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Bone defects that result from trauma, infection, surgery, or congenital malformation can severely affect the quality of life. To address this clinical problem, a phosphoserine-loaded chitosan membrane that consists of chitosan membranes serving as the scaffold support to accommodate endogenous stem cells and phosphoserine is synthesized. The introduction of phosphoserine greatly improves the osteogenic effect of the chitosan membranes via mutual crosslinking using a crosslinker (EDC, 1-ethyl-3-(3-dimethyl aminopropyl)-carbodiimide). The morphology of PS-CS membranes was shown by scanning electron microscopy (SEM) to have an interconnected porous structure. The incorporation of phosphoserine into chitosan membranes was confirmed by energy dispersive spectrum (EDS), Fourier Transforms Infrared (FTIR), and X-ray diffraction (XRD) spectrum. The CCK8 assay and Live/Dead staining, Hemolysis analysis, and cell adhesion assay demonstrated that PS-CS membranes had good biocompatibility. The osteogenesis-related gene expression of BMSCs was higher in PS-CS membranes than in CS membranes, which was verified by alkaline phosphatase (ALP) activity, immunofluorescence staining, and real-time quantitative PCR (RT-qPCR). Furthermore, micro-CT and histological analysis of rat cranial bone defect demonstrated that PS-CS membranes dramatically stimulated bone regeneration in vivo. Moreover, H&E staining of the main organs (heart, liver, spleen, lung, or kidney) showed no obvious histological abnormalities, revealing that PS-CS membranes were no additional systemic toxicity in vivo. Collectively, PS-CS membranes may be a promising candidate for bone tissue engineering.
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1 INTRODUCTION
Bone losses resulting from trauma, infection, surgery, or congenital malformation profoundly impact the life quality of patients and remain a major clinical problem (Hao et al., 2022). Autogenous and allogenic bone grafts are common first-line treatments for bone defects, yet their use has obvious drawbacks such as donor-site availability, donor-site morbidity, and ethical concerns concerning allografts (Yao et al., 2017; Lopes et al., 2018; McNeill et al., 2020). While alternative graft materials have been used in the operation, the major disadvantages of these materials are poor osteoinductivity, unpredictable clinical outcomes, and expensive (Qian et al., 2019; Fang et al., 2020; Liang et al., 2020). Thus, the options are narrowed down to novel techniques such as tissue engineering that promises the regeneration of native-like tissues and organs (Ren et al., 2022).
Chitosan, derived from chitin, is a natural amino polysaccharide that exhibits outstanding biocompatibility, biodegradability, the capacity to form different osteogenic biomaterials, and the chelating of metal ions (Muzzarelli, 2009; Chen et al., 2013). Chitosan-based membranes have porous microstructures suitable for stem cells to migrate, adhere, and proliferate due to their chemical structure similarity to the backbone of glycosaminoglycan (GAG), the essential constituent of the extracellular matrix of bones (de Sousa Victor et al., 2020; Islam et al., 2020). Nevertheless, chitosan-based membrane itself is not osteoinductive, making it incapable of regulating osteogenic differentiation (Zou et al., 2021). Hence, bioactive components, such as ions, drugs, proteins, or growth factors (GFs), were introduced to endow chitosan membranes with better bone regeneration effects (Levengood and Zhang, 2014; Zou et al., 2021). Phosphoserine (PS) is a protein class with abundant phosphorylated amino acid residues, which can catalyze the formation of apatite crystals (Kim et al., 2016). Phosphoserine might be able to mimic the activities of a non-collagen protein such as osteopontin (OPN) (A. Reinstorf* et al., 2004; Salgado et al., 2019). OPN is a pleiotropic extracellular signal-regulated bone sialoprotein and can impact cell survival ability and migration (Paloian et al., 2016; Kadriu et al., 2018). Studies showed that OPN increased the expression of integrin β1 in BMSCs resulting in BMSC migration (Fu et al., 2019). Yang et al. (2020) proved that PS-modified biomaterials could accelerate osteogenic differentiation of MSCs by inhibiting the expression of C-X-C motif chemokine ligand 9 (Cxcl9) and increasing vascular endothelial growth factor (VEGF) secretion from osteoblasts. Cxcl9 is negative modulator of angiogenesis and osteogenesis that was proved to suppress the osteogenic differentiation of BMSCs. The molecular mechanism of Cxcl9 activation in BMSCs involved mTOR/STAT1 signaling pathway (Huang et al., 2016; Shen et al., 2019). In addition, chitosan can irreversibly bind to phosphoserine by crosslinking agents due to their special molecular structures (Kim et al., 2016; Salgado et al., 2019). Due to bright clinical applied prospects, great biocompatibility, and low prices, our groups have fabricated phosphoserine-loaded chitosan membranes and explored their bone reparation capability.
To develop a novel bone substitution graft for bone tissue engineering, we have used the freeze-drying method to synthesize phosphoserine-loaded chitosan membranes. The surface morphology and regular pore structure of the synthesized phosphoserine-loaded chitosan membranes were observed by scanning electron microscopies. Besides, the crystalline structures and elemental distributions of phosphoserine-loaded chitosan membranes were analyzed by X-ray diffraction (XRD) spectrum, energy dispersive spectrum (EDS), and Fourier Transforms Infrared (FTIR). In vitro, our studies proved that the phosphoserine-loaded chitosan membranes possessed good biocompatibility and stability. We further demonstrated that in vitro the phosphoserine-loaded chitosan membranes more efficiently promote the osteogenesis-related gene expression of BMSCs. Additionally, in vivo cranial defect models of phosphoserine-loaded chitosan membranes have shown significant bone regeneration as compared to chitosan membranes and untreated groups. H&E staining of the major organs were no obvious histological abnormalities, revealing that the membranes had no additional systemic toxicity in vivo. It showed that PS-CS membranes could modulate a better regrowth of bone, which implied they were a superior candidate for bone tissue engineering.
2 MATERIALS AND METHODS
2.1 Synthesis of phosphoserine-loaded chitosan membranes
The membranes were prepared by the freeze-drying process. Briefly, 2% (w/v) of chitosan (low weight molecular, Mv = 100,000) in 2% (v/v) acetic acid was freshly prepared by mixing at room temperature for 1 h. 1-ethyl-3-(3-dimethyl aminopropyl)-carbodiimide (EDC) solution was prepared as 85 mg/mL. Then 1 mL of EDC solution was reacted with 0.01 g O-phospho-L-serine (phosphoserine) for 1 h and mixed with 2% (w/v) CS for 24 h, dialyzed with 50 kDa tubes for 24 h. After that, the mixture was poured onto 12 welled culture plates and stored at −80°C. Next, the frozen samples were lyophilized at −40°C for 12 h, neutralized by immersion in a 1 M NaOH solution, and then washed with double-distilled water. The washed membranes were then stored at −40°C overnight and lyophilized to obtain the phosphoserine-chitosan membranes. 1% (w/v) of chitosan in 1% (v/v) acetic acid was freshly prepared by mixing at room temperature for 1 h. The mixture was poured onto 12 welled culture plates and stored at −80°C. Next, the frozen samples were lyophilized at −40C for 12 h, neutralized by immersion in a 1 M NaOH solution, and then washed with double-distilled water. The washed membranes were then stored at −40°C overnight and lyophilized to obtain the chitosan membranes.
2.2 Physical and chemical characterization of PS-CS membranes
2.2.1 SEM
A scanning electron microscope (SEM, TESCAN, MAIA3, Czech Republic) was used to observe the morphology and porous of the membrane. Samples were coated with gold and were analyzed at 10 kV.
2.2.2 EDS
Energy dispersive X-ray spectroscopy (EDX, TESCAN, MAIA3, Czech Republic) was used to investigate the elements’ existence and distribution on the membrane’s surface.
2.2.3 Fourier transforms infrared (FT-IR) spectroscopic analysis
The chemical structures of membranes were tested by attenuated total reflection-Fourier transform infrared spectroscopy (FTIR, Thermo Scientific Nicolet iS10, United States). These membranes were lyophilized and placed on a diamond ATR window. Absorbance wavelength spectra were acquired from 4,000 to 400 cm−1.
2.2.4 XRD
The X-ray powder diffraction (XRD, Bruker AXS, German) method was utilized to investigate the crystalline structure, its properties like crystalline phase and size, and to ensure the commonly used phase formation method. The XRD of prepared CS membranes and PS-CS membranes was measured using Cu Kα radiation (λ = 1.5418 Å) at room temperature, operating at a voltage of 40 kV. The experiments were performed at a scan rate of 1 min−1 for a scan range of 2θ = 2°–70°.
2.2.5 TGA
Thermogravimetric analysis (TGA, Netzsch, Germany) was observed and captured under an argon atmosphere (60 mL/min), and samples with a definite amount were heated from 0°C to 700°C at a heating rate of 10°C min−1. Our study calculated weight loss (%) by considering residual weight at 700°C.
2.2.6 Degradation test
To evaluate the degradation rate of the membranes, different membranes were immersed at 37°C in a cell growth medium (α-MEM, 10% FBS, and 1% P/S). At different time points, the membranes were taken out and lyophilized for weight measurement.
2.2.7 Mechanical tensile testing
The tensile strengths of the CS and PS/CS were measured by a universal testing machine. The strip-shaped samples (30 × 6 × 1 mm3) were measured at a 5 mm/min stretching speed until rupture.
2.3 Isolation, cultivation, and characterization of bone marrow mesenchymal stem cells (BMSCs)
2.3.1 Purification and growth of BMSCs
BMSCs were obtained from two-week-old male Sprague-Dawley rats purchased from the Animal Research Center of Nanjing Medical University. Femurs and tibias were excised aseptically. The soft tissue was removed using forceps and put clean bones in Alpha minimum essential medium (Gibco, United States). The ends of the tibia and femur were cut, and a sterile needle was inserted into the bone marrow cavity (Wu et al., 2020). The marrow cell suspension was harvested using a-MEM. Cells were plated in 60 mm culture dishes and incubated in a- MEM (Gibco, United States) with 10% fetal bovine serum (Gibco, United States), 100 U/mL penicillin (Gibco, United States), and 100 mg/mL streptomycin in a CO2 incubator (37°C, 5% CO2). The cell culture medium was replenished every 2 days. Cell passaging was performed by digestion once they reached 80%–85% confluence. Passages two through four were utilized for our study.
2.3.2 Characterization of BMSCs
The BMSC phenotype was determined by labelling with fluorescent-conjugated monoclonal antibodies (BD Pharmingen, United States). The cells were collected with 0.25% trypsin-EDTA-free solution when they reached 80%. Fluorescent-conjugated antibodies (CD29, CD90, CD11a, CD45) were added and incubated under dark conditions for 1 h. Stained cells were detected using a flow cytometer after being rinsed with PBS.
2.3.3 Adipogenic differentiation
BMSCs were cultured in 60 mm culture dishes until 60%–70% confluency and further incubated in an adipogenic induction medium (Cyagen Biosciences Inc, China). Cells were maintained in a CO2 incubator (37°C, 5% CO2), and the adipogenic differentiation medium was changed every 3 days. After 28 days of culture, cells were fixed and stained with Oil Red O (Ye et al., 2021).
2.3.4 Chondrogenic differentiation
BMSCs (5 × 105 cells) were collected and cultured in 15 mL centrifuge tubes with a chondrogenic induction medium (Cyagen Biosciences Inc, China) in a CO2 incubator (37°C, 5% CO2), and loosen the tube lids slightly. After 24 h, cell pellets were formed and changed chondrogenic induction medium every 2 days. After 28 days of culture, cell pellets were stained with Alcian Blue after fixation and frozen sections (Li et al., 2020).
2.4 In vitro studies
2.4.1 Live/dead cell viability assay
The Live/Dead staining kit (Invitrogen, Carlsbad, United States) was performed on membranes cultured with BMSCs. After incubation for 1, 3, and 7 days, the samples were stained and incubated in the dark for 15 min. Upon incubation, membranes were washed with PBS (Gibco, United States) and detected by a confocal fluorescence microscope.
2.4.2 CCK-8 assay
Before planting cells, CS and CS-PS samples with 6 mm diameter were sterilized by ultraviolet irradiation for 24 h. These membranes were cultured with BMSCs at a density of 2 × 104 cells. After incubation for 0, 1, 3, 5, 7, and 9 days, the media was discarded, followed by the addition of 100 µL a- MEM medium including 10 µL Cell Counting Kit-8 reagent (Dojindo, Japan) and incubated at 37°C for 2 h. Absorbance was read at 405 nm with a microplate reader (Spectramax190, United States).
2.4.3 Hemolysis assays
Fresh blood was collected from Sprague Dawley (SD) rats, and red blood cells (RBCs) were separated by centrifugation (10,000 rpm, 5 min) and washed five times with PBS. The washed RBCs were diluted and added to CS membranes or PS-CS membranes. After incubation at room temperature for 4 h, the mixed solutions were collected and centrifuged for 5 min at 4°C. Next, 100 µL supernatant of the different solutions was added to a new 96-well plate. Absorbance was read at 492 nm and calculated the hemolysis rate. Distilled water served as a positive control group, PBS as a negative control group. Hemolysis rate (%) = [(At-An)/(Ap-An)] × 100%. (At: absorbance of the test group, Ap: Absorbance of the positive control group, An: absorbance of the negative control group) (Xiao et al., 2021).
2.4.4 Cell attachment
BMSCs were inoculated on different membranes at a density of 1 × 104 cells. After incubation for 1 and 7 days, samples were fixed at 4°C. Then, samples were treated with Triton X-100 solution (Beyotime, China) for 10 min and stained with rhodamine phalloidin in the dark. Cell nuclei were stained with 4′, 6-Diamidino-2-phenylindole (DAPI).
2.4.5 ALP activity and staining
The experiment was performed after osteogenic induction for 7 and 14 days of cultured BMSCs within membranes. ALP staining was processed using an ALP staining kit (Beyotime, China). Quantification of ALP activity was determined with an ALP activity assay kit (Jiancheng, China). Absorbance was read at 520 nm.
2.4.6 Immunofluorescent staining
After being cultured in the osteogenic medium for 4, 7, and 14 days, the cells were fixed with 4% paraformaldehyde for 30 min. Then, the samples were treated with Triton X-100 solution for 5 min and blocked with normal goat serum (DCS/BioGenex, Germany) at 4°C. Specimens were treated with primary antibodies against alkaline phosphatase (ALP), runt-related transcription factor 2 (RUNX2), and osteocalcin (OCN) (R&D, Minneapolis, MN) at 4°C overnight and stained with secondary antibodies in the dark for 1 h. Finally, cell nuclei were counterstained with DAPI (Beyotime, China), which was then visualized under a laser confocal microscope.
2.4.7 RT-qPCR (real-time quantitative PCR)
The osteogenic-related genes, including alkaline phosphatase (Alp), runt-related transcription factor 2 (Runx2), and osteocalcin (Ocn), were further investigated by RT-qPCR. The BMSCs were cultured with different membranes for 4, 7, and 14 days, followed by the isolation of total RNA using the RNA simple Total Kit (TianGen, China). The RT-qPCR evaluated the expression level of Alp, Runx2, and Ocn by SYBR Premix Ex Taq and the light cycler 96 system (Roche, Germany). GAPDH served as the housekeeping gene. Fold changes in gene expression were calculated by the 2−ΔΔCT method. The primer sequence of each gene was noted as follows (Table 1).
TABLE 1 | Sense and antisense primers for real-time reverse transcription PCR.
[image: Table 1]2.5 In vivo experiments
2.5.1 Experimental procedures
To determine the bone regeneration of the PS-CS membranes in vivo, six-week-old male Sprague Dawley (SD) rats were used to establish the cranial defect model. The SD rats were anaesthetized with pentobarbital intraperitoneally (Nembutal, 3.5 mg per 100 g), and then midline incisions were made to expose the calvarium. The circular defect was accomplished using a 5 mm trephine bit. After implanting different membranes into defects, the soft tissue and skin were closed. The rats resumed normal activity after the operation.
2.5.2 Micro-computed tomography
Four weeks after surgery, the calvarium was dissected and fixed in 4% paraformaldehyde. The calvarium was scanned using a micro-CT scanner (VivaCT 80, Switzerland). The 3-D images of bone tissue were performed using Mimics software. Micro-CT was carried out to measure the percentage of the new bone volume relative to the tissue volume (BV/TV), trabecular number (Tb. N), and bone mineral density (BMD).
2.5.3 Histological analysis
The dissected calvaria was fixed, decalcified, dehydrated, and embedded in paraffin. Paraffin-embedded tissues were sectioned continuously at 10 μm thickness using a hard microtome (Leica Biosystems, Germany). Paraffin sections were stained with Hematoxylin-Eosin (H&E) and Masson. Then, sections were observed under a microscope (Olympus BX51, Japan).
Major organs were also fixed and examined using H&E staining.
2.6 Statistical analysis
All tests were performed in triplicates unless otherwise stated. All data were reported as the mean ± SD. Results were evaluated with one-way ANOVA or Student’s t-test. Statistical significance was set as p < 0.05.
3 RESULTS
3.1 Characterization of BMSCs
Rat BMSCs were investigated in terms of MSC cell surface epitopes. For phenotype characterization, flow cytometry analysis was performed to examine cell surface markers CD11a, CD29, CD45, and CD90 (Yang et al., 2020; He et al., 2020; Lin et al., 2020). Flow cytometry analysis showed that BMSCs positively expressed MSCs markers (CD29, CD90) while negatively expressed the hematopoietic markers such as CD11a and CD45 (Figure 1B). Moreover, Alizarin red staining and Oil Red O staining, and Alcian Blue staining confirmed osteogenic, adipogenic, and chondrogenic differentiation. Specimens were fixed and stained with Alizarin Red S, Oil Red O, and Alcian Blue (Figure 1A).
[image: Figure 1]FIGURE 1 | Identification of BMSCs. (A) Tri-lineage differentiation of BMSCs was performed in vitro. a. Alizarin red S staining of cells cultured for 14 days in osteogenic induction medium. b. Oil red O staining of cells cultured for 28 days in adipogenic induction medium. c. Alcian blue staining of cells cultured for 21 days in chondrogenic induction medium. (B) Flow cytometry demonstrated that BMSCs presented high expressions of CD29, CD90, but low expressed CD11a and CD45.
3.2 Physical and chemical characterization of PS-CS membranes
3.2.1 Morphology of the membranes
The fabrication process of PS chitosan-based composite membranes is shown in Scheme 1, wherein phosphoserine was chemically crosslinked with chitosan via an EDC crosslinker. CS membranes were fabricated by freeze drying process alone or incorporated with phosphoserine. The SEM analysis was carried out to study the morphological characteristics of the membranes (Jindal et al., 2020). The pores present in membranes were well-formed and interconnected (Figure 2A). After being incorporated with phosphoserine, the pore distribution of PS-CS membranes was uniform. Noticeably, after crosslinking with EDC, the pore sizes of CS membranes, which can be measured according to scanning electron microscopy (SEM) images, decrease from 65 to 50 µm.
[image: Scheme 1]SCHEME 1 | Schematic illustration for fabrication of phosphoserine-chitosan membranes.
[image: Figure 2]FIGURE 2 | Characterization of membranes. (A) SEM images of fabricated membranes. (B) FTIR spectra of the phosphoserine powder (PS), chitosan membranes (CS), phosphoserine-chitosan membranes (PS-CS). (C) XRD patterns of the phosphoserine powder (PS), chitosan membranes (CS), phosphoserine-chitosan membranes (PS-CS). (D) The degradation profiles of chitosan membranes (CS), phosphoserine-chitosan membranes (PS-CS). (E) EDS elemental mapping for the merged image of all elements. (F) Semi-quantitative determination of elemental composition of these membranes.
3.2.2 EDS of the membranes
The elemental composition of biomaterials was investigated by energy dispersive X-ray (EDS) spectroscopy (Wu et al., 2021). Hence, EDS mapping was used to confirm that PS was incorporated in CS membranes, which showed that C, O, and P elements were in the membranes. Phosphorus (P) represents one of the most common elements in nature as well as in mammals (Masseron et al., 2020). A minimal amount of P elements may, however, mix into chitosan membranes in the process of fabricating samples. Hence the EDS mapping analysis showed that a very minute amount of P elements was distributed throughout the CS membrane. Much stronger characteristic peaks of P elements in EDS analysis confirmed the successful linkage of PS in PS-CS membranes (Figures 2E, F) compared to CS membranes.
3.2.3 FTIR
The CS membranes and PS-CS membranes were investigated by FTIR (Figure 2B). CS membranes showed characteristic peaks at 3,419 cm−1 due to the OH and NH2 stretching vibrations (Shirzaei Sani et al., 2021). The peaks at 2,922 and 2,858 cm−1 were observed and contributed to the CH stretching. The peaks in the range of 1,155–1,093 cm−1 were due to bands of C-O-C linkage. The characteristic absorption bands of the phosphoserine are at 2,358cm-1. The FTIR spectra of PS-CS displayed characteristic absorption corresponding to the P=O(OH) group at 2,388 cm−1, indicating the successful crosslinking of phosphoserine with EDC in CS membranes.
3.2.4 XRD
The XRD analysis of CS membranes and PS-CS membranes was measured (Figure 2C). The diffraction of CS membranes showed the characteristic crystalline peaks at 2θ of 10.3° and 19.9°, revealing the crystalline nature (Jindal et al., 2020). The phosphoserine showed a sharp peak at 23°. The PS-CS membranes displayed characteristic crystalline peaks at 2θ of 10°, 19.8°, and 22.1°.
3.2.5 TGA
Thermal stability was carried out using TGA (Navidi et al., 2021). In order to probe the effects of the chemical crosslink reaction of chitosan membranes we conducted a TGA test about the membranes. The initial degradation temperature of CS membranes was similar to PS-CS membranes (Supplementary Figure S1). When the temperature reached 225°C, the thermal degradation of CS membranes was slightly higher than the PS-CS membranes. However, their complete mass loss showed the same trend because the principal component of membranes was chitosan. Obviously, presence of chemically crosslinked phosphoserine improves the thermal stability of the chitosan membranes.
3.2.6 The degradation of membranes
The dry weights of different membranes were recorded for 21 days (Figure 2D). After chemical cross-linking, there was an obvious decrease in the rate of degradation of PS-CS membranes.
3.2.7 Mechanical tensile testing
The influence of the phosphoserine on the mechanical property of the chitosan membrane was then investigated. The ultimate tensile strengths of the CS and PS-CS membranes were 0.91 ± 0.14 MPa and 1.15 ± 0.12 MPa, respectively (Supplementary Figure S2). It was clear that the breakdown strength and Young’s modulus were increased when 1% phosphoserine was added to the chitosan membrane.
3.3 In vitro evaluation of PS-CS membranes
3.3.1 Cell proliferation
The cell proliferation of BMSCs in membranes was investigated using a Live/Dead assay (Zheng et al., 2019). The Live/Dead assay was widely used to observe cell viability and morphology. Live/Dead assay was used at one, three, and 7 days of cultured cells in CS membranes and PS-CS membranes. Staining at different time points (Figure 3A), the survival of BMSCs attained excellent viability and a high cell population, which indicated that the membranes were not cytotoxic and had outstanding biocompatibility. On days 3 and 7, the PS-CS had more live cells than the CS. The integration of PS yielded significant positive effects. It was further demonstrated by CCK-8 that BMSCs grown on the PS-CS had significantly higher viability than on the CS (Figure 3B).
[image: Figure 3]FIGURE 3 | The cell viability of BMSCs in the membranes. (A) Live/Dead assay images of BMSC-encapsulated CS and PS-CS membranes upon 1, 3, 7 days of incubation. (B) CCK-8 assay of BMSC-encapsulated CS and PS-CS membranes upon 1, 3, 5, 7, 9 days of incubation. Hemolysis assays. (C) Images of tubes showing hemolytic activity by CS membranes and PS-CS membranes. Sterile H2O was used in the positive control group; PBS was used in the negative control group. (D) The hemolysis rate of each sample. Images of 96-well plate showing hemolytic activity by different groups of H2O, PBS, CS, PS-CS.
3.3.2 Hemolysis assays
Hemolysis assays were used to test the biocompatibility of CS and PS-CS with blood cells (Xiao et al., 2021). Hemolysis analysis showed no obvious difference in hemolysis among rat RBCs incubated at CS membranes and PS-CS membranes (Figures 3C, D).
3.3.3 Cell adhesion
BMSCs’ morphology and adhesion were visualized using confocal microscopy (Yu et al., 2023). Staining on days 1 and 7 (Figures 4A, B), the BMSCs randomly adhered to membranes, and their filopodia were extended, indicating ideal biocompatibility for all groups. However, the fluorescence intensities of the PS-CS membranes were stronger than the CS membranes, demonstrating that PS-CS membranes were more suitable for BMSCs to migrate, adhere to, and proliferate (Figures 4C, D).
[image: Figure 4]FIGURE 4 | Cell attachment assay. (A, B) Fluorescent staining of cultured cells over the membrane after culturing for 24 h (A), 7 days (B). Red, cytoskeleton stained by rhodamine phalloidin; Blue, nuclei stained by DAPI. (C, D) Quantitative analysis of the fluorescent intensity after cell attachment on the scaffolds at 24 h (C), and 7 days (D) post seeding. Effect of CS membranes (CS) and phosphoserine-chitosan membranes (PS-CS) on ALP activity and mineralization in BMSCs. (E, G) ALP staining of BMSCs after cultured with membranes for 5 days (E), 9 days (G). (F, H) ALP activities of BMSCs cultured on different membranes for 5 days (F) and 9 days (H). The data were analyzed statistically using analysis of variance (ANOVA). *p < 0.05; **p < 0.01; and ***p < 0.001, ****p < 0.0001.
3.3.4 ALP staining and activity measurement
Differentiation of BMSCs to osteoblasts can be evaluated by ALP activity (Li et al., 2020; Oh et al., 2021). ALP is a membrane-bound enzyme responsible for the extracellular matrix’s mineralization. The osteogenic effects of the PS-CS membranes were tested by ALP staining and ALP activity measurements. After 5 days of culture, the ALP staining of the PS-CS membranes was deeper than the CS membranes (Figure 4E). On day 9 (Figure 4G), the ALP staining of the PS-CS membranes was higher than the CS membranes. Moreover, ALP activity levels on days 5 and 9 (Figures 4F, H) revealed the same tendency with the ALP staining. These results indicated that BMSCs grown on PS-CS membranes could achieve higher ALP expression levels.
3.3.5 Immunofluorescence staining
ALP and RUNX2 are typical osteogenic differentiation markers in the earlier stage. Moreover, immunofluorescent staining was carried out to investigate the osteogenic induction qualitatively. The expression of ALP was investigated (Figure 5A). The membranes were stained with antibodies against ALP (red), Actin (green), and nuclei (blue). All of them expressed ALP, but the CS membranes were relatively weak. The samples were stained with antibodies against RUNX2 (red), Actin (green), and nuclei (blue) (Figure 5B). They all expressed RUNX2, but stronger fluorescence intensities were displayed in the PS-CS membranes. OCN is a late-stage marker of osteoblast differentiation. Furthermore, the immunofluorescence staining of OCN showed the same results (Figure 5C). These results proved that the PS-CS membranes could enhance the expression of key osteogenic markers. After immunofluorescent staining, quantitative analysis was performed on each image using ImageJ (Figures 5D–F).
[image: Figure 5]FIGURE 5 | Immunofluorescent staining of osteogenic-related markers. (A): ALP staining of BMSCs cultured on the membranes for 5 days. (B): RUNX2 staining of BMSCs cultured on the membranes for 9 days. (C): OCN staining of BMSCs cultured on the membranes for 14 days. (D–F): Quantitative analysis of the fluorescent intensity of the ALP (D), RUNX2 (E), and OCN (F). Expression of osteogenic-related genes in BMSCs. (G–I) qRT-PCR evaluation of osteogenic gene ALP (G), RUNX2 (H), OCN (I). The data were analyzed statistically using analysis of variance (ANOVA). *p < 0.05; **p < 0.01; and ***p < 0.001, ****p < 0.0001.
3.3.6 Expression of osteogenic-associated genes in BMSCs
To further verify these results, we employed RT-qPCR to detect the expression of these genes. The PS-CS membranes greatly upregulated the expression of osteogenic markers Alp and Runx2 compared with CS membranes on day 4. The expression level of Ocn was strongly promoted in PS-CS membranes on day 14. Based on these results, cells on PS-CS membranes can substantially promote osteogenic gene expression compared to the CS membranes (Figures 5G–I).
3.4 In vivo evaluation of PS-CS membranes
3.4.1 Micro-CT analysis
The osteogenic inducing capabilities of PS-CS membranes have not been tested in vivo. Four weeks after surgery, all rats were sacrificed for micro-CT scanning (Xiao et al., 2021). The micro-CT scanning demonstrated limited regenerated bone in the control groups and only a small amount of newly formed bone in the CS groups. In contrast, a higher amount of bone regeneration was observed in the PS-CS groups (Figure 6A). These data were further analyzed for calculating the BV, BV/TV, BMD, and Tb. N (Figures 6B–E). Our results showed that PS-CS membranes could promote bone formation in vivo.
[image: Figure 6]FIGURE 6 | In vivo bone regeneration. (A) Micro-CT images of the bone defects in rats 4 weeks after implantation of different membranes. (B–E) Quantitative analysis of the bone formation in the defects, BV (B), BV/TV (C), BMD (D), Th. N (E). (F, G) HE and Masson’s staining of rat cranial defects after implanted with CS membranes or PS-CS membranes for 4 weeks. The data were analyzed statistically using analysis of variance (ANOVA). *p < 0.05; **p < 0.01; and ***p < 0.001, ****p < 0.0001.
3.4.2 Histological analysis
After micro-CT analysis, specimens were evaluated histologically (Han et al., 2019). As shown by H&E staining images (Figure 6F), the control group was not filled with membranes and had little bone formation, while in implant groups (CS and PS-CS), new bone restored the defect along the membranes. Substantially more bone regeneration was in the PS-CS groups than in the CS groups, reflected in much more mature new bone formation in 4 weeks. Because Masson’s trichrome staining can clearly distinguish bone and fibrous tissues, Masson staining images were locally enlarged to further investigate defect parts’ structure (Figure 6G). In the control group of 4 weeks, very limited newly formed bone filled defects. In the CS membrane group, a small amount of regeneration bone was observed surrounding the edge of membranes in the fourth week. In the PS-CS membrane group, new bone was formed along the membrane in the fourth week.
H&E staining of the heart, liver, spleen, lung, and kidney was performed to evaluate the systematic toxicity of membranes (Supplementary Figure S3) (Gao et al., 2019). There were no obvious histopathological differences in the main organs, revealing that the membranes had no additional systemic toxicity in vivo.
4 DISCUSSION
As a common clinical problem, repairing and regenerating damaged bone tissue remain a challenge (Lee et al., 2019; Xie et al., 2021). Advances in bone tissue engineering provide new therapeutic strategies for bone defect repair, and tissue engineering strategies that use chitosan-based bone-filling materials to repair bone defects have achieved good effectiveness (LogithKumar et al., 2016; Tao et al., 2020; Yadav et al., 2021). Most types of injectable chitosan-based hydrogels lack osteoconductivity that is due to their continuous microstructure without any pores (Cui et al., 2019). However, the PS-CS membranes have highly uniform pore structures in our work, which also displayed good osteoconductivity (Figure 2A). Meanwhile, a large number of bioactive components have been used to modify bone-regenerative biomaterials, which would be expected to influence the biomaterial’s biological activity and, as a result, bone formation (Schmidt-Bleek et al., 2016; Martin and Bettencourt, 2018; Fu et al., 2021). Compared with some bioactive components, phosphoserine as a bioactive protein offered some unique advantages, including great biocompatibility, non-toxicity, ideal biodegradation, and significant osteoinductivity (Kim et al., 2016). In this work, we introduced phosphoserine to endow chitosan membranes for repairing bone defects.
Chitosan has been used in a wide variety of regenerative medicine because of its superior biological properties and low prices (Prabaharan and Sivashankari, 2016; Chen et al., 2018; Rajabi et al., 2021). Phosphoserine-loaded chitosan membrane is a chitosan-derived biomaterial, which greatly reduces the cost of manufacturing. In addition, the existence of ß-(1,4) glycosidic bonds between D-glucosamine and N-acetyl-D-glucosamine makes chitosan easy to be modified by chemical reactions with an ideal osteogenic capacity (Islam et al., 2020). Phosphoserine is a specialized type of functional protein that serves unique chemical bonds to achieve chemical cross-links in chitosan membranes. This property makes this chemical cross-linking membrane different from simple physical mixing in which crosslinks are made of stable covalent bonds. Covalent bonds make these membrane-like functional biomaterials far more robust under a variety of conditions, making the material widely usable.
When phosphoserine is incorporated into the membrane, this phosphorylated amino acid can catalyze the formation of apatite crystals (Kim et al., 2016). In vitro studies, the phosphoserine-loaded chitosan membranes have a regular pore structure, a suitable degradation rate, and a suitable microenvironment (Figure 2D; Figure 3). Those structure characteristics are extremely important in biomaterial-based tissue engineering strategies, because bone formation is a complex, highly coordinated process that involve infiltration, proliferation and osteogenic differentiation of the endogenous stem cells, bone matrix deposition, and vascular invasion. We further validated the utility of PS-CS membranes as osteogenic biomaterials by ALP staining, immunofluorescence staining, and RT-qPCR (Figures 4E–G; Figure 5). The previous reports proved that phosphoserine-functionalized branches of the dendrons could downregulate C-X-C motif chemokine ligand 9 (Cxcl9) gene expressions (Yang et al., 2020). Some scholars have confirmed that Cxcl9 could be released by osteoblasts, which suppressed osteogenesis-associated gene expressions by binding to vascular endothelial growth factor (VEGF) and inhibiting VEGF binding to endothelial cells and osteoblasts (Han et al., 2011; Duan et al., 2016; Hu and Olsen, 2016; Huang et al., 2016). However, the specific mechanisms by which phosphoserine-loaded chitosan membranes promote osteogenesis were not assessed in our study, although previous studies suggest that phosphoserine and cxcl-9 may be implicated. That is the direction we need to work on in the future.
To evaluate these effects in vivo we transplanted membranes into calvarial defects in rats. The satisfactory results of in vitro experiments were yielded in the calvarial defect model only by transplanting the material itself in the absence of cells, small molecular drugs, or growth factors (Figure 6). This feature illustrates that the PS-CS membranes can promote endogenous bone marrow mesenchymal stem cell infiltration, proliferation, and in situ differentiation in the absence of any growth factors, or small molecular drugs. Membrane-like functional biomaterials have been generally employed in different types of bone defects, while these are unsuited for treating large-sized bone defects due to their spatial structure (Verrier et al., 2016; Stahl and Yang, 2021). It follows for this reason that PS-CS membrane alone is unable to treat non-healing segmental bone defects. On the one hand, some previous studies proved that the structure of chitosan-based biomaterials were changed after adding hydroxyapatite and montmorillonite (MMT)-type clay (Farokhi et al., 2018; Koc Demir et al., 2018; Cui et al., 2019; Arcos and Vallet-Regi, 2020; Kaushik et al., 2020). Maybe we can integrate the superiorities of PS-CS membranes in osteoinductivity and the merits of MMT in mechanical strength to form MMT/PS-CS membranes. On the other hand, Hao et al. (2022) has shown that by combining the bone regeneration units (BRUs) with the superiorities of decalcified bone matrix (DBM) scaffolds in mechanical properties, a BRU-loaded DBM framework successfully applied to remodel large structural bone defects. Maybe we can fabricate BMSC-loaded PS-CS membranes to form BRUs, the treatment of non-healing segmental bone defects with PS-CS membrane combined with DBM scaffolds can expect.
5 CONCLUSION
To sum up, we successfully developed the PS-CS membranes and explored their function in BMSCs. The XRD, FT-IR, and EDS results confirmed that phosphoserine successfully conjugated the CS membranes. In vitro experiments revealed that PS-CS membranes promoted osteogenesis differentiation of BMSCs compared with CS membranes. In vivo experiments showed that PS-CS membranes meaningfully improved bone regeneration compared to CS membranes, which further verified the potential effects of this biomaterial in bone tissue engineering.
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