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Nanofibers show promise as bone tissue engineering scaffolds (BTESs). In this study, electrospun poly (lactic-co-glycolic acid) (PLGA)/silicon nitride (Si3N4) composite nanofiber membranes were formed and the osteogenesis capability of mesenchymal stem cells (MSC) from the scaffold marrow was investigated. By modifying the different properties of Si3N4 in the PLGA, two hybrid scaffolds were successfully prepared, including the PLGA/Si3N4 (1 wt.%) nanofiber scaffold and PLGA/Si3N4 (2 wt.%) nanofiber scaffold. The diameter of the fiber nanofiber scaffold PLGA/Si3N4 was decreased and the mechanical strength was increased compared to PLGA. In vitro studies showed better cell adhesion and proliferation on the PLGA/Si3N4 nanofiber scaffold compared to the PLGA nanofiber scaffold. The integration of Si3N4 promoted osteogenesis capacity by increasing the gene expression of bone-related proteins (BMP2, ALP, OPN, COL1a1, Runx2, and OCN), calcium deposits, and support of ALP activity compared to those for the PLGA nanofiber scaffold. Similarly, the PLGA/Si3N4 (2 wt.%) nanofiber scaffold showed better mechanics and biological activity compared to the PLGA/Si3N4 (1 wt.%) nanofiber scaffold. Overall, the PLGA/Si3N4 nanofiber scaffold showed potential as a promising hybrid scaffold for bone regeneration.
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INTRODUCTION
The demand is large for a graft or bone substitute to heal bone defects resulting from trauma, bone infections, osteomyelitis, necrosis, and tumors. BTES have been used as bone graft substitutes and overcome the limitations of all-/autografts.
From perspectives of developmental biology and tissue regeneration, an ideal BTES is designed by considering the following aspects: appropriate mechanical strength, biological signaling factors, biomimetic structure, and selection of proper cell lineage (Lopes et al., 2018).
Natural and synthetic polymers with good biocompatibility are commonly used in the construction of BTES (Bharadwaz and Jayasuriya, 2020). While flexibility in processing and stability in artificial and mechanical strength are some advantages of synthetic polymers, they may lead to weak immune responses (Tamayol et al., 2013). Synthetic polymers such as polycaprolactone (PCL) (Heydari et al., 2017), poly (glycolic acid) (PGA) (Telemeco et al., 2005), poly (lactic-co-glycolic acid) (PLGA) (Loureiro et al., 2020), polyhydroxybutyrate (PHB) (Zhou et al., 2017), poly (propylene fumarate) (PPF) (Diez-Pascual and Diez-Vicente, 2017), and polycaprolactone (PLGA) show high-level mechanical properties (Bose et al., 2012). PLGA additionally shows high compatibility, as well as good biodegradability, chemical stability, thermal stability, nontoxicity, and histocompatibility and is widely used in the production and processing of drug carriers and tissue engineering scaffolds, and for wound healing [10]. The hydrophobic surface of PLGA results from ester bonds and high molecular weight, which lead to decreased surface wettability, which is a challenge in scaffold construction (Miguel et al., 2018). In addition, the low mechanical strength of pure PLGA scaffolds limits its application in osteogenic repair (Ji et al., 2011). Different forms of PLGA, such as porous scaffolds, films, fibers, nanoparticles, and microspheres, have been designed to overcome these shortcomings (Bose et al., 2018); Compounding with other materials is also another method used for the optimization of this polymer (Turnbull et al., 2018).
The most common fillers in BTES are bioactive glass (Turnbull et al., 2018), ceramic, and nanosheet materials such as Laponite, black phosphorus, graphene, and oxide. Compared to other organic 2D sheet materials, the covalent Si-N bonds of Si3N4 show cleavage. A silicon-rich layer is formed on the substrate surface, promoting hydroxyapatite formation and hydroxyapatite cell adhesion like bioactive glass. This method produces bioactive materials with the strongest known osseointegration ability (Zanocco et al., 2019). Moreover, the nitrogen released from Si3N4 plays a fundamental role in stimulating bone21 and also provides an antibacterial effect (Boschetto et al., 2020). The angiogenic and osteogenic activities of silicon ions have also been widely reported. Multiscale porous structures could provide enhanced protein adsorption (Zhu et al., 2017), regulation of cell behavior related to osteogenic differentiation (Kim et al., 2017), and vascular ingrowth, which is the precursor and basis for bone formation (Stegen et al., 2015). Electrospinning is a more effective and advantageous method to manage the final unique structures and properties of scaffolds compared to 3D printing and other traditional methods (Jun et al., 2018).
Based on the excellent osteogenic regeneration potential of Si3N4, this study fabricated a novel composite scaffold doped with PLGA and Si3N4 by electrospinning (Figure 1). This work aimed to integrate the desired properties of PLGA and Si3N4 in a nanofiber scaffold. The surface topography, mechanical characteristics, and bioactivity of the scaffolds were examined by SEM, tension test, and MTT assay. This nanofiber scaffold may contribute to improved bone regeneration.
[image: Figure 1]FIGURE 1 | Schematic diagram of the PLGA/Si3N4 nanofiber scaffold fabrication. The addition of Si3N4 promotes the osteogenic inductive ability of MSCs on the scaffold.
MATERIALS AND METHODS
Fabrication of PLGA/Si3N4 scaffolds
The desired amount of PLGA (240 mg) was dissolved in 2 ml of hexafluoroisopropanol (HFIP, Macklin, China) solvent and stirred for 24 h. Separately, Si3N4 (20–50nm, XFnano, China) particle powders were well dispersed in HFIP solvent. The two solutions were mixed by stirring for 24 h. The concentration of PLGA in HFIP was 12% w/v, while the Si3N4 amounts varied according to PLGA. The scaffolds were constructed on an electrospinning machine (YFSP-T, Yunfan (Tianjin) Instrument Co., Ltd., China). Finally, PLGA, PLGA/Si3N4 (1 wt.%), and PLGA/Si3N4(2 wt.%) nanofiber scaffolds were fabricated.
Characterization of the nanofiber scaffolds
A scanning electron microscope (SEM, Zeiss, Axiovert 200, Germany) was used to assess the morphology of the electrospun PLGA, PLGA/Si3N4 (1 wt.%), and PLGA/Si3N4 (2 wt.%) nanofiber scaffolds. All scaffolds were analyzed by SEM sputtered with a gold layer. Additionally, 30 pieces from each group were cached to calculate fiber diameters by using Image J pro.
The mechanical properties of the PLGA, PLGA/Si3N4 (1 wt.%), and PLGA/Si3N4 (2 wt.%) nanofiber scaffold were characterized using the same sample size (30 × 10 mm2). The mechanical properties were assessed using a universal mechanical testing machine (Instron 68SC-05, United States) at a crosshead speed of 1.5 mm/min.
Cytocompatibility assessment of MSCs
Marrow mesenchymal stem cells (MSCs) were cultured on the different scaffolds marked as control, PLGA nanofiber scaffold, PLGA/Si3N4 (1 wt.%) nanofiber scaffold, and PLGA/Si3N4 (2 wt.%) nanofiber scaffold for 3 days. The MTT assay (Sigma-Aldrich, United States) was used to evaluate MSC proliferation after cell seeding on the scaffolds and without a scaffold (control).
After the MSCs were cultured on the PLGA, PLGA/Si3N4 (1 wt.%), and PLGA/Si3N4 (2 wt.%) nanofiber scaffolds for 3 days, the MSCs-nanofiber scaffolds were incubated with 1 μM calcein-AM and 1 μM PI for 30 min while protected from light. After washing three times with phosphate-buffered saline (PBS), images of cell morphology and cell interaction with the nanofiber scaffold in each group were captured using a fluorescence imaging microscope (Zeiss, Axiovert 200, Germany).
Gene expression
After the MSCs were cultured on the Control and PLGA, PLGA/Si3N4 (1 wt.%), and PLGA/Si3N4 (2 wt.%) nanofiber scaffolds for 3, 7, and 14 days, real-time qPCR (qRT-qPCR) was performed. The primers for these are shown in Table 1.
TABLE 1 | Primers used for the qRT-PCR analysis.
[image: Table 1]Alkaline phosphatase activity assay
After the MSCs were cultured on the Control and PLGA, PLGA/Si3N4 (1 wt.%), and PLGA/Si3N4 (2 wt.%) nanofiber scaffolds for 7 days, alkaline phosphatase activity (ALP) was measured as previously described (Solarbio, China) (Yin et al., 2011).
Alizarin red S staining
After the MSCs were cultured on the Control and PLGA, PLGA/Si3N4 (1 wt.%), and PLGA/Si3N4 (2 wt.%) nanofiber scaffolds for 7 days, ARS (Sigma-Aldrich, United States) staining was performed.
Statistical analysis
One-way analysis of variances (ANOVA) was used to compare more than two groups. Quantitative data were expressed as mean ± SD, with *p < 0.05, **p < 0.01, and ***p < 0.001 considered statistically significant.
RESULTS AND DISCUSSION
Characterization of the nanofiber scaffolds
The microstructures of the PLGA, PLGA/Si3N4 (1 wt.%), and PLGA/Si3N4 (2 wt.%) nanofiber scaffolds were observed by SEM, as shown in Figure 2. The addition of Si3N4 made the nanofiber scaffolds more uniform in size (Figure 2A). The diameter of pure PLGA nanofiber scaffold fibers ranged from 200 to 900 nm, with an average diameter of 429.3 ± 136.7 nm (Figures 2B,C). The composite PLGA/Si3N4 (1 wt.%) nanofiber scaffold showed a fiber diameter of around 100–500 nm, with an average diameter of 268.2 ± 66.7 nm. The further increase of Si3N4 up to 2 wt.% in the PLGA/Si3N4 (1 wt.%) nanofiber scaffold decreased the range of fibers to 100–300 nm, with an average diameter of 175.7 ± 24.1 nm. Compared to the PLGA nanofiber scaffold and PLGA/Si3N4 (1 wt.%) nanofiber scaffold, the PLGA/Si3N4 (2 wt.%) nanofiber scaffold showed a smaller average diameter.
[image: Figure 2]FIGURE 2 | Characterization of the PLGA nanofiber scaffold, PLGA/Si3N4(1 wt.%) nanofiber scaffold, and PLGA/Si3N4 (2 wt.%) nanofiber scaffold. (A) SEM images of the electrospinning fibrous scaffolds and Si3N4. Scale bar: 2000 nm. (B) distribution of fiber diameters in the nanofiber scaffolds. (C) average fiber diameter of the nanofiber scaffolds. (D) typical tensile stress-strain curves of the nanofiber scaffolds. (E) maximum tensile stress of the nanofiber scaffolds. (F) Young’s modulus of the nanofiber scaffolds. (G) XRD and (H) FTIR results for different groups of Si3N4, PLGA, PLGA/Si3N4 (1 wt.%), and PLGA/Si3N4 (2 wt.%).
The stress-stress curves for the PLGA, PLGA/Si3N4 (1 wt.%), and PLGA/Si3N4 (2 wt.%) nanofiber scaffolds are shown in Figure 2D. The mechanical properties of the scaffolds are shown in Figures 2E,F. In the case of PLGA nanofiber scaffolds, the average maximum tensile strength and tensile modulus were 5.38 ± 0.37 (MPa) and 35.86 ± 0.95 (MPa), respectively. At 1 wt.% and 2 wt.% of Si3N4, the average final tensile strength significantly increased to 7.19 ± 0.11 (MPa) and 7.94 ± 0.15 (MPa), respectively. The Young’s modulus also significantly increased to 38.28 ± 0.52 (MPa) and 42.46 ± 0.57 (Mpa), respectively.
The mechanism by which inorganic nanoparticles enhance the polymer phase was summarized in a previous study (Li et al., 2018). Similarly, PLGA nanofiber scaffold chains combine on the surface of Si3N4, producing more loops, tails, and strands. As a result, the fiber diameter of the PLGA/Si3N4 nanofiber scaffolds decreased with increasing Si3N4 content. A higher mechanical strength of the periosteum is more favorable for the osteogenic differentiation of BMSCs (Yang et al., 2021). Compared to smooth surfaces, the rougher surfaces of the PLGA/Si3N4 nanofiber scaffolds were favorable for osteogenic differentiation of bone marrow mesenchymal stem cells. Finally, interconnected porosity with an adequate pore size benefits the diffusion of growth factors, cells, oxygen, and nutrients and the exchange of waste products throughout the scaffold.
The results of XRD and FTIR showed that Si3N4 was compounded into the PLGA matrix. The mainly XRD diffraction peaks of Si3N4 appeared clearly in the Si3N4, PLGA/Si3N4 (1 wt.%), and PLGA/ Si3N4 (2 wt.%) groups, while PLGA showed amorphous peaks from 20° to 30°. Regarding the FTIR of Si3N4, the absorption peak of the Si-N bond is in the range of 800–1100 cm−1 while 1631 cm−1 is the shear vibration of -NH. Regarding the FTIR of PLGA, the absorption peaks at 2954 cm−1 and 2923 cm−1 are caused by the stretching vibrations of methyl and methylene, while the strong absorption peaks at 1759, 1182, and 1132 cm−1 represent the stretching vibrations of C=O, C-O-C, and C-O bonds, respectively. Most of the characteristic peaks from different materials were displayed on PLGA/Si3N4 (1 wt.%) and PLGA/Si3N4 (2 wt.%), as in XRD, which proved the addition of Si3N4 to the PLGA matrix.
Biocompatibility of the nanofiber scaffolds
To verify cell proliferation and cytotoxicity of the nanofiber, the cell viability on the scaffolds was assessed by MTT assay. As shown in Figure 3A, a higher number of live cells was observed on the PLGA/Si3N4 (2 wt.%) scaffold compared to those on the pure PLGA and PLGA/Si3N4 (1 wt.%) scaffolds.
[image: Figure 3]FIGURE 3 | Control, PLGA nanofiber scaffold, PLGA/Si3N4 (1 wt.%) nanofiber scaffold, and PLGA/Si3N4 (2 wt.%) nanofiber scaffold cultured with MSCs for 3 days. (A) MTT assay results. (B) calcein-AM/PI stained for cell viability. scale bar: 800 μm. (C) SEM results. Scale bar: 200 μm.
The results of staining to assess the viability of MSCs using live and dead cells are shown in Figure 3B. More surviving cells were observed on the PLGA/Si3N4 nanofiber scaffolds. A slightly higher number of cells was present on the PLGA/Si3N4 (2 wt.%) nanofiber scaffold compared to the PLGA/Si3N4 (1 wt.%) nanofiber scaffold. Moreover, the MSCs on the PLGA/Si3N4 (2 wt.%) nanofiber scaffold showed abundant acicular tentacles, which indicated better cell adhesion. The results showed that the PLGA/Si3N4 (2 wt.%) nanofiber scaffold effectively supported MSC proliferation.
In vitro cellular responses including cell morphology and spreading are shown in Figure 3C. The PLGA matrix surfaces showed fewer cells compared to the PLGA/Si3N4 nanofiber scaffolds, likely due to the hydrophobic surface of the PLGA nanofiber scaffold. The overall cell morphology could be profoundly influenced by the micro-scale patterns (Rahmati et al., 2020). Several cells that were more spread out were observed on the PLGA/Si3N4 (1 wt.%) nanofiber scaffold. Higher numbers of adherent and spreading cells were observed on the PLGA/Si3N4 (2 wt.%) nanofiber scaffold due to the additional Si3N4.
PLGA/Si3N4 nanofiber scaffolds showed good biocompatibility and supported MSC adhesion, as shown by the results of the MTT assays, calcein-AM/PI staining, and SEM (Figure 3). Increased Si3N4 in the scaffold showed better effects on supporting cell growth, as demonstrated by the higher OD value of PLGA/Si3N4 (2 wt.%) nanofiber scaffold compared to that for the PLGA/Si3N4 (1 wt.%) nanofiber scaffold. The biocompatibility of silicon nitride has been established since the late 1980s. Three months after the implantation of silicon nitride ceramics into the bone marrow cavity of the rabbit femur, no inflammatory reaction in the tissue around the implant was observed (Howlett et al., 1989). Based on these results, scaffolds consisting of Si3N4 could enable efficient cell adhesion and proliferation.
Enhanced osteogenic differentiation by PLGA/Si3N4 in vitro
To evaluate the effect of Si3N4 nanoparticles on promoting osteogenic differentiation, qRT-PCR was performed to determine the gene expression levels of BMP2, ALP, OPN, COL1a1, Runx2, and OCN. PLGA/Si3N4 (1 wt.%) and PLGA/Si3N4 (2 wt.%) showed increased gene expression levels compared to those in PLGA (Figure 4). With the addition of a higher Si3N4 dose (2 wt.%), the nanofiber scaffold showed higher expression levels of osteogenic markers compared to a lower Si3N4 dose (1 wt.%). More specifically, as shown in Figure 4, PLGA/Si3N4 with 1 wt.% and 2 wt.% showed higher gene expression levels of BMP2 (on days 3 and 14 ), ALP (on days 7 and 14), OPN (on days 3 and 7), COL1a1 (on days 3 and 14), Runx2 (on day 14), and OCN (on day 3). PLGA/Si3N4 (1 wt.%) showed higher gene expression levels than those in PLGA for BMP2 (days 3 and 14), ALP (days 7 and 14), OPN (days 3 and 7), COL1a1 (day 3), Runx2 (day 14), and OCN (day 14). PLGA/Si3N4 (2 wt.%) had higher gene expression levels than those in PLGA for BMP2 (days 3 and 14), ALP (days 7 and 14), OPN (days 3 and 7), COL1a1 (days 3, 7, and 14), Runx2 (days 3 and 14), and OCN (days 3, 7, and 14). Overall, PLGA/Si3N4 (2 wt.%) showed a nearly 2-fold increase in BMP2 expression, 3.1-fold in ALP, 1.4-fold in OPN, 1.5-fold in COL1a1, 0.6-fold in Runx2, and 1.9-fold in OCN to 14 days. Overall, PLGA containing Si3N4 (1 wt.%) and Si3N4 (2 wt.%) significantly supported the gene expression of bone-related proteins.
[image: Figure 4]FIGURE 4 | Gene expression of MSCs cultured on the PLGA nanofiber scaffold, PLGA/Si3N4 (1 wt.%) nanofiber scaffold, and PLGA/Si3N4 (2 wt.%) nanofiber scaffold for 3, 7, and 14 days. (A) BMP2 expression. (B) ALP expression. (C) OPN expression. (D) COL1a1 expression. (E) Runx2 expression. (F) OCN expression.
In addition, the PLGA/Si3N4 scaffold osteogenic performance was assessed according to mineralization measured by ARS (Figure 5A) and ALP activity (Figure 5B). On the seventh day, the PLGA/Si3N4 (1 wt.%) nanofiber membrane gradually showed deeper ARS staining compared to that in the PLGA nanofiber membrane. With an increase in Si3N4 from 1 wt.% to 2 wt.%, the PLGA/Si3N4 (2 wt.%) nanofiber membrane showed the darkest red and most calcium nodes in MSC. ARS staining increased with increased Si3N4 concentration, suggesting that Si3N may support the formation of calcium nodes. Additionally, the ALP activity was consistent with the results of alizarine red staining. Compared to the PLGA nanofiber membrane, ALP activity increased from 1 wt.% to 2 wt.% Si3N4, with the PLGA/Si3N4 (2 wt.%) nanofiber membrane showing the highest ALP activity. PLGA/Si3N4 (2 wt.%) also stimulated higher levels of in vitro mineralization compared to PLGA/Si3N4 (1 wt.%).
[image: Figure 5]FIGURE 5 | Nanofiber scaffolds supported osteogenic differentiation. (A) ARS staining of the nanofiber scaffolds at 7 days. The ARS solution stains calcium deposits red, with darker red indicating more calcium deposits. (B) ALP activity assay at 7 days for the nanofiber scaffold, PLGA/Si3N4 (1 wt.%) nanofiber scaffold, and PLGA/Si3N4(2 wt.%) nanofiber scaffold.
As a regulated molecule in osteogenic differentiation, BMP2 plays important roles in the whole process of endochondral ossification (Peng et al., 2005). The addition of Si3N4 can significantly promote the autocrine and paracrine signals of BMP2 to promote osteogenesis. Furthermore, bone formation and regeneration is a complex multi-factor process, in which transcription factors are important influencing factors. High expression of active ALP and RUNX2 indicates osteoblast differentiation into mature osteocytes (Chen et al., 2016). As the Si3N4 content increased, the expression of osteogenic promoter genes significantly increased, thus demonstrating the ability of Si3N4 to promote osteogenesis. Similarly, the expression and maintenance of the extracellular matrix are also important signals for BMSCs in osteogenic differentiation. During long-term culture (14 days), COL1a1 and OCN expression levels were significantly higher in PLGA/Si3N4 (2 wt.%) nanofiber scaffolds compared to the levels in the other scaffolds.
The control showed hardly any ARS coloring, while each composite membrane showed bright red coloring. Among them, PLGA/Si3N4 nanofiber scaffold (2 wt.%) showed the deepest red due to an appropriate osteogenic mechanical microenvironment. These results validate the osteogenic effects of PLGA/Si3N4 electrospun films.
CONCLUSION
This study successfully manufactured a Si3N4-integrated PLGA nanofiber scaffold using the electrospinning technique. This scaffold showed good biological and mechanical properties. The Si3N4 nanoparticle composition significantly facilitated osteogenic differentiation and mineralization of MSCs in vitro based on different Si3N4 content, revealing the role of Si3N4 in electrospun nanofiber scaffolds. These results verify the potential of PLGA/Si3N4 scaffolds for BTES.
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