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Background: Bone tissue defect, one of the common orthopaedicdiseases, is traumatizing and affects patient’s lifestyle. Although autologous and xenograft bone transplantations are performed in bone tissue engineering, clinical development of bone transplantation is limited because ofvarious factors, such as varying degrees of immune rejection, lack of bone sources, and secondary damage to bone harvesting.
Methods: We synthesised a heparinised gelatine-hydroxyapatite-tricalcium phosphate (HG-HA-TCP) scaffold loaded with sustained-release vascular endothelial growth factor (VEGF) analysed their structure, mechanical properties, and biocompatibility. Additionally, the effects of HG-HA-TCP (VEGF) scaffolds on osteogenic differentiation and vascularisation of stem cells from human exfoliated deciduous teeth (SHED) in vitro and bone regeneration in vivo were investigated.
Results: HG-HA-TCP scaffold possessed good pore structure, mechanical properties, and biocompatibility. HG-HA-TCP scaffold loaded with VEGF could effectively promote SHED proliferation, migration, and adhesion. Moreover, HG-HA-TCP (VEGF) scaffold increased the expression of osteogenesis- and angiogenesis-related genes and promoted osteogenic differentiation and vascularisation in cells. In vivo results demonstrated that VEGF-loaded HG-HA-TCP scaffold improved new bone regeneration and enhanced bone mineral density, revealed byhistological, micro-CT and histochemical straining analyses. Osteogenic and angiogenic abilities of the three biological scaffolds wereranked as follows: HG-HA-TCP (VEGF) > G-HA-TCP (VEGF) > G-HA-TCP.
Conclusion: HG-HA-TCP (VEGF) scaffold with good biocompatibility could create an encouraging osteogenic microenvironment that could accelerate vessel formation and osteogenesis, providing an effective scaffold for bone tissue engineering and developing new clinical treatment strategies for bone tissue defects.
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HIGHLIGHTS

• HG-HA-TCP scaffold had good pore structure, mechanical properties, and biocompatibility.
• VEGF-loaded HG-HA-TCP scaffold could effectively promote SHED proliferation, migration, and adhesion.
• VEGF-loaded HG-HA-TCP scaffold could effectively promote osteogenic differentiation and vascularisation.
• VEGF-loaded HG-HA-TCP scaffold improved new bone regeneration and enhanced bone mineral density.
INTRODUCTION
Bone tissue defect, a common orthopaedic disease, is primarilycaused by trauma, developmental deformity, revision surgery, osteomyelitis. It causesgreat pain (Zhu et al., 2022). The most common solution for bone defect restoration is to gain bone mass through transplantation of bone tissue engineering scaffolds, which are commonly considered autologous bones and xenografts (Zizzari et al., 2016). However, an autologous bone graft is limited in source, prone to infection in the donor site, and involvescomplicated surgical procedures, causing considerable limitations to its development. At this stage, the application of autologous bone grafts cannot provide satisfactory results for bone defect repair (Fillingham and Jacobs, 2016).
On the other hand, an allogeneic bone graft has structural properties similar to autologous bone and is easy to obtain and process, yet it risks immune rejection and infection (Wu et al., 2021). Therefore, researchand development of alternative pathways for bone defect repair have been a hotspot for research. Bone tissue engineering emerged, and synthetic biomaterials have also been widely studied and applied to solve the problem of bone defect repair (Wang et al., 2019).
Bone tissue engineering is a discipline that couples cell biology with material science to construct tissues or organs in vitro and in vivo, with three elements of seed cells, biomaterials, and biological factors (Marolt et al., 2010; Roddy et al., 2018). An optimal bone biomaterial should possess satisfactory mechanical properties, excellent biocompatibility and degrade at a moderate rate to match bone regeneration, which is crucial to bone defect repair (Mistry and Mikos, 2005). All artificial bone materials have evolved and refined, including glass ceramics, metals, and organic polymers (Dorozhkin, 2010). Since it is difficult for a single scaffold material to meet the material requirement of bone tissue engineering, two or more scaffold materials are often used after compounding (Gu et al., 2022). Tricalcium phosphate (TCP) and hydroxyapatite (HA) are important components of human bones and are extensively studied in artificial bone materials (Konovalenko et al., 2021). Gelatine (G) is a soluble collagen substitute with the advantages of low antigenicity, easy use, and low price; it is widely used in bone tissue engineering (Salehi et al., 2018). A previous study indicated that HA crystals could increase the strength of collagen, which could also enhance the toughness of HA crystals (Wolters et al., 2017). In our previous study, a G-HA-TCP composite scaffold was constructed, and it was confirmed by in vitro experiments that it could induce fine osteogenesis of human dental pulp stem cells (SHED) (Gu et al., 2018).
Bone tissue is highly vascularised; itsrenewal involvesinteraction between osteogenesis and angiogenesis, further leading to bone formation and tissue repair (Clark et al., 2015). Bone regeneration depends on successful angiogenesis, which is highly related toselecting tissue-engineered grafts (Novosel et al., 2011; Diomede et al., 2020). An optimal scaffold should ensure the development of a vascular network, providing a positive and appropriate microenvironment fortissue engineering and renewal (Martino et al., 2015). A wide range of growth factors can promote the vascularisation of seed cells and bone tissue material complexes. Among them, vascular endothelial growth factor (VEGF), also an angiogenesis factor, has the most potent ability to rebuild blood vessels and is often used in combination with scaffolds to improve osteogenic efficiency (Zha et al., 2021). In vivo, VEGF can be reserved in the natural extracellular matrix by its interactionwith sulphated glycosaminoglycans (such as heparin or heparan sulphate), and many studies mimicked the in vivo situation by complexing the scaffold with heparin to maintain the biological activity of VEGF while controlling itsrelease (Claassen et al., 2017).
However, whether VEGF-loaded heparinised G-HA-TCP (HG-HA-TCP) scaffold could regulate osteogenesis-angiogenesis coupling and bone regeneration has not been studied before. Previous research of our group found that G-HA-TCP could induce the osteogenic differentiation of SHED in vitro, which laid the foundation for present research. In the current study, we fabricated an HG-HA-TCP scaffold, and the physical properties, biocompatibility, and osteogenic properties after loading with VEGF were further observed and studied.
MATERIALS AND METHODS
The schematic diagram of whole process of the experiments was demonstrated in Figure 1.
[image: Figure 1]FIGURE 1 | Diagram of the whole process of this study.
Synthesis of G-HA-TCP Scaffold
The mechanical strength of HA is similar to that of normal bone tissue, but it has the disadvantages of poor mechanical properties, high brittleness, easy fracture, and refractory degradation. TCPbioceramics are similar to natural inorganic bone components with good osteoconductivity, osteoinductivity and biocompatibility, which are non-toxic and can be degraded and absorbed. However, it has the disadvantages of fast degradation, poor plasticity and unstable mechanical properties. Therefore, HA and TCP are often used in combination to complement each other for better performance of the stent. G has the characteristics of low strength, high brittleness, easy water absorption and swelling, and extremely low strength and elastic modulus after swelling. The properties of gelatin porous scaffolds are usually improved by physical modification and chemical cross-linking. G-HA-TCP was synthesised as per a previous study (Gu et al., 2018). In brief, G, HA, and TCP (at a proportion of 10:1:1) were added to ultrapure water and sonicated for 20 min, followed by a hot-water bath for 1 h. Sodium chloride was added as a pore-forming agent in the mixtureand simultaneously mixed with glutaraldehyde as a cross-linking agent. After incubating for 30 min, the formed scaffold was sodden and cleaned with ultrapure water for 12 h and aged 24 h under room temperature to obtain a gel-like 3D porous G-HA-TCP scaffold.
Conjugation of Heparin Onto G-HA-TCP Scaffold
G-HA-TCP scaffold was submerged in MES buffer for 2 h to prepare scaffold solution. Besides, N-Hydroxysuccinimide (NHS) and 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) were added tothe heparin solution and incubated for 15 min to stimulate heparin (with a molar proportion of EDC:NHS as 1:1). Subsequently, scaffold solution was mixed into heparin solution with gentle stirring for 24 h atroom temperature. Finally, distilled water was used to rinse the scaffold to remove sideproducts. After freeze-drying, HG-HA-TCP material was obtained.
Microstructural Characterisation of Scaffolds
Freeze-dried G-HA-TCP and HG-HA-TCP scaffolds were fixed on the conductive tape on the sample holder, which was furtherplaced in the gold steaming chamber and gold was sprayed when it reached a vacuum state. Carl Zeiss scanning electron microscope (SEM) was used to observe surface morphology, pore distribution, and pore size of scaffolds under an energy dispersive spectrum voltage of 3 kV.
Preparation of Scaffolds Loaded With VEGF
VEGF-loaded scaffolds were prepared by the adsorption method. Briefly, 2 μg of recombinant human VEGF165 (127464-60-2, Peprotech, Rocky Hill, NJ, United States) was dissolved in 2 ml of ultrapure water consisting of 0.1% bovine serum albumin (BSA). Further, ethylene-oxide-sterilised HG-HA-TCP and G-HA-TCP scaffolds were placedin VEGF solution and keptat 4°C for 18 h. After washing, VEGF loaded scaffolds were dried under vacuum conditions and stored under room temperature.
Isolation and Identification of SHED
Twenty children with retained deciduous teeth treated in the Department of Paediatric Stomatology of our hospital were selected. With the notification and consent of their guardians, extracted deciduous teeth were obtained. The current study obtained approval fromthe Ethics Committee of Capital Medical University, Beijing, China (No. CMUSH-IRB-KJ-PJ-2020-02). The surface of the tooth was sanitised with 75% ethanol; the pulp was detached under hygienic conditions, cut into asizeof 1–1.5 mm3, and digestedwith 0.4% neutral protease and 0.3% type I collagenase for 30 min at 37°C. MSCM medium (HyClone, United States) containing 20% foetal bovine serum (FBS; Gibco, United States) was addedto cease theenzymatic activity. After the digestion was terminated, cells were transferred to a 60-mm Petri dish with an MSCM medium supplemented with 100 U/mL streptomycin (Gibco), 100 U/mL penicillin (Gibco), and 15% FBS in 10% CO2 at 37°C for conventional culture, and the medium was changed every 2–3 days.
Flow cytometry was performed to detect surface antigens to analyse the expression of specific mesenchymal protein markers. The third-generation SHED was harvested, 1 × 106 cells were resuspended in50 μl cold PBS. Further, cells were tagged with phycoerythrin (PE)-conjugated antibodies against CD105 (4300023, eBioscience, San Diego, CA, United States) and CD34 (119307, Biolegend, San Diego, CA, United States) and fluorescein isothiocyanate (FITC)-conjugated antibodies targeting CD44 (103,005, Biolegend), CD90 (328107, Biolegend), CD45 (304005, Biolegend), CD14 (301803, Biolegend), and CD11b (4271325, eBioscience). After 30 min of incubation, cells were rinsed with cold PBS solution and placed in BD Accuri™ C6 Plus flow cytometer (BD Biosciences, Bedford, MA, United States) for detection. Data were analysed using Cell Quest software (BD Biosciences). For the detection of cell differentiation, cells were treated with osteogenic (HUXXC-90021) and adipogenic (HUXXC-90031) induction medium (Cyagen, Guangzhou, China) for 2–3 weeks. Further, cells were assessed with Alizarin red S and Oil red O staining.
Co-Culture of Cells and Scaffolds
Third-generation SHED wasdigested with 0.25% trypsin, and MSCM medium was added to make a cell suspension. Ethylene-oxide-sterilised scaffold material was placed in the third-generation cell suspension containing 1 × 105 cells, then shookfor 1 h at 37°C. Further, thescaffold materials were taken out and placed in a petri dish, onto which the remaining cell suspension was dripped. After 4 h, it was cultured in an MSCM medium.
Cell Proliferation Assay
Cell proliferation assay was conducted with CCK-8 kits (CK04, DoJinDo, Japan). Briefly, cell suspension (100 μl/well) was seeded in a 96-well plate, and the cells were co-cultured with the scaffold after pre-incubationof 24 h (37°C, 5% CO2). On days 1, 3, 5, 7, and 9 of co-culture of cells and scaffolds, 10 μl of CCK-8 solution was added to the cells. After incubation for 4 h, the absorbance of each well was measured at 450 nm usinga microplate reader.
Live/Dead Cell Staining
Cells on scaffolds on days 3 and 7 of culture were stained with LIVE DEAD Viability Cytotoxicity Kit (1976809, Invitrogen, Carlsbad, CA, United States) for cell survival imaging assay. Briefly, 0.5 μl Calcein AM (stains live cells, glows green) and 2 μl Eth DB (stains dead cells, glows red) were added to 1 ml PBS solution to prepare a working staining solution. Cells were cultured for 15–20 min at room temperature in the dark and observed usinga fluorescence microscope as soon as possible after the incubation. The proportion of living and dead cells wascounted, and the cells were photographed.
Migration and Invasion Assays
Invasive (HUVECs, from ATCC) and migratory (SHED) abilities of cells were evaluated usingMatrigel-coated inserts (BD Biosciences) and Transwell assay inserts (8 μm PET, 24-well Millicell), respectively. Overall, 200 μl MSCM or DMEM containing 2 × 105 cells and 800 μl medium comprising 10% FBS and various scaffolds were added to the upper and lower compartments. The cells were cultured at 37°C with 5% CO2 for 48 h (invasion) or 24 h (migration). The invaded or migrated cells of the lower chambers were rinsed 3 times with PBS and fixed with paraformaldehyde for 10 min. After rinsing and air-drying, the cells were stained with 0.1% crystal violet for 10 min and observed usinga microscope.
Cell Cycle Detection
A cell cycle detection kit was purchased from Bioss (BA00204, Beijing, China). After co-cultivation with scaffolds for 3 or 7 days, supernatant liquid of cells was collected, cells were trypsinised, and MSCM was added. After washing cells twice with PBS, 70% ethanol was added to the cells. Cells were fixed at 4°C for 24 h and centrifuged (2000 rpm, 5 min), then removedthe supernatant. PBS was added to the cells, and the suspension was centrifuged (2000 rpm, 5 min) again, followed by the removal of the supernatant. The cells wereresuspended in 100 μl RNase A and placed in a water bath at 37°C for 30 min. Further, 400 μl PI was added to the cells, incubated at 4°C for 30 min in the dark. The cell cycle was examined using flow cytometry.
Apoptosis Analysis
The apoptosis kit was purchased from Nanjing KGI Biotechnology (KGA108-1, Nanjing, China). After co-cultivation of cells and scaffolds for 3 or 7 days, cells were harvested by trypsinisation without EDTA, rinsed twice with PBS, and resuspended in 500 μl of binding buffer. Further, the cells were incubated with 10 μl Annexin V-FITC in the dark for 10 min atroom temperature. Additionally, 5 μl of PI was added to the cells, and they were incubatedfor another 5 min under the same experimental conditions. Cell apoptosis was examined usingflow cytometry.
Analysis of Alkaline Phosphatase Activity
SHED wasseeded into three groups of scaffold materials in an osteogenic medium (HUXXC-90021, Cyagen) at a seeding density of 1 × 104 cells/well. After 4, 7, and 14 days of culture, the culture mediumwas removed, and ALP activity was measured per the manufacturer’s instructions withthe alkaline phosphatase detection kit.
Alizarin Red S Staining
Alizarin red S staining solution (ALIR-10001, Cyagen) was used in the present procedure. Overall, 1 × 104 cells/well were seeded into 6-well plates and incubated with osteogenic medium at37°C with 5% CO2 for 24 h. The initial medium was replaced every 2 days after incubation. After 14 and 21 days of incubation, cells were rinsed twice with PBS andfixed with 4% paraformaldehyde for 30 min. After PBS rinsing 2–3 times, cells were stained with 2 ml Alizarin red S staining solution for 10 min and decolourised. Further, 2 ml PBS was added to each well. After 15 min of incubation, absorbance was measured at 490 nm using a microplate reader.
Quantitative Real-Time Polymerase Chain Reaction
Third-generation SHED wasseeded in 6-well plates at a density of 1 × 104 cells/well and co-cultured with osteogenic medium and scaffolds for 14 and 21 days to obtain cell pellets. Total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, United States), and cDNA was synthesised using PrimeScript RT Master Mix Perfect Real-Time Kit (Takara, Nanjing, China). SYBR Select MasterMix (Takara) was used for qRT-PCR assay to detect the expression of osteogenic differentiation markers, including ALP, bone salivary protein (BSP), runt-related transcription factor 2 (RUNX2), osterix (OSX), osteocalcin (OCN), and VEGF (in SHED and HUVECs). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was usedas an internal reference gene. All primers used in the current study was purchased from Genechem (Shanghai, China).
Western Blotting
Osteogenic medium, scaffolds, and seeded cells were collected and co-cultured for 21 days to obtain cells. RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China) was added to extract total cell proteins. Protein concentration was detected usingthe BAC method (Beyotime Biotechnology), and a 4 μg/μl protein solution was prepared. The proteinswereseparated by 12% SDS-PAGE electrophoresis and transferred to a PVDF membrane (Millipore, Billerica, MA, United States). After blockingwith 5% skimmed milk for 1 h, membranes were cultured with primary antibodies as follows: ALP (1:1000, ab229126, Abcam, Cambridge, United Kingdom), BSP (1:1000, #5468, Cell Signaling Technology), OCN (1:1000, ab133612, Abcam), OSX (1:1000, ab209484, Abcam), RUNX2 (1:1000, ab236639, Abcam), OCT4 (1:1000, ab181557, Abcam), SOX2 (1:1000, ab92494, Abcam), Nanog (1:1000, ab109250, Abcam), VEGF (1:1000, bs-0279R, Bioss), and GAPDH (1:2500, ab9485, Abcam). The next day, secondary antibodies (A0208, Beyotime Biotechnology) were added to the membrane, and the protein bands were detected usingECL (NCI5079, Thermo Fisher Scientific, Shanghai, China).
Wound Healing Assay
Different scaffold solutions were prepared before the wound healing assay by adding DMEM + 1% BSA with different scaffolds for 24 h at a scaffold surface area to a media volume proportion of 1.25 cm2/ml. To prepare scaffold/monocyte conditioned media, monocytes were incubated in scaffold solutions for 24 h. HUVEC cells were inoculated in 24-well cell culture plates. DMEM medium was discarded when cell confluence reached 90%, and serum-free medium was added for 24 h. When cell confluence reached 100%, cells were scratched using apipette tip, and a corresponding conditioned medium from various scaffolds was added. Cell scratches were photographed using an inverted microscope. The scratch area S at 0 (S0) and 24 h (S24) wereanalysed using ImageJ software. The cell migration rate was calculated as follows:
[image: image]
Matrigel Tubule Formation Experiment
The effects of scaffolds on the formation of the vascular tube by HUVEC cells were evaluated usingan in vitro angiogenesis assay kit (Corning). Cells (1.5 × 104 cells/well) were seeded in a Matrigel-coated 96-well plate and incubated for 8 h in various conditioned media. An inverted microscope was used for observing the formation of tubular structures in endothelial cells, and three areas of view in each well were selected randomly for photographing.
In vivo Implantation
Thirty-six male SD rats (Beijing Charles River Laboratories) weighing 250–300 g was placed in a clean and sterile environment with an ambient temperature of 22 ± 1°C and a day-night cycle of 12 h. They were divided randomly into control, G-HA-TCP scaffold, G-HA-TCP (VEGF), and HG-HA-TCP (VEGF) groups. Rats were anaesthetized by intraperitoneal injection of sodium pentobarbital (30 mg/kg). The periosteum was detached from the bone surface, drilled to create a circular skull defect with a diameter of 5 mm and implanted with various scaffolds. After implantation, skull tissue was collected for follow-up evaluation after 4, 8, and 12 weeks of implantation. For animal experiments, approval was obtained from the Ethics Committee of Capital Medical University (Beijing, China; MDKN-2021–046).
Micro-CT Analysis
SD rats in each group (n = 6) were anaesthetized using3% pentobarbital sodium. Further, a micro-CT system was used to calculate the bone mineral density (BMD) and bone volume/total volume (BV/TV) fraction of regenerated bone in the calvarial defect. The micro-CT device was set with a tomographic rotation of 180° at 85 kV and 135 mA.
Histology Evaluation
Rats were sacrificed at 4, 8, and 12 weeks after implantation, and the scaffold and surrounding tissues were collected. The sample was soaked in 10% formalin for 48 h, and ethylenediaminetetraacetic acid (EDTA) solution (pH = 8.0, 0.5 M) was added for decalcification for 30 days. The decalcified samples were embedded in paraffin and sliced into thick sections of 4 μm for histological observation. To assess the regeneration of skull defect, slices were stained with Masson’s trichrome and haematoxylin and eosin (H&E). In the current study, the 3Dhistech Pannoramic Scan slide scanning system was used to scan the bone tissue sections after H&E and Masson staining. Case Viewer software was used for observation and analysis.
Immunohistochemical Analysis
For immunohistochemistry, tissue sections were blocked with 5% BSA for 30 min and cultured with primaryanti-BMP2 (1:200, PA5-85956, Thermo Fisher), anti-CD31 (1:50, PA5-16301, Thermo Fisher), anti-RUNX2 (1:200, PA5-82787, Thermo Fisher), and anti-vWF (1:100, PA5-16634, Thermo Fisher). The optical density of immunohistochemical staining results was quantitatively evaluated usingImage J software.
Data Analysis
Measurement data were expressed as mean ± standard deviation (SD). Comparison between experimental groups wasconducted usinga one-way analysis of variance, followed by Tukey’s multiple comparisons tests using SPSS 19.0 (SPSS Inc., Chicago, IL, United States) or GraphPad Prism seven software (GraphPad Software, La Jolla, CA, United States). p < 0.05 was consideredsignificant.
RESULTS
Characteristics of Scaffolds
First, we observed the characteristics of HG-HA-TCP and G-HA-TCPscaffolds. Both scaffolds were faint yellow incolour with loose and porous surfaces, and HG-HA-TCP hada brighter gloss than G-HA-TCP (Figure 2A). Scanning electron microscopy revealed that the pore size of the G-HA-TCP scaffold ranged from 70–200 μm with large porosity. HG-HA-TCP scaffold had alternating pore sizes, and the pore size range was 50–200 μm. Besides, clear pore structure could be seen in scaffolds, with large porosity, rich pores, and uniform distribution (Figure 2B). Results of the stress-strain curve of the scaffolds revealed that it was smooth when the deformation was 0%–20%. When the stress reached 0.2 MPa, the G-HA-TCP scaffold was yielded, and when the stress reached 0.25 MPa, the HG-HA-TCP scaffold was yielded. However, no notable difference was observed in the elastic moduli of the two scaffolds (Figure 2C). The results revealed that prepared HG-HA-TCP scaffolds were partially modified based on G-HA-TCP scaffolds, and the mechanical properties did not change markedly. With suitable pore size and wide pore size distribution, scaffold materials could meet the requirements of angiogenesis and cell ingrowth and wereoperational during bone tissue engineering.
[image: Figure 2]FIGURE 2 | Characteristics of scaffolds. (A) Surface morphology of scaffolds. (B) Internal structure of scaffolds as observed usingSEM. (C) Stress-strain curve of scaffolds.
Isolation and Identification of SHED
The isolated cells had a typical fibroblast-like morphology (Figure 3A). Flow cytometricanalysis revealed that the cells expressed the mesenchymal stem cell markers CD44, CD90, and CD105, whereas the hematopoietic cell markers CD11b, CD34, CD45, and CD14 were negatively expressed (Figure 3B). Additionally, we detected multipotency of SHED. After induction in osteogenic and adipogenic media, the corresponding staining was performed to detect their differentiation ability; isolated cells had osteogenic and adipogenic differentiation abilities (Figure 3C). Collectively, SHED was isolated successfully.
[image: Figure 3]FIGURE 3 | Isolation and identification of SHED. (A) Morphology observation of isolated cells from exfoliated deciduous teeth. (B) CD44, CD90, CD105, CD11b, CD34, CD45, and CD14 expressions were measured usingflow cytometry. (C) Osteogenic andadipogenic differentiation abilities of isolated cells were assessed.
Scaffold Materials Have Good Biocompatibility
After co-culturing cells and scaffolds, we first detected cell proliferation usingthe CCK-8 assay. All three scaffolds could promote cell proliferation compared with the scaffold-free control group. G-HA-TCP (VEGF) promoted cell proliferation markedly better than G-HA-TCP but weaker than HG-HA-TCP (VEGF) (Figure 4A). LIVE/DEAD assays revealed that all three scaffold materials increased cell survival rate compared withthe scaffold-free control group. Moreover, cells in HG-HA-TCP (VEGF) group displayed better viability thanother groups (Figure 4B). Additionally, the migrated cells were increased in scaffold groups compared to the scaffold-free control group, and the number of migrated cells in the G-HA-TCP (VEGF) group was more than that in the G-HA-TCP scaffold groupbut less than that in HG-HA-TCP (VEGF) group (Figure 4C). Additionally, the number of cells in the G1 phase of HG-HA-TCP (VEGF) and G-HA-TCP (VEGF) groups was lower than that in the G-HA-TCP scaffold group (Figure 4D). The rate of cell apoptosis in the G-HA-TCP (VEGF) group was lower than that in G-HA- TCP scaffold group but higher than that in HG-HA-TCP (VEGF) group (Figure 4E). The above results revealed that HG-HA-TCP (VEGF) scaffold could promote cell proliferation, adhesion, and migration and had good biocompatibility, which could be applied in bone tissue engineering.
[image: Figure 4]FIGURE 4 | Biocompatibility of scaffold materials. (A) Cell proliferation was detected using CCK-8 assay. (B) Cell survival was assessed usingLIVE/DEAD assay. (C) Transwell assay was performed to measure cell migration. (D,E) Flow cytometry was performedfor the detection of cell cycle and apoptosis n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.
HG-HA-TCP (VEGF) Promotes Osteogenic Differentiation of SHED
To further analyse the promoting effect of HG-HA-TCP (VEGF) on osteogenic differentiation of SHED, we first detected ALP activity inthe cells by ALP staining. All three scaffolds improved the osteogenic differentiation of ALP activity compared with the scaffold-free control group. ALP activity in G-HA-TCP (VEGF) group was higher than that in the G-HA-TCP group but lower than that in HG-HA-TCP (VEGF) group (Figure 5A). Results of cell mineralisation detected usingAlizarin red S staining revealed that the content of Alizarin red S in scaffold material groups was increased compared with that in the scaffold-free control group. However, the staining colour of the HG-HA-TCP (VEGF) group was more profoundthan that of the G-HA-TCP (VEGF) group at each time point, and the staining colour of the G-HA-TCP (VEGF) group was deeper than that of G-HA-TCP group (Figure 5B). qRT-PCR revealed that the expressions of BSP, ALP, RUNX2, OSX, OCN, and VEGF were upregulated in the cells of the HG-HA-TCP (VEGF) group, which werebetter than thoseinthe G-HA-TCP (VEGF) and G-HA-TCP groups (Figure 5C). Variations of ALP, BSP, OCN, OSX, RUNX2, OCT4, SOX2, Nanog, and VEGF in scaffold material groups increased dramatically. Moreover, HG-HA-TCP (VEGF) group accounted for the highest expressions in terms of the above factors, followed by G-HA-TCP (VEGF) and G-HA-TCP groups (Figure 5D). The HG-HA-TCP (VEGF) scaffold could promote osteogenic differentiation of SHED, and its effect surpassed that of G-HA-TCP (VEGF) and G-HA-TCP scaffolds.
[image: Figure 5]FIGURE 5 | HG-HA-TCP (VEGF) promotes the osteogenic differentiation of SHED. (A) ALP staining was performedto detect cell ALP activity. (B) Alizarin red S staining was performed to measure cell mineralisation. (C) qRT-PCR analysis of mRNA levelsof ALP, BSP, OCN, OSX, RUNX2, and VEGF. (D) Western blot analysis of protein expressions of ALP, BSP, OCN, OSX, RUNX2, OCT4, SOX2, Nanog, and VEGF () n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.
HG-HA-TCP (VEGF) Promotes Endothelial Cell Angiogenesis
To analyse the promoting effect of HG-HA-TCP (VEGF) on endothelial cell angiogenesis, we first performeda wound-healing assay to detect cell migration. All three scaffold materials could promote cell migration compared with the scaffold-free control group. The efficacy of the HG-HA-TCP (VEGF) scaffold to promote cell migration was better than that of the G-HA-TCP (VEGF) and G-HA-TCP scaffolds (Figure 6A). Results of cell invasion revealed that all three scaffold materials could promote cell invasion, and the HG-HA-TCP (VEGF) scaffold had a better promoting effect on cell invasion than G-HA- TCP (VEGF) and G-HA-TCP scaffolds (Figure 6B). In tube formation assay, the tube-forming effect of the G-HA-TCP (VEGF) group was slightly better than that of the G-HA-TCP group but was not as good as that of the HG-HA-TCP (VEGF) group (Figure 6C). Compared with the scaffold-free control group, VEGF expression wasincreased markedly in scaffold material groups. Among them, HG-HA-TCP (VEGF) group exhibited the highest amount, and the VEGF level in G-HA-TCP (VEGF) group was higher than that in the G-HA-TCP group (Figure 6D). These results revealed that HG-HA-TCP (VEGF) scaffolds could promote endothelial cell tubule formation, surpassing the efficacy of G-HA-TCP (VEGF) and G-HA-TCP scaffolds.
[image: Figure 6]FIGURE 6 | HG-HA-TCP (VEGF) promotes endothelial cell angiogenesis. (A) Wound healing assay was performed to detect cell migration. (B) Transwell assay was performed for cell invasion measurement. (C) Tube formation assay was performed to assess angiogenesis in vitro. (D) VEGF expression was detected usingqRT-PCR and western blot n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.
HG-HA-TCP (VEGF) Accelerates Bone Regeneration
After establishing a mouse model of bone defect, we first used micro-CT to observe the bone regeneration in each group of rats after implanting the scaffolds. Compared with the scaffold-free control group, the new bone in scaffold groups grew concentrically at 4, 8, and 12 weeks, with greater bone mass than that in the blank control group, and BMD and BV/TV increased markedly. In addition, the bone mass, BMD, and BV/TV in HG-HA-TCP (VEGF) group weregreater than thosein G--HA-TCP (VEGF) and G-HA-TCP groups (Figure 7A). Subsequently, H&E and Masson staining was performed for bone repair detection. A small but insignificant amount of new bone formed around the bone defect in a scaffold-free control group, whereasthe three scaffold groups exhibited theformation of a small numberof bone islands, new blood vessels, and fibrous tissue in the scaffold area. Compared with other groups, HG-HA-TCP (VEGF) group exhibited more new bone formation and fibrous tissue (Figure 7B). Further, the expressions of BMP2, CD31, RUNX2, and vWF in the bone tissue were detected using immunohistochemistry, revealing that the above indexes were expressed in a much higher amount in the bone tissue of rats in scaffold groups compared with that in the scaffold-free control group. Among which, HG-HA-TCP (VEGF) scaffold group performed notably better than G-HA-TCP (VEGF) and G-HA-TCP groups in terms of all proteins (Figure 7C). The above results suggested that HG-HA-TCP (VEGF) scaffold accelerated bone regeneration by increasing the osteogenesis-angiogenesis coupling.
[image: Figure 7]FIGURE 7 | In vivo experiments confirmed that HG-HA-TCP (VEGF) could accelerate bone regeneration. (A) Micro-CT observation of bone regeneration. (B) H&E and Massonstaining for the measurement of bone repair. (C) Immunohistochemical detection of BMP2, CD31, RUNX2, and vWF expressions n = 6. *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
Large-scale defects of maxillofacial bone tissue can be caused by oral and maxillofacial trauma, tumours, and congenital deformities, etc., thus seriously affecting the masticatory function, pronunciation, and appearance of patients (Tatullo et al., 2015). Fortunately, defects of bone can be repaired to a favourable extent with tissue engineering technology (El-Rashidy et al., 2017), and ideal bioscaffold material applied in which should possess good biocompatibility, degradability, suitable degradation rate and biomechanical strength, good cell-interface relationship, and structure that is easy to process (Cui et al., 2018; Tian et al., 2021). In this study, it was observed that the porosity, pore size, and mechanical properties of HG-HA-TCP scaffold were similar to those of G-HA-TCP scaffold, which met the needs of bone tissue engineering. Moreover, it was of good biocompatibility and could effectively promote cell adhesion, proliferation, and migration after loading an appropriate amount of VEGF. AndVEGF-loaded HG-HA-TCP scaffolds could promote the expression of osteogenesis-related genes in SHED.
Studies have reported that the shape and size of scaffold pores of bioscaffold materials could affect the migration and growth of seed cells, and ideal pore size should be controlled between 100 and 400 μm (Deschamps et al., 2017). In this study, the pores of HG-HA-TCP scaffold were uniformly distributed; its internal morphology was analogous to that of natural cancellous bone with good integrity of pore wall. The diameter of the pores was 50–200 μm, which was conducive to the exchange of tissue nutrients and metabolic wastes and able to promote the effective growth of new tissue structures. G in scaffolds is a protein of natural origin, which can strengthen the mechanical properties of scaffold materials, make up for their rigidity and is lack of elasticity. The elastic modulus of the scaffoldaresimilar to that of cancellous bone with a relatively flat stress-strain curve, and satisfy the requirements of mechanical properties (Echave et al., 2017; Wiria et al., 2007). As an ideal seed cell in tissue engineering, SHED poses strong proliferation ability, population multiplication rate, and convenience to its source. Itneither causes damage to the donor nor hasimmune rejection or ethical conflicts for autologous use. Combined with biological scaffolds, it can be applied to oral craniomaxillofacial tissue engineering, such as periodontal tissue regeneration and jaw defect repair (Nakamura et al., 2009; Tan et al., 2015). Thus, it was chosen to serve as seed cells in present study and was found that cells could express the mesenchymal stem cell markers CD44, CD90, and CD105, whereas the hematopoietic cell markers CD11b, CD34, CD45, and CD14 were negatively expressed (Figure 2B). Previous studies have also reported that SHED positively expressed the markers CD166, CD146, CD90, CD73, and CD29, but negatively expressed CD45, CD34, and CD14 (Huang et al., 2009; Rodríguez-Lozano et al., 2011), proving that SHED was successfully isolated in our study. Biocompatibility refers to possessing the ability to reproduce tissue, and to bolster cellular viability without causing any toxic action or immune responses from the host (Hussein et al., 2016). And an optimal bone scaffold must be osteoconductive to form new bone by recruiting progenitor cells, biomolecular signalling, and biocompatibility (Kharkar et al., 2013). Compatibility of biomaterials is critical for their biological functions and applications, for the host immune system is the first defender to respond during trauma or biomaterial implantation surgery (Anderson et al., 2008). Application of scaffolds unavoidably induces foreign body reactions, which is likely to cause damage to tissue regeneration and lead to fibrosis and scarring. However, immune responses to tissue damages can also accelerate the healing process to certain extent (Saleh and Bryant, 2018). To further confirm the biocompatibility of the scaffold materials, we conducted related analysis and revealed that HG-HA-TCP (VEGF) scaffold could promote cell proliferation, invasion and migration, and is featured withfavorable biocompatibility.
ALP secreted during osteoblast differentiation is an early bone formation and osteoblast marker, the activity of which can reflect the biological activity of osteoblasts (Siller and Whyte, 2018). And it was suggested from the results that ALP activity of HG-HA-TCP (VEGF) group was markedly greater than that of G-HA-TCP (VEGF) and G-HA-TCP groups on days 4, 7, and 14, suggesting that HG-HA-TCP (VEGF) functioned better in promoting osteogenic differentiation of SHED than that of G-HA-TCP (VEGF) scaffold. Previous study reported that HA can regulate the ALP expression in osteoblasts, that the formation of the mineralised nodule is a sign of late osteogenic differentiation (Yuan et al., 2017), and that Alizarin red S staining mainly uses Alizarin red S to react with calcium nodules deposited in osteogenic-induced extracellular, resulting in dark red-coloured compounds, which can reflect the osteogenic differentiation ability of cells. Results of our study indicated that the exudate of HG-HA-TCP (VEGF) group could significantly promote osteogenic differentiation of SHED and induce its mineralisation. Bone formation is a convoluted course, during the process of which in vivo, the expression of bone-related genes has a chronological order and the expression time is strictly controlled, which is essential for bone metabolism, formation, growth, and remodelling (Pan et al., 2017). ALP is produced early in cell development and is readily found on the cell surface and in stromal vesicles of bone and calcified cartilage (Lee et al., 2019). BSP, a marker in the middle and late stages of bone formation, was found in studies to be involved in the attachment and differentiation of fibroblasts, osteoblasts, and osteoclasts, as well as in the process of bone tissue mineralisation; it plays an essential role in periodontal tissue regeneration (Kasugai et al., 1992). RUNX2 can promote the immature differentiation of osteoblasts in early stage and is the earliest and most specific marker in bone formation (Ao et al., 2017). OSX is a negative regulator that is specifically expressed only in osteoblasts. Studies have suggested that overexpression of OSX inhibited the differentiation and maturation of osteoblasts, which revealed that only proper expression of OSX could stimulate bone formation (Yoshida et al., 2012). And results of present study suggested that mRNA levels of RALP, BSP, OCN, OSX, and RUNX2 were markedly elevated on the 14th day in SHED cultured on HG-HA-TCP (VEGF) scaffolds, suggesting that HG-HA-TCP (VEGF) scaffolds could promote SHED osteogenic differentiation at an early stage.
Bone is a highly vascularized connective tissue whose development, maturation, remodelling, and regeneration all depend on tight regulation of vascular supply (Dai and Rabie, 2007). Blood vessels not only supply oxygen or nutrients to the skeletal system and remove metabolites from the bone, but also supply the bone with specific hormones, growth factors, and neurotransmitters secreted by other tissues; they maintain bone cell survival and stimulate their activity (Filipowska et al., 2017). In our study, it was observed that compared with G-HA-TCP scaffold, HG-HA-TCP (VEGF) and G-HA-TCP (VEGF) scaffolds could promote angiogenic gene expression, in which HG-HA-TCP (VEGF) scaffold material had a stronger effect on promoting angiogenesis. This indicated that VEGF could regulate osteogenesis and angiogenesis through a certain signalling pathway. In addition, we observed that HG-HA-TCP (VEGF) scaffold had a stronger effect on the migration and invasion of SHED cells than the G-HA-TCP (VEGF) and G-HA-TCP groups, demonstrating that HG-HA-TCP (VEGF) scaffold material had stronger osteogenic effect than G-HA-TCP (VEGF) and G-HA-TCP groups.
Moreover, previous studies reported that VEGF was one of the most crucial regulators of angiogenesis and was essential for the development and regeneration of the bones (Schipani et al., 2009). VEGF played a dual role in the above processes, activating endothelial cells to accelerate their migration and proliferation and stimulating osteogenesis by regulating osteogenic growth factors (Hu and Olsen, 2016). It not only promoted vascular invasion and cartilage fragmentation tissue recruitment to hypertrophic cartilage but also was required for intramembranous ossification (Percival and Richtsmeier, 2013). Thus, angiogenesis and osteogenesis were tightly linked and must be tightly coupled for the physiological function of bone, as confirmed by our observations.
Previous studies demonstrated that intramembranous bone formation depended on the coupling relationship between angiogenesis and osteogenesis, and VEGF was essential in this coupling because both blood vessel and bone morphogenesis were VEGF-dependent (Tang et al., 2012). Angiogenesis and increased angiogenesis bring in bone-forming progenitor cells and minerals, nutrients, and oxygen required for mineralisation. Moreover, vascular-released osteogenic factors, such as BMP2 accelerate osteoblast differentiation and mineralisation (Matsubara et al., 2012). The disadvantage of in vitro studies is that they cannot well-simulate the complex environment in vivo, so the osteogenic properties of scaffolds cannot be accurately reflected (Delgado-Ruiz et al., 2015). Therefore, we further evaluated the osteogenic ability of scaffolds through animal experiments. H&E and Masson staining indicated that VEGF-loaded scaffolds had better osteogenic ability, and HG-HA-TCP (VEGF) scaffolds better promoted new bone formation than G-HA-TCP (VEGF). This may be due to the stable loading of VEGF by heparin and its slow release, which expanded the time scale factor for slow-release growth; this, in turn, expanded the range of transportable growth factors for tissue repair and regeneration. A previous study reported that bolus injection of VEGF into the defect without scaffolds did not improve angiogenesis and bone formation, whereas VEGF bolus injection in a hydrogel, released at a relatively slow rate, successfully improved angiogenesis and osteogenesis (Kaigler et al., 2013). Above studies suggested that the release kinetics of VEGF were essential for the effect of biomaterials on bone formation and vascularisation. However, the release kinetics of VEGF in HG-HA-TCP scaffold still need further analysis.
CONCLUSION
The porosity, pore size, and mechanical properties of the HG-HA-TCP scaffold could meet the needs of bone tissue engineering with favourable biocompatibility. It could effectively promote cell adhesion, proliferation, and migration after loading an appropriate amount of VEGF. We confirmed that using HG-HA-TCP (VEGF) scaffold material could effectively promote the expression of osteogenesis-related genes in SHED and bone regeneration in vivo. The present study provided a theoretical basis for applying this new bone tissue engineering scaffold material in oral implants with insufficient bone mass, which is valuable in clinical practice. However, VEGF has its advantages and disadvantages, and only the appropriate concentration of VEGF can provide the best effect. Further experiments are required to identify a more precise concentration of VEGF, and the related mechanism of how VEGF promotes osteogenesis needs to be further studied.
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 animal study was reviewed and approved by the Ethics Committee of Beijing Stomatological Hospital.
AUTHOR CONTRIBUTIONS
D-LZ and KY designed the whole study work-flow. X-YC and C-YZ was in charge of the material synthesis and performance testing. XC and XH conducted in vitro experiments at the cellular level. C-YG and XC conducted in vivo experiments at the animal model level. XC, Y-YL, and C-YG summarized and analyzed the experimental data, and wrote the original version of this manuscript. KY and D-LZ reviewed and edited it. All coauthors authorized the submission of this manuscript.
FUNDING
This work was supported by the Beijing Science and Technology Achievement Transformation Coordination and Service Platform Construction Special Programme (No. SYGX202009); and the Beijing Hospitals Authority Youth Programme (No.QML20211401).
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.
ABBREVIATIONS
ALP, alkaline phosphatase; BMD, bone mineral density; BSP, bone salivary protein; BV/TV, bone volume/total volume; CCK-8, cell counting kit-8; H&E, haematoxylin eosin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HG-HA-TCP, heparinised gelatin-hydroxyapatite-tricalcium phosphate; OCN, osteogenesis-related gene osteocalcin; OSX, osterix; qRT-PCR, quantitative real time polymerase chain reaction; RUNX2, runt-related transcription factor 2; SHED, stem cells fromhuman exfoliated deciduous teeth; VEGF, vascular endothelial growth factor.
REFERENCES
 Anderson, J. M., Rodriguez, A., and Chang, D. T. (2008). Foreign Body Reaction to Biomaterials. Seminars Immunol. 20 (2), 86–100. doi:10.1016/j.smim.2007.11.004
 Ao, M., Chavez, M. B., Chu, E. Y., Hemstreet, K. C., Yin, Y., Yadav, M. C., et al. (2017). Overlapping Functions of Bone Sialoprotein and Pyrophosphate Regulators in Directing Cementogenesis. Bone 105, 134–147. doi:10.1016/j.bone.2017.08.027
 Claassen, C., Sewald, L., Tovar, G., and Borchers, K. (2017). Controlled Release of Vascular Endothelial Growth Factor From Heparin-Functionalized Gelatin Type A and Albumin Hydrogels. Gels 3 (4), 35. doi:10.3390/gels3040035
 Clark, D., Wang, X., Chang, S., Czajka-Jakubowska, A., Clarkson, B. H., and Liu, J. (2015). VEGF Promotes Osteogenic Differentiation of ASCs on Ordered Fluorapatite Surfaces. J. Biomed. Mat. Res. 103 (2), 639–645. doi:10.1002/jbm.a.35215
 Cui, Y., Zhu, T., Li, A., Liu, B., Cui, Z., Qiao, Y., et al. (2018). Porous Particle-Reinforced Bioactive Gelatin Scaffold for Large Segmental Bone Defect Repairing. ACS Appl. Mat. Interfaces 10 (8), 6956–6964. doi:10.1021/acsami.7b19010
 Dai, J., and Rabie, A. B. M. (2007). VEGF: an Essential Mediator of Both Angiogenesis and Endochondral Ossification. J. Dent. Res. 86 (10), 937–950. doi:10.1177/154405910708601006
 Delgado-Ruiz, R. A., Calvo-Guirado, J. L., and Romanos, G. E. (2015). Critical Size Defects for Bone Regeneration Experiments in Rabbit Calvariae: Systematic Review and Quality Evaluation Using ARRIVE Guidelines. Clin. Oral Impl. Res. 26 (8), 915–930. doi:10.1111/clr.12406
 Deschamps, I. S., Magrin, G. L., Magini, R. S., Fredel, M. C., Benfatti, C. A. M., and Souza, J. C. M. (2017). On the Synthesis and Characterization of β-Tricalcium Phosphate Scaffolds Coated with Collagen or Poly (D, L-Lactic Acid) for Alveolar Bone Augmentation. Eur. J. Dent. 11 (4), 496–502. doi:10.4103/ejd.ejd_4_17
 Diomede, F., Marconi, G. D., Fonticoli, L., Pizzicanella, J., Merciaro, I., Bramanti, P., et al. (2020). Functional Relationship Between Osteogenesis and Angiogenesis in Tissue Regeneration. Ijms 21 (9), 3242. doi:10.3390/ijms21093242
 Dorozhkin, S. V. (2010). Bioceramics of Calcium Orthophosphates. Biomaterials 31 (7), 1465–1485. doi:10.1016/j.biomaterials.2009.11.050
 Echave, M. C., Burgo, L. S., Pedraz, J. L., and Orive, G. (2017). Gelatin as Biomaterial for Tissue Engineering. Cpd 23 (24), 3567–3584. doi:10.2174/0929867324666170511123101
 El-Rashidy, A. A., Roether, J. A., Harhaus, L., Kneser, U., and Boccaccini, A. R. (2017). Regenerating Bone with Bioactive Glass Scaffolds: A Review of In Vivo Studies in Bone Defect Models. Acta Biomater. 62, 1–28. doi:10.1016/j.actbio.2017.08.030
 Filipowska, J., Tomaszewski, K. A., Niedźwiedzki, Ł., Walocha, J. A., and Niedźwiedzki, T. (2017). The Role of Vasculature in Bone Development, Regeneration and Proper Systemic Functioning. Angiogenesis 20 (3), 291–302. doi:10.1007/s10456-017-9541-1
 Fillingham, Y., and Jacobs, J. (2016). Bone Grafts and Their Substitutes. Bone & Jt. J. 98-B (1 Suppl. A), 6–9. doi:10.1302/0301-620X.98B.36350
 Gu, X., Zha, Y., Li, Y., Chen, J., Liu, S., Du, Y., et al. (2022). Integrated Polycaprolactone Microsphere-Based Scaffolds with Biomimetic Hierarchy and Tunable Vascularization for Osteochondral Repair. Acta Biomater. 141, 190–197. doi:10.1016/j.actbio.2022.01.021
 Gu, Y., Bai, Y., and Zhang, D. (2018). Osteogenic Stimulation of Human Dental Pulp Stem Cells with a Novel Gelatin-Hydroxyapatite-Tricalcium Phosphate Scaffold. J. Biomed. Mat. Res. 106 (7), 1851–1861. doi:10.1002/jbm.a.36388
 Hu, K., and Olsen, B. R. (2016). The Roles of Vascular Endothelial Growth Factor in Bone Repair and Regeneration. Bone 91, 30–38. doi:10.1016/j.bone.2016.06.013
 Huang, G. T.-J., Gronthos, S., and Shi, S. (2009). Mesenchymal Stem Cells Derived From Dental Tissuesvs. Those From Other Sources: Their Biology and Role in Regenerative Medicine. J. Dent. Res. 88 (9), 792–806. doi:10.1177/0022034509340867
 Hussein, K. H., Park, K.-M., Kang, K.-S., and Woo, H.-M. (2016). Biocompatibility Evaluation of Tissue-Engineered Decellularized Scaffolds for Biomedical Application. Mater. Sci. Eng. C 67, 766–778. doi:10.1016/j.msec.2016.05.068
 Kaigler, D., Silva, E. A., and Mooney, D. J. (2013). Guided Bone Regeneration Using Injectable Vascular Endothelial Growth Factor Delivery Gel. J. Periodontology 84 (2), 230–238. doi:10.1902/jop.2012.110684
 Kasugai, S., Nagata, T., and Sodek, J. (1992). Temporal Studies on the Tissue Compartmentalization of Bone Sialoprotein (BSP), Osteopontin (OPN), and SPARC Protein During Bone Formation In Vitro. J. Cell. Physiol. 152 (3), 467–477. doi:10.1002/jcp.1041520305
 Kharkar, P. M., Kiick, K. L., and Kloxin, A. M. (2013). Designing Degradable Hydrogels for Orthogonal Control of Cell Microenvironments. Chem. Soc. Rev. 42 (17), 7335–7372. doi:10.1039/c3cs60040h
 Konovalenko, V. F., Ternovyi, N. K., Tuz, E. V., Protsenko, V. V., Solonitsyn, E. O., Abudayeh, A., et al. (2021). Experimental Substantiation of the Use of Hydroxyapatite - Tricalcium Phosphate Bioceramics for Replacing Bone Defects After Tumor Removal. Exp. Oncol. 43 (3), 237–241. doi:10.32471/exp-oncology.2312-8852
 Lee, Y.-C., Chan, Y.-H., Hsieh, S.-C., Lew, W.-Z., and Feng, S.-W. (2019). Comparing the Osteogenic Potentials and Bone Regeneration Capacities of Bone Marrow and Dental Pulp Mesenchymal Stem Cells in a Rabbit Calvarial Bone Defect Model. Ijms 20 (20), 5015. doi:10.3390/ijms20205015
 Marolt, D., Knezevic, M., and Vunjak-Novakovic, G. (2010). Bone Tissue Engineering with Human Stem Cells. Stem Cell. Res. Ther. 1 (2), 10. doi:10.1186/scrt10
 Martino, M. l. M., Brkic, S., Bovo, E., Burger, M., Schaefer, D. J., Wolff, T., et al. (2015). Extracellular Matrix and Growth Factor Engineering for Controlled Angiogenesis in Regenerative Medicine. Front. Bioeng. Biotechnol. 3, 45. doi:10.3389/fbioe.2015.00045
 Matsubara, H., Hogan, D. E., Morgan, E. F., Mortlock, D. P., Einhorn, T. A., and Gerstenfeld, L. C. (2012). Vascular Tissues Are a Primary Source of BMP2 Expression During Bone Formation Induced by Distraction Osteogenesis. Bone 51 (1), 168–180. doi:10.1016/j.bone.2012.02.017
 Mistry, A. S., and Mikos, A. G. (2005). Tissue Engineering Strategies for Bone Regeneration. Adv. Biochem. Eng. Biotechnol. 94, 1–22. doi:10.1007/b99997
 Nakamura, S., Yamada, Y., Katagiri, W., Sugito, T., Ito, K., and Ueda, M. (2009). Stem Cell Proliferation Pathways Comparison Between Human Exfoliated Deciduous Teeth and Dental Pulp Stem Cells by Gene Expression Profile from Promising Dental Pulp. J. Endod. 35 (11), 1536–1542. doi:10.1016/j.joen.2009.07.024
 Novosel, E. C., Kleinhans, C., and Kluger, P. J. (2011). Vascularization Is the Key Challenge in Tissue Engineering. Adv. Drug Deliv. Rev. 63 (4-5), 300–311. doi:10.1016/j.addr.2011.03.004
 Pan, J., He, S., Yin, X., Li, Y., Zhou, C., and Zou, S. (2017). Lithium Enhances Alveolar Bone Formation During Orthodontic Retention in Rats. Orthod. Craniofac. Res. 20 (3), 146–151. doi:10.1111/ocr.12190
 Percival, C. J., and Richtsmeier, J. T. (2013). Angiogenesis and Intramembranous Osteogenesis. Dev. Dyn. 242 (8), 909–922. doi:10.1002/dvdy.23992
 Roddy, E., DeBaun, M. R., Daoud-Gray, A., Yang, Y. P., and Gardner, M. J. (2018). Treatment of Critical-Sized Bone Defects: Clinical and Tissue Engineering Perspectives. Eur. J. Orthop. Surg. Traumatol. 28 (3), 351–362. doi:10.1007/s00590-017-2063-0
 Rodríguez-Lozano, F. J., Bueno, C., Insausti, C. L., Meseguer, L., Ramírez, M. C., Blanquer, M., et al. (2011). Mesenchymal Stem Cells Derived From Dental Tissues. Int. Endod. J. 44 (9), 800–806. doi:10.1111/j.1365-2591.2011.01877.x
 Saleh, L. S., and Bryant, S. J. (2018). The Host Response in Tissue Engineering: Crosstalk Between Immune Cells and Cell-Laden Scaffolds. Curr. Opin. Biomed. Eng. 6, 58–65. doi:10.1016/j.cobme.2018.03.006
 Salehi, M., Naseri-Nosar, M., Ebrahimi-Barough, S., Nourani, M., Vaez, A., Farzamfar, S., et al. (2018). Regeneration of Sciatic Nerve Crush Injury by a Hydroxyapatite Nanoparticle-Containing Collagen Type I Hydrogel. J. Physiol. Sci. 68 (5), 579–587. doi:10.1007/s12576-017-0564-6
 Schipani, E., Maes, C., Carmeliet, G., and Semenza, G. L. (2009). Regulation of Osteogenesis-Angiogenesis Coupling by HIFs and VEGF. J. Bone Mineral Res. 24 (8), 1347–1353. doi:10.1359/jbmr.090602
 Siller, A. F., and Whyte, M. P. (2018). Alkaline Phosphatase: Discovery and Naming of Our Favorite Enzyme. J. Bone Min. Res. 33 (2), 362–364. doi:10.1002/jbmr.3225
 Tan, J., Xu, X., Lin, J., Fan, L., Zheng, Y., and Kuang, W. (2015). Dental Stem Cell in Tooth Development and Advances of Adult Dental Stem Cell in Regenerative Therapies. Cscr 10 (5), 375–383. doi:10.2174/1574888x09666141110150634
 Tang, W., Yang, F., Li, Y., de Crombrugghe, B., Jiao, H., Xiao, G., et al. (2012). Transcriptional Regulation of Vascular Endothelial Growth Factor (VEGF) by Osteoblast-Specific Transcription Factor Osterix (Osx) in Osteoblasts. J. Biol. Chem. 287 (3), 1671–1678. doi:10.1074/jbc.M111.288472
 Tatullo, M., Marrelli, M., and Paduano, F. (2015). The Regenerative Medicine in Oral and Maxillofacial Surgery: The Most Important Innovations in the Clinical Application of Mesenchymal Stem Cells. Int. J. Med. Sci. 12 (1), 72–77. doi:10.7150/ijms.10706
 Tian, B., Wang, N., Jiang, Q., Tian, L., Hu, L., and Zhang, Z. (2021). The Immunogenic Reaction and Bone Defect Repair Function of ε-Poly-L-Lysine (EPL)-Coated Nanoscale PCL/HA Scaffold in Rabbit Calvarial Bone Defect. J. Mater. Sci. Mater. Med. 32 (6), 63. doi:10.1007/s10856-021-06533-7
 Wang, C., Yu, B., Fan, Y., Ormsby, R. W., McCarthy, H. O., Dunne, N., et al. (2019). Incorporation of Multi-Walled Carbon Nanotubes to PMMA Bone Cement Improves Cytocompatibility and Osseointegration. Mater. Sci. Eng. C 103, 109823. doi:10.1016/j.msec.2019.109823
 Wiria, F. E., Leong, K. F., Chua, C. K., and Liu, Y. (2007). Poly-ε-Caprolactone/Hydroxyapatite for Tissue Engineering Scaffold Fabrication via Selective Laser Sintering. Acta Biomater. 3 (1), 1–12. doi:10.1016/j.actbio.2006.07.008
 Wolters, W. J., Duncan, H. F., Tomson, P. L., Karim, I. E., McKenna, G., Dorri, M., et al. (2017). Minimally Invasive Endodontics: A New Diagnostic System for Assessing Pulpitis and Subsequent Treatment Needs. Int. Endod. J. 50 (9), 825–829. doi:10.1111/iej.12793
 Wu, T., Liu, W., Huang, S., Chen, J., He, F., Wang, H., et al. (2021). Bioactive Strontium Ions/Ginsenoside Rg1-Incorporated Biodegradable Silk FIbroin-Gelatin Scaffold Promoted Challenging Osteoporotic Bone Regeneration. Mater. Today Bio 12, 100141. doi:10.1016/j.mtbio.2021.100141
 Yoshida, C. A., Komori, H., Maruyama, Z., Miyazaki, T., Kawasaki, K., Furuichi, T., et al. (2012). SP7 Inhibits Osteoblast Differentiation at a Late Stage in Mice. PLoS One 7 (3), e32364. doi:10.1371/journal.pone.0032364
 Yuan, J., Liu, X., Chen, Y., Zhao, Y., Liu, P., Zhao, L., et al. (2017). Effect of SOX2 on Osteogenic Differentiation of Dental Pulp Stem Cells. Cell. Mol. Biol. (Noisy-le-grand) 63 (1), 41–44. doi:10.14715/cmb/2017.63.1.8
 Zha, Y., Li, Y., Lin, T., Chen, J., Zhang, S., and Wang, J. (2021). Progenitor Cell-Derived Exosomes Endowed with VEGF Plasmids Enhance Osteogenic Induction and Vascular Remodeling in Large Segmental Bone Defects. Theranostics 11 (1), 397–409. doi:10.7150/thno.50741
 Zhu, Y., Cao, N., Zhang, Y., Cao, G., Hao, C., Liu, K., et al. (2022). The Ability and Mechanism of nHAC/CGF in Promoting Osteogenesis and Repairing Mandibular Defects. Nanomaterials 12 (2), 212. doi:10.3390/nano12020212
 Zizzari, V. L., Zara, S., Tetè, G., Vinci, R., Gherlone, E., and Cataldi, A. (2016). Biologic and Clinical Aspects of Integration of Different Bone Substitutes in Oral Surgery: A Literature Review. Oral Surg. Oral Med. Oral Pathology Oral Radiology 122 (4), 392–402. doi:10.1016/j.oooo.2016.04.010
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 Chen, Gao, Chu, Zheng, Luan, He, Yang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-10-915181-g005.gif





OPS/images/fbioe-10-915181-g006.gif





OPS/images/fbioe-10-915181-g003.gif





OPS/images/fbioe-10-915181-g004.gif





OPS/images/fbioe-10-915181-g007.gif





OPS/images/math_qu1.gif
Cell migration rate

(S0 —~ S24) /524 x100%





OPS/xhtml/nav.xhtml
Contents

		Cover

		VEGF-Loaded Heparinised Gelatine-Hydroxyapatite-Tricalcium Phosphate Scaffold Accelerates Bone Regeneration via Enhancing Osteogenesis-Angiogenesis Coupling		Highlights

		Introduction

		Materials and Methods		Synthesis of G-HA-TCP Scaffold

		Conjugation of Heparin Onto G-HA-TCP Scaffold

		Microstructural Characterisation of Scaffolds

		Preparation of Scaffolds Loaded With VEGF

		Isolation and Identification of SHED

		Co-Culture of Cells and Scaffolds

		Cell Proliferation Assay

		Live/Dead Cell Staining

		Migration and Invasion Assays

		Cell Cycle Detection

		Apoptosis Analysis

		Analysis of Alkaline Phosphatase Activity

		Alizarin Red S Staining

		Quantitative Real-Time Polymerase Chain Reaction

		Western Blotting

		Wound Healing Assay

		Matrigel Tubule Formation Experiment

		In vivo Implantation

		Micro-CT Analysis

		Histology Evaluation

		Immunohistochemical Analysis

		Data Analysis





		Results		Characteristics of Scaffolds

		Isolation and Identification of SHED

		Scaffold Materials Have Good Biocompatibility

		HG-HA-TCP (VEGF) Promotes Osteogenic Differentiation of SHED

		HG-HA-TCP (VEGF) Promotes Endothelial Cell Angiogenesis

		HG-HA-TCP (VEGF) Accelerates Bone Regeneration





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Abbreviations

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Bioengineering and Biotechnology

VEGF-Loaded Heparinised
Gelatine-Hydroxyapatite-
Tricalcium Phosphate Scaffold
Accelerates Bone Regeneration
via Enhancing Osteogenesis-
Angiogenesis Coupling





OPS/images/fbioe-10-915181-g001.gif
L,

i
e vt

i ios

i





OPS/images/fbioe-10-915181-g002.gif









OPS/images/crossmark.jpg
©

|





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

Bioengineering and Biotechnology





