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Bone scaffolds play an important role in promoting the healing of large bone defects. However, the type of scaffold material, type of drug loaded into the scaffold, and method of preparation have a significant impact on the scaffold's properties. In this study, we developed a composite scaffold comprising sodium alginate (SA), chitosan (CS), and hydroxyapatite (HA). The composite stent carries vascular endothelial growth factor (VEGF), wrapped in internal microspheres, and vancomycin (VAN). The microspheres are wrapped in an outer matrix formed by SA, CS, and HA, whereas the outer matrix carries VAN. Using Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction, and scanning electron microscopy analyses, we studied the contraction rate, swelling, porosity, mechanical properties, degradation, and drug release ability of all the composite scaffolds. The best scaffold, as demonstrated by the results of these studies, was the HA6(SA/CS)4@VAN/VEGF scaffold. The antibacterial ability of the HA6(SA/CS)4@VAN/VEGF scaffold was determined using Staphylococcus aureus (S. aureus). Cytotoxicity, cell adhesion, and osteogenic properties of the HA6(SA/CS)4@VAN/VEGF scaffold were studied using bone marrow mesenchymal stem cells. The results indicate that the HA6(SA/CS)4@VAN/VEGF scaffold exhibits good physical, chemical, antibacterial, and osteogenic properties, and is, thus, a new type of bone scaffold composite material with good osteogenic potential.
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INTRODUCTION

Bone defects are usually caused by trauma, infection, surgery, and diseases, such as osteoporosis and arthritis, and bone tissue replacement is required to rebuild function (Wei et al., 2020). As the body itself cannot repair large bone defects, tissue healing must be promoted through surgical intervention. At present, autologous and allogeneic bone transplantations are the main clinical treatment modalities. However, the risks of secondary infection, immune rejection, donor disease, and limited blood supply need to be circumvented through artificial replacement using bone tissue engineering (Smith et al., 2015; Windhager et al., 2017). Therefore, the development of appropriate tissue engineering techniques may help circumvent the above shortcomings and accelerate tissue regeneration (Montalbano et al., 2020).

Bone repair is a long-term process, and tissue engineering can be used to promote bone repair. An ideal bone scaffold should have components, structure, and biomechanical properties similar to those of natural bone, serve as a base for bone deposition and provide mechanical support, regulate cell adhesion, proliferation, and differentiation, and provide cells with a microenvironment for osteogenic differentiation (Hao et al., 2017; Kim et al., 2020; Shen et al., 2021). Using bone tissue engineering technology a bone scaffold material carrier can be constructed carrying seed cells and biological factors, and then implanted in the bone defect, to promote bone formation. The development of this new technology eliminates the disadvantages of autogenous and allogeneic bone transplantations. In addition, by adding different biological factors, the process of bone repair can be accelerated and the treatment time can be shortened.

There are two main ways of bone regeneration: intraosseous and cartilage osteogenesis. Among them, osseous osteogenesis is manifested by the direct differentiation of mesenchymal stem cells (MSCs) into osteoblasts. After extracellular matrix secretion, the mineralization is further deposited and the bone defect is finally restored (Loi et al., 2016; Lin et al., 2018). Bone marrow stem cells (BMSCs), which have a great potential to be used as seed cells, play an important role in promoting the regeneration of tissues including bone tissue, skin and blood vessel, nerve tissue, and myocardial tissue (Raynald et al., 2019; Ribeiro et al., 2019; Zhang et al., 2019; Arthur and Gronthos, 2020). BMSCs have become the preferred cell type for bone tissue engineering, and their use has been gradually transferred from the experimental to the clinical stage contributing to obtaining better bone tissue healing outcomes (Hashimoto et al., 2019).

Hydroxyapatite (HA) is the main inorganic component of human bone tissue, showing high biocompatibility, biological activity, and bone formation ability (Koc et al., 2016; Nie et al., 2017; Melo et al., 2020). Furthermore, HA is considered as one of the most promising bone implant materials. However, its high brittleness and low mechanical strength restrict its clinical application. Therefore, HA is often used to form composites with other macromolecules and high-molecular polymers, which can show better bone-forming ability to meet the requirements for ideal bone scaffold materials (Saleem et al., 2020).

Sodium alginate and chitosan are common biological macromolecules (Luo et al., 2018; Arafa et al., 2020). When used with hydroxyapatite, they can promote tissue regeneration and play an important role in bone tissue engineering. However, in current research, these three mixtures are mostly made into hydrogels, bone cements, etc., which are used to promote tissue regeneration and drug delivery (Lima et al., 2020; Zima et al., 2020). The material synthesized by the above preparation method has the disadvantages of low strength, fast degradation rate, single drug-loaded, and so on (Zou et al., 2021). In addition, there are simple microspheres prepared from these three materials for sustained drug release (Bi et al., 2019), but when such microspheres are placed in the body, their position cannot be well-restricted, and they tend to leave the placement area with body fluid circulation and body position changes. Therefore, stent materials with high strength and multiple drug loading can better solve the above-mentioned shortcomings.

Vascular endothelial growth factor (VEGF) is a key physiological angiogenesis regulator in embryonic development and after birth, which can promote the proliferation and migration of endothelial cells and increase the permeability of blood vessels (Uccelli et al., 2019). Current research show that VEGF, in addition to playing an important role in vascular regeneration, also plays an active role in bone regeneration. VEGF plays an important role in different stages of bone tissue repair, including inflammation, endochondral ossification, intramembranous ossification, and bone remodeling in the process of callus formation, and affects the proliferation and differentiation of osteoblasts (Hu and Olsen, 2016). The vascular endothelial growth factor is contained in the scaffold material to promote bone tissue regeneration (Garcia et al., 2016; Chen et al., 2020). At the same time, studies have shown that when sodium alginate is loaded with VEGF, the two are electrostatically combined and will not affect VEGF (Gu et al., 2004). Therefore, VEGF is of great significance for the treatment of bone non-union that is prone to occur in large bone defects.

Bone tissue infection, especially osteomyelitis, is a tricky situation. Therefore, it is necessary to use antibiotics while promoting bone tissue regeneration in order to achieve a good osteogenic effect. Vancomycin (VAN) is widely used clinically as a high-level antibiotic, especially as the antibiotic of choice for methicillin-resistant S. aureus (De Vriese and Vandecasteele, 2014). The antibacterial mechanism of vancomycin is to inhibit the peptidoglycan synthesis pathway of the bacterial cell wall (Garcia-Gonzalez et al., 2018). It can be carried in the scaffold and released for a long time to promote bone tissue regeneration without affecting the activity of bone marrow mesenchymal stem cells (Cheng et al., 2018; Yu et al., 2020; He et al., 2021).

Therefore, VAN can be loaded in the scaffold material to achieve a local slow-release of the antibiotic, which is beneficial to the entire osteogenic microenvironment and ultimately promotes bone tissue regeneration. Furthermore, studies have shown that the VAN-loaded scaffold ultimately leads to the formation of a better bone tissue structure (Zhou et al., 2018; Avani et al., 2019).

The aim of this study is to prepare a composite scaffold that possesses an antibacterial action and promotes bone tissue regeneration. We have prepared a stent that can carry two drugs simultaneously, so that the release of the two drugs has a chronological sequence to meet the needs of different stages of bone regeneration. The physical and chemical properties such as swelling, degradation, porosity, and the mechanical properties of the scaffold were evaluated; co-cultivation with BMSCs was also conducted using in vitro experiments to evaluate their ability to promote bone tissue regeneration.



EXPERIMENTAL SECTION


Materials and Instruments

The following materials were used in this study: SA, with viscosities of 4–12 and 20 mPa • s (Aldrich Sigma, MO, USA), CS, with a deacetylation degree of 80.00–95.0%, viscosity of 50–800 mPa • s (Sinopharm Group Chemical Reagent Co., Ltd.), HA (Aldrich Sigma, MO, USA), VAN, with a potency of 906.3 IU (Biosharp, USA), VEGF and its ELISA kit (PeproTech, USA), anhydrous calcium chloride (CaCl2), glacial acetic acid, sodium citrate, no water ethanol, analytically pure (Beijing Chemical Plant), 0.1 mol/L (pH = 7.4) phosphate buffer solution (PBS) (prepared in the laboratory). Healthy specific pathogen free (SPF) grade rats weighing 70–100 g (Liaoning Changsheng Biotechnology Co., Ltd., China), low glucose Dulbecco's Modified Eagle's Medium (L-DMEM), 100 U/mL penicillin, 100 lg/mL streptomycin and 0.25% trypsin (Hyclone, USA), rat bone marrow mesenchymal stem cell medium and mesenchymal stem cells—adipocyte differentiation medium (Sciencell, USA), fetal bovine serum (FBS, BI, Israel), methyl thiazolyl tetrazolium (MTT), β-glycerol phosphate, ascorbic acid and dexamethasone (Sigma, USA), 1% alizarin red S staining solution, oil red O staining solution, BCIP/NBT alkaline phosphatase color development kit, RIPA lysis buffer, phenylmethanesulfonyl fluoride (PMSF), BCA protein assay kit and DAPI staining solution (Beyotime, China), body fluid calcium concentration colorimetric quantitative detection kit (Shanghai Haling Biological Technology Co., Ltd., China), cell total RNA isolation kit (Foregene, China), PrimeScript™ RT reagent Kit with gDNA Erase, primers including alkaline phosphatase (ALP), runx-related transcription factor 2 (RUNX2), bone morphogenetic protein 2 (BMP2) and osteopontin (OCN) and TB Green® Premix Ex Taq™ II RT-PCR (Takara, Japan).

The following instruments were used in this study: ALPHA 1-2LD freeze dryer (Marin Christ, Germany), constant temperature CO2 incubator (Thermo, USA), automatic microplate reader (Bio-TEX, USA), inverted fluorescence microscope and FV3000 laser confocal microscope (Olympus, Japan), Mx3005P fluorescence quantitative PCR instrument (Stratagene, Japan).



Preparation of Multi-Layer Sustained-Release Microspheres


Preparation of Core Spheres

Core spheres were prepared according to a previously published method (Yang et al., 2015). Briefly, 25 μg of VEGF was dissolved in 20 ml 4% (w/v) SA solution (20 cpSA dissolved in high pressure steam-sterilized deionized water), and stirred evenly to obtain a VEGF-SA solution. Thirty milliliter 15% (w/v) CaCl2 solution (autoclaved) was extracted and put into the beaker. A syringe with a 5 gauge syringe needle was used to suck the VEGF-SA solution, subsequently the solution was dripped into the CaCl2 solution at a uniform speed, and stirred at 300 r/min for 30 min to ensure the SA and Ca2+ were fully cross-linked. After the reaction was completed, the residual liquid was suction-filtered, sterilized, and deionized. After washing with water, another suction filtration was performed to obtain the calcium alginate core ball.



Preparation of the Multi-Layer Ball

A total of 30 ml of 1% (w/v) CS acetic acid solution was added in a beaker and stirred at a low speed. The CA core ball prepared in the previous step was added to the CS solution and stirred at 500 r/min for 10 min. The residual liquid was filtered, rinsed with sterile deionized water, and then suction-filtered again to obtain a CA-CS double-layer ball. Thirty milliliters of 0.5% (w/v) sodium alginate solution (4–12 cpSA dissolved in deionized water and sterilized by high pressure steam) was added in a beaker, and stirred at a low speed. The CA-CS double-layer ball prepared in the previous step was added to the above solution, and stirred at 800 r/min for 2 min. The residual liquid was filtered, rinsed with sterile deionized water, and then filtered again to obtain the CA-CS-SA three-layer ball. Next, 30 ml of 1% (w/v) CS acetic acid solution was added in a beaker and stirred at a low speed. The CA-CS-SA three-layer ball prepared in the previous step was added to the CS solution, and stirred at 500 r/min for 10 min. The residual liquid was suction-filtered, rinsed with sterile deionized water and then suction filtered again to obtain the CA-CS-SA-CS four-layer ball. After freeze-drying, the ball was stored at −80°C.




Preparation of the HA-Reinforced Ball-Bearing Stent

An HA-enhanced ball carrier was prepared with a component ratio of 10% (microsphere volume to total stent volume). According to 6% (w/v) CS acetic acid solution to 2% (w/v) alginic acid, the sodium solution was prepared in a ratio of 1:4, and the SA-CS mixture was prepared by adding 1 mol/L NaOH solution dropwise to adjust the pH to 7.0–7.4. HA was weighed according to the ratio of SA/CS: HA to 6:4, 5:5, 4:6, and 3:7, respectively. The SA/CS/HA mixed solution was prepared by first adding HA weighed in proportion to 1% VAN aqueous solution. The SA/CS solution was added after ultrasonic dispersion for 10 min, and the mixture was stirred at 800 r/min for 30 min. The previously prepared microspheres were added to the mixed solution at a volume ratio of 10%, and stirred at 300 r/min for 10 min. After the microspheres were evenly distributed, the total solution was placed in the mold, kept overnight at −20°C, and then stored at −80°C for 24 h. After freeze-drying, it was soaked in 3% (w/v) CaCl2 for 1 h, rinsed gently with sterile deionized water 3 times, placed again overnight at −20°C, then stored at −80°C for 24 h, and freeze-dried for use. Table 1 summarizes the formulations of scaffolds.


Table 1. The formulations of the scaffolds.
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Characterization


Composition and Internal Structure Analyses

To ensure HA successfully modified SA/CS, we used FTIR spectroscopy to show that HA is present in the composite scaffold. Four sets of composite scaffolds and raw materials were dried and crushed into powder, and analyzed using FTIR spectroscopy. To further determine the crystal phase of HA in the composite scaffold, we recorded it on a Rigaku D/Max 2550 X-ray diffractometer using X-ray diffraction (XRD), with a scanning speed of 8° min−1 and a diffraction angle range of 20°-70°. Transmission electron microscopy (TEM) images were obtained using a Philips Feitner G2STwin microscope, equipped with a field emission gun operating at 200 kV.



Contraction Percentage Measurement

The HA-reinforced ball-bearing stent was fabricated using a 24-hole plate as a mold, and a cylindrical stent. The diameter (d1) and the height of 1/2 of the diameter of the stent were measured (h1). The volume of the stent (V1), and the volume of the stent fluid injected into each hole (V0) were calculated. Three parallel groups were prepared for each group of samples, and the average value was calculated. The contraction percentage (C) was measured using the following formula: C = (V0-V1)/V0 × 100%.



Swelling Behavior

The water absorption and swelling rate of the stent were calculated based on a previous report (Sharmila et al., 2020) and the dry weight (m0) of the stent was determined. The stent was submerged in PBS in a centrifuge tube. The centrifuge tube of the submerged support was placed in a shaker, and oscillated for 24 h at 37°C, at 60 r/min. Then, it was weighed and three parallel groups were set for each group. The average value was calculated. The swelling rate (S) was determined using the following formula: S = (m–m0)/m0 × 100%.



Mechanical Properties

An electronic universal testing machine was used to measure the compressive elastic modulus of the dry cylindrical support. The temperature was set at 23°C, the constant strain rate was 1 mm/min, and 3 parallel groups were set for each group.



Degradation Studies

The freeze-dried scaffold was weighed (m0), immersed in a centrifuge tube containing sterile PBS, and placed in a 37°C cell incubator. Every 3 days, it was carefully rinsed three times with sterile deionized water, and weighed mx after freeze-drying. Three parallel groups were set for each group, and the average value was calculated. Then, the scaffold was submerged again in a centrifuge tube containing sterile PBS. The above steps were repeated for 21 days. The remaining bracket mass fraction (D, %) was calculated using the following formula: D = mx/m0 × 100%.



Porosity Measurement

The absolute porosity of the scaffold material was determined using the liquid ethanol replacement method. V1 is the initial volume of absolute ethanol in the container. The stent was placed in absolute ethanol for 5 min to ensure that the liquid completely filled the pores. The liquid volume at this stage is called V2. Then, the stent was removed from the liquid and the volume of the remaining liquid V3 was determined (Tohamy et al., 2018). The porosity (P) was calculated using the formula: P = (V1-V3)/(V2-V3) × 100%.



Drug Release Evaluation

The freeze-dried stents were immersed in sterile PBS in centrifuge tubes. VAN was detected on days 1, 2, 3, 4, and 5, and all the sustained-release was removed. The solution was placed at −80°C. VEGF was detected on days 1, 3, 6, 9, 12, and 16. The slow-release solutions were placed at −80°C, and the same amount of sterile PBS was then added to the centrifuge tube. The solution was added to a test tube, three parallel groups were set for each group and the average was calculated. VEGF was detected using an ELISA kit, while VAN was detected using a microplate reader.



Antibacterial Assay

In this study, the gram-positive bacterium S. aureus was used to evaluate the antibacterial activity of the scaffold materials. An antibacterial activity test was conducted using a combination of qualitative and quantitative methods. For quantitative analysis, frozen tryptic soy broth (TSB) liquid medium was used to activate frozen S. aureus in a 120 r/m shaking incubator. Subsequently, 5 ml of TSB liquid medium was used to transfer the activated S. aureus into each centrifuge tube, which was fixed at an OD value of 0.1–0.2 at 625 nm. Then, the TSB medium containing S. aureus in each test tube was co-cultured with the HA6 (SA/CS)4@VAN/VEGF, HA6(SA/CS)4, HA0(SA/CS)10@VAN/VEGF, and HA0(SA/CS)10 scaffolds, with 4 parallel samples in each group. Subsequently, the mixture was incubated at 37°C for 1, 3, and 5 days, and then the absorbance of each group was monitored using an ultraviolet-visible spectrophotometer at 625 nm.

The antibacterial activity of the stent was observed in the bacteriostatic zone of S. aureus. The HA6(SA/CS)4@VAN/VEGF, HA6(SA/CS)4, HA0(SA/CS)10@VAN/VEGF, and HA0(SA/CS)10 scaffolds were placed in a 15-mL centrifuge tube; then, 5 ml sterile Ionized water was added, and the scaffolds were incubated at 37°C for 1, 3, and 5 days. Next, S. aureus suspended in TSB medium (100 μl) was inoculated onto the agar plate, which was fixed at an OD value of 0.1–0.2 at 625 nm, and then sterile filter paper with a diameter of 6 mm was applied to the plate. A total of 10 μl of the release solution from each group of scaffolds on days 1, 3, and 5 was added dropwise onto sterile filter paper. After incubating at 37°C for 12 h, the diameter of the bacteriostatic ring was measured, photographed, and the sample was stored.




In vitro Studies


Isolation and Culture of BMSCs

The use of Sprague Dawley rats and all related procedures in the following part were approved by Jilin University Stomatology School Animal Care and Use Committee. They were sacrificed by cervical dislocation and immediately immersed in 75% ethanol for 10 min. The bilateral femur and tibia were quickly separated under a sterile environment and immersed in L-DMEM containing 5% penicillin-streptomycin. The attached soft tissue was removed and soaked in another clean L-DMEM containing 5% penicillin-streptomycin. Then, the medullary cavity was exposed by removing the bilateral epiphyseal ends and slowly infused with 5 ml preheated rat bone marrow mesenchymal stem cell medium using a sterile syringe. The obtained cells were transferred to a 25 cm2 plastic culture flask for incubation at 37°C in a 5% CO2 supplemented incubator. After 72 h, the fresh medium was changed and then every 3–4 days.

When the cells at 70–80% confluence, the medium was discarded, rinsed and 0.5 ml 0.25% trypsin was added. The digestion was terminated by adding 3 ml complete culture solution when most cells became spherical. The cell suspension was centrifuged at 1,000 rpm for 5 min, the supernatant was discarded, the cells were resuspended in stem cell medium and subcultured at a 1:2 split ratio. Then, the medium was changed every 3 days until the cells reached 70–80% confluence again. The above passaging process was repeated, and third-generation cells were obtained.



Osteogenic Differentiation of BMSCs

A total of 500 μl of 1% gelatin was used to coat the bottom surface of a 12-well plate for 30 min. Third-generation BMSCs were used to inoculate the gelatin-coated 12-well plate at a density of 5 × 104 cells/well. Cells were divided into a blank group and an induction group, each with 3 multi-wells. After adhering, they were induced with osteogenic induction L-DMEM (L-DMEM, 1% penicillin-streptomycin, 10% FBS, 0.5% 1 mol/L β-glycerol phosphate, 1% 5 mg/mL ascorbic acid, 0.5% 20 nmol/L dexamethasone), and the medium was changed every 3 days. After 11 days, the induction and control groups were rinsed twice with 2 ml PBS, fixed for 10 min with 1 ml 4% paraformaldehyde, rinsed three times with 2 ml deionized water, and avoid 1 ml 1% alizarin red S staining solution. Next, the cells were incubated for 30 min away from the light, rinsed five times with 2 ml deionized water. Images were captured using the inverted microscope.



Adipogenic Differentiation of BMSCs

Third-generation BMSCs were inoculated into a 12-well plate coated with 1% gelatin at a density of 5 × 104 cells/well. Cells were divided into blank and induction groups, respectively, with 3 multiple wells. When the cells reached 90–100% fusion, the cells of induction group were cultured with mesenchymal stem cells-adipocyte differentiation medium and the medium was changed every 4 days. Eleven days later, the medium in the both groups were aspirated and 2 ml PBS was added to rinse twice. Cells were fixed with 1 ml 4% paraformaldehyde for 10 min, rinsed twice with 2 ml deionized water, dipped in 60% isopropyl alcohol for 5 min, incubated with 1 ml of oil red O stain for 20 min in the dark, and rinsed five times with 2 ml of deionized water. Images were obtained using the inverted microscope.



Cytotoxicity Evaluation

Third-generation BMSCs were digested and resuspended separately with complete L-DMEM (L-DMEM containing 10% FBS and 1% penicillin-streptomycin), HA0(SA/CS)10 @VAN/VEGF scaffold extraction and HA6(SA/CS)4@VAN/VEGF scaffold extraction. They were inoculated into a 96-well plate at 5 × 104 cells/well in three wells of each group of four 96-well plate. The plates were taken out on the first day, third day, fifth day, and seventh day, respectively, 20 μl of 5 mg/mL MTT was added to each well in the dark, and the cells were incubated for 4 h in the incubator. Then, the medium was removed, 150 μl of DMSO solution was added to each well and placed for 10 min on a shaker until the purple crystals were fully melted. The optical density (OD) values were read using an automatic microplate reader at 490 nm.



Determination of Calcium Ion Concentration

Two HA0(SA/CS)10@VAN/VEGF scaffolds and two HA6(SA/CS)4@VAN/VEGF scaffolds were immersed in 20 ml PBS separately, and placed at 4°C. All the liquid was collected on the first day, the fifth day, the seventh day, and the fourteenth day and fresh 20 ml PBS was added again. After the samples were collected, the concentration calcium ion concentration was determined according to the instruction of the kit for quantitative detection of body fluid calcium ion colorimetry.



Alizarin Red Staining

A total of 500 μl of 1% gelatin was added to a 12-well plate, incubated for 30 min in the ultra-clean bench. Then, the plate was dried for use. Third-generation BMSCs were seeded on a gelatin-coated 12-well plate at a density of 5 × 104 cells/well. Cells were divided into blank, HA0(SA/CS)10@VAN/VEGF, and HA6(SA/CS)4@VAN/VEGF groups, with three replicate wells per group. When the cells reached 80–90% of confluence, the medium was replaced with the corresponding osteogenic induction medium, that was, blank groups with osteogenic induction L-DMEM, HA0(SA/CS)10@VAN/VEGF groups with HA0(SA/CS)10@VAN/VEGF osteogenic induction medium (HA0(SA/CS)10@VAN/VEGF scaffold extraction, 1% penicillin-streptomycin, 10% FBS, 0.5% 1 mol/L β-glycerol phosphate, 1% 5 mg/mL ascorbic acid, 0.5% 20 nmol/L dexamethasone), HA6(SA/CS)4@VAN/VEGF groups with HA6(SA/CS)4@VAN/VEGF osteogenic induction medium (HA6(SA/CS)4@VAN/VEGF scaffold extraction, 1% penicillin-streptomycin, 10% FBS, 0.5% 1 mol/L β-glycerol phosphate, 1% 5 mg/mL ascorbic acid, 0.5% 20 nmol/L dexamethasone). After 11 days, all samples were treated with an alizarin red staining solution according to the instruction.



ALP Staining

On the eleventh day of osteogenic induction, the medium was aspirated. The cells were rinsed twice with 2 ml PBS, fixed with 1 ml 4% paraformaldehyde for 15 min, and rinsed three times with 2 ml PBS. Then, these cells were stained, observed, and imaged according to the instructions of BCIP/NBT alkaline phosphatase color development kit.



ALP Viability

After osteogenic induction for 11 days, the medium was aspirated and the cells were rinsed twice with 2 ml PBS. A total of 300 μl of RIPA lysis buffer and PMSF was added to lyse cells on ice for 3 min. The cell lysate was collected by centrifugation at 12,000 rpm, at 5°C for 5 min, and then the protein concentration at the supernatant was determined according to the instructions of the BCA protein assay kit. The appropriate ratio was selected to dilute the protein samples, and the ALP kit were followed. The OD values at 405 nm were read using a microplate reader, and the number of DEA enzyme activity units of ALP was calculated.



Real-Time PCR Analysis

After osteogenic induction for 11 days, the medium was aspirated from each group, and the total RNA was extracted using the cell total RNA isolation kit. Total RNA samples with a purity value of 1.8–2.0 were used to perform reverse transcription to synthesize cDNA with the prime Script™ RT reagent kit with a gDNA eraser. This process adjusts the RNA concentration of each group so that the total RNA amount in the 20 μl reverse transcription system was 1 μg. The cDNA, osteogenic-related gene primers and TB Green® Premix Ex Taq™ II kit were used to prepare a 20 μl reaction system, which was placed in an eight-connected tube, and the PCR reaction was completed in a qRT-PCR instrument. The osteogenic genes analyzed included ALP, bone BMP2, OPN, and Runx2. The primer sequences of each gene are shown in Table 2.


Table 2. Primer sequences for osteogenesis-related genes for real-time PCR.
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Cell Adhesion on the Scaffold

The HA6(SA/CS)4@VAN/VEGF and HA0(SA/CS)10@VAN/VEGF scaffolds were, respectively, placed in laser confocal dishes, and were pre-wet for 1 h with complete L-DMEM. Third-generation BMSCs were digested and inoculated into scaffolds at 1.0 × 106 cells/scaffold by repeated dropwise addition. After 1 h, the medium was added until the scaffolds were immersed and placed in a CO2 constant temperature cell incubator. Twenty-four hours later, the medium was discarded, the scaffolds were rinsed twice with pre-warmed PBS, fixed for 10 min with 4% paraformaldehyde, and rinsed twice with PBS again. Then, 0.1% triton X-100 was added to pass through the cell membranes for 5 min, and rinsed twice with PBS again. Next, DAPI staining solution was added to the covering scaffolds for 15 min in the dark, and were rinsed with PBS twice. Finally, cell images were obtained using a laser confocal microscope in the dark.





RESULTS AND DISCUSSION


XRD and FTIR Analyses

Figure 1 shows the FTIR spectrum of HA, SA, CS and composite scaffolds. The peaks detected at 1,091, 1,022, 603, 563, and 960 cm−1 correspond to the [image: image]-band, indicating the presence of the HA phase (Cho et al., 2016; Wijesinghe et al., 2017). The spectrum of unmodified CS showed characteristic peaks of Amide at 1,661 cm−1 (C=O stretching) and 1,599 cm−1 (C-N). The vibration peaks of CS at 1,661 and 1,599 cm−1 shift to 1,636 and 1,546 cm−1 in composite scaffolds. These changes may be attributed to the formation of hydrogen bonding between OH– groups in HA and –C=O groups in CS. For the SA, the absorption peaks at 1,029 and 1,095 cm−1 correspond to the stretching vibrations of the C-O. The bands at 1,612 and 1,419 cm−1 can be attributed to the symmetric and antisymmetric peaks of the COO- of SA (Sukhodub et al., 2016; You et al., 2019). The band at 3,433 cm−1 is due to the interaction between the amide group of CS and the hydroxyl group (Bi et al., 2019). The FTIR spectra of HA4(SA/CS)6, HA5(SA/CS)5, HA6(SA/CS)4, and HA7(SA/CS)3 tend to be consistent with each other.


[image: Figure 1]
FIGURE 1. FTIR spectrum of HA, SA, CS, HA7(SA/CS)3 scaffold, HA6(SA/CS)4 scaffold, HA5(SA/CS)5 scaffold, and HA4(SA/CS)6 scaffold.


To further determine the HA load and the hybrid scaffold, we conducted XRD experiments. The sharp diffraction peaks at 2θ = 25.8°, 31.7°, 32.9°, 34.1°, and 45.3° correspond to the faces (002), (211), (300), (202), and (203) of single crystalline HA, respectively. The results shown in Figure 2, demonstrate that the diffraction peak position of the composite scaffold group of each ratio is close to the diffraction peak position of the HA particles, and major peaks of HA are in a good agreement with those of HA standard data (JCPDS-09-0432) (Bi et al., 2019; You et al., 2019). The difference between the peaks may be due to the low crystallinity of HA caused by the synthesis of scaffolds and the different amount of HA in different scaffolds. It shows that during the preparation of the composite scaffold, the HA was successfully incorporated into the scaffolds. The CS acetic acid solution is slightly acidic, and in an acidic environment, the dissolved structure of HA changes. We constantly tried to adjust the PH method to avoid white flocs due to too fast adjustment of the PH, and finally the mixture was adjusted to a neutral environment. The FTIR and XRD results confirmed that the HA crystal structure was not damaged, and that it was perfectly mixed inside the stent.


[image: Figure 2]
FIGURE 2. XRD spectrum of HA, HA7(SA/CS)3 scaffold, HA6(SA/CS)4 scaffold, HA5(SA/CS)5 scaffold, and HA4(SA/CS)6 scaffold.




Scanning Electron Microscope (SEM) Analysis

The interior of the stent is crucial for the “microenvironment.” The size of the pores and the connectivity between them affect cell adhesion and crawling, the exchange between nutrients and metabolic waste, blood vessels, and bone regeneration (Peter et al., 2010; He et al., 2019). As shown in Figure 3, the pores in each group of stents are connected to each other in a mesh-like structure. Observation under the microscope shows that as the increasing proportion of HA added, the pore size and pore number in the stent become negatively correlated. The HA4(SA/CS)6 sets of stents are loose and porous, and the pore size can be up to 500 μm, whereas the HA5(SA/CS)5 and HA6(SA/CS)4 sets of stents have an internal pore size of 100–300 μm. The HA7(SA/CS)3 sets of stents are relatively dense and the pore size is only about 100 μm. The difference in pore size among the four groups of stents is obvious. Hence the stents that are beneficial to bone tissue regeneration can be selected based on pore size. Studies have shown that scaffolds with a pore size of 100–200 μm have obvious osteogenic effects in vitro (Brennan et al., 2019), and stents with a pore size of about 133 μm are conducive to the production of extracellular matrix in vitro (Lutzweiler et al., 2019). However, studies by Oh et al. (2007) have shown that in in vivo experiments scaffolds of 290–310 μm are more suitable for the formation of new bones. In addition, Roosa et al. (2010) also found that scaffolds with pore diameter of 350–800 μm can show bone tissue growing outside the scaffold, but scaffolds with pore diameter <350 μm show obvious in stent bone formation.
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FIGURE 3. SEM image of (a) HA4(SA/CS)6 scaffold, (b) HA5(SA/CS)5 scaffold, (c) HA6(SA/CS)4 scaffold, (d) HA7(SA/CS)3 scaffold, and (e) microsphere inside the scaffold.




Contraction Percentage Test

In stents made of multiple phases, CS can reduce the shrinkage performance of the stent (Peng et al., 2016), which is beneficial to the formation of the stent and has the ability to prevent deformation. In the experimental group, the contraction percentage of the stent was positively correlated with the specific gravity of HA, and its contraction percentage performance was more obvious in the vertical height. HA further compresses the space in the height direction of the stent due to its large specific gravity. In Figure 4A, in the HA4(SA/CS)6 and HA5(SA/CS)5 stent groups, the contraction percentage was significantly lower than that of the control group. However, as the proportion of HA continues to increase, it exerts a more significant effect on the overall stability of the interior of the stent. It plays a role of “load-bearing wall” in maintaining the height of the scaffold, and finally shows higher dimensional stability in the high proportion group. The gravity of hydroxyapatite determines the anisotropy of scaffold contraction.
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FIGURE 4. (A) Contraction percentage, (B) swelling ratio, (C) mechanical strength, (D) degradation ratio, (E) porosity ratio of HA0(SA/CS)10 scaffold, HA4(SA/CS)6 scaffold, HA5(SA/CS)5 scaffold, HA6(SA/CS)4 scaffold, and HA7(SA/CS)3 scaffold. *p < 0.05, **p < 0.01.




Swelling Behavior

HA has a large specific gravity and strong hydrophilicity (Januariyasa et al., 2020). When the proportion of HA in the stent is small, the hydrophilic capacity of the stent can be increased, and finally the stent shows water swelling. However, when the specific gravity of medium HA gradually increases, the gravity factor is more important than the hydrophilic factor for the stent's water absorption and swelling ability. This is demonstrated in Figure 4B, in which a gradual decrease of the water absorption and swelling ability of the stent is observed. In the scanning electron micrograph, HA is uniformly dispersed in the scaffold, and after crosslinking, it binds firmly with SA and CS. Slight water absorption and swelling can fill the small gap between the scaffold and the bone defect, which is conducive to the adhesion and migration of cells at the interface between the scaffold and the bone tissue, and ensures that the cells enter the scaffold to form bone inside it.



Mechanical Properties

Figure 4C shows the elastic modulus of the composite scaffold with different weight ratios of HA/SA/CS. It can be seen that after adding HA, the mechanical strength of the composite scaffold is positively correlated with the specific gravity of the HA. This is consistent with other reports (Chen et al., 2019; Mondal et al., 2020). The mechanical strength of HA7(SA/CS)3 stent group was more than 6 times that of HA0(SA/CS)10. The scanning electron microscope showed that the interior of the stent with the high proportion of HA is denser. This is because HA can be embedded in the wall of the stent hole, which increases the strength of the composite stent, but as the proportion of HA increases, the proportion of SA and CS decreases, and the brittleness of the composite stent increases significantly.



Degradation Studies

The degradation rate of the scaffold at the bone defect should ideally match the speed of new bone formation. The rate of bone tissue regeneration is much slower than that of soft tissue regeneration (Peñarrocha-Diago et al., 2020). Thus, if the scaffold degrades rapidly during the early stage of bone formation, it will not provide a good barrier for bone tissue regeneration, and this will ultimately lead to soft tissue expansion into the bone defect, which is not conducive to bone organizational regeneration. As shown in Figure 4D, the degradation rate of the HA4(SA/CS)6 and HA5(SA/CS)5 scaffold group was the fastest, reaching a degradation rate of 90% on day 21, whereas the degradation rate of the HA6(SA/CS)4 scaffold group was relatively stable, being 50.01% on day 21. In HA7(SA/CS)3 scaffold group, the degradation amount accounted for 31.29% of the total stent from the 3rd to the 6th day, and then the degradation tended to be gentle. This occurs because the water-swelling expansion force of the slow-release microspheres encased in the scaffold is much greater than that in HA7(SA/CS)3. The specific gravity of sodium alginate chitosan in HA7(SA/CS)3 scaffold group was lower than that in HA6(SA/CS)4 scaffold group, which led to the stent rupture from the inside, and a part of sustained-release microspheres were separated from the stent, resulting in a significant reduction in weight. The microspheres detached from the inside of the support, resulting in a significant reduction in weight.



Porosity Measurement

A higher porosity can ensure a higher material exchange capacity inside the stent, which is conducive to maintaining the steady state of the “osteogenesis microenvironment” (Shi et al., 2007). The increase of HA compresses the volume of the scaffold at the height level, resulting in a decrease in the porosity of the scaffold in the experimental group. Furthermore, the cross-linking of the calcium chloride solution establishes a large number of connections between SA and CS (Heo et al., 2017). The stent pores are further reduced and stabilized. As shown in Figure 4E, the porosity of the HA4(SA/CS)6, HA5(SA/CS)5, and HA6(SA/CS)4 scaffold groups can reach 80%, and the porosity of the HA7(SA/CS)3 scaffold group can decrease to 77.47%. Therefore, the HA5(SA/CS)5 and HA6(SA/CS)4 sets of scaffolds are more conducive to the formation of bone tissue inside them.



Scaffold Drug Release Ability

The composite stent prepared in this experiment carried two drugs, VEGF and VAN. VEGF was wrapped in internal microspheres and VAN was carried in an external stent. As shown in Figure 5, the release curve of the two different stents was not significantly different due to the uniform mixing of the VAN in the external stent. Furthermore, the released amount reached 80% on day 4, demonstrating that a higher concentration of VAN is maintained during early bone defect regeneration, inhibiting the growth of bacteria in the bone defect, and providing a bacteria-free environment during the early stages of bone regeneration (Zhou et al., 2018; Wei et al., 2019). In the early stage of drug release, due to the presence of the SA-CS block layer outside the slow-release microspheres inside the stent, the early release of VEGF was small. As the stent degraded, the VEGF inside the microspheres was gradually released. The release of VEGF in the HA6(SA/CS)4@VEGF/VAN stent was greater than that of the HA0(SA/CS)10@VEGF/VAN stent from day 6 to day 9, which is related to the good hydrophilicity of HA (Babaei et al., 2019). Since day 9, the release of VEGF tended to be flat.
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FIGURE 5. (A) The release curve of VAN on HA0(SA/CS)10 scaffold and HA6(SA/CS)4 scaffold. (B) A standard ELISA curve for VEGF. (C) The VEGF release curves of HA0(SA/CS)10 scaffold and HA6(SA/CS)4 scaffold. (D) The VEGF release of heat map of HA0(SA/CS)10 scaffold and HA6(SA/CS)4 scaffold.




Detection of Stent Antibacterial Properties

The quantitative and qualitative antibacterial experiments showed that the composite stent had good antibacterial properties. As shown in Figure 6, the HA6(SA/CS)4@VEGF/VAN scaffold and the HA0(SA/CS)10@VEGF/VAN scaffold showed obvious antibacterial ability. Because of the lack of effective antibacterial ingredients, the HA6(SA/CS)4@VEGF and HA0(SA/CS)10@VEGF scaffolds showed no obvious growth inhibitory effect on S. aureus. Obviously, on the first day, the VAN (+) stent showed a good antibacterial performance, and maintained a stable antibacterial effect on days 3 and 5. As shown in the figure, after 1, 3, and 5 days of incubation, a clear inhibitory ring was formed around the HA6(SA/CS)4@VEGF/VAN and HA0(SA/CS)10@VEGF/VAN scaffolds, which indicates that the VAN released by the scaffold has biological activity. Each antibacterial ring uses a vernier caliper to measure the diameter every 60°, that is, each antibacterial ring is measured three times. The results show that the VAN (+) bracket has a good antibacterial property. The release of active VAN could inhibit the bacteria in the bone defect and prevent the slow or even poor healing of bone tissue caused by the presence of bacteria (Avani et al., 2019; Wei et al., 2019).


[image: Figure 6]
FIGURE 6. (A) Bacterial growth inhibition on agar plates after 1d, 3d, and 5d. (B) The diameter of bacteriostatic rings of the four groups of scaffolds cultured for 1d, 3d, and 5d. (C) The OD value of the bacterial liquid medium after the scaffold and the bacterial liquid medium were co-cultured for 1d, 3d, and 5d. Numbers 1–4 indicate HA0(SA/CS)10@VEGF/VAN scaffold, HA6(SA/CS)4@VEGF/VAN scaffold, HA0(SA/CS)10 scaffold, and HA6(SA/CS)4 scaffold. **p < 0.01.




BMSCs Morphology and Growth Status

After 72 h of standing culture, several clone colonies of primary BMSCs were seen, which primarily composed of astrocytes, with a small number of spindle cells, and a large number of blood cells and other miscellaneous cells, as shown in Figure 7a. Though continuous passage, the astrocytes were elongated, mainly fusiform, arranged in a vortex-like growth, with fewer heterocells and higher purity, as shown in Figures 7b,c.
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FIGURE 7. (a) Morphology of primary BMSCs. (b) Morphology of first generation BMSCs. (c) Morphology of third generation BMSCs. (d) Alizarin red staining showed calcium nodules. (e) Oil red O staining showed lipid droplets. (f) Cytotoxicity test of blank group, HA0(SA/CS)10@VEGF/VAN scaffold and HA6(SA/CS)4@VEGF/VAN scaffold. (g) Ca2+ released from the scaffolds. (h) Results of ALP activity measurement in each group. **p < 0.01.




BMSCs Differentiation Test

After 11 days of osteoinduction, alizarin red staining showed obvious calcium nodules, as shown in Figure 7d. After 7 days of induction of fat formation, tiny lipid droplets could be seen in the cells under the microscope. With the extension of the induction time, the lipid droplets gradually became larger and merged. Eleven days later, oil red O staining showed obvious lipid droplets, as shown in Figure 7e.



Cytotoxicity Test

Figure 7f shows that the cells were co-cultured with complete L-DMEM and scaffold extraction separately. On days 1, 3, 5, and 7, the cells in the blank group, HA0(SA/CS)10@VEGF/VAN group, and HA6(SA/CS)4@VEGF/VAN group all showed good proliferation ability. There was no statistically significant difference in cell proliferation among the three groups. Compared with the blank, the HA0(SA/CS)10@VEGF/VAN and HA6(SA/CS)4@VEGF/VAN groups were not cytotoxic, which was conducive to cell adhesion in the scaffold.



Effect of the HA/SA/CS Scaffold on Osteogenic Differentiation of BMSCs


Calcium Ion Release

On days 1, 5, 7, and 14, the HA6(SA/CS)4@VEGF/VAN and HA0(SA/CS)10@VEGF/VAN scaffolds released calcium ions in PBS as shown in Figure 7g. Within 14 days, the two groups of stents continued to release calcium ions, but there was no statistical difference in the released amount. With the degradation, the release of calcium ion in hydroxyapatite is relatively slow (Witek et al., 2017). In addition, CaCl2 solution was used for cross-linking during the preparation of scaffolds, which made sodium alginate become calcium alginate. Over time, calcium ion release in calcium alginate was relatively large, so there was no significant difference in calcium ion release between the two groups.

Calcium ions play an important role in the process of bone reconstruction. A low extracellular concentration of calcium ions (2–4 mm) can affect the calcium-sensitive receptor of osteoblasts, leading to the activation of the intracellular mechanism, increasing the expression of insulin-like growth factor, and promoting the survival and proliferation of osteoblasts. Furthermore, a moderate concentration of calcium ion (6–8 mm) can promote the differentiation of osteoblasts. When the concentration of calcium ions is higher than 10 mm, it will affect the health of osteoblasts (Maeno et al., 2005; Shie and Ding, 2013).



Degree of Mineralization of the Extracellular Matrix

After 11 days of osteogenic induction, the alizarin red staining results were shown in Figures 8a–c. The three groups had different degrees of calcium salt deposition. The number of scaffolds was more than that of the blank group, and the HA6(SA/CS)4@VEGF/VAN group was obviously more than HA0(SA/CS)10@VEGF/VAN group.
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FIGURE 8. (a) Alizarin red staining of blank group. (b) Alizarin red staining of HA0(SA/CS)10@VEGF/VAN scaffold. (c) Alizarin red staining of HA6(SA/CS)4@VEGF/VAN scaffold. (d) Results of intracellular ALP activity expression in blank group. (e) Results of intracellular ALP activity expression in HA0(SA/CS)10@VEGF/VAN scaffold. (f) Results of intracellular ALP activity expression in HA6(SA/CS)4@VEGF/VAN scaffold.




Cell ALP Activity and Expression Levels

The results of ALP activity were shown in Figure 8. The staining results showed that the staining in Figure 8d was the lightest, while that in Figure 8f was the strongest. The degree of staining directly reflected the level of ALP expression, indicating that the expression level of the blank group was the lowest and the expression level of the HA6(SA/CS)4@VEGF/VAN group was the highest. The results of ALP semi-quantitative analysis, in Figure 7h, showed that the DEA enzyme activity of the ALP in the scaffold groups was significantly higher than that in the blank group. Compared with the HA0(SA/CS)10@VEGF/VAN group, the HA6(SA/CS)4@VEGF/VAN group had a statistically higher expression of ALP.



Cell Adhesion on the Scaffold

The results of layered scanning of the stent material were shown in Figures 9a,b. The round blue-stained structures were the nuclei, which indicated that the cells attached successfully to the three-dimensional structure of the HA0(SA/CS)10@VEGF/VAN and HA6(SA/CS)4@VEGF/VAN scaffolds. As for the number of cells, cells adhered inside the HA6(SA/CS)4@VEGF/VAN scaffold were significantly higher than that of HA0(SA/CS)10@VEGF/VAN scaffold.


[image: Figure 9]
FIGURE 9. (a) Laser confocal image of cells adhesion on HA0(SA/CS)10@VEGF/VAN scaffold. (b) Laser confocal image of cells adhesion on. (c) Real-time PCR results of osteogenesis-related gene in each group. **p < 0.01.




Transcription Levels of Osteogenesis Related Genes

As shown in Figure 9c, compared with the blank control group, the expression levels of BMP2 and OPN in the HA0(SA/CS)10@VEGF/VAN group were statistically different, while the expression levels of ALP, BMP2, OPN, and Runx2 in the HA6(SA/CS)4@VEGF/VAN group were different. The expression levels of ALP, BMP2, OPN and Runx2 were compared between the HA0(SA/CS)10@VEGF/VAN and HA6(SA/CS)4@VEGF/VAN groups. ALP is a marker of osteoblasts in the early stage of maturation, while Runx2 is another marker of osteoblasts in the early stage of maturation, which participates in all stages of stem cell differentiation into mature osteoblasts (Bruderer et al., 2014). OPN is a marker of the final stage of osteoblast differentiation, which plays a role in the mineralization of the extracellular matrix and the adhesion between osteoblasts and the matrix. BMP 2 can regulate ALP, Runx2, OPN, and other osteoblasts through different signal pathways. The orderly expression of related genes ALP, Runx2, OCN, and BMP2 is involved in the process of bone formation and bone metabolism, and their transcriptional expression level reflects to a great extent the degree of osteogenic differentiation of BMSCs. Real-time PCR results showed that osteogenic genes in BMSCs were activated and expressed in varying degrees after osteogenic induction. Compared with HA0(SA/CS)10@VEGF/VAN scaffolds, HA6(SA/CS)4@VEGF/VAN scaffolds had more significant effects on ALP, BMP2, OPN, and Runx2 expression.





CONCLUSION

We successfully prepared and used a SA/CS/HA composite scaffold loaded with VEGF and VAN. By synthesizing composite scaffolds with different ratios and conducting performance tests, we selected the composite scaffolds with the best performance. Hence, the chronological release of the two drugs and the mechanical strength of the scaffold are guaranteed. The composite scaffold has good performance and provides a new strategy for repairing bone defects in infected areas.
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