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Hydroxyapatite (HA) and tricalcium phosphate (TCP) constitute 60% of the content of the bone, and their combination has a better effect on bone tissue engineering than either single element. This study demonstrates a new degradable gelatin/carboxymethyl chitosan (CMC) bone scaffold loaded with both nano-HA and β-TCP (hereinafter referred to as HCP), and freeze drying combined with stir foaming was used to obtain highly connected macropores. Only a few studies have used these components to synthesize a four-component osteogenic scaffold. The aim of this study was to comprehensively assess the biocompatibility and osteoinductivity of the nanocomposites. Three HCP/CMC/gelatin scaffolds were made with different HCP contents: group A (10 wt% HCP), group B (30 wt% HCP), and group C (50 wt% HCP) (the ratio of nano-HA and β-TCP was fixed at 3:2). The scaffolds were macroporous with a high porosity and pore connectivity, as observed by morphological analysis by scanning electron microscopy. Additionally, the pore size of groups A and B was more homogeneous than that of group C. There were no significant differences in physicochemical characterization among the three groups. The Fourier-transform infrared (FTIR) spectroscopy test indicated that the scaffold contained active groups, such as hydroxyl, amino, or peptide bonds, corresponding to gelatin and CMC. The XRD results showed that the phase structures of HA and β-TCP did not change in the nanocomposite. The scaffolds had biodegradation potential and an appreciable swelling ratio, as demonstrated with the in vitro test. The scaffolds were cultured in vitro with MC3T3-E1 cells, showing that osteoinduction and osteoconduction increased with the HCP content. None of the scaffolds showed cytotoxicity. However, cell adhesion and growth in group B were better than those in group A and group C. Therefore, freeze drying combined with a stir foaming method may have a solid component limit. This study demonstrates a novel four-component scaffold via a simple manufacturing process. Group B (30% HCP) had the best characteristics for bone scaffold materials.
Keywords: bone tissue engineering, nanocomposites, freeze drying, stirring foaming, morphological analysis
1 INTRODUCTION
Bone tissue engineering has been studied to repair critical bone defects for many years because there are many limitations to autologous bone graft (Roseti et al., 2017; Shao et al., 2017). The optimal scaffold for bone regeneration should have porosity, highly connected macropores, and an appropriate pore size to ensure osteoconduction, vascularization, and osteointegration (Wu et al., 2017; Yan et al., 2019), respectively. Additionally, the degradation of the scaffold should match the osteogenesis process with minimal changes to the surrounding tissue when metabolized (Bharadwaz and Jayasuriya, 2020).
Inorganic minerals comprise 65% of the content of bone, and the main component is calcium phosphate (CaP) (Buck and Dumanian, 2012). Hydroxyapatite (HA), which has a similar chemical composition and crystal structure as the main inorganic mineral in the human bone tissue, is biocompatible. Compared with other biomaterials, HA has many advantages, including biological activity and selectivity to cancerous cells, which makes its application to tissue engineering promising (Ghiasi et al., 2020; Lowe et al., 2020). HA composition in humans is similar to that of nano-HA, with better biological properties than its bulk counterpart (Venkatesan and Kim, 2014; Lowe et al., 2020). The surface area of nanoparticles per unit mass is significantly larger than micron particles, which increases the number of atoms on the surface and improves the particle activity. These characteristics are beneficial for healing tissues (Vieira et al., 2017; Abdul Halim et al., 2021). However, the low degradability of HA may lead to bone deformities and increase the risk of fracture around HA bone implants (Bohner et al., 2020). Additionally, the scaffold must allow for the migration and growth of cells to maintain a stable structure (Noor, 2013). To address this issue, many researchers use natural degradable materials, such as gelatin or hyaluronic acid (Catalan et al., 2019; Nabavinia et al., 2019; Samirah et al., 2021; Xu et al., 2021). It is common to use organic compounds with nano-HA to form three-component scaffolds such as gelatin/chitosan/nano-HA scaffolds (Filippi et al., 2020). Although organic polymer compounds provide some degradability to the scaffolds, the residual nano-HA still hinders bone formation (Oryan et al., 2017). Alternatively, the combination of β-tricalcium phosphate (TCP) and HA has better biological properties for bone formation than each of the components alone (Oryan et al., 2017; Da Silva Brum et al., 2019; Da Silva Brum et al., 2021). However, there are few studies using both natural polymer bone scaffold materials. The advantages of β-TCP are its biodegradability approaching that of bone mineral, it can be resorbed by osteoclasts and macrophages, and it provides Ca and P in quantities such that Ca exceeds the threshold necessary to form the bone (Yamada et al., 1997; Jensen et al., 2009). However, the rapid degradation of β-TCP and its low mechanical strength do not provide a stable initial environment in the bone defect area, which reflects the advantages of HA (Bohner et al., 2020). These two CaPs have been used as biphasic CaP for many years (Cho et al., 2010). However, their ratio is adjusted by controlling the sintering temperature and pH of the reaction system, which is more complex than using natural polymers to directly envelope and crosslink the CaP particles (Ebrahimi et al., 2017). Natural polymers are more convenient for studying the influence of the ratio on the scaffold performance.
This study aimed to fabricate a scaffold for bone recovery of a nonweight bearing area. It is not common to apply two CaPs (nano-HA and β-TCP) to a natural polymer scaffold at the same time. Using freeze drying and a stir foaming method, the selected nano-HA, β-TCP, gelatin, and carboxymethyl chitosan (CMC) were evaluated to improve the classic three-component scaffold that typically contains nano-HA or β-TCP and produce a four-component bone scaffold material with better biological performance. The phase structure, surface structure, swelling proportion, biodegradation, and mechanical characteristics of the nanocomposite were demonstrated. In vitro cell feasibility tests were used to evaluate the scaffold biocompatibility for osteoblast (MC3T3-E1) adhesion, proliferation, and osteogenic differentiation.
2 MATERIALS AND METHODS
2.1 Fabrication of scaffolds
Three groups of nano-HA and β-TCP (hereinafter referred to as HCP)/CMC/gelatin scaffolds were made with different HCP contents. Group A (10 wt% HCP), group B (30 wt% HCP), and group C (50 wt% HCP) had 0.17, 1.08, and 2.50 g more HCP, respectively [the ratios of nano-HA (Macklin, Beijing, China) and β-TCP (Macklin) were fixed with 3:2 HCP], in 38 ml of double distilled water. The solution was mixed by ultrasonic shaking for 1 h. An amount of 2 g of gelatin (Macklin) and 0.5 g of CMC (Solarbio, Beijing, China) were dissolved into the mixture at 50°C, and the mixture was mixed at 300 rpm for 12 h to ensure complete dissolution. Freeze drying combined with high-speed stirring was used according to the procedure described by Maji et al. (2018). The solution was stirred using a high-speed blender at 5,000 rpm for 5 min until the foam height was unchanged. The foamed mixture was transferred to 24-well culture plates, frozen at −80°C for 12 h, and then freeze dried for 48 h. The scaffold was soaked in a 0.2 wt% glutaraldehyde solution for 1 h to crosslink. The scaffold was washed with a deionized water solution with sodium borohydride to remove residual glutaraldehyde, washed with deionized water again, and air-dried.
2.2 Physicochemical characterization of the macroporous scaffold
2.2.1 Morphological analysis
A scanning electron microscope (SEM) (S-4800, HITACHI, Chiyoda, Japan) was used to observe the microstructures in the nanocomposites. Samples from each group were sputter-coated with gold and visualized at 30 kV. The SEM images were processed by Photoshop 6.0 and then imported into ImageJ for further processing. Briefly, the scale was set (approximately 301 pixels in an image was 1 mm of the actual sample), the threshold was adjusted to match the red areas covering the pores in the images, and the particles were analyzed to determine the pore size of the scaffold finally.
2.2.2 Evaluation of surface chemical properties
The scaffolds were air-dried and ground into a powder with a tungsten steel drill bit to make test samples. X-ray diffraction spectroscopy (XRD) (D8, Bruker, Billerica, Massachusetts, United States) was used to study the crystal structures of these nanocomposites with a CuKα radiation source operating at a tube power of 3 kW. Data were collected in the scanning range from 2θ = 0° to 120° at a step size of 0.0001°/min. Fourier-transform infrared (FTIR) (Nicolet iS5, Thermo Fisher Scientific, Waltham, MA, United States) spectra were recorded over a wavenumber range of 4,000–400 cm−1 (resolution of 4 cm−1) using the KBr method.
2.3 Porosity measurement
The porosity of the scaffold was measured using the liquid displacement method described by Han et al. (2014). The scaffold was immersed in a known volume (Va) of absolute ethanol for 1 h to ensure that the inside of the scaffold was filled with liquid, and the total volume was recorded (Vb). The scaffold impregnated with ethanol was removed, and the residual volume of ethanol (Vc) was recorded. The porosity of the scaffold was calculated using the following formula:
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2.4 Mechanical test
The scaffolds were cut into a cylindrical shape with an approximate 10 mm diameter and 10 mm height using a high-speed dental handpiece. A universal testing machine (Instron5966, Instron, Boston, MA, United States) was used to test the mechanical properties of the nanocomposite with a saturation compression speed of 5 mm/min. Young’s modulus was calculated using the stress–strain curve (Maji et al., 2018).
2.5 Swelling ratio of the scaffolds
A swelling ratio test was used with the methods described by Montaser et al. (2021). A 100 mg sample of each group was used to test the scaffold dry weights (W2). Each sample was immersed in a tube containing 50 ml of PBS (pH 7.4) and incubated at 37°C. The wet weight (W1) of the scaffold was measured after the removal of excess surface water by gently blotting with an aseptic towel every 6 h until the weight did not change. The swelling ratio of the scaffold was calculated using the following equation:
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2.6 Biodegradation potential of the scaffolds
The protocol described by Agarwal et al. (2016) was used. Initially, 100 mg of the scaffold from each group was measured for the initial wet weight (Wa), as described in Section 2.5. These samples were soaked in PBS (pH 7.4) containing 0.01% (w/v) collagenase type I (BioSharp, Beijing, China). The wet weight (Wb) after degradation was measured at 1, 3, and 7 days. The percentage degradation (Dx) of the scaffold was calculated using the following equation:
[image: image]
2.7 Cell culture studies
2.7.1 Cell culture
A mouse calvarial preosteoblast cell line (MC3T3-E1 Subclone 4, ATCC-LGC, standards, MeisenCTCC, Zhejiang, China) was cultured in α-MEM medium (CellMax, Beijing, China) supplemented with 10% fetal bovine serum (CellMax) and 1% penicillin–streptomycin solution (Solarbio) in a humidified 37°C incubator with 5% CO2. The culture medium was changed every 2–3 days. Cells between passages 5 and 9 were used for all experiments.
2.7.2 Cytotoxicity assay
The cytotoxicity of the nanocomposite scaffolds was assessed using a MTT (3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (Beyotime, Shanghai, China). To assay the mitochondrial reduction of MTT, the scaffolds of groups A, B, and C were ground into powder on a clean bench and irradiated with an ultraviolet lamp for 5 h. The scaffold (0.1 g/ml) was added to the complete medium and incubated at 37°C for 72 h. Leach liquors released from the samples were used for the cytotoxicity assay (Chen et al., 2019). The cells were cultured for 24, 48, and 72 h to evaluate the viability, and a complete α-MEM medium was used for the control. The OD value of each well was read at a wavelength of 490 nm using a microplate reader (SpectraMax iD5, Thermo Fisher Scientific). Every assay was repeated three times. The cell viability was calculated using the following equation:
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where OD (experimental) was the value from the experimental group, OD (blank) was the value from the blank well, and OD (control) was the value from the medium control. Cytotoxicity was assessed according to ISO 10993-5-09.
2.7.3 Cell adhesion and proliferation assays
The scaffolds from each group were cut to approximately 5 mm in diameter and 1 mm in height using a high-speed dental handpiece. The samples were sterilized by ultraviolet radiation and washed three times with DPBS before the cell seeded. A Fuchs-Rosenthal counting chamber was used to adjust the cell density to 5×104 cells/ml. To prevent the cells from being washed into the well plate before adhering to the scaffold, 100 μl of the cell suspension was placed on both sides of the scaffold with 200 μl α-MEM medium, and then, 300 μl α-MEM medium was added to each well after 4 h. These cell-scaffold composites were incubated in a 24-well sterile tissue culture plate, and the medium was replaced every day. Cell adhesion on the 2nd day and cell proliferation on the 3rd and 5th day were tested (Kazimierczak et al., 2019). These cell-scaffold composites were washed with PBS to remove the unattached or dead cells, and then, the composites were fixed with 4% paraformaldehyde. The samples were stained with TRITC phalloidin-594 (Yeasen, Shanghai, China) and DAPI (Solarbio) for imaging with an inverted fluorescence microscope. Five visual fields were randomly selected to count cell nuclei by ImageJ software and estimate cell proliferation (Kazimierczak et al., 2019).
2.7.4 Alkaline phosphatase activity
MC3T3-E1 cells were cultured in an osteogenic medium to study in vitro culture differentiation toward the osteogenic lineage and characterization. Cell-scaffold composites of each group described in the previous section and a scaffold containing only gelatin and CMC as a control group were fabricated. After differentiation was induced for 7 and 14 days, the ALP activity was measured using an ALP assay kit (Beyotime, Shanghai, China).
2.8 Statistical analysis
The results were reported as the mean ± standard deviation (SD). A one-way analysis of variance (ANOVA) was analyzed to evaluate the statistics of the data in SPSS 26.0.
3 RESULT
3.1 Morphological analysis
The nanocomposite macroporous scaffolds were synthesized using a stir foaming and freeze drying method. In this process, the amine groups from both the gelatin and CMS crosslink with glutaraldehyde in the scaffolds, the scaffolds appearance changed from white to pale yellow, and the scaffolds were translucent with porous morphology (Figure 1).
[image: Figure 1]FIGURE 1 | Macro appearance of the scaffold (a) before and (b) after crosslinking with glutaraldehyde. Images from the left to right are group A (10% HCP), group B (30% HCP), and group C (50% HCP). The scaffolds were white to pale yellow and translucent with a porous morphology even after crosslinking with glutaraldehyde.
The micro appearance and morphology of the three groups were characterized by SEM at different magnifications, as shown in Figure 2. Groups A and B had a porous structure with uniform size. ImageJ software was used to determine the average pore size using the Feret diameter (Figure 3). Group A was 551 μm, and group B was 585 μm, which were relatively homogeneous (Figure 2 a1, b1). However, group C had a more discrete pore size (p < 0.05), and a nonuniform internal structure was observed, as shown in Figure 2 (c1, c’1). The pore size in the top area was approximately 553 μm, while in the bottom area it was approximately 182 μm. At ×100, connection between the pores in each group was observed (Figure 2 b2, c2). At ×2000, nano-HA and β-TCP particles were evenly distributed in the scaffolds; with the increase in the HCP content (Figure 2 a3, b3, and c3), the inner surface of the scaffolds became gradually rougher (Figure 2 c’3). The rough inner surface was conductive to protein adsorption and cell adhesion. Some small pores (approximately 3–5 μm in diameter) were observed in group C.
[image: Figure 2]FIGURE 2 | SEM micrographs for group A (a1–a3) (10% HCP), group B (b1–b3) (30% HCP), group C top (c1–c3), and bottom (c’1–c’3) (50% HCP) of the scaffold. From left to right, the scale bars represent 1.0 mm, 500 μm, and 20 μm. The porous structure was uniform in groups A and B (a1 and b1), which were different from that in group C (c1 and c’1). The pore size in c’1 was much smaller than the other groups. The pore connections were observed in b2 and c2. The inner surface of the scaffolds was gradually rougher (from a3, b3 to c3). Some small pores were observed in group C (c’3).
[image: Figure 3]FIGURE 3 | Image processing and an example of a field of vision in group B.
3.2 Physicochemical characterization
The X-ray diffraction of group A, B, and C scaffolds is shown in Figure 4. The diffraction peak area increased with the increasing HCP content. Groups B and C showed diffraction peaks at 26°, 29°, 32°, and 33° 2θ, which were related to nano-HA and β-TCP. Group A with only 10% HCP had insufficient crystallinity. However, most of the diffraction peaks of nano-HA and β-TCP were confirmed in groups B and C, respectively. The crystalline planes of the nanocomposite showed that freeze drying with the high-speed stirring method did not change the crystalline phase of nano-HA and β-TCP.
[image: Figure 4]FIGURE 4 | XRD analysis of the formulations. Group B and group C had diffraction peaks at 26°, 29°, 32°, and 33° 2θ, which were related to nano-HA and β-TCP, and were not observed in group A. The crystalline phases of nano-HA and β-TCP were observed.
The scaffolds were characterized by FTIR spectroscopy, as shown in Figure 5. The absorption peak at ∼3,417 cm−1 belongs to the –OH and –NH vibration absorptions in gelatin and nano-HA. The variation of this peak is related to the absorption intensity, the strength of the hydrogen bond force, or the sequence of the network structure. The peak moves from ∼3,300 cm−1 to the high wavenumber region with the influence of Ca in β-TCP; ∼2,916 cm−1 belongs to –CH, ∼1,366 cm−1 belongs to –CH2, and ∼1,068 cm−1 belongs to –C–O–C–, confirming the existence of CMC. The amide I bands at ∼1,617 cm−1 overlap with the amide II bands at ∼1,557 cm−1, forming a broad peak, which confirms the existence of gelatin. The peak at ∼1,455 cm−1 refers to the C–N stretch when glutaraldehyde crosslinked gelatin and CMC (Maji et al., 2018). The peaks at ∼602 cm−1 and ∼566 cm−1 confirm PO43+ from nano-HA. These FTIR results indicate that the peak areas increase with the increase in the TCP content.
[image: Figure 5]FIGURE 5 | FTIR spectroscopy spectral profile of the three scaffold groups. The absorption peak at ∼3,417 cm−1 belongs to the –OH and –NH vibration absorptions. ∼2,916 cm−1 belongs to –CH, ∼1,366 cm−1 belongs to –CH2, and ∼1,068 cm−1 belongs to –C–O–C–. The amide I bands at ∼1,617 cm−1 overlaps with the amide II bands at ∼1,557 cm−1 to form a broad peak. The peak at ∼1,455 cm−1 refers to the C–N stretch. The peaks at ∼602 cm−1 and ∼566 cm−1 refer to PO43+ from nano-HA.
3.3 Scaffold porosity
The porosity of the scaffold was measured using the drainage method. Although group C had an inhomogeneous internal pore structure, testing the bottom and top areas separately was difficult because it was difficult to define the line of demarcation. As a result, the average porosity was tested. Group A was 91.4%, group B was 78.8%, and group C was the least (approximately 70.0%) (Figure 6A).
[image: Figure 6]FIGURE 6 | Physical properties of the nanocomposite scaffolds (the error bar represents the standard deviation of the samples). (A) Testing the porosity of the scaffold by the drainage method; the last column of data was the average porosity of the three groups. Group A was 91.4%, group B was 78.8%, and group C was approximately 70.0%. The porosity of the scaffold decreased gradually with the increase in the TCP content (one-way ANOVA, F = 130; p < 0.0001; n = 3). (B) Biodegradation of the three groups at 7 days. The percentage degradation values of the three groups in a type I collagenase solution for 7 days were approximately 56.9% for group A, 49.0% for group B, and 45.1% for group C. With an increase in the TCP content in the scaffold, the degradation rate on the 7th day gradually decreases (one-way ANOVA, F = 149.8, p < 0.001, and n = 3). (C) Swelling rate for the three groups in 48 h. The scaffolds had a considerable swelling ratio and reached its peak at group A (715.8%) in 24 h (one-way ANOVA, p < 0.05, n = 3). (D) Average Young’s modulus of the scaffold tested in dry conditions. Group A was 0.946 MPa, group B was 0.671 MPa, and group C was 0.342 MPa. Young’s modulus of the scaffolds increased with the HCP content (one-way ANOVA, F = 72.72, p < 0.0001, and n = 3). (“#” represents a significant difference between each group; *p < 0 .05; **p < 0.01; ***p < 0.001; ****p < 0.0001; “NS” represent no significant differences between each group.)
3.4 Scaffold degradation and swelling test
Biodegradation is another important characteristic of the scaffolds for bone tissue engineering. Slow and sustained degradation of the scaffold allows new bone tissue to grow and replace the scaffold, and it will affect the quality of bone formation or lead to bone fracture if the scaffold remains for too long. Additionally, completely decomposed scaffolds avoid the need for a secondary surgery. Type I collagenase is one of the most abundant matrix metalloproteinases in mammals. The degradation rates (Figure 6B) of the three scaffolds in type I collagenase solution at 7 days were approximately 56.9% for group A, 49.0% for group B, and 45.1% for group C. Therefore, the higher the porosity, the easier will be the mass transfer for the faster degradation of the scaffold. The ability to absorb liquid substances is essential for the scaffolds in bone tissue engineering because it is a factor that determines the mass transfer of the scaffold (Maji et al., 2018). The swelling test (Figure 6C) demonstrated that the scaffolds had a considerable swelling ratio and the ratio reaching a maximum in group A (715.8%) at 24 h.
3.5 Mechanical test
The scaffold should maintain mechanical integrity throughout the healing process (Bharadwaz and Jayasuriya, 2020), which means that the scaffolds should maintain their original structure when squeezed by the surrounding tissue. When the scaffolds are implanted in the body and absorb tissue fluid and blood, they are mostly in a wet condition. In our research, the scaffold is soft and elastic after the in vitro swelling test. This suggests that our scaffold should be mainly used to repair bone defects in nonweight-bearing areas, especially in an orofacial bone defect caused by inflammation, tumors, trauma, or cysts. Because the difference in mechanical properties among the three groups in wet conditions may be difficult to compare, we used the mechanical data on the scaffolds under dry conditions to determine the scaffold that has the resistance to external forces to maintain its structure for loading cells and allowing blood vessels to grow. Young’s modulus of the scaffolds indicate that the HCP content improved the strength, with a maximum value of 0.947 MPa for group C (Figure 6D).
3.6 MTT assay
The results of the MTT assay in Figure 8A showed that the difference in the OD values between the control group and other three groups was not statistically significant (p = 0.6951), which means that the method used to crosslink gelatin and CMC had little cytotoxicity.
3.7 Cell proliferation assays and adhesion observation
To ensure that most cells inoculated the scaffold material, only a small amount of complete medium was added to the 24-well plate in the initial culture stage. In this process, it was inevitable that some cells failed or died of various reasons such as insufficient nutrient supply or direct exposure to air. However, the cells remaining on the scaffold grew well (Figure 7).
[image: Figure 7]FIGURE 7 | Cells (MC3T3-E1) attached to the scaffolds. Blue fluorescence shows the nuclei stained with DAPI, and red fluorescence shows the cellular F-actin stained with FITC-phalloidin. The magnification was ×400.
The scaffolds in this study have a rough surface, which is conducive to protein adsorption, especially involving laminin, fibronectin, and vitronectin, and can promote the adhesion and migration of osteoblasts (Schneider et al., 2004; Gui et al., 2018; Kazimierczak et al., 2019). At the same time, a biocompatible scaffold should promote cell proliferation to ensure osteogenic differentiation. As shown in Figure 8B, the number of cells inoculated on the scaffold increased significantly. The number of proliferating cells in group A was generally fewer than that in the other two groups. There were no significant differences between group B and group C on the 1st and 3rd day, and the increasing trend of the cell density in group B and group C was faster than that in group A because of the higher HCP content. However, the decrease in cell proliferation in group C on the 5th day may be attributed to the nonuniform internal structure of the scaffold. Additionally, the reduction in pore size and low connectivity of the materials reduced the efficiency of nutrient transmission and slowed the cell growth. This effect was not influential at the early stage (the first 3 days). However, the number of cells gradually increased with time (from the 3rd day to the 5th day).
[image: Figure 8]FIGURE 8 | Biological properties of the scaffold. The error bar represents the standard deviation of the sample. (A) Results 24, 48, and 72 h after coculture with leach liquors [A: group A (10% HCP); B: group B (30% HCP); and C: group C (50% HCP)]. The difference between each group was not statistically significant (one-way ANOVA, F = 0.6906, p = 0.6951, and n = 5). (B) Cell proliferation analysis of the scaffolds. The data were the average number of nuclei after cell counting with ImageJ software. The number of proliferating cells in group A was generally fewer than the other two groups. There were no significant differences between group B and group C on the 1st and 3rd day (one-way ANOVA, for 1st day: F = 1.341; p = 0.3924 and n = 5; for 3rd day: F = 1.582; p = 0.5188 and n = 5). The cell density in group B increased rapidly from the 3rd day to the 5th day, which was more than that in group C (one-way ANOVA, F = 4.216; p < 0.0001 and n = 5). (C) ALP activity on days 7 and 14. A: group A (10% HCP); B: group B (30% HCP); C: group C (50% HCP); control: only CMC and gelatin. DEA is defined as per the manual of the ALP assay kit: the amount of ALP required to hydrolyze the chromogenic substrate (para-nitrophenyl phosphate) in diethanolamine (DEA) buffer (pH 9, 37°C), producing 1 μmol p-nitrophenol per minute, is defined as one enzyme activity unit, called one DEA (one-way ANOVA, F = 71.56; p < 0.05 and n = 5). (“#” represents a significant difference between each group; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; “NS” represents no significant differences between each group).
3.8 Alkaline phosphatase activity test
Extracellular ALP activity is an important parameter that predicts in vivo and in vitro osteogenic potential (Prins et al., 2014). Osteoblast differentiation was studied for 14 days using cell culture in leach liquors, and the results are shown in Figure 8C. On the 7th day, the ALP activity of the experimental groups was greater than the control group, and this trend continued until the 14th day. The stimulation of osteogenesis in group A was not obvious, which was related to the low HCP content in the scaffold. Although the discrepancies of groups B and C were not obvious, the ALP activity of group C was greater than that of group B on the 7th and 14th day (p < 0.05) because of the HCP content.
4 DISCUSSION
Gelatin, a product of the partial hydrolysis of collagen, is a macromolecular hydrophilic colloid. Gelatin contains a large number of polypeptide chains in a 3D structure and has both hydrophilic and hydrophobic groups that enhance its surface activity (Liu et al., 2015; Echave et al., 2017). CMC is the carboxymethylation product of chitosan. The water solubility of CMC is significantly greater than that of chitosan because of the introduction of hydrophilic groups and carboxymethyl into the chitosan molecule, which destroys the regularity of its crystal and reduces the crystallinity (Taubner et al., 2020). Meanwhile, CMC can still retain the excellent properties of chitosan, such as biocompatibility, antibacterial behavior, promoting chondrocyte growth and hemostasis, and improving water solubility, making it widely used in regenerative medicines (Patrulea et al., 2015; Shariatinia, 2018). According to the results of FTIR spectroscopy, the peptide bonds, hydroxyls, and amino groups that play key functional roles have been retained in these scaffolds. However, the scaffolds with only natural polymers lack mechanical strength. The addition of CaPs improves mechanical properties and introduces osteoinduction, as shown by the ALP activity test, where more CaPs increase the expression of ALP in osteoblasts. Therefore, inspired by biphasic CaPs, we hope that nano-HA and β-TCP can achieve better osteointegration, osteoinduction, and osteoconduction through performance complementarity (Bouler et al., 2017). There are various methods to prepare porous osteogenic scaffold materials, such as 3D printing, electrospinning, and gas foaming technology (Kim et al., 2017). Freeze drying was selected because it is relatively mild, there is no high temperature reaction, and it will not cause thermal degradation or denaturation of the polymer in the system (Nam and Park, 1999; Abdelwahed et al., 2006). Additionally, a pore size of 200–500 μm is considered ideal for bone regeneration and vascularization (Tsuruga et al., 1997; Thavornyutikarn et al., 2014; Roseti et al., 2017). Although the freeze-drying technique can control the pore size by tuning the freezing regime, it can cause other problems such as requiring a long processing time and high energy consumption (Roseti et al., 2017). Therefore, we hoped to improve this problem by applying high-speed stirring.
The scaffolds in this study were macroporous with a high porosity and pore connectivity, as observed with SEM. The interconnected pores had a rough inner surface: at ×2,000 magnification, group C and group B had coarser inner surfaces than group A (Figure 2), which was likely related to the increase in the HCP content. The roughness of the inner surface of the hydroxyapatite scaffold will improve protein adsorption and cell adhesion (Kazimierczak et al., 2019). The Frete diameter of the scaffold pores was approximately 500 μm in groups A and B. The different scaffold components (mainly HCP) do not influence the pore size in those two groups because the scaffold’s pores were attributed to the foam caused by high-speed stirring. The porosity of the three groups of scaffolds was measured, and all had high porosity (greater than 70%). The results also showed that the porosity of the scaffold decreases with the increase in HCP, and there might have relevance between them. The degradation test results showed that the three groups of scaffolds had a good biodegradation rate with collagenase type I: with an increase in the TCP content in the scaffold, the degradation rate on the 7th day gradually decreased (p < 0.05). These characteristics provide available biological properties to the scaffold. However, the situation changed for group C. The pore size at the bottom of the mold was much smaller than the pores at the top, and the porosity gradually decreased with the increase in solid composition. The 5% gelatin content may not have been sufficient to envelope all of the solid components when the mechanical support was impacted with high-speed stirring. As a result, it was unable to form a uniform and stable mixture. Some small pores (approximately 3–5 μm in diameter) were also observed in group C (Figure 2 c3). Considering that the mixing time was sufficient, excess HCP was more likely to cause this phenomenon. The liquid substance (gelatin and CMC) was prevented from enveloping excessive solid matter (HCP), exposing TCP particles that fell off, and formed the micropores. As a result, when loading the raw material foam into the mold, the excessive HCP in the mixture precipitated, while the larger foam moved upward, forming a phenomenon similar to “structural delamination.” We tried to increase the concentration of gelatin to enhance the viscosity of the mixture. However, a sticky paste obstructed the foaming process and completely failed when the gelatin concentration reached 10%. Stir foaming with freeze drying may have an upper limit of the solid content, and the advantages introduced by the higher content of CaPs, such as improved mechanical properties and higher osteogenic differentiation activity, are still a goal of bone tissue engineering (Bose et al., 2012; Roseti et al., 2017; Kazimierczak et al., 2019). In addition, although the scaffolds manufactured in this study have high mechanical strength when dried in vitro, they were soft and elastic under wet conditions in vivo, which may not be suitable for bone defect areas with high stress such as a segmental defect of the long bone or the mandibular bone (Dumic-Cule et al., 2015; Henkel et al., 2021). Therefore, how to improve the mechanical strength of the scaffold manufactured with this method still needs further research and exploration.
5 CONCLUSION
The new degradable bone scaffold of gelatin/CMC loaded with HCP formed by freeze drying and stir foaming provides an ideal composite for bone tissue engineering. The scaffolds promote osteogenic differentiation, with group B (30% HCP) demonstrating the most promising characteristics. We hypothesize that the scaffolds may have great potential in bone regeneration.
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