014; Amirthalingam et al., 2018; Kwon et al., 2018). In addition, the macroporous structures of the GC and SiN-GC cryogels caused by ice crystals during cryogelation are essential not only for cell infiltration but also for the efficient nutrient flow and the vascularization for tissue healing (Bencherif et al., 2012; Kim et al., 2018). The SiN component of the SiN-GC cryogel system is essential to provide enhanced mechanical support for the defect area and to incorporate antibiofilm and osteogenic properties in the scaffold (Pezzotti et al., 2017b; Pezzotti, 2019). From the SEM images and loading efficiency, we were able to confirm that SiN microparticles were incorporated successfully and homogenously coated on the surfaces of SN5, SN10, and SN20 (Figures 2C,D).
Based on the results of characterization, reinforcement of SiN in SiN-GC overcame the limitations of GC cryogel, such as low mechanical strength, yet still carried the unique advantages of GC such as hydrophilicity and interconnected porosity. SiN-GC scaffolds with higher SiN concentration demonstrated a higher elastic modulus under compressive loading (Figure 2E). A higher stiffness of SiN-GC scaffolds due to SiN incorporation is more likely to induce osteogenic differentiation than GC, which has relatively low mechanical stiffness, a known limitation of such hydrogels (Slaughter et al., 2009). The low mechanical stiffness of the scaffold is not favorable for osteogenic differentiation, since the stiffness of the scaffold affects the cell signaling and focal adhesions that would lead cells to differentiate into a tissue that has a similar stiffness to the scaffold (Engler et al., 2006; Bose et al., 2012; Oh et al., 2016; Lee et al., 2021b). Therefore, SiN reinforcement in SiN-GC increased the elastic modulus which would increase focal adhesions, cell proliferation, and osteogenic differentiation for bone tissue regeneration and enhanced mechanical support for the defect area (Figure 2E) (Nam et al., 2011; Chen et al., 2015). In addition, results from degradation experiments demonstrated that both GC and SiN-GC groups would provide a long-term stable mechanical support as a scaffold to ensure safe bone regeneration. At the same time, although SiN reinforcement increased the mechanical stiffness of the scaffold, the high interconnected porosity of SiN-GC was not affected by SiN (Figure 2G). This indicates that the incorporation of SiN did not cause any blockage in the pores of SiN-GC, and it can keep highly interconnected pores for cell migration and nutrition flow in the scaffold (Bose et al., 2012).
The bioactivity difference between GC and SiN-GC was likely facilitated by the negative charge and acicular polycrystal microstructure of SiN (Figure 3). First, the negative charge from the SiN surface attracts positively charged calcium ions from the surrounding environment (Leonor et al., 2007; Bock et al., 2017; Moskalewicz et al., 2018). The calcium ions are neutralized by binding with phosphate ions, which eventually leads to the apatite formation that was confirmed with EDS and ICP analysis (Figures 3B–D) (Leonor et al., 2007; Wu et al., 2020). Additionally, the increased surface area of SiN-GC due to the acicular polycrystal microstructure of SiN was another factor to induce more apatite deposition and the protein adsorption on the scaffold, which was also confirmed by other studies (Liu and Nemat-Nasser, 1998; Gould et al., 2009; Pezzotti et al., 2017a; Sainz et al., 2020). Consequently, SiN-GC scaffolds with higher SiN concentration result in higher biomineralization and protein adsorption, so SN20 exhibited the highest bioactivity among the groups (Figures 3E,F). This would be a valuable aspect in vivo, since the adsorbed proteins and formed CaP particles on the scaffold would not only enhance cellular activity but also provide an intrinsic osteogenic environment for cells to accelerate bone formation (Oyane et al., 2005; Yao et al., 2013; Sainz et al., 2020; Wu et al., 2020). Additionally, the hydrophilicity of the cryogel and SiN would provide favorable conditions for proteins to preserve a natural conformation (Peppas et al., 2006; Rabe et al., 2009; Slaughter et al., 2009; Bal and Rahaman, 2012; Awad et al., 2019).
Comparing the antibiofilm properties of SiN-GC scaffolds, we confirmed that the scaffold groups with higher SiN concentration resulted in a stronger inhibition of bacterial attachment and biofilm formation (Figure 4). One possible reason for this might be the nitric oxide (NO) that is produced from the surface of SiN when SiN is exposed to an aqueous solution (Pezzotti, 2019). NO is a short-lived gaseous molecule that can affect signaling and control fundamental metabolism in both prokaryotic and eukaryotic cells (Saura et al., 2010). However, above a certain concentration threshold, NO can be toxic by covalently binding with DNA, proteins, and lipids which lead to inhibition of the cells (Schairer et al., 2012; Pezzotti, 2019). In other words, NO diffuses across cellular membranes and induces nitrosative and oxidative damage, thereby compromising bacterial growth and survival. On the other hand, due to different NO concentration thresholds between cells and bacteria, cells on SiN do not suffer any side effects (Schairer et al., 2012; Seabra et al., 2016). This nitric oxide surface chemistry on SiN has been proven by other researchers. For instance, Pezzotti et al. used time-lapse fluorescent imaging to monitor NO formation in both mammalian and bacterial cells using a membrane permeable indicator and diaminofluorescein-2 diacetate [DAF-2(NO)] and confirmed an increase in NO concentration on the surface of SiN, which had an antibacterial effect on S. epidermidis but no negative effect on osteoblast cells at the same time (Pezzotti et al., 2017b; Pezzotti, 2019). These can explain the high cell viability and biocompatibility on all SiN-GC scaffolds from the Live/Dead assay (Figures 5A,B). In addition, since NO is short-lived and short-range, all of these bactericidal activities occurred very close to the surface of the SiN-GC, which may explain the lack of difference between groups in absorbance measurement from planktonic culture (Supplementary Figure S1).
Regarding the cellular activity on scaffolds, although all scaffold groups showed a similar degree of high cell viability, there were some differences in cell proliferation and morphology. Compared to the GC group, SiN-GC groups showed higher cell proliferation in early stages and reached a plateau sooner due to the osteoconductivity of SiN which induces cells to osteogenic differentiation (Figure 5C). Moreover, the morphology of the cells seeded on the scaffolds with higher SiN concentration tended to have more polygonal and round morphology with distinct stress fibers, which was also confirmed by quantitative analysis of phalloidin and DAPI staining (Figures 5D–G). One of the reasons for the enhanced cellular activity and morphology difference in SiN-GC groups might reside in the presence of nitrogen on the SiN surface. This nitrogen on the SiN surface induces the formation of N-H moieties that can act as precursors to the amide groups that are present in the extracellular matrix (ECM) (Awad et al., 2019). Another reason for enhanced cellular activity would be the increased surface area due to the acicular polycrystal microstructure of SiN which enables increased protein adsorption.
We further confirmed a higher calcium deposition of SiN-GC than that of GC under both conditions of culturing with GM or OM and higher calcium deposition from the scaffolds with higher SiN concentrations. Especially, the ARS results under GM culture conditions demonstrate that SiN-GC can induce a stronger mineralization than GC even without osteogenic factors in the media (Figures 6A–C). This indicates that the SiN-GC scaffold itself was able to induce enhanced cell proliferation, osteogenic differentiation, and mineralization by providing a macroporous and interconnected structure, osteoconductivity of SiN, and mechanically stronger microenvironment from SiN reinforcement (Murphy et al., 2010; Kim et al., 2018; Lee et al., 2020). Consequently, ARS results under culture conditions with OM demonstrated an even higher mineralization of SiN-GC groups than GC due to the synergistic osteogenic effect from OM and SiN-GC. Similar results were obtained from RT-qPCR, showing that the groups with higher SiN concentration exhibited a higher osteogenic gene expression, especially SN20 (Figures 6G,H). As previously mentioned, there are many possible factors that could lead to these results, but one of the main reasons for the strong osteogenic effect of SiN-GC is the osteoconductivity of SiN microparticles. The osteoconductivity of SiN has not been fully clarified yet. However, previous studies suggested that the surface chemistry of SiN has a vital role in stimulating osteoblast proliferation and induction of bone formation (Pezzotti et al., 2017a; Awad et al., 2019; Zanocco et al., 2019). Zanocco et al. investigated the role of silicon and nitrogen in SiN by evaluating osteogenic response from SiN substrate with modified surface stoichiometry (Zanocco et al., 2019). As the surface stoichiometry of SiN was gradually altered toward a silicon-rich composition, the cell proliferation and osteogenic response reduced with decreasing nitrogen content. Thus, nitrogen from SiN plays an important role in stimulating osteogenic response and has a synergistic effect in bone tissue formation, with silicon stimulating early stages of bone formation and calcification (Shie et al., 2011; Khan et al., 2014; Kwon et al., 2018). Additionally, NO from SiN not only shows antibacterial properties but also affects bone resorption by inducing apoptosis of osteoclasts, which would eventually lead to bone formation in vivo (Pezzotti, 2019; Lee et al., 2021a).
Finally, we evaluated whether SiN-GC would show a similar mineralization and osteogenic profile under simulated physiological conditions by culturing under cyclic compressive loading in a bioreactor (Figure 7). It has been reported that interfragmentary movement enhances fracture healing in multiple animal studies, and the interfragmentary compressive strain from weight-bearing in experimental in vivo fracture healing studies was reported to range between around 10 and 20% (Klein et al., 2003; Schell et al., 2008; Klosterhoff et al., 2017). In addition, according to the other studies investigating the impact of mechanical loading on cell differentiation, a strain in the range of 10% has the strongest influence on osteogenic differentiation (Jagodzinski et al., 2008; Rath et al., 2008; Li et al., 2010; Jeon et al., 2017). For this reason, we applied a strain of 10% in this study to investigate the fatigue resistance of SiN-GC scaffolds under dynamic loading at a much higher strain level than the cortical bone at the physiological condition, which is usually under 0.2% strain (Schaffler et al., 1990; Acevedo et al., 2018). The sinusoidal compression with a frequency of 1 Hz was used to mimic the load pattern during human locomotion (Morlock et al., 2001; Schreivogel et al., 2019). In line with results under static conditions, the scaffolds with higher SiN concentrations in the bioreactor also demonstrated higher mineralization rates and upregulation of osteogenic genes (Figures 7C–G). In addition, the osteogenic gene expression in all testing scaffolds under cyclic loading conditions was higher than that under static conditions (Supplementary Figure S5). It is due to the sensitivity of cells in their biomechanical environment that mechanical stimuli from cyclic loading work as a signal to bones which are naturally programmed to respond to repeated stimuli in the damage–repair process (Taylor et al., 2007; Acevedo et al., 2018). However, precise mechanisms on how cyclic loads and the specific loading condition induce the cellular responses remain unknown, and further studies are required to understand the specific role for each parameter in the load-bearing situation. Nevertheless, in line with previous studies, we were able to verify that the fatigue caused by cyclic loading induces cells in highly stressed scaffolds and osteoconductivity from SiN-GCs accelerated bone formation (Rath et al., 2008; Zhang et al., 2009). Additionally, there was no deformation found after the cyclic loading, which suggests extraordinary fatigue resistance of SiN-GC due to shape recovery property and sponge-like characteristics of cryogels even with SiN reinforcement (Kim et al., 2018; Lee et al., 2020). These allow SiN-GCs to be used as load-bearing scaffolds that require to withstand dynamic loading in the physiological system.
CONCLUSION
In this study, we developed a SiN-GC cryogel system by loading SiN microparticles into a macroporous GC cryogel to fabricate a biomimetic scaffold with antibiofilm and osteogenic properties. Compared to GC, reinforcement with SiN was able to enhance the mechanical properties of the scaffold, which could provide a stable mechanical support in defect areas and an osteogenic environment for cells, while maintaining the benefits of GC such as a macroporous structure and well-interconnected porosity. In addition, negative charge and surface area increase due to the acicular polycrystal microstructure of SiN increased the apatite formation in SBF and protein adsorption capacity which would lead to faster bone formation. We were able to confirm that the SiN-GC group with higher SiN concentration resulted in stronger antibiofilm activity, higher cellular proliferation, higher mineralization, and osteogenic gene upregulation. Finally, we confirmed the enhanced osteogenic profile of the SiN-GC cryogel system even under cyclic compressive loading in a bioreactor. Based on these results, this study demonstrates a promising potential of SiN as a component in a biomaterial system and suggests the SiN-GC cryogel system as a new approach for bone tissue engineering.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
SL: conceptualization, methodology, validation, formal analysis, investigation, resources, data curation, writing—original draft, writing—review and editing, visualization, and project administration. LL: validation, investigation, data curation, and writing—review and editing. XD: investigation and writing—review and editing. W-DH: resources and writing—review and editing. SF: resources, writing—review and editing, supervision, project administration, and funding acquisition.
FUNDING
This project has received funding from the European Union’s Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement No 812765 and grant LA 4572/1-1 from Deutsche Forschungsgemeinschaft (L.L.).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors acknowledge the use of the Scientific Center for Optical and Electron Microscopy (ScopeM) of ETH Zurich. The authors also acknowledge Dr. Christophe Zeder (Institute of Food, Nutrition and Health, ETH Zurich, Switzerland) for his kind assistance with ICP experiments.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2021.794586/full#supplementary-material
REFERENCES
 Acevedo, C., Stadelmann, V. A., Pioletti, D. P., Alliston, T., and Ritchie, R. O. (2018). Fatigue as the Missing Link between Bone Fragility and Fracture. Nat. Biomed. Eng. 2, 62–71. doi:10.1038/s41551-017-0183-9
 Amaral, M., Costa, M. A., Lopes, M. A., Silva, R. F., Santos, J. D., and Fernandes, M. H. (2002). Si3N4-bioglass Composites Stimulate the Proliferation of MG63 Osteoblast-like Cells and Support the Osteogenic Differentiation of Human Bone Marrow Cells. Biomaterials 23, 4897–4906. doi:10.1016/s0142-9612(02)00249-1
 Amirthalingam, S., Ramesh, A., Lee, S. S., Hwang, N. S., and Jayakumar, R. (2018). Injectable In Situ Shape-Forming Osteogenic Nanocomposite Hydrogel for Regenerating Irregular Bone Defects. ACS Appl. Bio Mater. 1, 1037–1046. doi:10.1021/acsabm.8b00225
 Amirthalingam, S., Lee, S. S., Pandian, M., Ramu, J., Iyer, S., Hwang, N. S., et al. (2021). Combinatorial Effect of Nano Whitlockite/nano Bioglass with FGF-18 in an Injectable Hydrogel for Craniofacial Bone Regeneration. Biomater. Sci. 9, 2439–2453. doi:10.1039/d0bm01496f
 Annamalai, R. T., Hong, X., Schott, N. G., Tiruchinapally, G., Levi, B., and Stegemann, J. P. (2019). Injectable Osteogenic Microtissues Containing Mesenchymal Stromal Cells Conformally Fill and Repair Critical-Size Defects. Biomaterials 208, 32–44. doi:10.1016/j.biomaterials.2019.04.001
 Awad, K. R., Ahuja, N., Shah, A., Tran, H., Aswath, P. B., Brotto, M., et al. (2019). Silicon Nitride Enhances Osteoprogenitor Cell Growth and Differentiation via Increased Surface Energy and Formation of Amide and Nanocrystalline HA for Craniofacial Reconstruction. Med. Devices Sens. 2, e10032. doi:10.1002/mds3.10032
 Bakhshpour, M., Idil, N., Perçin, I., and Denizli, A. (2019). Biomedical Applications of Polymeric Cryogels. Appl. Sci. 9, 553. doi:10.3390/app9030553
 Bal, B. S., and Rahaman, M. N. (2012). Orthopedic Applications of Silicon Nitride Ceramics. Acta Biomater. 8, 2889–2898. doi:10.1016/j.actbio.2012.04.031
 Bencherif, S. A., Sands, R. W., Bhatta, D., Arany, P., Verbeke, C. S., Edwards, D. A., et al. (2012). Injectable Preformed Scaffolds with Shape-Memory Properties. Proc. Natl. Acad. Sci. 109, 19590–19595. doi:10.1073/pnas.1211516109
 Bock, R. M., Jones, E. N., Ray, D. A., Sonny Bal, B., Pezzotti, G., and Mcentire, B. J. (2017). Bacteriostatic Behavior of Surface Modulated Silicon Nitride in Comparison to Polyetheretherketone and Titanium. J. Biomed. Mater. Res. 105, 1521–1534. doi:10.1002/jbm.a.35987
 Bose, S., Roy, M., and Bandyopadhyay, A. (2012). Recent Advances in Bone Tissue Engineering Scaffolds. Trends Biotechnol. 30, 546–554. doi:10.1016/j.tibtech.2012.07.005
 Chen, G., Dong, C., Yang, L., and Lv, Y. (2015). 3D Scaffolds with Different Stiffness but the Same Microstructure for Bone Tissue Engineering. ACS Appl. Mater. Inter. 7, 15790–15802. doi:10.1021/acsami.5b02662
 Christman, K. L. (2019). Biomaterials for Tissue Repair. Science 363, 340–341. doi:10.1126/science.aar2955
 Di Martino, A., Sittinger, M., and Risbud, M. V. (2005). Chitosan: A Versatile Biopolymer for Orthopaedic Tissue-Engineering. Biomaterials 26, 5983–5990. doi:10.1016/j.biomaterials.2005.03.016
 Doty, H. A., Leedy, M. R., Courtney, H. S., Haggard, W. O., and Bumgardner, J. D. (2014). Composite Chitosan and Calcium Sulfate Scaffold for Dual Delivery of Vancomycin and Recombinant Human Bone Morphogenetic Protein-2. J. Mater. Sci. Mater. Med. 25, 1449–1459. doi:10.1007/s10856-014-5167-7
 Engler, A. J., Sen, S., Sweeney, H. L., and Discher, D. E. (2006). Matrix Elasticity Directs Stem Cell Lineage Specification. Cell 126, 677–689. doi:10.1016/j.cell.2006.06.044
 Gong, T., Xie, J., Liao, J., Zhang, T., Lin, S., and Lin, Y. (2015). Nanomaterials and Bone Regeneration. Bone Res. 3, 15029. doi:10.1038/boneres.2015.29
 Gould, D. A., Quinlan, M., Albano, M. P., Garrido, L. B., Genova, L. A., and Plucknett, K. P. (2009). A Simple Method for Synthesis of Acicular β-Si3N4 Seed Crystals. Ceramics Int. 35, 1357–1362. doi:10.1016/j.ceramint.2008.07.013
 Ishikawa, M., De Mesy Bentley, K. L., Mcentire, B. J., Bal, B. S., Schwarz, E. M., and Xie, C. (2017). Surface Topography of Silicon Nitride Affects Antimicrobial and Osseointegrative Properties of Tibial Implants in a Murine Model. J. Biomed. Mater. Res. 105, 3413–3421. doi:10.1002/jbm.a.36189
 Jagodzinski, M., Breitbart, A., Wehmeier, M., Hesse, E., Haasper, C., Krettek, C., et al. (2008). Influence of Perfusion and Cyclic Compression on Proliferation and Differentiation of Bone Marrow Stromal Cells in 3-dimensional Culture. J. Biomech. 41, 1885–1891. doi:10.1016/j.jbiomech.2008.04.001
 Jeon, O., Shin, J.-Y., Marks, R., Hopkins, M., Kim, T.-H., Park, H.-H., et al. (2017). Highly Elastic and Tough Interpenetrating Polymer Network-Structured Hybrid Hydrogels for Cyclic Mechanical Loading-Enhanced Tissue Engineering. Chem. Mater. 29, 8425–8432. doi:10.1021/acs.chemmater.7b02995
 Kersten, R. F. M. R., Wu, G., Pouran, B., Van Der Veen, A. J., Weinans, H. H., De Gast, A., et al. (2019). Comparison of Polyetheretherketone versus Silicon Nitride Intervertebral Spinal Spacers in a Caprine Model. J. Biomed. Mater. Res. 107, 688–699. doi:10.1002/jbm.b.34162
 Khan, A. F., Saleem, M., Afzal, A., Ali, A., Khan, A., and Khan, A. R. (2014). Bioactive Behavior of Silicon Substituted Calcium Phosphate Based Bioceramics for Bone Regeneration. Mater. Sci. Eng. C 35, 245–252. doi:10.1016/j.msec.2013.11.013
 Kim, I., Lee, S. S., Bae, S., Lee, H., and Hwang, N. S. (2018). Heparin Functionalized Injectable Cryogel with Rapid Shape-Recovery Property for Neovascularization. Biomacromolecules 19, 2257–2269. doi:10.1021/acs.biomac.8b00331
 Kim, I., Lee, S. S., Kim, S. H. L., Bae, S., Lee, H., and Hwang, N. S. (2019). Osteogenic Effects of VEGF‐Overexpressed Human Adipose‐Derived Stem Cells with Whitlockite Reinforced Cryogel for Bone Regeneration. Macromol. Biosci. 19, 1800460. doi:10.1002/mabi.201800460
 Kim, S. H. L., Lee, S. S., Kim, I., Kwon, J., Kwon, S., Bae, T., et al. (2020). Ectopic Transient Overexpression of OCT-4 Facilitates BMP4-Induced Osteogenic Transdifferentiation of Human Umbilical Vein Endothelial Cells. J. Tissue Eng. 11, 2041731420909208. doi:10.1177/2041731420909208
 Klein, P., Schell, H., Streitparth, F., Heller, M., Kassi, J.-P., Kandziora, F., et al. (2003). The Initial Phase of Fracture Healing Is Specifically Sensitive to Mechanical Conditions. J. Orthop. Res. 21, 662–669. doi:10.1016/s0736-0266(02)00259-0
 Klosterhoff, B. S., Ghee Ong, K., Krishnan, L., Hetzendorfer, K. M., Chang, Y. H., Allen, M. G., et al. (2017). Wireless Implantable Sensor for Noninvasive, Longitudinal Quantification of Axial Strain across Rodent Long Bone Defects. J. Biomech. Eng. 139, 111004. doi:10.1115/1.4037937
 Koons, G. L., Diba, M., and Mikos, A. G. (2020). Materials Design for Bone-Tissue Engineering. Nat. Rev. Mater. 5, 584–603. doi:10.1038/s41578-020-0204-2
 Kwon, S., Lee, S., Sivashanmugam, A., Kwon, J., Kim, S., Noh, M., et al. (2018). Bioglass-Incorporated Methacrylated Gelatin Cryogel for Regeneration of Bone Defects. Polymers 10, 914. doi:10.3390/polym10080914
 Lal, S., Caseley, E. A., Hall, R. M., and Tipper, J. L. (2018). Biological Impact of Silicon Nitride for Orthopaedic Applications: Role of Particle Size, Surface Composition and Donor Variation. Sci. Rep. 8, 9109. doi:10.1038/s41598-018-27494-y
 Lee, S. S., Kim, J. H., Jeong, J., Kim, S. H. L., Koh, R. H., Kim, I., et al. (2020). Sequential Growth Factor Releasing Double Cryogel System for Enhanced Bone Regeneration. Biomaterials 257, 120223. doi:10.1016/j.biomaterials.2020.120223
 Lee, S. S., Huber, S., and Ferguson, S. J. (2021a). Comprehensive In Vitro Comparison of Cellular and Osteogenic Response to Alternative Biomaterials for Spinal Implants. Mater. Sci. Eng. C 127, 112251. doi:10.1016/j.msec.2021.112251
 Lee, S. S., Santschi, M., and Ferguson, S. J. (2021b). A Biomimetic Macroporous Hybrid Scaffold with Sustained Drug Delivery for Enhanced Bone Regeneration. Biomacromolecules 22, 2460–2471. doi:10.1021/acs.biomac.1c00241
 Leonor, I. B., Kim, H.-M., Balas, F., Kawashita, M., Reis, R. L., Kokubo, T., et al. (2007). Surface Potential Change in Bioactive Polymer during the Process of Biomimetic Apatite Formation in a Simulated Body Fluid. J. Mater. Chem. 17, 4057–4063. doi:10.1039/b707304f
 Li, Z., Kupcsik, L., Yao, S.-J., Alini, M., and Stoddart, M. J. (2010). Mechanical Load Modulates Chondrogenesis of Human Mesenchymal Stem Cells through the TGF-β Pathway. J. Cell. Mol. Med. 14, 1338–1346. doi:10.1111/j.1582-4934.2009.00780.x
 Lin, S., Cui, L., Chen, G., Huang, J., Yang, Y., Zou, K., et al. (2019). PLGA/β-TCP Composite Scaffold Incorporating Salvianolic Acid B Promotes Bone Fusion by Angiogenesis and Osteogenesis in a Rat Spinal Fusion Model. Biomaterials 196, 109–121. doi:10.1016/j.biomaterials.2018.04.004
 Liu, M., and Nemat-Nasser, S. (1998). The Microstructure and Boundary Phases of In-Situ Reinforced Silicon Nitride. Mater. Sci. Eng. A 254, 242–252. doi:10.1016/s0921-5093(98)00679-0
 Longoni, A., Knežević, L., Schepers, K., Weinans, H., Rosenberg, A. J. W. P., and Gawlitta, D. (2018). The Impact of Immune Response on Endochondral Bone Regeneration. Npj Regen. Med. 3, 22. doi:10.1038/s41536-018-0060-5
 Montoya, C., Du, Y., Gianforcaro, A. L., Orrego, S., Yang, M., and Lelkes, P. I. (2021). On the Road to Smart Biomaterials for Bone Research: Definitions, Concepts, Advances, and Outlook. Bone Res. 9, 12. doi:10.1038/s41413-020-00131-z
 Morlock, M., Schneider, E., Bluhm, A., Vollmer, M., Bergmann, G., Müller, V., et al. (2001). Duration and Frequency of Every Day Activities in Total Hip Patients. J. Biomech. 34, 873–881. doi:10.1016/s0021-9290(01)00035-5
 Moskalewicz, T., Zimowski, T., Zych, A., Aukaszczyk, A., Reczzdska, K., Pamuba, E., et al. (2018). Electrophoretic Deposition, Microstructure and Selected Properties of Composite Alumina/Polyetheretherketone Coatings on the Ti-13Nb-13Zr Alloy. J. Electrochem. Soc. 165, D116–D128. doi:10.1149/2.0681803jes
 Murphy, C. M., Haugh, M. G., and O'brien, F. J. (2010). The Effect of Mean Pore Size on Cell Attachment, Proliferation and Migration in Collagen-Glycosaminoglycan Scaffolds for Bone Tissue Engineering. Biomaterials 31, 461–466. doi:10.1016/j.biomaterials.2009.09.063
 Nam, J., Johnson, J., Lannutti, J. J., and Agarwal, S. (2011). Modulation of Embryonic Mesenchymal Progenitor Cell Differentiation via Control over Pure Mechanical Modulus in Electrospun Nanofibers. Acta Biomater. 7, 1516–1524. doi:10.1016/j.actbio.2010.11.022
 Naskar, D., Ghosh, A. K., Mandal, M., Das, P., Nandi, S. K., and Kundu, S. C. (2017). Dual Growth Factor Loaded Nonmulberry Silk Fibroin/carbon Nanofiber Composite 3D Scaffolds for In Vitro and In Vivo Bone Regeneration. Biomaterials 136, 67–85. doi:10.1016/j.biomaterials.2017.05.014
 Oh, S. H., An, D. B., Kim, T. H., and Lee, J. H. (2016). Wide-range Stiffness Gradient PVA/HA Hydrogel to Investigate Stem Cell Differentiation Behavior. Acta Biomater. 35, 23–31. doi:10.1016/j.actbio.2016.02.016
 Oyane, A., Uchida, M., Choong, C., Triffitt, J., Jones, J., and Ito, A. (2005). Simple Surface Modification of Poly(ε-Caprolactone) for Apatite Deposition from Simulated Body Fluid. Biomaterials 26, 2407–2413. doi:10.1016/j.biomaterials.2004.07.048
 Peppas, N. A., Hilt, J. Z., Khademhosseini, A., and Langer, R. (2006). Hydrogels in Biology and Medicine: From Molecular Principles to Bionanotechnology. Adv. Mater. 18, 1345–1360. doi:10.1002/adma.200501612
 Pezzotti, G., Mcentire, B. J., Bock, R., Zhu, W., Boschetto, F., Rondinella, A., et al. (2016). In Situ Spectroscopic Screening of Osteosarcoma Living Cells on Stoichiometry-Modulated Silicon Nitride Bioceramic Surfaces. ACS Biomater. Sci. Eng. 2, 1121–1134. doi:10.1021/acsbiomaterials.6b00126
 Pezzotti, G., Bock, R. M., Adachi, T., Rondinella, A., Boschetto, F., Zhu, W., et al. (2017a). Silicon Nitride Surface Chemistry: A Potent Regulator of Mesenchymal Progenitor Cell Activity in Bone Formation. Appl. Mater. Today 9, 82–95. doi:10.1016/j.apmt.2017.05.005
 Pezzotti, G., Marin, E., Adachi, T., Rondinella, A., Boschetto, F., Zhu, W., et al. (2017b). Bioactive Silicon Nitride: A New Therapeutic Material for Osteoarthropathy. Sci. Rep. 7, 44848. doi:10.1038/srep44848
 Pezzotti, G. (2019). Silicon Nitride: A Bioceramic with a Gift. ACS Appl. Mater. Inter. 11, 26619–26636. doi:10.1021/acsami.9b07997
 Rabe, M., Verdes, D., and Seeger, S. (2009). Surface-Induced Spreading Phenomenon of Protein Clusters. Soft Matter 5, 1039–1047. doi:10.1039/b814053g
 Rambo, W. M. (2018). Treatment of Lumbar Discitis Using Silicon Nitride Spinal Spacers: A Case Series and Literature Review. Int. J. Surg. case Rep. 43, 61–68. doi:10.1016/j.ijscr.2018.02.009
 Rath, B., Nam, J., Knobloch, T. J., Lannutti, J. J., and Agarwal, S. (2008). Compressive Forces Induce Osteogenic Gene Expression in Calvarial Osteoblasts. J. Biomech. 41, 1095–1103. doi:10.1016/j.jbiomech.2007.11.024
 Sainz, M. A., Serena, S., Belmonte, M., Miranzo, P., and Osendi, M. I. (2020). Protein Adsorption and In Vitro Behavior of Additively Manufactured 3D-Silicon Nitride Scaffolds Intended for Bone Tissue Engineering. Mater. Sci. Eng. C. 115, 110734. doi:10.1016/j.msec.2020.110734
 Saura, M., Tarin, C., and Zaragoza, C. (2010). Recent Insights into the Implication of Nitric Oxide in Osteoblast Differentiation and Proliferation during Bone Development. ScientificWorldJournal 10, 624–632. doi:10.1100/tsw.2010.58
 Schaffler, M. B., Radin, E. L., and Burr, D. B. (1990). Long-term Fatigue Behavior of Compact Bone at Low Strain Magnitude and Rate. Bone 11, 321–326. doi:10.1016/8756-3282(90)90087-f
 Schairer, D. O., Chouake, J. S., Nosanchuk, J. D., and Friedman, A. J. (2012). The Potential of Nitric Oxide Releasing Therapies as Antimicrobial Agents. Virulence 3, 271–279. doi:10.4161/viru.20328
 Schell, H., Thompson, M. S., Bail, H. J., Hoffmann, J.-E., Schill, A., Duda, G. N., et al. (2008). Mechanical Induction of Critically Delayed Bone Healing in Sheep: Radiological and Biomechanical Results. J. Biomech. 41, 3066–3072. doi:10.1016/j.jbiomech.2008.06.038
 Schreivogel, S., Kuchibhotla, V., Knaus, P., Duda, G. N., and Petersen, A. (2019). Load‐induced Osteogenic Differentiation of Mesenchymal Stromal Cells Is Caused by Mechano‐regulated Autocrine Signaling. J. Tissue Eng. Regen. Med. 13, 1992–2008. doi:10.1002/term.2948
 Seabra, A. B., Pelegrino, M. T., and Haddad, P. S. (2016). “Can Nitric Oxide Overcome Bacterial Resistance to Antibiotics,” in Antibiotic Resistance ed . Editors K. Kon, and M. Rai ( Academic Press), 187–204. doi:10.1016/b978-0-12-803642-6.00009-5
 Serra, D. O., Richter, A. M., Klauck, G., Mika, F., and Hengge, R. (2013). Microanatomy at Cellular Resolution and Spatial Order of Physiological Differentiation in a Bacterial Biofilm. mBio 4, e00103–00113. doi:10.1128/mbio.00103-13
 Shie, M.-Y., Ding, S.-J., and Chang, H.-C. (2011). The Role of Silicon in Osteoblast-like Cell Proliferation and Apoptosis. Acta Biomater. 7, 2604–2614. doi:10.1016/j.actbio.2011.02.023
 Slaughter, B. V., Khurshid, S. S., Fisher, O. Z., Khademhosseini, A., and Peppas, N. A. (2009). Hydrogels in Regenerative Medicine. Adv. Mater. 21, 3307–3329. doi:10.1002/adma.200802106
 Stecher, B., Hapfelmeier, S., Müller, C., Kremer, M., Stallmach, T., and Hardt, W.-D. (2004). Flagella and Chemotaxis Are Required for Efficient Induction of Salmonella enterica Serovar Typhimurium Colitis in Streptomycin-Pretreated Mice. Infect. Immun. 72, 4138–4150. doi:10.1128/iai.72.7.4138-4150.2004
 Stecher, B., Chaffron, S., Käppeli, R., Hapfelmeier, S., Freedrich, S., Weber, T. C., et al. (2010). Like Will to like: Abundances of Closely Related Species Can Predict Susceptibility to Intestinal Colonization by Pathogenic and Commensal Bacteria. Plos Pathog. 6, e1000711. doi:10.1371/journal.ppat.1000711
 Taylor, D., Hazenberg, J. G., and Lee, T. C. (2007). Living with Cracks: Damage and Repair in Human Bone. Nat. Mater 6, 263–268. doi:10.1038/nmat1866
 Webster, T. J., Patel, A. A., Rahaman, M. N., and Sonny Bal, B. (2012). Anti-infective and Osteointegration Properties of Silicon Nitride, Poly(Ether Ether Ketone), and Titanium Implants. Acta Biomater. 8, 4447–4454. doi:10.1016/j.actbio.2012.07.038
 Wu, X., Walsh, K., Hoff, B. L., and Camci-Unal, G. (2020). Mineralization of Biomaterials for Bone Tissue Engineering. Bioengineering 7, 132. doi:10.3390/bioengineering7040132
 Yao, X., Peng, R., and Ding, J. (2013). Cell-Material Interactions Revealed via Material Techniques of Surface Patterning. Adv. Mater. 25, 5257–5286. doi:10.1002/adma.201301762
 Yu, L., and Ding, J. (2008). Injectable Hydrogels as Unique Biomedical Materials. Chem. Soc. Rev. 37, 1473–1481. doi:10.1039/b713009k
 Yue, S., He, H., Li, B., and Hou, T. (2020). Hydrogel as a Biomaterial for Bone Tissue Engineering: A Review. Nanomaterials 10, 1511. doi:10.3390/nano10081511
 Zanocco, M., Marin, E., Rondinella, A., Boschetto, F., Horiguchi, S., Zhu, W., et al. (2019). The Role of Nitrogen Off-Stoichiometry in the Osteogenic Behavior of Silicon Nitride Bioceramics. Mater. Sci. Eng. C 105, 110053. doi:10.1016/j.msec.2019.110053
 Zhang, Z.-Y., Teoh, S. H., Chong, W.-S., Foo, T.-T., Chng, Y.-C., Choolani, M., et al. (2009). A Biaxial Rotating Bioreactor for the Culture of Fetal Mesenchymal Stem Cells for Bone Tissue Engineering. Biomaterials 30, 2694–2704. doi:10.1016/j.biomaterials.2009.01.028
 Zhang, X., Li, Y., Chen, Y. E., Chen, J., and Ma, P. X. (2016). Cell-free 3D Scaffold with Two-Stage Delivery of miRNA-26a to Regenerate Critical-Sized Bone Defects. Nat. Commun. 7, 10376. doi:10.1038/ncomms10376
 Zhang, T., Lin, S., Shao, X., Shi, S., Zhang, Q., Xue, C., et al. (2018). Regulating Osteogenesis and Adipogenesis in Adipose-Derived Stem Cells by Controlling Underlying Substrate Stiffness. J. Cel. Physiol. 233, 3418–3428. doi:10.1002/jcp.26193
 Zhang, B., Skelly, J. D., Maalouf, J. R., Ayers, D. C., and Song, J. (2019). Multifunctional Scaffolds for Facile Implantation, Spontaneous Fixation, and Accelerated Long Bone Regeneration in Rodents. Sci. Transl Med. 11, eaau7411. doi:10.1126/scitranslmed.aau7411
 Zhou, K., Yu, P., Shi, X., Ling, T., Zeng, W., Chen, A., et al. (2019). Hierarchically Porous Hydroxyapatite Hybrid Scaffold Incorporated with Reduced Graphene Oxide for Rapid Bone Ingrowth and Repair. ACS Nano 13, 9595–9606. doi:10.1021/acsnano.9b04723
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Lee, Laganenka, Du, Hardt and Ferguson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-09-794586-g005.gif





OPS/images/fbioe-09-794586-g006.gif





OPS/images/fbioe-09-794586-g003.gif





OPS/images/fbioe-09-794586-g004.gif





OPS/images/math_qu2.gif
% Interconnected porosity = (W, =W ,4)/W, x 100,





OPS/images/fbioe-09-794586-g007.gif





OPS/images/math_qu1.gif
Swelling ratio (Q)

(W /W) x 100,





OPS/xhtml/nav.xhtml
Contents

		Cover

		Silicon Nitride, a Bioceramic for Bone Tissue Engineering: A Reinforced Cryogel System With Antibiofilm and Osteogenic Effects		Introduction

		Materials and Methods		Fabrication of Gelatin/Chitosan Cryogel and Silicon Nitride Reinforced Cryogel

		Silicon Nitride Loading Efficiency Measurement

		Scanning Electron Microscopy

		Mechanical Test

		Swelling Ratio and Interconnected Porosity Measurement

		Enzyme-Mediated Degradation of Cryogel

		Apatite Formation of Scaffolds in Simulated Body Fluid Immersion and ICP Analysis

		Protein Adsorption Analysis

		Hemolysis Rate Testing

		Antibiofilm and Antibacterial Activity Analysis

		Live and Dead Assay and Proliferation Rate

		Actin/DAPI Staining and Analysis

		In Vitro Osteogenic Differentiation

		Bioreactor and Cyclic Loading Setup

		ALP and ARS Staining

		Real-Time Quantitative PCR Analysis

		Statistical Analysis





		Results		Fabrication of Silicon Nitride Reinforced Gelatin/Chitosan Cryogel

		Characterization of SiN-GC Cryogels

		Bioactivity of SiN-GC Cryogels

		Antibiofilm Activity and Inhibition of Bacterial Attachment of SiN-GC Cryogels

		Cellular Activity and Proliferation of SiN-GC Cryogels

		Mineralization and Osteogenic Effect of SiN-GC Cryogels

		Osteogenic Profile of SiN-GC Cryogels Under Cyclic Loading in the Bioreactor





		Discussion

		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Bioengineering and Biotechnology

Silicon Nitride, a Bioceramic for
Bone Tissue Engineering: A
Reinforced Cryogel System With

Antibiofilm and Osteogenic
Effects





OPS/images/fbioe-09-794586-g001.gif





OPS/images/fbioe-09-794586-g002.gif





OPS/images/math_qu3.gif
100 = ((W=W, )/W, x 100),










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Bioengineering and Biotechnology





