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The guided tissue regeneration (GTR) technique is a promising treatment for periodontal tissue defects. GTR membranes build a mechanical barrier to control the ingrowth of the gingival epithelium and provide appropriate space for the regeneration of periodontal tissues, particularly alveolar bone. However, the existing GTR membranes only serve as barriers and lack the biological activity to induce alveolar bone regeneration. In this study, sericin-hydroxyapatite (Ser-HAP) composite nanomaterials were fabricated using a biomimetic mineralization method with sericin as an organic template. The mineralized Ser-HAP showed excellent biocompatibility and promoted the osteogenic differentiation of human periodontal membrane stem cells (hPDLSCs). Ser-HAP was combined with PVA using the freeze/thaw method to form PVA/Ser-HAP membranes. Further studies confirmed that PVA/Ser-HAP membranes do not affect the viability of hPDLSCs. Moreover, alkaline phosphatase (ALP) staining, alizarin red staining (ARS), and RT-qPCR detection revealed that PVA/Ser-HAP membranes induce the osteogenic differentiation of hPDLSCs by activating the expression of osteoblast-related genes, including ALP, Runx2, OCN, and OPN. The unique GTR membrane based on Ser-HAP induces the differentiation of hPDLSCs into osteoblasts without additional inducers, demonstrating the excellent potential for periodontal regeneration therapy.
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INTRODUCTION
The repair of periodontal bone defects caused by periodontitis, infection, and trauma remains a challenge in clinical treatment (Orlandi et al., 2021). The guided tissue regeneration (GTR) technique is the mainstay therapy for periodontal bone defects. This generally combines bone meal with a GTR membrane to promote alveolar bone reconstruction. GTR membranes are most frequently used to restrain the ingrowth of fibrous tissue and create a suitable space for alveolar bone regeneration (Aral et al., 2020; Zhang et al., 2021; Zheng et al., 2021). Ideal GTR membranes should have an appropriate mechanical strength and be able to induce the osteogenic differentiation of autologous stem cells at the site of the alveolar bone defect (Liao et al., 2021; Woo et al., 2021). Currently, GTR membranes are prepared by combining the advantages of different biomaterials into composites. Inorganic materials (HAP, Zinc, tricalcium phosphate, etc.) and polymers (chitosan, gelatin, PCL, PLGA, etc.) were used for periodontal tissue regeneration. Wu et al. successfully fabricated biocompatible chitin hydrogel films incorporated with ZnO and found that composite GTR membrane has excellent antibacterial abilities and can effectively promote periodontal repair (Wu et al., 2021). However, the most frequently used GTR membranes still have limitations, such as high cost, poor mechanical properties, and a lack of osteogenic activity. Therefore, the development of low-cost GTR membranes with good biocompatibility and excellent osteogenic function has attracted increasing attention (Nguyen et al., 2021; Tedeschi et al., 2021).
Sericin, a soluble protein extracted from domestic silkworm cocoons, contains 17–18 amino acids, including glycine, serine, alanine, and tyrosine. Due to its high carboxyl, amino, and hydroxyl group content, sericin has exhibited diverse biological activities, including anti-apoptosis and anti-oxidation properties (Zhao et al., 2014; Lamboni et al., 2015; Li et al., 2021). In addition, the biological activity of sericin in promoting cell migration and differentiation has been demonstrated (Martínez-Mora et al., 2012; Nayak et al., 2013). Sericin has excellent biocompatibility and biodegradability, making it attractive for the development of tissue engineering materials. The application of sericin has been studied for a range of tissue repairs, including sericin catheters for peripheral nerve regeneration, sericin scaffolds for cartilage repair, and sericin hydrogels for wound repair. Qi et al. (2020) prepared a photo-crosslinked sericin/graphene oxide hydrogel and found that the sericin composite scaffold exhibited good biocompatibility, cell adhesion, proliferation, and osteogenic induction property. However, the use of sericin as a GTR membrane for periodontal bone repair has not yet been explored. Therefore, we aimed to use sericin to prepare a GTR membrane with osteogenic properties, with the objective of effectively promoting the osteogenic differentiation of endogenous stem cells and the repair of periodontal bone defects.
Hydroxyapatite (HAP) is the most commonly used osteogenic material in bone tissue engineering owing to its similar biodegradability, crystal structure, and chemical properties to those of biological apatite (Fihri et al., 2017). HAP simultaneously releases Ca and P during its degradation process, giving it the potential to promote bone regeneration in bone tissue engineering (D'Elia et al., 2020). The formation of bone involves a series of complex events, with the critical step being the mineralization of calcium phosphate on the extracellular matrix (ECM) to form HAP crystals. Numerous natural and synthetic polymers have been used as templates for growing HAP and creating scaffold materials with osteogenic activity. Recently, hydroxyapatite fabricated using proteins has attracted widespread attention as an organic template (Raina et al., 2020; Bal et al., 2021; Zhu et al., 2021). Cai et al. (2010) showed that the crystallization of HAP could be affected by introducing proteins into the system. Tao reported a simple, one-step, “green” synthetic strategy using sericin as a biomineralized template for AgNPs synthesis to prepare sericin-AgNPS sponge dressings. The dressing has excellent biocompatibility and antimicrobial activity properties making it a competitive candidate for an effective wound dressing (Tao et al., 2019). Proteins contain a variety of active groups that can be used as templates for HAP deposition in the formation of protein/HAP nanocomposites. Similarly, sericin protein can be used as a biomineralization template for the deposition of HAP.
In this study, the effect of sericin on the mineralization of HAP was investigated, and it was found that increasing the sericin concentration led to a gradual decrease in HAP particle size. Polyvinyl alcohol (PVA), a biocompatible, biodegradable, non-toxic, and hydrophilic synthetic polymer, was widely used to prepare biomedical materials. It is a semi-crystalline polymer with excellent strength and flexibility that are crucial for biomaterials applications (Pan et al., 2021; Zhou et al., 2021). Polyvinyl alcohol (PVA) was combined with Ser-HAP and subjected to three freeze/thaw cycles to prepare PVA/Ser-HAP membranes (Scheme 1A,B). FESEM was used to characterize the morphological features of the PVA/Ser-HAP membranes. ARS and ALP staining were used to investigate the effect of the PVA/Ser-HAP membranes on the osteogenic differentiation of hPDLSCs. In addition, the expression of osteogenic-related genes, including ALP, runt-related transcription factor (Runx2), osteopontin (OPN), and osteocalcin (OCN) were assayed. The feasibility of using the PVA/Ser-HAP membrane as a new GTR membrane was verified (Scheme 1C). This study provides substantial support for the biomimetic design and preparation of sericin-based GTR membranes.
[image: Scheme 1]SCHEME 1 | A schematic illustration of the fabrication and application of PVA/Ser-HAP membrane. (A) The preparation process of PVA/Ser-HAP membrane; (B) Proposed schematic diagram depicting sericin-mediated nucleation of HAPs and preparation of PVA/Ser-HAP membrane; (C) The osteogenic differentiation of hPDLSCs on mineralized PVA/Ser-HAP membrane and potential periodontal tissue regeneration application for PVA/Ser-HAP membrane.
MATERIALS AND METHODS
Materials
Silkworm cocoons were obtained from the Seri Cultural Research Institute, China Academy of Agriculture Science (Jiangsu, China). Calcium chloride (CaCl2), polyvinyl alcohol (PVA), and monosodium phosphate (NaH2PO4) were purchased from Macklin Biochemical Technology Co., Ltd. (Shanghai, China). Sodium carbonate anhydrous (Na2CO3) was purchased from Solarbio Technology Co., Ltd. (Beijing, China). And sodium hydroxide (NaOH) was obtained from Kelong Chemicals Co., Ltd. (Chengdu, China). All other reagents, including α-modified eagle’s medium (α-MEM; Gibco, CA, United States), fetal bovine serum (FBS; Gibco, United States), 1% penicillin-streptomycin (Beyotime, United States), 0.25% trypsin-EDTA (Gibco, CA, United States), 4% paraformaldehyde (Sigma-Aldrich), Live/Dead® Viability Kit (Thermo Fisher Scientific, United States), Cell Counting Kit-8 (CCK-8, APE-BIO, United States), BCIP/NBT alkaline phosphatase color development kit (Beyotime, China), alizarin red staining solution (ARS, Cyagen, China), Total RNA extraction kit (TianGen, China), and RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, United States), were used directly without further purification.
Isolation of Sericin
Sericin was extracted from silkworm cocoons using a previously described high temperature and alkaline degumming method (Tao et al., 2021). Briefly, 10 g of silkworm cocoon was weighed and washed three times with deionized water. The pre-prepared cocoons were then placed in 250 ml of ultrapure water containing 2% (w/v) sodium carbonate. The mixture was allowed to boil at 120°C for 30 min to remove silk fibroin. The solution was then filtered and centrifuged at 3000 rpm for 5 min to remove insoluble residues and then dialyzed (MWCO: 3500 Da) for 48 h to remove hetero-ions. Finally, the sericin powder was obtained by freeze-drying and stored at 4°C before use.
Synthesis and Characterization of Sericin-HAP Particles
Sericin protein-mediated HAP mineralization was carried out using the co-precipitation method. Sericin concentrations of 0, 10, 50, and 100 μg/ml were used to investigate the effect of sericin concentration on the mineralization of HAP. Briefly, 2.22 g of CaCl2 was dissolved in 50 ml of deionized water with various amounts of sericin to give solution A, and 1.44 g of NaH2PO4 was dissolved in an equal volume of deionized water (50 ml) to give solution B. The two solutions were then combined, heated to 52°C, and stirred for 2 h. Throughout the process, the pH of the mixed solution was measured using a pH Tester 10 (Eutech Instruments, United States) and adjusted with 0.1 M NaOH to maintain a pH of 11 ± 0.1. The final solution was aged at 4°C for 24 h, and then dried at 60°C for 24 h. The four resulting composites were denoted Ser0-HAP, Ser10-HAP, Ser50-HAP, and Ser100-HAP according to the concentration of sericin used: 0, 10, 50, and 100 μg/ml, respectively. For the Ser100-HAP group, the settling time was extended from 2 to 8 h to explore the effect of mineralization time on HAP nucleation.
The morphology and elemental composition of the Ser-HAP particles were determined using a transmission electron microscope (TEM, JEM-2100, Japan) equipped with energy dispersive spectroscopy (EDS). X-ray photoelectron spectroscopy (XPS, Shimadzu Kratos AXIS Ultra DLD, Nagoya, Japan) was used to assess the surface elemental composition. Fourier transform infrared (FTIR, Thermo Fisher Scientific, MA, United States) spectra in the range 4000–500 cm−1 with a resolution of 2 cm−1 were used to verify the surface functional groups. X-ray diffraction (XRD, PANalytical X'Pert powder, Almelo, Netherland) in the 2θ range 10°–70° was used to verify the formation of HAP particles.
Fabrication and Characterization of the PVA/Ser-HAP Membranes
PVA (4%, w/v) solution was prepared by dissolving 4 g of PVA in 100 ml of deionized water and stirring at 100°C for 1 h to allow complete dissolution. The 1% (w/v) sericin solution was mixed with (4%, w/v) PVA solution at a 1:1 ratio at 80°C with continuous stirring for 30 min Ser100-HAP particles were then added to the mixture and stirred for 30 min. The concentration of Ser100-HAP particles was 0, 10, 50, or 100 μg/ml, and the corresponding membranes were denoted PVA/Ser-HAP0, PVA/Ser-HAP1, PVA/Ser-HAP2, PVA/Ser-HAP3, respectively. The mixtures were then poured into a 24-well plate to form PVA/Ser-HAP membranes. The membranes were frozen (−20°C) and thawed 3 times to improve their mechanical properties. Finally, the composite membranes were obtained by freeze-drying for 24 h using a SCIENTZ-12N Freezer Dryer (Ningbo, China). The PVA/Ser-HAP membranes were coated with platinum, and then the surface topography was analyzed by FESEM. The trace elements in the membrane were analyzed using energy dispersive spectroscopy (EDS).
Hydrophilicity and Degradation of PVA/Ser-HAP Membranes In Vitro
Composite membranes with the same dimensions were immersed in deionized water at 37°C. The initial dried weight was denoted W0. The swollen weight was determined when the swelling became stable and designated W1. The swelling ratio (SR) was calculated using Eq. 1.
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On days 0, 7, 14, 21, 28, 35, and 63, the samples were dried. The weight was determined and designated W2. The degradation ratio (DR) was then calculated using Eq. 2 (Thangprasert et al., 2019; Prakash et al., 2020).
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Culture and Identification of hPDLSCs
This study was approved by the ethics committee of Southwest Medical University. Informed consent was obtained from all of the human participants. Healthy teeth were collected from five people receiving orthodontic treatment in the Department of Oral and Maxillofacial Surgery, The Affiliated Stomatological Hospital of Southwest Medical University. The tissue blocks were isolated from the root surface but not the apex, washed and cultured in α-modified eagle’s medium, and incubated in a humidified atmosphere with 5% CO2 at 37°C. The medium was changed every 3 days until the cells reached 80% confluency. The hPDLSCs were then purified by monoclonal culture as previously described (Zhu and Liang, 2015; Li et al., 2017; Li et al., 2021). In short, P0 cells were inoculated in 96-well plates at a concentration of 500 cells/mL for single cell-derived colony selection. The cells were then sub-cultured with 0.25% trypsin-EDTA and P3 cells were used in the subsequent experiments.
When the third-generation cells reached 70%–80% confluency, they were treated with 0.25% trypsin-EDTA and washed three times with phosphate buffered saline (PBS). hPDLSCs (5×105/ml) were then incubated with human antibodies for CD31 (FITC), CD34 (APC), CD45 (FITC), CD73 (PE), CD90 (FITC), and CD105 (FITC) (Bio-legend, CA, United States) at 4°C. Flow cytometry (FACSCalibur, CA, United States) was then used to detect stem cell surface markers of the samples. The data were analyzed using Win MDI 2.8 software (The Scripps Institute, West Lafayette, IN, United States).
Cytocompatibility of Sericin and Ser-HAP Particles
In this study, Live/Dead staining and CCK-8 assay were used to investigate the proliferation of cells treated with sericin and Ser-HAP particles. Briefly, hPDLSCs were inoculated in 24-well plates (5×103 cells/well) and cultured in α-modified eagle’s medium supplemented with 10% FBS and 1% penicillin-streptomycin. The medium was replaced with a serum-free medium containing different concentrations of sericin, while for the Ser-HAP particles, the culture medium was replaced with a complete medium. After co-culturing for 48 h, hPDLSCs were incubated in Live/Dead staining solution for 30 min at room temperature and observed using a fluorescence microscope. A CCK-8 assay was then carried out according to a previously described method (Wang et al., 2015). Briefly, 90 μL of α-modified eagle’s medium was mixed with 10 μL of CCK-8 and incubated for 1.5 h at 37°C. The solutions were then analyzed at 450 nm using a microplate reader (TECAN Infinite M200PRO, China).
Biocompatibility of the PVA/Ser-HAP Membranes
The PVA/Ser-HAP membranes were sterilized under ultraviolet light for 2 h and placed in 24-well plates. A hPDLSC suspension (0.5 ml, 1×105 cells/mL) was seeded on the membranes. After co-culture for 48 h, the Live/Dead staining of hPDLSCs was performed according to the manufacturer’s instructions. For the CCK-8 assay, the culture fluid was discarded, and α-modified eagle’s medium containing 10% CCK-8 solution was added. After incubation at 37°C for 1.5 h, the solution was added to 96-well plates and measured at 450 nm using a microplate reader (TECAN Infinite M200PRO, China).
Cell Morphology on PVA/Ser-HAP Membranes
The morphology of hPDLSCs grown on the PVA/Ser-HAP membranes was analyzed using filamentous actin (F-actin) staining. hPDLSCs (2×104 cells/well) were seeded on the PVA/Ser-HAP membranes. After culturing for 3 or 5 days, the membranes were washed three times with PBS and fixed with 4% paraformaldehyde at 4°C for 30 min. The F-actin and cell nuclei of the hPDLSCs were stained with rhodamine phalloidin and 4-6-diamidino-2-phenylindole (DAPI), respectively, for 15 min. The samples were then sealed with 10% glycerin containing fluorescent anti-crack agent. Finally, the morphology of the hPDLSCs was observed using confocal laser microscopy (Nikon, Tokyo, Japan). All the operations were performed in the dark.
Alkaline Phosphatase Staining
hPDLSCs (2×104 cells/well) were seeded in a 24-well plate and cultured in a non-osteogenic induction medium containing different kinds of Ser-HAP particles. All of the Ser-HAP particles were at a concentration of 50 μg/ml. After co-culture for 3 or 5 days, 4% cold paraformaldehyde was used to fix the hPDLSCs for 15 min. The hPDLSCs were then stained with BCIP/NBT alkaline phosphatase color development kit for 1 h at 37°C.
To evaluate the osteogenic performance of the PVA/Ser-HAP membrane, the non-osteogenic induction medium was first prepared with the extract of the PVA/Ser-HAP membrane. The extract of materials was centrifuged at 3000 r/min for 10 min and filtered by sterilizing filter (Millipore, Canada). Subsequently, hPDLSCs (2×104 cells/well) were seeded in a 24-well plate with normal media and allowed to reach 80% fusion. The normal media were then replaced with the leaching liquors as described above. After co-culture for 3 or 5 days, alkaline phosphatase staining was performed in the same way as described above. For quantification, the data was processed by utilizing ImageJ.
Alizarin Red Staining
hPDLSCs (2×104 cells/well) were seeded in a 24-well plate and co-cultured with the leaching liquors of the PVA/Ser-HAP membranes as described above. After culturing for 21 days, the hPDLSCs were fixed with 4% cold paraformaldehyde for 30 min at 4°C and then incubated with alizarin red stain at 37°C for 1 h. Subsequently, the calcium deposition was imaged using fluorescence microscopy. For quantification, the data was processed by utilizing ImageJ.
Osteogenic Gene Expression
Real-time fluorescence quantitative PCR (RT-qPCR) was used to evaluate the expression of the osteogenic genes of hPDLSCs, including ALP, Runx 2, OPN, and OCN. β-Actin was used as a reference gene. Following co-culture for 3 or 5 days, hPDLSCs were lysed with a Total RNA extraction kit and RNA was collected according to the manufacturer’s instructions. The cDNA was then obtained using a Revert Aid First Strand cDNA Synthesis Kit according to the manufacturer’s instructions. All primers were compounded by Shenggong Bioengineering Co., Ltd. (Shanghai, China). The primer sequences for RT-qPCR are shown in Table 1. All experiments were performed in triplicate and analyzed using the 2−ΔΔCT method (Xing et al., 2021).
TABLE 1 | Primer sequences.
[image: Table 1]Statistical Analysis
All experiments were repeated in triplicate independently. The representative data were manifested by mean ± standard deviation (SD). One-way analysis of variance (ANOVA) was used to analyze the differences between groups. A p-value of <0.05 was accepted as statistical significance. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001).
RESULTS AND DISCUSSION
Characterization of Ser-HAP Particles
The morphology of the Ser-HAP particles was determined using TEM. As shown in Figure 1A, the Ser-HAP particles gradually decreased in size with increasing sericin concentration from 0 to 100 μg/ml. The 0 and 10 μg/ml sericin groups contained aggregated particles, while the 50 and 100 μg/ml sericin groups produced dispersed particles with more uniform particle size. This result indicates that the concentration of sericin affected the HAP mineralization process. According to previous reports, the nucleation of HAP is triggered by the anionic side chains in the protein combining with calcium ions (Kundu et al., 2008; Wang et al., 2010; Chen et al., 2016). Therefore, as the sericin content increased 10–100 μg/ml, the amount of acidic amino acids also increased, promoting the nucleation of HAP.
[image: Figure 1]FIGURE 1 | Surface morphology and characterization of Ser-HAP. (A) TEM micrographs of Ser-HAP particles; (B) TEM and HRTEM images of Ser100-HAP particles; (C) EDS analysis of Ser100-HAP particles; (D) XPS spectra; (E) FTIR spectra; and (F) XRD patterns of Ser-HAP particles.
The effect of mineralization time on HAP nucleation was explored (Figure 1B). When the mineralization time was increased to 8 h, the mineralized HAP crystals in the 100 μg/ml sericin group showed a nanoplate-like structure. The nanoplate crystals were approximately 50–70 nm in length and 15–20 nm in width, which is close to the morphology of natural HAP (Gao et al., 2016). The high-resolution image revealed d-spacings of 0.334 and 0.272 nm, corresponding to the distance of the (002) plane and (211) plane of HAP, respectively (Zheng et al., 2019). EDS analysis showed that C, N, O, Ca, and P were evenly distributed on Ser100-HAP (Figure 1C). The molar ratio of Ca to P was 1.60, which is close to the 1.67 value of natural HAP (Xia et al., 2021).
XPS analysis was carried out to detect the surface atomic composition and chemical characteristics of the Ser-HAP samples. The XPS spectrum of Ser-HAP shows three strong peaks at 290, 400, and 530 eV, which are attributed to C 1s, N 1s, and O 1s, respectively (Figure 1D). In addition, the Ser-HAP sample exhibited photoelectron peaks at 134 eV (P 2p), 190 eV (P 2s), and 347 eV (Ca 2p), which correspond to the characteristic peaks of crystalline HAP. The carbon peaks of the C-C bond (C 1s, 284.8 eV) and the nitrogen peak of C−NH2 (N 1s, 400 eV) were also observed for the Ser10-HAP, Ser50-HAP, and Ser100-HAP groups, indicating that sericin was integrated into HAP (Teotia et al., 2017).
The chemical structure of the Ser-HAP samples was characterized by FTIR spectroscopy (Figure 1E). The absorption peaks located at 1136, 1064, and 985 cm−1 are attributed to the P-O stretching vibration mode and are the characteristic absorption peaks of HAP (Cai et al., 2010). Moreover, as the sericin content increased from 10 μg/ml (Figure 1E, Ser0-HAP) to 100 μg/ml (Figure 1E, Ser100-HAP), the amide I peak shifted from 1640–1651 cm−1, indicating that more sericin was integrated into the HAP particles (Radha et al., 2018; Veiga et al., 2020; Yu et al., 2021).
XRD analysis was used to determine the phase composition of the Ser-HAP sample. A small peak around 11.66° was observed, which may be due to the HAP lattice as previously reported (Radha et al., 2018). The sharp peaks at 21.2° and 32.1° are assigned to the (002) and (211) planes of HAP (Figure 1F). The intensity of these two peaks increased with the sericin concentration, indicating that sericin affected the nucleation of HAP. All the results showed that the sericin content plays an essential role in the nucleation of HAP particles, and sericin was successfully introduced into HAP (Takeuchi et al., 2005; Cai et al., 2010; Liu et al., 2013; Yang et al., 2014; Zhang et al., 2019; Veiga et al., 2020).
Culture and Phenotypic Characterization of hPDLSCs
hPDLSCs, a type of mesenchymal stem cells (MSCs) derived from the periodontal tissue, exhibit strong differentiation into osteoblasts and have therefore attracted increasing attention in the field of periodontal bone tissue regeneration (Zhao et al., 2019). As shown in Figure 2A, the black part was human periodontal ligament tissue, and the cells that emerge from the human periodontal tissue present a spindle shape. The results of flow cytometry show that the MSC surface markers CD73 (98.92%), CD90 (98.98%), and CD105 (99.54%) were positive. However, low expressions of the hematopoietic stem cell surface markers CD31 (0.76%), CD34 (2.01%), and CD45 (0.11%) were observed (Figure 2B). All of the results suggest that the isolated hPDLSCs had the potential for osteogenic differentiation and were not mixed with hematopoietic stem cells or endothelial cells (Liu et al., 2020; Peng et al., 2021; Rao et al., 2021).
[image: Figure 2]FIGURE 2 | Culture and identification of hPDLSCs. (A) Morphology of hPDLSCs; (B) Flow cytometry analysis of the indicated cell surface marker expression in hPDLSCs.
Cytocompatibility of Sericin and Ser-HAP Particles
To evaluate the cell biocompatibility of sericin and Ser-HAP particles in-depth, Live/Dead staining and a CCK-8 assay were used to examine the effects of sericin and Ser-HAP particles on the viability of hPDLSCs. Following incubation for 24 h, there was no significant difference in the viability of hPDLSCs treated with different concentrations of sericin (10, 50, and 100 μg/ml) compared with the control group. After incubation for 48 h, the cell viability of the 50 μg/ml group was slightly higher (*p < 0.05) than those of the 0 and 10 μg/ml groups, and the cell viability of the 100 μg/ml group was the highest (**p < 0.01) (Figures 3A,B). We speculate that in a serum-free environment, the amino acids in sericin serve as an energy source for cell metabolism and promote the growth of hPDLSCs (Lamboni et al., 2015; Wu et al., 2021). As shown in Figures 3C,D, Live/Dead staining and the CCK-8 assay indicated that Ser-HAP particles did not significantly affect the cell viability of hPDLSCs. Sericin and Ser-HAP were found to have excellent cytocompatibility, which lays the foundations for the application of sericin-based scaffolds in periodontal tissue engineering (He et al., 2017).
[image: Figure 3]FIGURE 3 | Cytocompatibility of sericin solution and the Ser-HAP particles. (A) Live/Dead staining and (B) CCK-8 assay of sericin at 1 and 2 days; (C) Live/Dead staining and (D) CCK-8 assay of Ser-HAP particles at 1 and 2 days.
Effects of Ser-HAP Particles on the Osteogenic Differentiation of hPDLSCs
HAP, the main artificial substitute for alveolar bone, has the ability to promote the differentiation of stem cells into osteoblasts (Pan et al., 2020). ALP staining was used to detect the osteoinductive effect of different Ser-HAP samples on hPDLSCs. As shown in Figures 4A,B, the ALP secreted by hPDLSCs was stained blue. The results show that the expression of ALP in the Ser0-HAP, Ser10-HAP, Ser50-HAP, and Ser100-HAP groups gradually increased on days 3 and 5 (Figures 4A–D). All the results indicate that the osteogenic properties of Ser-HAP were improved in comparison to pure HAP (Ser0-HAP group). This observation is attributed to sericin protein promoting the formation of nanoscale HAP particles, which significantly increased the surface area to volume ratio of HAP and thus accelerated the release rates of calcium and phosphorus.
[image: Figure 4]FIGURE 4 | ALP staining of hPDLSCs after culture with Ser-HAP for 3 days (A) and 5 days (B); Quantitative analysis of ALP staining at 3 (C) and 5 days (D).
Surface Topography of PVA/Ser-HAP Membranes
Based on the available data, Ser100-HAP particles were selected for preparing PVA/Ser-HAP membranes by mixing with 4% (w/v) polyvinyl alcohol and 1% (w/v) sericin. FESEM images were acquired to reveal the morphology of the PVA/Ser-HAP membranes. Figure 5A shows that both the pure PVA/Ser membrane and the PVA/Ser-HAP membrane had rough surfaces, indicating that the introduction of Ser-HAP did not significantly affect the surface morphology of the membrane. Previous studies have shown that rough surfaces are conducive to improving the adhesion and migration of hPDLSCs on composite membranes during periodontal bone repair (Deligianni et al., 2001). In addition, EDS mapping showed that Ca and P were homogenously distributed in the PVA/Ser-HAP3 membrane (Figure 5B). And it has been reported that calcium-enriched areas may be the active site of mineralization during bone formation (Huang et al., 2020).
[image: Figure 5]FIGURE 5 | Surface morphology and characterization of PVA/Ser-HAP membranes. (A) SEM micrographs of PVA/Ser-HAP membranes; (B) Elemental mapping of P and Ca in the PVA/Ser-HAP3 membrane; (C) Swelling and (D) degradation of the PVA/Ser-HAP membranes.
In Vitro Hydrophilicity and Degradation of PVA/Ser-HAP Membranes
The ideal GTR membrane should retain an appropriate amount of water, which allows it to mimic the physiological functions of the original tissue and promote the proliferation and adhesion of cells (Prakash et al., 2019). The swelling kinetics of the PVA/Ser-HAP membranes were therefore explored (Figure 5C). All of the membranes swelled rapidly in the few minutes before reaching equilibrium. There was no significant difference in the swelling kinetics of the PVA/Ser-HAP0 and PVA/Ser-HAP1 membranes. During the soaking process of PVA/Ser-HAP membranes, with the release of Ser100-HAP NPs, the pores of the polymer PVA/Ser-HAP membranes were unblocked. Therefore, the swelling performance of PVA/Ser-HAP2 and PVA/Ser-HAP3 changed slightly with increasing HAP content (Prakash et al., 2019). The complete degradability of the membrane is very important for clinical applications (Liu et al., 2020). The degradation behavior of the PVA/Ser-HAP membranes was measured by weight loss (Figure 5D). All membranes showed similar degradation rates during the first 3 weeks, then the weight losses of the membranes reached 33%–42% at 9 weeks. The PVA/Ser-HAP3 membrane shows slightly higher degradation due to the release of more HAP. These results indicate that the PVA/Ser-HAP membranes were appropriately hygroscopic and degradable, which are important properties for their application in periodontal tissue engineering (Catori et al., 2021).
Cytocompatibility of PVA/Ser-HAP Membranes
Biological compatibility is crucial for the application of GTR membranes in periodontal tissue regeneration engineering. The viability of hPDLSCs seeded on PVA/Ser-HAP membranes for 1 or 2 days was investigated using Live/Dead staining. Figure 6A shows the morphology of hPDLSCs adhered to various membranes, and indicates good cell vitality. Following the culture of hPDLSCs on the four PVA/Ser-HAP membranes for 2 days, the number of cells increased significantly, indicating that they have excellent biocompatibility (Nitti et al., 2021). In addition, CCK-8 analysis showed no significant difference in the cell viability after culture on the four PVA/Ser-HAP membranes for 1 or 2 days (Figure 6B).
[image: Figure 6]FIGURE 6 | Biological compatibility of PVA/Ser-HAP membranes. Live/Dead staining (A) and CCK-8 assay (B) of hPDLSCs on the PVA/Ser-HAP membranes.
Cell Morphology of hPDLSCs on PVA/Ser-HAP Membranes
After 3 or 5 days of culture, the cells were stained for F-actin and nuclei, and then the morphology of the hPDLSCs on the PVA/Ser-HAP membranes was characterized by confocal microscopy (Wu et al., 2021). Figure 7 shows that the hPDLSCs on the membranes were spindle-shaped, and there was no significant difference in cell morphology between the different groups. Generally, spindle-shaped hPDLSCs with extended pseudopods indicate strong membrane attachment, while round hPDLSCs without pseudopods indicate almost no affinity for the membrane (Huang et al., 2020). These results indicate that the PVA/Ser-HAP membrane has good biocompatibility, and the cells adhered to the membrane surfaces well. These characteristics demonstrate the potential for application of the membranes in periodontal regeneration.
[image: Figure 7]FIGURE 7 | Morphology of hPDLSCs after seeding on PVA/Ser-HAP membranes for 3 days (A) and 5 days (B). Green, cytoskeleton stained with phalloidin; Blue, nuclei stained with DAPI.
Osteogenic Differentiation of hPDLSCs Cultured With PVA/Ser-HAP Membranes
ALP staining, ARS, and RT-qPCR were used to analyze the osteogenic differentiation of hPDLSCs seeded on the four membranes. Following 3 days of treatment, the expression of ALP in the PVA/Ser-HAP2 and PVA/Ser-HAP3 groups was significantly up-regulate compared with that of the PVA/Ser-HAP0 group (Figures 8A,C). These findings indicate that the PVA/Ser-HAP membranes markedly promoted the early osteogenic differentiation of hPDLSCs. As a late marker of the mineralization stage, ARS staining is used to study the production of calcium nodules (Zhu et al., 2020). As shown in Figures 8B,D, after co-cultured with hPDLSCs for 21 days, the PVA/Ser-HAP3 group showed the most apparent calcium mineral nodules, while the PVA/Ser-HAP0 group showed fewer calcium mineral nodules. These findings indicate that PVA/Ser-HAP membranes effectively promote the late osteogenic differentiation of hPDLSCs.
[image: Figure 8]FIGURE 8 | (A) ALP staining of the hPDLSCs following cultured by extracts of PVA/Ser-HAP membranes for 3 days; (B) Alizarin red staining of the hPDLSCs after cultured by extracts of the membranes for 21 days; (C) Quantitative analysis of ALP staining at 3 days; (D) Quantitative analysis of Alizarin red staining at 21 days.
HAP has outstanding osteoconductive properties (Deligianni et al., 2001; Maleki-Ghaleh et al., 2021). A previous study reported that HAP promoted osteogenic differentiation of BMSCs through upregulation of ALP, OPN, and OCN (Yang et al., 2014). In addition, Runx2, a vital transcription factor for osteogenic differentiation, is closely related to the p38 MAPK pathway and can be triggered by HAP during osteoblast differentiation (Hiragami et al., 2005). To further verify the osteoinductivity of the PVA/Ser-HAP membranes, the expression of osteogenic genes by hPDLSCs cultured on the membranes was determined. Figure 9 shows that the expression of osteogenic genes, including Runx2, ALP, OPN, and OCN, were significantly upregulated on the PVA/Ser-HAP3 membrane at 3 and 5 days, compared with on the PVA/Ser-HAP0 membrane (p < 0.01). The results indicate that the PVA/Ser-HAP membrane induces the expression of osteogenic proteins and genes and has the potential to induce the repair of alveolar bone defects.
[image: Figure 9]FIGURE 9 | RT-qPCR analysis of the ALP, OCN, OPN, and Runx2 expression of hPDLSCs following cultured by extracts of the PVA/Ser-HAP membranes for 3 days (A) and 5 days (B).
CONCLUSION
We successfully synthesized Ser-HAP nanoparticles using sericin as an organic template. The sericin concentration and mineralization time were found to affect the nucleation of HAP. Ser-HAP nanoparticles exhibited excellent biocompatibility and promoted osteogenic differentiation of hPDLSCs. The Ser100-HAP nanoparticles were subsequently combined with PVA, and biomimetic PVA/Ser-HAP membranes were prepared by repeated freezing and thawing. Further studies showed that PVA/Ser-HAP membranes did not affect the viability of hPDLSCs. Most importantly, ALP staining, ARS, and RT-qPCR detection showed that PVA/Ser-HAP membranes promoted osteogenic differentiation of hPDLSCs. These findings suggest that PVA/Ser-HAP membranes have excellent potential for application in periodontal regeneration and repair therapy.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Ethics committee of Southwest Medical University. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
PM: conceptualization, formal analysis, methodology, and writing-original draft. PR: methodology and investigation resources. TW, JY, SL, and BY: methodology and investigation. JX: formal analysis, writing-review and editing, funding acquisition. GT: conceptualization, formal analysis, writing-original draft, writing-review and editing and funding acquisition.
FUNDING
This work was funded by the National Natural Science Foundation of China (81870746), Open Project of the State Key Laboratory of Oral Disease Research (SKLOD2021OF08), Luzhou Science and Technology Program (2020-JYJ-39, 2021-RCM-114), Scientific Research Foundation of Southwest Medical University (2020ZRZD011), Key Program of Southwest Medical University (2021ZKZD009), Project of Stomatological Institute of Southwest Medical University (2021XJYJS01), and Joint project of Luzhou Municipal People’s Government and Southwest Medical University (2020LZXNYDZ09). Scientific Research Foundation of the Affiliated Stomatological Hospital of Southwest Medical University (2020QY02, 202007).
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.
REFERENCES
 Aral, K., Milward, M. R., Kapila, Y., Berdeli, A., and Cooper, P. R. (2020). Inflammasomes and Their Regulation in Periodontal Disease: A Review. J. Periodont Res. 55 (4), 473–487. doi:10.1111/jre.12733
 Bal, Z., Korkusuz, F., Ishiguro, H., Okada, R., Kushioka, J., Chijimatsu, R., et al. (2021). A Novel Nano-Hydroxyapatite/synthetic Polymer/bone Morphogenetic Protein-2 Composite for Efficient Bone Regeneration. Spine J. 21 (5), 865–873. doi:10.1016/j.spinee.2021.01.019
 Cai, Y., Mei, D., Jiang, T., and Yao, J. (2010). Synthesis of Oriented Hydroxyapatite Crystals: Effect of Reaction Conditions in the Presence or Absence of Silk Sericin. Mater. Lett. 64 (24), 2676–2678. doi:10.1016/j.matlet.2010.08.071
 Catori, D. M., Fragal, E. H., Messias, I., Garcia, F. P., Nakamura, C. V., and Rubira, A. F. (2021). Development of Composite Hydrogel Based on Hydroxyapatite Mineralization over Pectin Reinforced with Cellulose Nanocrystal. Int. J. Biol. Macromol. 167, 726–735. doi:10.1016/j.ijbiomac.2020.12.012
 Chen, X., Liu, Y., Yang, J., Wu, W., Miao, L., Yu, Y., et al. (2016). The Synthesis of Hydroxyapatite with Different Crystallinities by Controlling the Concentration of Recombinant CEMP1 for Biological Application. Mater. Sci. Eng. C 59, 384–389. doi:10.1016/j.msec.2015.10.029
 D'Elía, N. L., Rial Silva, R., Sartuqui, J., Ercoli, D., Ruso, J., Messina, P., et al. (2020). Development and Characterisation of Bilayered Periosteum-Inspired Composite Membranes Based on Sodium Alginate-Hydroxyapatite Nanoparticles. J. Colloid Interface Sci. 572, 408–420. doi:10.1016/j.jcis.2020.03.086
 Deligianni, D. D., Katsala, N. D., Koutsoukos, P. G., and Missirlis, Y. F. (2001). Effect of Surface Roughness of Hydroxyapatite on Human Bone Marrow Cell Adhesion, Proliferation, Differentiation and Detachment Strength. Biomaterials 22 (1), 87–96. doi:10.1016/s0142-9612(00)00174-5
 Fihri, A., Len, C., Varma, R. S., and Solhy, A. (2017). Hydroxyapatite: A Review of Syntheses, Structure and Applications in Heterogeneous Catalysis. Coord. Chem. Rev. 347, 48–76. doi:10.1016/j.ccr.2017.06.009
 Gao, X., Song, J., Ji, P., Zhang, X., Li, X., Xu, X., et al. (2016). Polydopamine-templated Hydroxyapatite Reinforced Polycaprolactone Composite Nanofibers with Enhanced Cytocompatibility and Osteogenesis for Bone Tissue Engineering. ACS Appl. Mat. Interfaces 8 (5), 3499–3515. doi:10.1021/acsami.5b12413
 He, H., Tao, G., Wang, Y., Cai, R., Guo, P., Chen, L., et al. (2017). In Situ green Synthesis and Characterization of Sericin-Silver Nanoparticle Composite with Effective Antibacterial Activity and Good Biocompatibility. Mater. Sci. Eng. C 80, 509–516. doi:10.1016/j.msec.2017.06.015
 Hiragami, F., Akiyama, J., Koike, Y., and Kano, Y. (2005). Enhancement of Hydroxyapatite-Mediated Three-dimensional-like Proliferation of Mouse Fibroblasts by Heat Treatment: Effects of Heat Shock-Induced P38 MAPK Pathway. J. Biomed. Mat. Res. 74A (4), 705–711. doi:10.1002/jbm.a.30362
 Huang, Y.-z., Ji, Y.-r., Kang, Z.-w., Li, F., Ge, S.-f., Yang, D.-P., et al. (2020). Integrating Eggshell-Derived CaCO3/MgO Nanocomposites and Chitosan into a Biomimetic Scaffold for Bone Regeneration. Chem. Eng. J. 395, 125098. doi:10.1016/j.cej.2020.125098
 Kundu, S. C., Dash, B. C., Dash, R., and Kaplan, D. L. (2008). Natural Protective Glue Protein, Sericin Bioengineered by Silkworms: Potential for Biomedical and Biotechnological Applications. Prog. Polym. Sci. 33 (10), 998–1012. doi:10.1016/j.progpolymsci.2008.08.002
 Lamboni, L., Gauthier, M., Yang, G., and Wang, Q. (2015). Silk Sericin: A Versatile Material for Tissue Engineering and Drug Delivery. Biotechnol. Adv. 33 (8), 1855–1867. doi:10.1016/j.biotechadv.2015.10.014
 Li, J., Wang, Z., Huang, X., Wang, Z., Chen, Z., Wang, R., et al. (2021). Dynamic Proteomic Profiling of Human Periodontal Ligament Stem Cells during Osteogenic Differentiation. Stem Cell Res. Ther. 12 (1), 98. doi:10.1186/s13287-020-02123-6
 Li, M., Feng, C., Gu, X., He, Q., and Wei, F. (2017). Effect of Cryopreservation on Proliferation and Differentiation of Periodontal Ligament Stem Cell Sheets. Stem Cell Res. Ther. 8 (1), 77. doi:10.1186/s13287-017-0530-5
 Li, Y., Gao, S., Shi, S., Xiao, D., Peng, S., Gao, Y., et al. (2021). Tetrahedral Framework Nucleic Acid-Based Delivery of Resveratrol Alleviates Insulin Resistance: from Innate to Adaptive Immunity. Nano-Micro Lett. 13 (1), 86. doi:10.1007/s40820-021-00614-6
 Liao, J., Tian, T., Shi, S., Xie, X., Peng, S., Zhu, Y., et al. (2021). Broadening the Biocompatibility of Gold Nanorods from Rat to Macaca fascicularis: Advancing Clinical Potential. J. Nanobiotechnol 19 (1), 195. doi:10.1186/s12951-021-00941-1
 Liu, J., Dai, Q., Weir, M. D., Schneider, A., Zhang, C., Hack, G. D., et al. (2020). Biocompatible Nanocomposite Enhanced Osteogenic and Cementogenic Differentiation of Periodontal Ligament Stem Cells In Vitro for Periodontal Regeneration. Materials 13 (21), 4951. doi:10.3390/ma13214951
 Liu, J., Liu, Y., Kong, Y., Yao, J., and Cai, Y. (2013). Formation of Vaterite Regulated by Silk Sericin and its Transformation towards Hydroxyapatite Microsphere. Mater. Lett. 110, 221–224. doi:10.1016/j.matlet.2013.08.021
 Liu, X., He, X., Jin, D., Wu, S., Wang, H., Yin, M., et al. (2020). A Biodegradable Multifunctional Nanofibrous Membrane for Periodontal Tissue Regeneration. Acta Biomater. 108, 207–222. doi:10.1016/j.actbio.2020.03.044
 Maleki-Ghaleh, H., Hossein Siadati, M., Fallah, A., Zarrabi, A., Afghah, F., Koc, B., et al. (2021). Effect of Zinc-Doped Hydroxyapatite/graphene Nanocomposite on the Physicochemical Properties and Osteogenesis Differentiation of 3D-Printed Polycaprolactone Scaffolds for Bone Tissue Engineering. Chem. Eng. J. 426, 131321. doi:10.1016/j.cej.2021.131321
 Martínez-Mora, C., Mrowiec, A., García-Vizcaíno, E. M., Alcaraz, A., Cenis, J. L., and Nicolás, F. J. (2012). Fibroin and Sericin from Bombyx mori Silk Stimulate Cell Migration through Upregulation and Phosphorylation of C-Jun. Plos One 7 (7), e42271. doi:10.1371/journal.pone.0042271
 Nayak, S., Dey, T., Naskar, D., and Kundu, S. C. (2013). The Promotion of Osseointegration of Titanium Surfaces by Coating with Silk Protein Sericin. Biomaterials 34 (12), 2855–2864. doi:10.1016/j.biomaterials.2013.01.019
 Nguyen, H.-L., Tran, T. H., Hao, L. T., Jeon, H., Koo, J. M., Shin, G., et al. (2021). Biorenewable, Transparent, and Oxygen/moisture Barrier Nanocellulose/nanochitin-Based Coating on Polypropylene for Food Packaging Applications. Carbohydr. Polym. 271, 118421. doi:10.1016/j.carbpol.2021.118421
 Nitti, P., Kunjalukkal Padmanabhan, S., Cortazzi, S., Stanca, E., Siculella, L., Licciulli, A., et al. (2021). Enhancing Bioactivity of Hydroxyapatite Scaffolds Using Fibrous Type I Collagen. Front. Bioeng. Biotechnol. 9, 631177. doi:10.3389/fbioe.2021.631177
 Orlandi, M., Muñoz Aguilera, E., Marletta, D., Petrie, A., Suvan, J., and D'Aiuto, F. (2021). Impact of the Treatment of Periodontitis on Systemic Health and Quality of Life: A Systematic Review. J. Clin. Periodontol. , 585–596. doi:10.1111/jcpe.13554
 Pan, Y., Li, P., Liang, F., Zhang, J., Yuan, J., and Yin, M. (2021). A Nano-Silver Loaded PVA/keratin Hydrogel with Strong Mechanical Properties Provides Excellent Antibacterial Effect for Delayed Sternal Closure. Front. Bioeng. Biotechnol. 9, 733980. doi:10.3389/fbioe.2021.733980
 Pan, Y., Zhao, Y., Kuang, R., Liu, H., Sun, D., Mao, T., et al. (2020). Injectable Hydrogel-Loaded Nano-Hydroxyapatite that Improves Bone Regeneration and Alveolar Ridge Promotion. Mater. Sci. Eng. CC 116, 111158. doi:10.1016/j.msec.2020.111158
 Peng, S., Shi, S., Tao, G., Li, Y., Xiao, D., Wang, L., et al. (2021). JKAMP Inhibits the Osteogenic Capacity of Adipose-Derived Stem Cells in Diabetic Osteoporosis by Modulating the Wnt Signaling Pathway through Intragenic DNA Methylation. Stem Cell Res. Ther. 121, 1–15. doi:10.1186/s13287-021-02163-6
 Prakash, J., Kumar, T. S., Venkataprasanna, K. S., Niranjan, R., Kaushik, M., Samal, D. B., et al. (2019). PVA/alginate/hydroxyapatite Films for Controlled Release of Amoxicillin for the Treatment of Periodontal Defects. Appl. Surf. Sci. 495, 143543. doi:10.1016/j.apsusc.2019.143543
 Prakash, J., Prema, D., Venkataprasanna, K. S., Balagangadharan, K., Selvamurugan, N., and Venkatasubbu, G. D. (2020). Nanocomposite Chitosan Film Containing Graphene Oxide/hydroxyapatite/gold for Bone Tissue Engineering. Int. J. Biol. Macromol. 154, 62–71. doi:10.1016/j.ijbiomac.2020.03.095
 Qi, C., Deng, Y., Xu, L., Yang, C., Zhu, Y., Wang, G., et al. (2020). A Sericin/Graphene Oxide Composite Scaffold as a Biomimetic Extracellular Matrix for Structural and Functional Repair of Calvarial Bone. Theranostics 10 (2), 741–756. doi:10.7150/thno.39502
 Radha, G., Venkatesan, B., Vellaichamy, E., and Balakumar, S. (2018). Structural, Mechanical and Biological Insights on Reduced Graphene Nanosheets Reinforced Sonochemically Processed Nano‐Hydroxyapatite Ceramics. Ceram. Int. 44 (8), 8777–8787. doi:10.1016/j.ceramint.2018.02.021
 Raina, D. B., Matuszewski, L.-M., Vater, C., Bolte, J., Isaksson, H., Lidgren, L., et al. (2020). A Facile One-Stage Treatment of Critical Bone Defects Using a Calcium Sulfate/hydroxyapatite Biomaterial Providing Spatiotemporal Delivery of Bone Morphogenic Protein-2 and Zoledronic Acid. Sci. Adv. 6 (48), eabc1779. doi:10.1126/sciadv.abc1779
 Rao, P., Lou, F., Luo, D., Huang, C., Huang, K., Yao, Z., et al. (2021). Decreased Autophagy Impairs Osteogenic Differentiation of Adipose-Derived Stem Cells via Notch Signaling in Diabetic Osteoporosis Mice. Cell. Signal. 87, 110138. doi:10.1016/j.cellsig.2021.110138
 Takeuchi, A., Ohtsuki, C., Miyazaki, T., Kamitakahara, M., Ogata, S.-i., Yamazaki, M., et al. (2005). Heterogeneous Nucleation of Hydroxyapatite on Protein: Structural Effect of Silk Sericin. J. R. Soc. Interface. 2 (4), 373–378. doi:10.1098/rsif.2005.0052
 Tao, G., Cai, R., Wang, Y., Liu, L., Zuo, H., Zhao, P., et al. (2019). Bioinspired Design of AgNPs Embedded Silk Sericin-Based Sponges for Efficiently Combating Bacteria and Promoting Wound Healing. Mater. Des. 180, 107940. doi:10.1016/j.matdes.2019.107940
 Tao, G., Cai, R., Wang, Y., Zuo, H., and He, H. (2021). Fabrication of Antibacterial Sericin Based Hydrogel as an Injectable and Mouldable Wound Dressing. Mater. Sci. Eng. C 119, 111597. doi:10.1016/j.msec.2020.111597
 Tedeschi, G., Guzman-Puyol, S., Ceseracciu, L., Benitez, J. J., Goldoni, L., Koschella, A., et al. (2021). Waterproof-breathable Films from Multi-Branched Fluorinated Cellulose Esters. Carbohydr. Polym. 271, 118031. doi:10.1016/j.carbpol.2021.118031
 Teotia, A. K., Raina, D. B., Singh, C., Sinha, N., Isaksson, H., Tägil, M., et al. (2017). Nano-hydroxyapatite Bone Substitute Functionalized with Bone Active Molecules for Enhanced Cranial Bone Regeneration. ACS Appl. Mat. Interfaces 9 (8), 6816–6828. doi:10.1021/acsami.6b14782
 Thangprasert, A., Tansakul, C., Thuaksubun, N., and Meesane, J. (2019). Mimicked Hybrid Hydrogel Based on Gelatin/PVA for Tissue Engineering in Subchondral Bone Interface for Osteoarthritis Surgery. Mater. Des. 183, 108113. doi:10.1016/j.matdes.2019.108113
 Veiga, A., Castro, F., Reis, C. C., Sousa, A., Oliveira, A. L., and Rocha, F. (2020). Hydroxyapatite/sericin Composites: A Simple Synthesis Route under Near-Physiological Conditions of Temperature and pH and Preliminary Study of the Effect of Sericin on the Biomineralization Process. Mater. Sci. Eng. C 108, 110400. doi:10.1016/j.msec.2019.110400
 Wang, F., Cao, B., and Mao, C. (2010). Bacteriophage Bundles with Prealigned Ca2+ Initiate the Oriented Nucleation and Growth of Hydroxylapatite. Chem. Mat. 22 (12), 3630–3636. doi:10.1021/cm902727s
 Wang, Z., Wang, J., Jin, Y., Luo, Z., Yang, W., Xie, H., et al. (2015). A Neuroprotective Sericin Hydrogel as an Effective Neuronal Cell Carrier for the Repair of Ischemic Stroke. ACS Appl. Mat. Interfaces 7 (44), 24629–24640. doi:10.1021/acsami.5b06804
 Woo, H. N., Cho, Y. J., Tarafder, S., and Lee, C. H. (2021). The Recent Advances in Scaffolds for Integrated Periodontal Regeneration. Bioact. Mater. 6 (10), 3328–3342. doi:10.1016/j.bioactmat.2021.03.012
 Wu, C., Egawa, S., Kanno, T., Kurita, H., Wang, Z., Iida, E., et al. (2021). Nanocellulose Reinforced Silkworm Silk Fibers for Application to Biodegradable Polymers. Mater. Des. 202, 109537. doi:10.1016/j.matdes.2021.109537
 Wu, T., Huang, L., Sun, J., Sun, J., Yan, Q., Duan, B., et al. (2021). Multifunctional Chitin-Based Barrier Membrane with Antibacterial and Osteogenic Activities for the Treatment of Periodontal Disease. Carbohydr. Polym. 269, 118276. doi:10.1016/j.carbpol.2021.118276
 Wu, T., Yao, Z., Tao, G., Lou, F., Tang, H., Gao, Y., et al. (2021). Role of Fzd6 in Regulating the Osteogenic Differentiation of Adipose-Derived Stem Cells in Osteoporotic Mice. Stem Cell Rev Rep 17 (5), 1889–1904. doi:10.1007/s12015-021-10182-2
 Xia, P., Zhang, K., Yan, S., Li, G., and Yin, J. (2021). Biomimetic, Biodegradable, and Osteoinductive Microgels with Open Porous Structure and Excellent Injectability for Construction of Microtissues for Bone Tissue Engineering. Chem. Eng. J. 414, 128714. doi:10.1016/j.cej.2021.128714
 Xing, F., Chi, Z., Yang, R., Xu, D., Cui, J., Huang, Y., et al. (2021). Chitin-hydroxyapatite-collagen Composite Scaffolds for Bone Regeneration. Int. J. Biol. Macromol. 184, 170–180. doi:10.1016/j.ijbiomac.2021.05.019
 Yang, M., Shuai, Y., Zhang, C., Chen, Y., Zhu, L., Mao, C., et al. (2014). Biomimetic Nucleation of Hydroxyapatite Crystals Mediated by Antheraea pernyi Silk Sericin Promotes Osteogenic Differentiation of Human Bone Marrow Derived Mesenchymal Stem Cells. Biomacromolecules 15 (4), 1185–1193. doi:10.1021/bm401740x
 Yu, X., Shen, G., Shang, Q., Zhang, Z., Zhao, W., Zhang, P., et al. (2021). A Naringin-Loaded Gelatin-Microsphere/nano-Hydroxyapatite/silk Fibroin Composite Scaffold Promoted Healing of Critical-Size Vertebral Defects in Ovariectomised Rat. Int. J. Biol. Macromol. 193, 510–518. doi:10.1016/j.ijbiomac.2021.10.036
 Zhang, Q., Ma, L., Zheng, S., Wang, Y., Feng, M., Shuai, Y., et al. (2019). Air-plasma Treatment Promotes Bone-like Nano-Hydroxylapatite Formation on Protein Films for Enhanced In Vivo Osteogenesis. Biomater. Sci. 7 (6), 2326–2334. doi:10.1039/c9bm00020h
 Zhang, Y., Xie, X., Ma, W., Zhan, Y., Mao, C., Shao, X., et al. (2020). Multi-targeted Antisense Oligonucleotide Delivery by a Framework Nucleic Acid for Inhibiting Biofilm Formation and Virulence. Nano-Micro Lett. 121, 1–16. doi:10.1007/s40820-020-0409-3
 Zhao, R., Li, X., Sun, B., Zhang, Y., Zhang, D., Tang, Z., et al. (2014). Electrospun Chitosan/sericin Composite Nanofibers with Antibacterial Property as Potential Wound Dressings. Int. J. Biol. Macromol. 68, 92–97. doi:10.1016/j.ijbiomac.2014.04.029
 Zhao, Z., Liu, J., Schneider, A., Gao, X., Ren, K., Weir, M. D., et al. (2019). Human Periodontal Ligament Stem Cell Seeding on Calcium Phosphate Cement Scaffold Delivering Metformin for Bone Tissue Engineering. J. Dent. 91, 103220. doi:10.1016/j.jdent.2019.103220
 Zheng, D. X., Kang, X. N., Wang, Y. X., Huang, Y. N., Pang, C. F., Chen, Y. X., et al. (2021). Periodontal Disease and Emotional Disorders: A Meta‐analysis. J. Clin. Periodontol. 48 (2), 180–204. doi:10.1111/jcpe.13395
 Zheng, J., Wu, F., Li, H., and Liu, M. (2019). Preparation of Bioactive Hydroxyapatite@halloysite and its Effect on MC3T3-E1 Osteogenic Differentiation of Chitosan Film. Mater. Sci. Eng. CC 105, 110072. doi:10.1016/j.msec.2019.110072
 Zhou, T., Chen, S., Ding, X., Hu, Z., Cen, L., and Zhang, X. (2021). Fabrication and Characterization of Collagen/PVA Dual-Layer Membranes for Periodontal Bone Regeneration. Front. Bioeng. Biotechnol. 9, 630977. doi:10.3389/fbioe.2021.630977
 Zhu, L., Chen, S., Liu, K., Wen, W., Lu, L., Ding, S., et al. (2020). 3D Poly (L-Lactide)/chitosan Micro/nano Fibrous Scaffolds Functionalized with Quercetin-Polydopamine for Enhanced Osteogenic and Anti-inflammatory Activities. Chem. Eng. J. 391, 123524. doi:10.1016/j.cej.2019.123524
 Zhu, S., Zhang, X., Chen, X., Wang, Y., Li, S., Qiu, G., et al. (2021). Nano-hydroxyapatite Scaffold Based on Recombinant Human Bone Morphogenetic Protein 2 and its Application in Bone Defect Repair. J. Biomed. Nanotechnol. 17 (7), 1330–1338. doi:10.1166/jbn.2021.3110
 Zhu, W., and Liang, M. (2015). Periodontal Ligament Stem Cells: Current Status, Concerns, and Future Prospects. Stem Cells Int. 2015, 1–11. doi:10.1155/2015/972313
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 © 2022 Ming, Rao, Wu, Yang, Lu, Yang, Xiao and Tao. 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/math_2.gif
DR(%)=(W0 - W2)/WO0 x 100%





OPS/xhtml/nav.xhtml
Contents

		Cover

		Biomimetic Design and Fabrication of Sericin-Hydroxyapatite Based Membranes With Osteogenic Activity for Periodontal Tissue Regeneration		Introduction

		Materials and Methods		Materials

		Isolation of Sericin

		Synthesis and Characterization of Sericin-HAP Particles

		Fabrication and Characterization of the PVA/Ser-HAP Membranes

		Hydrophilicity and Degradation of PVA/Ser-HAP Membranes In Vitro

		Culture and Identification of hPDLSCs

		Cytocompatibility of Sericin and Ser-HAP Particles

		Biocompatibility of the PVA/Ser-HAP Membranes

		Cell Morphology on PVA/Ser-HAP Membranes

		Alkaline Phosphatase Staining

		Alizarin Red Staining

		Osteogenic Gene Expression

		Statistical Analysis





		Results and Discussion		Characterization of Ser-HAP Particles

		Culture and Phenotypic Characterization of hPDLSCs

		Cytocompatibility of Sericin and Ser-HAP Particles

		Effects of Ser-HAP Particles on the Osteogenic Differentiation of hPDLSCs

		Surface Topography of PVA/Ser-HAP Membranes

		In Vitro Hydrophilicity and Degradation of PVA/Ser-HAP Membranes

		Cytocompatibility of PVA/Ser-HAP Membranes

		Cell Morphology of hPDLSCs on PVA/Ser-HAP Membranes

		Osteogenic Differentiation of hPDLSCs Cultured With PVA/Ser-HAP Membranes





		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/math_1.gif
W1 -W0)/W0 x 100%





OPS/images/fbioe-10-899293-t001.jpg
Primer name

Runx2
ALP
OCN
OPN
p-actin

Forward (5-3')

CACTGGCGCTGCAACAAGA
GGACCATTCCCACGTCTTCAC
CTAAGAAGTTTCGCAGAC
GATGAATCTGATGAACTGGTCACTG
GATGAGATTGGCATGGCTTT

Reverse (5-3')

CATTCCGGAGCTCAGCAGAATAA
CCTTGTAGCCAGGCCCATTG
TGTCCCAATCAGAAGG
GGTGATGTCCTCGTCTGTAGCA
CACCTTCACCGTTCCAGTTT





OPS/images/fbioe-10-899293-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





OPS/images/fbioe-10-899293-g005.gif
&

Swelling ratio (%)

Time (hour)





OPS/images/fbioe-10-899293-g006.gif





OPS/images/fbioe-10-899293-g003.gif





OPS/images/fbioe-10-899293-g004.gif
() voneuuen
Buers anv

() voneyent
Buers 4y






OPS/images/fbioe-10-899293-g009.gif
RS BN B
i t] i I
I 20 ) P
T R Y
Y £ £ &
9 é é: é‘

I A I N





OPS/images/fbioe-10-899293-g007.gif





OPS/images/fbioe-10-899293-g008.gif
A Fyniseesind  PihSersEl  TYhoentare . FYASeetRs

210w






OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-10-899293-g001.gif





OPS/images/fbioe-10-899293-g002.gif
= o i &
-
cono Gors
e ]
w S e





