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Introduction: Bone defects remain a thorny challenge that clinicians have to face. At present, scaffolds prepared by 3D printing are increasingly used in the field of bone tissue repair. Polylactic acid (PLA) has good thermoplasticity, processability, biocompatibility, and biodegradability, but the PLA is brittle and has poor osteogenic performance. Beta-tricalcium phosphate (β-TCP) has good mechanical properties and osteogenic induction properties, which can make up for the drawbacks of PLA.
Methods: In this study, photocurable biodegradable polylactic acid (bio-PLA) was utilized as the raw material to prepare PLA/β-TCP slurries with varying β-TCP contents (β-TCP dosage at 0%, 10%, 20%, 30%, 35% of the PLA dosage, respectively). The PLA/β-TCP scaffolds were fabricated using liquid crystal display (LCD) light-curing 3D printing technology. The characterization of the scaffolds was assessed, and the biological activity of the scaffold with the optimal compressive strength was evaluated. The biocompatibility of the scaffold was assessed through CCK-8 assays, hemocompatibility assay and live-dead staining experiments. The osteogenic differentiation capacity of the scaffold on MC3T3-E1 cells was evaluated through alizarin red staining, alkaline phosphatase (ALP) detection, immunofluorescence experiments, and RT-qPCR assays.
Results: The prepared scaffold possesses a three-dimensional network structure, and with an increase in the quantity of β-TCP, more β-TCP particles adhere to the scaffold surface. The compressive strength of PLA/β-TCP scaffolds exhibits a trend of initial increase followed by decrease with an increasing amount of β-TCP, reaching a maximum value of 52.1 MPa at a 10% β-TCP content. Degradation rate curve results indicate that with the passage of time, the degradation rate of the scaffold gradually increases, and the pH of the scaffold during degradation shows an alkaline tendency. Additionally, Live/dead staining and blood compatibility experiments suggest that the prepared PLA/β-TCP scaffold demonstrates excellent biocompatibility. CCK-8 experiments indicate that the PLA/β-TCP group promotes cell proliferation, and the prepared PLA/β-TCP scaffold exhibits a significant ability to enhance the osteogenic differentiation of MC3T3-E1 cells in vitro.
Discussion: 3D printed LCD photocuring PLA/β-TCP scaffolds could improve surface bioactivity and lead to better osteogenesis, which may provide a unique strategy for developing bioactive implants in orthopedic applications.
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1 INTRODUCTION
Bone defects are a severe health problem worldwide and remain a significant challenge facing orthopedists (Liu et al., 2023). Clinically, the main methods to repair bone defects include bone transplant surgery, Masquelet technology, Ilizarov bone transfer technology, tissue engineering bone technology, gene therapy, and other treatment methods (Nauth et al., 2018; Mathieu et al., 2022). At present, bone grafts or substitute materials are usually implanted in bone defects for treatment (Su et al., 2023). Unfortunately, current clinically-used bone grafts or bone graft substitutes are insufficient to meet the needs of repairing complex bone defects (de Silva et al., 2023). Therefore, developing bone graft materials with high osteogenic efficiency is not only of great clinical significance but also a scientific problem that needs to be solved urgently.
Tissue engineering refers to the use of basic principles and technologies of cell biology and materials science to construct and cultivate substitute materials with physiological functions in vitro to repair defective tissues so that they can compensate for or replace the functional activities related to the repaired tissues and organs. Bone tissue engineering (BTE) refers to the use of principles and technologies of cell biology and materials science to promote cell migration, growth and proliferation through the introduction of exogenous scaffolds and the continuous supply of regulatory growth factors, ultimately achieving the repair of bone defects (Xie et al., 2021). In recent years, various advanced bone tissue engineering scaffolds have been clinically designed to treat bone defects (Bunpetch et al., 2019; Fernandes et al., 2019; Zhou et al., 2019; Wang et al., 2022; Wang et al., 2022; Ye et al., 2022). The preparation of tissue engineering scaffolds by 3D printing technology can realize the control of material pore size, porosity, and permeability, accurately simulate the shape of human bones and apply it to bone tissue repair and reconstruction, providing a promising treatment for repairing bone defects method (Mirkhalaf et al., 2023). At present, the most widely used 3D printing methods for bone tissue engineering mainly include fused deposition modeling (FDM), selective laser sintering (SLS), and stereolithography (SLA).
SLA is a technology that builds objects by printing liquid photosensitive resin layer by layer based on a digital model. The advantages of SLA include a short production cycle, a vast production field and high printing precision (Li et al., 2023). However, large volumes, low space utilization, and expensive 3D printing equipment limit the application of SLA in bone tissue engineering (Mirkhalaf et al., 2023). Liquid crystal display (LCD) technology is an emerging 3D printing technology for UV curing moulding of photosensitive resin (Zhu et al., 2022). Compared with the early SLA printing technology, LCD technology can achieve fast molding speed and high printing accuracy simultaneously and is more controllable on the size and surface structure of the scaffolds (Shan et al., 2020; Madarevi and Ibri, 2021; Sotov et al., 2021).
In recent years, a variety of materials including UHMWPE, PEEK, Chitosan, GelMA, PCL, Zein, and many other biomaterials for bone implants (Herrera-Ruiz et al., 2022; Mamidi et al., 2022; Mamidi et al., 2023). PLA can be produced from nontoxic renewable feedstock and PLA is biodegradable, gradually breaking down into non-toxic lactic acid in the body and metabolized by the human body (Singhvi et al., 2019). This makes PLA suitable for applications where gradual replacement by new tissue is desired without the need for a second surgery to remove the implant. PLA exhibits good compatibility with human tissues, reducing the likelihood of immune reactions or rejection (Ranakoti et al., 2023). This contributes to minimizing postoperative complications and promoting the healing of the implant. The good biocompatibility and biodegradability of PLA have made it approved by the U.S. Food and Drug Administration (FDA) as a biomedical material (Li et al., 2020). PLA has found widespread use in the medical field, especially in clinical validations related to bone implantation. Therefore, polylactic acid (PLA) is considered one of the most promising biopolymers. However, defects such as low mechanical strength, poor toughness, and insufficient biological activity of PLA limit its further application in bone tissue engineering (Ye et al., 2022).
Tricalcium phosphate (β-TCP) is a synthetic ceramic material with excellent biodegradability and biocompatibility, which has been widely used in bone tissue engineering (Boda et al., 2023). β-TCP not only has good mechanical properties and can be used as a reinforcing material to significantly improve the mechanical strength of composite materials, but more importantly, β-TCP also has excellent osteoconductivity and inductivity, which can promote cell proliferation and differentiation (Lu et al., 2023; Silva-Barroso et al., 2023). However, preparing scaffolds with controllable biomimetic orientation microporous structures on the surface has always been a complex problem in preparing scaffolds from PLA-based composite materials. In the currently widely used piston extrusion method, due to the swelling phenomenon of polymer materials, the texture of the extruded fiber disappears after being formed through the processed micro-groove nozzle, and the LCD light-curing technology has micron-level layer thickness parameters. The preparation of the scaffold fiber in a non-extrusion way, combined with the slurry prepared by photocuring bio-based, can realize liquid molding. Therefore, this work aimed to prepare PLA/β-TCP scaffold that scaffolds that have not only high precision, texture, and roughness on the fiber surface but also have outstanding biological properties for bone tissue engineering.
To this end, unlike most other 3D printing methods, we prepared 3D-printed PLA/β-TCP scaffolds via LCD photocuring 3D printing. The prepared PLA/β-TCP scaffold has a porous structure, and its mechanical properties are also satisfactory. In vitro experiments further investigated the biological properties of the PLA/β-TCP scaffold, including its biocompatibility and osteogenic differentiation properties. We found that the prepared PLA/β-TCP scaffold not only had no toxicity to MC3T3-E1 cells but also promoted their proliferation, and related experiments further confirmed that it had excellent osteogenic properties (Scheme 1). Consequently, the designed LCD photocuring PLA/β-TCP scaffolds could represent a promising substitute material in bone tissue engineering to repair bone defects.
[image: Scheme 1]SCHEME 1 | Schematic illustration of the PLA/β-TCP scaffolds using LCD photocuring 3D printing in bone tissue engineering. With the help of a computer and a display screen, ultraviolet light passes through the transparent area to illuminate the photosensitive resin in the resin tank. The PLA/β-TCP resin material is exposed and solidified layer by layer into a 3D scaffold.
2 MATERIALS AND METHODS
2.1 Material
LCD Photocurable Bio-based Polylactic acid (PLA) was purchased from Yisheng New Material Co., Ltd. (Xiaogan, China). Tricalcium phosphate powder (β-TCP, particle size: 1.2 μm) was obtained from Epurui Material Co., Ltd. (Nanjing, China). Dispersant: Silane coupling agent (KH-550) was purchased from Trands Chemical Additives Co., Ltd. (Nanjing, China). Anhydrous ethanol was purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China).
2.2 Preparation of the scaffolds
2.2.1 β-TCP modification
Firstly, 100 mL of absolute ethanol, 5 mL of silane coupling agent, and 50 g of β-TCP powder were added into a beaker, then stirred in a water bath at 50°C for 6 h, centrifugally filter, dry in a vacuum at 55°C for 24 h, and then grind to obtain β-TCP ceramic powder.
2.2.2 Preparation of PLA/β-TCP slurry
The β-TCP powder was added to the light-cured bio-based PLA solution in a beaker, vibrated and stirred for 30 min under an ultrasonic washing machine, and then mixed with a planetary ball mill at a speed of 300 rpm for 6 h, putting the ceramic slurry obtained after grinding and blending into a vacuum defoamer for degassing, and finally filtered it with a sieve The beads were ball milled to get a 3D printed PLA/β-TCP ceramic slurry with uniform composition, which was stored in the dark for future use.
2.2.3 Fabrication of the PLA/β-TCP scaffolds
Three-dimensional cylindrical scaffolds were designed using SolidWorks software (Dassault Systemes S.A, France). The structure and size of the printed bio-scaffold were shown in Supplementary Figure S1. Use CHITUBOX (CBD-Tech, China) software to slice the scaffold model. The specific parameters were shown in Supplementary Table S1. After completion, import the setting parameters to the computer. Pour the PLA/β-TCP printing material into the resin tank of the high-precision LCD-3D printer (Chuangxiang LD-002R, China) and click to start printing. A 3D scaffold with a diameter of 10 mm, a height of 6 mm, a fiber diameter of 400 μm, and a left and right gap of 400 μm was successfully prepared. Then put the scaffold in an ultrasonic cleaner for 20 min, dry it with a hair dryer, and put it into a secondary curing machine to cure for 15 min before use.
2.3 Characterization of the scaffolds
2.3.1 Rheological properties test of PLA/β-TCP slurry
Obtain representative samples of the material and mix of the material to eliminate any unevenness. The rheological properties of different PLA/β-TCP slurries were tested at room temperature using a Modular Compact Rheometer (MCR702, Anton-Paar, Austria). Set the applicable temperature to −30∼300°C, the rotation speed 0∼3,000 r/min, and the shear rate 0.01∼4,000 s-1'. Operate the rheological instrument to conduct the test and record data.
2.3.2 Scanning electron microscopy (SEM) analysis
Prepare the sample for observation and apply a gold coating. Place the sample on the sample stage of SEM, then use SEM (EM-30, COXEM, South Korea) to observe the structure, surface, and compression fracture morphology of the 3D-printed scaffold.
2.3.3 Confocal laser microscope (CLSM) analysis
Fix the sample on the sample stage of the CLSM (KEYENCE, VK-X1100, Tokyo, Japan), use the CLSM to adjust the focus and start the confocal laser microscope to scan and obtain an image of the sample surface, and finally reconstruct the three-dimensional image of the obtained image.
2.3.4 Porosity analysis
The porosity of the scaffolds was determined by the immersion medium method. First, calculate the volume of the scaffold, weigh the mass (m1) of the sample in the air with an electronic balance, then immerse it in absolute ethanol to make it saturated, soak it for a certain period, and then take out the sample, carefully wipe off the medium on the surface with filter paper, and then weigh its total mass (m2) in the air, and the porosity is calculated according to formula (1).
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P is the porosity, %; ρ is the density of the liquid medium, g/cm3; V is the volume of the sample, cm3.
2.3.5 Mechanical properties tests
According to GB/T 1041-2008, prepare the sample to be tested, install the sample on the fixture of the electronic universal testing machine (AGS-X, Shimadzu Corporation) using the appropriate fixture, set the testing parameters of the testing machine, and start the testing machine to perform the compressive strength of the scaffold sample.
2.3.6 XRD analysis
β-TCP powder and PLA/10% β-TCP scaffold were measured using an X-ray diffractometer (MiniFlex600, Rigaku, Japan). Prepare the sample for testing, load it onto the sample stage of the XRD instrument, select the X-ray radiation source (Cu Kα, λ = 1.5406 Å), set the scanning range of 20°–70° and scanning rate of 4°/min on the XRD instrument, initiate the scan, and record the data.
2.3.7 Degradation of scaffolds
The degradation and pH values of the scaffolds were studied in the SBF for about 6 weeks. The scaffolds were weighed (m1) and then immersed in a centrifuge tube containing 10 mL of SBF at 37°C. After rinsing the scaffolds with distilled water, the scaffolds were dried until weight stabilization and then weighed (m2) for a total of 6 weeks. Calculate the degradation rate according to the following formula: (m1–m2)/m1×100%. The pH value of the degradation medium was measured by a pH meter (Mettler Toledo).
2.4 Biocompatibility of scaffolds
2.4.1 Cell culture
Mouse embryonic osteoblast MC3T3-E1 cells (The cell lines present in this study were obtained from Cyagen Biotechnology) were thawed and centrifuged, and then the MC3T3-E1 cell suspension in the centrifuge tube was inoculated into a cell culture flask, and MEM-α medium (containing 10% FBS, 1% penicillin and strep to Mycin) (Gibco, USA), and then cultured in a cell incubator (5% CO2, 37°C).
2.4.2 Cell proliferation
MC3T3-E1 cells were seeded into 24-well plates with scaffolds at a concentration of 5 × 103/mL, and the 24-well plates were incubated at 37°C for 24 h. After co-culturing for 1, 3, and 5 days, Cell Counting Kit-8 solution (CCK-8, Biosharp, China) was added to each 24-well and incubated for 2 h. After incubation, use a full-wavelength microplate (Multiskan GO, Thermo Fisher Scientific, USA) to measure the OD value of all wells at a wavelength of 450 nm.
2.4.3 Live/dead cell staining
A live/dead staining assay was used to determine the cytotoxicity of scaffolds. MC3T3-E1 (5×103) cells were seeded into 24-well plates with scaffolds at 37°C for 24 h. After co-culturing for 1, 3, and 5 days, discard the culture medium and wash twice with phosphate-buffered saline (PBS, Gibco, USA), then stain with Calcein-AM/PI kit (Bestbio, China) for 20 min. After washing with phosphate-buffered saline (PBS, Gibco, USA) twice, the cells were imaged using a fluorescence microscope (Leica, Germany).
2.4.4 Hemolysis tests
The collected healthy rat blood (4 mL) containing ethylenediaminetetraacetic acid (EDTA) gifted from another research group was diluted with PBS (5 mL). Scaffolds were then incubated in PBS for 30 min at 37°C, followed by 0.2 mL of diluted blood co-cultured with scaffolds. Positive and negative control groups were set with deionized (DI, Gibco, USA) water and PBS, respectively. The scaffolds of all groups were incubated at 37°C for 30 min, and the OD value of the supernatant was measured at 545 nm after centrifugation. The hemolysis ratio (HR) was calculated, as we previously reported (Ye et al., 2018).
2.5 Osteogenic activity of the scaffolds in vitro
2.5.1 Alkaline phosphatase (ALP) staining assay
The osteogenic differentiation potential of MC3T3-E1 cells on scaffolds was determined by ALP staining assay. Inoculate the MC3T3-E1 cell suspension with a concentration of 1 × 104/mL in a 6-well plate, and then the scaffolds were incubated with osteogenic medium culture (Cyagen Biosciences, USA) for 7 and 14 days. After the induction culture, discard the medium, add PBS to wash 3 times, fix the cells with 4% paraformaldehyde at room temperature for 30 min, then wash 3 times with PBS, add ALP stain working solution (Beyotime Biotechnology, China) for 6 h, then wash 3 times with PBS, observed and collected images under a microscope (Leica, Germany).
2.5.2 Alkaline phosphatase (ALP) activity
MC3T3-E1 cells and the scaffolds were incubated with osteogenic medium culture for 7 and 14 days according to method 2.5.1. Then, 0.2% Triton X-100 (Sigma-Aldrich, USA) was added to each well, pipetting repeatedly for 30 min, and placed in a 4°C refrigerator for 24 h. ALP detection kit (Beyond Biotechnology, China) was used to detect ALP activity and the BCA protein assay kit (Pierce, USA) was used to detect total protein. Relative ALP activity was calculated based on the previous calculation method (Li et al., 2020).
2.5.3 Alizarin red stained and activity assay
MC3T3-E1 cells and the scaffolds were incubated with osteogenic medium culture for 7 and 14 days according to method 2.5.1. After the induction culture, the cells were fixed with 4% paraformaldehyde, added Alizarin red S staining solution (Solarbio, China) for 60 min, removed staining working solution, then washed with PBS, observed and collected images under a microscope. Added Cetylpyridinium Chloride (CPC) to Disodium Hydrogen Phosphate (Sodium dihydrogen Phosphate, Na2HPO4) to prepare a 10% CPC solution. After drying, the prepared CPC solution to each well, and its OD value at 562 nm.
2.5.4 Expression of osteogenic differentiation-related genes
To detect the expression of osteogenesis-related genes in MC3T3-E1 cells on the scaffolds, MC3T3-E1 cells, and the scaffolds were incubated with osteogenic medium culture for 7 and 14 days according to the method of 2.5.1. The total RNA of each group was extracted and reverse-transcribed into cDNA. Finally, the expression levels of osteogenesis-related genes in each group were evaluated by real-time semiquantitative polymerase chain reaction (RT-qPCR). Briefly, the experimental operation steps refer to our previous research (Li et al., 2020). The osteogenic-related gene expressions, including BMP-2, OCN, Runx-2, and COL-1 were measured. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene and the relative gene expression was calculated using the 2−ΔΔCt method. The sequences of primers were shown in Supplementary Table S2.
2.5.5 Immunofluorescence staining
To evaluate the osteogenesis effect of scaffolds in vitro, the expression levels of Runx-2 factors were invested by immunofluorescence staining. Briefly, the MC3T3-E1 cell and the scaffolds were incubated with osteogenic medium culture for 7 days. The cells were fixed with 4% paraformaldehyde for 30 min and washed with PBS. Added 0.5% Triton X-100 to cells at room temperature for 5 min and then washed PBS. Afterward, the cells were blocked with 5% bovine serum albumin (BSA, BioFroxx) for 30 min at room temperature. Discarded the blocking solution, washed with PBS, added the primary antibody of Runx-2 (1:100 dilution; Abcam, USA) to each well plate and incubated overnight at 4°C. After washing, the secondary antibody (1:200 dilution; EarThox, USA) was added and incubated at room temperature in the dark for 2 h. Finally, DAPI staining solution was added to counterstain the cell nuclei for 5 min. After washing with PBS, the immunofluorescence staining images were observed and collected. Fluorescence intensity was evaluated using ImageJ software (NIH, USA).
2.5.6 Elisa assay
The BMP-2 of the osteoblastic cells was assayed with an ELISA kit (Elabscience Biotechnology Co., Ltd., China) according to the manufacturer’s instructions. Briefly, the MC3T3-E1 cell and the scaffolds were incubated with osteogenic medium culture for 7 days and 14 days according to method 2.5.1. According to the kit instructions, the culture plates were pre-coated with antibodies specific to the protein marker. Add samples and standards and react at 37°C for 90 min. Add biotinylated detection antibody specific for BMP-2 protein markers and react at 37°C for 60 min. The processing work was carried out at 37°C for 30 min. Wash 5 times with 1X wash buffer. TMB reacts at 37°C for 20–25 min. Add stop solution and read OD at 450 nm.
2.6 Statistical analysis
All data were analyzed by SPSS 25.0 software. All data are expressed as mean ± standard deviation. Statistical comparisons among groups were evaluated by one-way ANOVA analysis. p < 0.05 was considered statistically significant, and p < 0.01 was considered highly statistically significant.
3 RESULTS AND DISCUSSION
3.1 Rheological characterization
Rheology is the study of the flow of matter, and the flow speed of 3D printed materials is of great significance to the final object, especially in the bioprinting process. Figure 1 showed the Rheological Curve corresponding to the slurry. It can be seen that the viscosity of PLA, PLA/10%β-TCP, and PLA/20%β-TCP slurry decreased with the increase of shear rate, showing the phenomenon of shear thinning, indicating that slurry with different solid content had non-Newtonian fluid properties, and theoretically meets the printing requirements. But with the increase of the β-TCP component, the viscosity of PLA/30%β-TCP and PLA/35%β-TCP slurry first increased with the addition of shear rate and then slowly decreased. This was mainly because the number of β-TCP particles dispersed in the slurry increased, the relative content of organic media in the slurry decreased, and the probability of friction and collision between particles increased during slurry under shear stress. When the concentration keeps increasing and approaches the tightest alignment, the relative motion between the two layers will make the particles deviate from the closest alignment and increase their volume, which requires extra energy consumption. In the initial stage, it was shown as the increase of slurry viscosity. When the shear rate increased to 80 s-1, the PLA matrix was still the primary fluid after the ceramic particles were spread out. The density exhibits pseudoplastic fluid properties and slowly decreases.
[image: Figure 1]FIGURE 1 | Rheological curve of PLA/β-TCP slurry.
3.2 Preparation and characterization of the scaffolds
We successfully fabricated customized-designed scaffolds by LCD photocuring 3D printing. First, stir the slurry with different proportions for 10 min, pour it into the trough of the 3D printer, set the parameters according to Supplementary Table S1, and start the LCD light-curing 3D printer. The β-TCP slurry will be light-cured under the exposure of the smooth surface (band = 405 nm). Reaction and single-layer curing molding on the substrate. After replenishing the slurry, the substrate was pressed down on the surface exposure film again, and the next layer of the layered model image was continued. After layer-by-layer curing and superimposition, a scaffold with a through structure was prepared. After taking out the scaffold Rinse the surface of the scaffold with absolute ethanol, and finally perform secondary curing in a UV light box for 15 min. The prepared scaffold was shown in Figure 2A. PLA/40%TCP failed to form after many times of printing. This is because during the forming process, the high-viscosity slurry will naturally agglomerate under the action of surface tension, which is not conducive to the spreading of the uniform material layer, and it is easy to cause edge defects. Therefore, the higher the viscosity of the slurry, the easier it is to form the above shortcomings, and it will affect the molding accuracy.
[image: Figure 2]FIGURE 2 | Morphology of the 3D-printed scaffolds. (A) 3D printed PLA/β-TCP scaffolds with different proportions. (B) SEM images of the 3D-printed scaffolds, respectively. Scale bar = 400 μm, 200 μm and 20 μm. (C) The three-dimensional morphology of the scaffold fiber surface and the surface roughness of the selected area Ra (mean arithmetic height) (μm).
The surface morphology and roughness of 3D-printed scaffolds are essential factors affecting cell adhesion and directional differentiation. SEM was employed to observe the morphologies of different scaffolds. Figure 2B shows the macrostructure and the microscopic surface morphology of different scaffolds, and Figure 2C shows the three-dimensional morphology and roughness of the scaffolds under a laser confocal microscope. As shown in Figure 2A, all scaffolds had a three-dimensional network structure, which could facilitate the exchange of oxygen and nutrients. The surface of the scaffolds cured by LCD light 3D printing showed “bark-like” lines and the pure PLA microgrooves were prominent. The density increases with the increase of β-TCP content, and the structure is in grooves or micro-holes. Selected area electron diffraction analysis was carried out on the particles on the surface of the scaffold. The TEM photos and diffraction patterns were shown in Supplementary Figure S2. The results conformed to the characteristics of the hexagonal crystal structure. Combined with the lattice constant analysis and analysis, it was confirmed that the particles were β-TCP. The texture structure of the surface of the scaffold was determined by the micron controllable layer thickness parameter during exposure, and the regular rough surface was determined by the particle size of β-TCP. The particles uniformly mixed in the slurry are formed together when the PLA cures. This controllable structure has good application value for cell adhesion and directional differentiation, which cannot be realized by current bio-extrusion 3D printing technology.
Supplementary Figure S3 shows the porosity of the scaffold calculated by the medium soaking method. The porosity of the PLA scaffold is 48.6%, close to the theoretical value of 50%. The reason for the deviation is that the upper and lower fibers are better bonded during the printing process. The actual spacing set is 0.38 mm, which is smaller than the theoretical spacing of 0.40 mm, which is equivalent to the increase in the natural packing volume in formula (1), resulting in a decrease in the porosity of the scaffold. As the amount of β -TCP increased, more β-TCP particles adhered to the surface of the scaffold, which partially occupied the gaps of the porous scaffold, resulting in a decrease in porosity.
EDS analysis was performed on the PLA/β-TCP scaffolds containing different proportions of β-TCP, as shown in Supplementary Figure S4. The results showed that: with the increase of the mass fraction of β-TCP in the scaffold, the mass of Ca2+ particles attached to the surface of the scaffold fibers accounted for ratio increases, but their ratios are all smaller than the β-TCP content of the corresponding scaffold, forming a complementary relationship between the mass ratio and the surface morphology.
Figure 3A shows the cross-sectional morphology of the biological scaffold after the compression test. It can be seen that as the proportion of β-TCP increases to 30%, its particles can be well distributed in the PLA matrix, and the bonding interface between the two was better. It can be seen from the infrared spectrum in Figure 3B that the infrared characteristic absorption peak of the leading group of PLA-30%β-TCP added with the silane coupling agent KH-550 was significantly enhanced due to the silane group of the silane coupling agent or the hydrolyzed silicon hydroxyl group integrates with the hydroxyl group on the surface of the inorganic substance. In contrast, the other carbonyl organic group forms a covalent bond with the organic polymer compound, which can couple the interface of two materials with very different properties, thereby improving the dispersion and properties of the particles’ slurry fluidity and enhancing interfacial adhesion. When the ratio reaches 35%, the distribution of β-TCP particles per unit area on the cross-section increases continuously, and the probability of particle agglomeration also increases. Cavitation, fracture separation along matrix and grain boundaries. Excellent mechanical properties are essential for scaffolds. To investigate the mechanical properties of different scaffolds, we performed a compression test on PLA and PLA/β-TCP scaffolds. Figure 3C showed the compressive strength of the PLA/β-TCP scaffold. It can be seen that the compression strength of the scaffold can be improved with the appropriate addition of β-TCP. With the increase in the dosage of β-TCP, the compression strength of the scaffold increases first and then decreases. When the ratio of β-TCP is 10%, the maximum value is 52.1 MPa, and the strain is 31.4%. This is because the elliptical structure of β-TCP ceramic particles could withstand the load in the system and had high compressive strength. When the appropriate amount was added to the PLA matrix for uniform dispersion, β-TCP can absorb and transfer the external compression force during the compression process, thus improving the load capacity per unit of stress area. However, when the amount of β-TCP increased, particle aggregates were easy to form in the slurry system, and the binding force between them was minimal. After solidification, micro-crack sources will be included in the material. When the biological scaffold was squeezed, these micro-cracks will expand and reduce the compressive strength of the system. The incorporation of polymers into a mixture to enhance its performance is a feasible approach. Mohan A et al. synthesized PHB-based nanocomposites using nanomixtures and nanoclay along with modified montmorillonite (MMT) as filler. The results show that the PHB/OMMT composite blends exhibited augmented mechanical properties compared to neat PHB (Mohan et al., 2021). Therefore, in the process of 3D printing PLA/β-TCP paste based on LCD technology, adding the appropriate amount of β-TCP can greatly improve the compression performance of the scaffold. However, excessive dosage could easily cause agglomeration and reduce the compressive strength of the material. Therefore, we studied the in vitro biocompatibility and osteogenic properties of PLA/10%β-TCP scaffolds.
[image: Figure 3]FIGURE 3 | Mechanical performance of the 3D-printed scaffolds. (A) SEM morphology of the fractured section of the different 3D-printed scaffold under compression. (B) FTIR spectra of 3D-printed PLA/30%β-TCP scaffold and PLA/30%β-TCP scaffold (KH-550). (C) The compression strength of the different 3D-printed scaffolds.
X-ray diffraction analysis was performed on β-TCP powder and PLA/10%β-TCP scaffold. As shown in Supplementary Figure S5, by comparing with the standard β-TCP diffraction pattern, β-TCP appeared in the XRD pattern of PLA/10%TCP scaffold. The characteristic diffraction peaks (main strong peak 2θ = 31.02°, secondary strong peak 2θ = 34.33°), comparing the X-ray diffraction patterns of β-TCP powder and PLA/10%β-TCP scaffold, most of the peak positions have not changed, which shows that during the preparation process of the 3D printed scaffold, no phase change of β-TCP occurred, and no new diffraction peaks appeared, indicating that no new impurities were generated during the preparation process.
Figure 4A showed the degradation rate curve of the scaffolds in SBF at different times. It can be seen that as the degradation time prolongs, the degradation rate of the scaffolds gradually increases, but the period of rapid mass loss mainly occurs after the 3rd week. Among them, the PLA/35%β-TCP scaffold degraded the most in the 6th week, with a degradation rate of 12.97%, which shows that increasing the β-TCP content could accelerate the degradation rate of the scaffold in SBF solution. Figure 4B showed that after immersing in SBF solution for 6 weeks, the pH values of the scaffolds exhibited a slow downward trend, and the change in pH of the medium was not significantly different during the degradation period. The pH of the repair tissue fluid may play a regulatory role in bone healing and mineralization. It had been reported that the pH of bone repair tissue during the first week after trauma was lower than that of normal serum. The low pH and local acidic environment created at the fracture site can lead to hypoxic or ischemic conditions. The results of this experiment showed that the pH value of each group of scaffolds dropped to 6.9 and 6.8 respectively in the first 6 weeks, showing an alkaline state, which is conducive to improving the local microenvironment and conducive to cell growth.
[image: Figure 4]FIGURE 4 | The degradation of the scaffold. (A)Weight of scaffolds after degradation in vitro. (B) pH value in the SBF.
3.3 Biocompatibility of the scaffolds in vitro
We first tested the scaffold’s biocompatibility by live/dead staining assay (Figure 5A). It can be seen that MC3T3-E1 cells in each group of scaffolds survived (green fluorescent dots) after culture for 1, 3, and 5 days, and no dead MC3T3-E1 cells (red fluorescent dots) were found. The density of viable cells gradually increased over time in the PLA and PLA/β-TCP groups, suggesting that these scaffolds had good cytocompatibility and would not inhibit the proliferation of MC3T3-E1 cells. Figure 5B was the CCK-8 assay to measure the cell proliferation of MC3T3-E1 cells co-cultured with PLA and PLA/β-TCP scaffolds, respectively. The results showed that MC3T3-E1 cells in each group showed proliferation with time. Among them, on day 1 and day 3, there was no significant difference in the proliferation of cells in each group. Interestingly, the OD values of the PLA/β-TCP group were significantly higher than that of the PLA group at day 5, which means that the PLA/β-TCP group promotes cell proliferation.
[image: Figure 5]FIGURE 5 | Biocompatibility of the scaffolds in vitro. (A) Fluorescence images of MC3T3-E1 cells cultured on PLA and PLA/β-TCP scaffolds for days 1, 3, and 5, respectively. Scale bar = 100 μm. (B) CCK-8 assay of the different scaffolds for days 1, 3, and 5. (C) Hemolysis test in vitro. Data are presented as mean ± SD (n = 3), *p < 0.05, **p < 0.01.
The hemocompatibility of medical materials is an essential part of evaluating the biocompatibility of medical materials, which is of great significance (Douglass et al., 2022). The hemolysis rate is an important indicator for assessing blood compatibility, and the higher the hemolysis rate, the greater the damage of the biomaterial to red blood cells (Hakimi et al., 2023). According to the standard (ISO) 10993, the hemolysis rate of medical materials <5% meets the medical standard (Liu et al., 2023). Figure 5C reflects the hemolysis of different scaffolds. As shown in the Figure 5C, it can be seen that there is no hemolysis in each group of scaffolds. The results of the hemolysis rate showed that the hemolysis rate of the tested samples was less than 5%, indicating that each group of scaffolds had good hemolytic safety. Satisfactory biomaterial biomimetic scaffolds should be non-toxic. The above results indicated that both the prepared PLA scaffold and PLA/β-TCP scaffold had good biocompatibility in vitro. However, the PLA/β-TCP scaffold could further promote cell proliferation.
Evaluating the biocompatibility and effectiveness of biomaterials is a crucial link for the clinical application of biomaterials. As biomaterials are increasingly widely used in the medical field, their preclinical biosafety evaluation is becoming increasingly critical, and biocompatibility evaluation has become an indispensable part of biomaterials before clinical application (da Rocha et al., 2023; Canciani et al., 2023). The degradation products of β-TCP are mainly calcium ions and phosphate ions, which are already present in our bodies.
3.4 Osteogenic differentiation in vitro
Once the bone is damaged, osteoblasts play a vital role in bone healing. After bone injury, endogenous bone marrow mesenchymal stem cells (BMSCs) will migrate to the injury site, then proliferate and further differentiate into osteoblasts. With the maturation of osteoblasts and the formation of mineralized tissue, the damaged bone is expected to heal through two pathways of intramembranous osteogenesis or endochondral osteogenesis and finally achieve the purpose of bone reconstruction (Guan et al., 2012; Takarada et al., 2016). Therefore, osteoblasts are special bone-forming cells that can synthesize bone matrix, regulate mineralization, and eventually differentiate into osteocytes, and are the most critical functional cells in the process of bone remodeling (Liu et al., 2023).
ALP could be used as a marker to evaluate osteogenic differentiation and bone formation (Farley and Baylink, 1986; Vimalraj, 2020). Figure 6A showed the results of ALP staining of MC3T3-E1 cells. It was found that compared with the PLA group, the ALP staining color of MC3T3-E1 cells in the PLA/β-TCP was darker, and the number of blue cells was more on days 7 and 14. The ALP protein expression of the PLA/β-TCP scaffold was higher than the PLA scaffold (Figure 6C). These results indicated that more ALP was produced when MC3T3-E1 cells co-cultured with PLA/β-TCP scaffold.
[image: Figure 6]FIGURE 6 | Osteogenic differentiation of the scaffolds in vitro. (A) The ALP staining of the MC3T3-E1 cells was co-cultured with the scaffolds. Scale bar = 100 μm. (B) Alizarin red staining of the MC3T3-E1 cells co-cultured with the scaffolds. Scale bar = 100 μm. (C) ALP activity of the scaffolds. (D) Alizarin red S quantitation of MC3T3-E1. (E) Relative mRNA expression of the osteogenic-related genes (BMP-2, OCN, Runx-2, and COL-1) of the MC3T3-E1 cocultured with the scaffolds. Data are presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01.
Osteoblasts will produce mineralized nodules after induction and culture. Alizarin red staining can reflect the degree of calcium deposition in the extracellular matrix and then evaluate the osteogenic differentiation performance (Lee et al., 2020). We investigated cell mineralization by alizarin red S staining. Figure 6B showed representative images of Alizarin Red staining. After 7 days and 14 days of osteoinductive culture in each composition, cells cultured with PLA/β-TCP scaffolds showed larger red staining areas and more mineralized nodules compared with the PLA group. Figure 6D showed the semi-quantitative results of alizarin red mineralized nodules. The results were consistent with the staining results, the PLA/β-TCP group was higher than the PLA group (p < 0.05), and the differences were statistically significant, which means they were consistent with the staining results. The above results suggested that the PLA/β-TCP scaffolds help to promote the generation of MC3T3-E1 mineralized nodules, thereby promoting osteogenic differentiation.
Moreover, Figure 6E demonstrated the effect of scaffolds on the expression of important osteogenesis-related genes in MC3T3-E1 cells, including BMP-2, OCN, Runx-2, and COL-1 (Ma et al., 2018). After 7 days of intervention, the expression of OCN, Runx-2, and COL-1 mRNA in the PLA/β-TCP group was higher than that in the PLA group (p < 0.05). At 14 days after the intervention, the mRNA expressions of BMP-2, Col-1, and OPN in the PLA/β-TCP group were higher than those in the PLA group (p ≤ 0.05). The mRNA expression levels of all these osteogenic genes showed similar trends to those of cells co-cultured with PLA/β-TCP scaffolds. OCN could reflect the activity of osteoblasts and was a critical factor in the formation of mineralized bone (Liu et al., 2023). Runx2 is a member of the RUNX family of transcription factors and is involved in osteoblast differentiation and bone morphogenesis. Runx2 could regulate the transcription of different genes such as osteocalcin by binding to core sites of promoters or enhancers. Therefore, Runx2 was considered to play a crucial role in the maturation and ossification of osteoblasts (Wang et al., 2022; Ghafari et al., 2023). As a fibrous collagen, COL-1 is the most abundant and vital protein in the human body and is particularly important for developing bone tissue (Chen et al., 2021). BMP-2 can induce the directional differentiation and proliferation of undifferentiated mesenchymal stem cells into chondrocytes and osteoblasts and promote the differentiation and maturation of osteoblasts (Wang et al., 2023). This suggests that the osteogenic properties of the scaffold were enhanced after the addition of β-TCP.
We further detected the osteogenic markers Runx-2 in vitro to evaluate the osteogenic potential of MC3T3-E1 cells cultured on different scaffolds. Figure 7 showed the immunofluorescence staining results of osteogenic markers such as Runx-2. As shown in Figure 7A, the immunofluorescence of Runx-2 in the PLA/β-TCP group was higher than in the PLA group. Figure 7B was the quantitative analysis of immunofluorescence by ImageJ. The results showed that t the fluorescence intensity of Runx-2 expression in the PLA/β-TCP group was higher than that in the PLA group (p ≤ 0.05), indicating that the PLA/β-TCP scaffold did have a positive effect on enhancing the expression of Runx-2.
[image: Figure 7]FIGURE 7 | Immunofluorescence staining of osteogenic factors. (A) The image of immunofluorescence staining of Runx-2. Scale bar = 100 μm. (B) Average fluorescence intensity of Runx-2. Data are presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01.
Figure 8 showed the results of the ELISA assay of the release of BMP-2 secreted by MC3T3-E1 cells after 7 and 14 days of intervention with different scaffolds. As shown in Figure 8, BMP-2 levels continued to increase in different scaffolds on days 7 and 14. In contrast, the expression level of BMP-2 in MC3T3-E1 cells in the PLA/β-TCP group was significantly higher than that in the PLA group (p ≤ 0.05). Therefore, the concentration of this bone-related specific protein marker was relatively higher in the PLA/β-TCP group, this result was consistent with the results of RT-PCR.
[image: Figure 8]FIGURE 8 | ELISA assay detects the effects of different scaffolds on BMP-2 expression. Data are presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01.
Seed cells, bioactive molecules, and scaffolds were the cornerstones of BTE. A wide variety of biomaterials were considered promising candidates for bone regeneration. Bioceramics including hydroxyapatite (HA), β-TCP, and bioglasses (BGs) were thought to be bioactive in forming new bone (Koons et al., 2020). β-TCP had a solubility more similar to that of bone minerals than to HA, making it more readily absorbed and replaced by new bone. However, HA was more crystalline and therefore more difficult to degrade in vivo and more likely to cause bone deformities and fractures around hydroxyapatite bone grafts (Ogose et al., 2005). BG has strong osteogenic potential. However, BG has limitations such as inflammation and infection, which limits its further application (Sivakumar et al., 2023). PLA was less osteoconductive or osteoinductive, but β-TCP can effectively promote osteogenesis, mainly because tricalcium phosphate can trigger the differentiation of stem cells/osteogenic cells into osteoblasts, the release of calcium ions and phosphate ions It also had strong cell chemotaxis, and can recruit various types of cells to grow to the implantation site, thereby promoting bone tissue regeneration (Lai et al., 2019). Besides, the photosensitive material was loaded into the LCD printer in liquid form, making it easier and faster to prepare complex geometric shapes than traditional FDM molten plastic filaments, and the surface of the prepared scaffold was smoother. In summary, considering the proliferation and osteogenic differentiation of PLA/β-TCP scaffolds using LCD technology on MC3T3-E1 cells, we believe 3D printing of PLA/β-TCP scaffolds by LCD technology will play a potentially important role in bone repair. Taken together, the above data suggest that the PLA/β-TCP scaffold by LCD technology could enhance bone mineralization and osteogenic differentiation.
4 CONCLUSION
In summary, we successfully designed and fabricated an innovative 3D printed PLA/β-TCP scaffold using LCD photocuring and further evaluated the physical properties, biocompatibility, and in vitro osteogenic performance of the PLA/β-TCP scaffold. SEM results show that the prepared PLA/β-TCP scaffolds containing different proportions of β-TCP all have three-dimensional interconnected network structures. The compressive strength test results show that when the β-TCP dosage is 10%, the compressive strength of PLA/TCP reaches the maximum value of 52.1 MPa. In addition, the 3D printed PLA/β-TCP scaffold not only has a more suitable physical structure, but also provides more suitable mechanical properties, and also has great potential for bone regeneration. Live/dead staining assay and hemocompatibility assay demonstrated that the prepared PLA/β-TCP scaffold had good biocompatibility. CCK-8 assay showed that the PLA/β-TCP group promotes cell proliferation. More importantly, ALP staining assay, ALP activity, Alizarin red stained, RT-qPCR and Immunofluorescence staining show that the prepared PLA/β-TCP scaffold showed great potential to promote osteogenic differentiation of MC3T3-E1 cells in vitro. Therefore, 3D printed LCD photocuring PLA/β-TCP scaffolds can undoubtedly improve surface bioactivity and lead to better osteogenesis, which may provide a unique strategy for developing bioactive implants in orthopedic applications.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving animal samples were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of the General Hospital of Southern Theater Command of the PLA. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent was obtained from the owners for the participation of their animals in this study.
AUTHOR CONTRIBUTIONS
BW: Conceptualization, Data curation, Investigation, Methodology, Software, Supervision, Writing–original draft. XY: Data curation, Investigation, Methodology, Software, Writing–review and editing, Formal Analysis. GC: Conceptualization, Formal Analysis, Investigation, Project administration, Software, Writing–review and editing. ZY: Data curation, Software, Writing–review and editing. ZZ: Data curation, Formal Analysis, Investigation, Methodology, Software, Writing–review and editing. CL: Conceptualization, Data curation, Investigation, Methodology, Software, Supervision, Writing–review and editing. TZ: Funding acquisition, Writing–review and editing. XJ: Funding acquisition, Project administration, Resources, Supervision, Validation, Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Guangdong Province Education Department (No. 2019GKTSCX139), Dongguan Polytechnic College (No. 2019a12), Guangdong Basic and Applied Basic Research Foundation (2021A1515110142), National Natural Science Foundation of China (81960880), Dongguan City Social Development Science and Technology Key Project (20231800935402).
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2024.1273541/full#supplementary-material
REFERENCES
 Boda, R., Lázár, I., Keczánné-Üveges, A., Bakó, J., Tóth, F., Trencsényi, G., et al. (2023). β-Tricalcium phosphate-modified aerogel containing PVA/chitosan hybrid nanospun scaffolds for bone regeneration. Int. J. Mol. Sci. 20 (8), 7562. doi:10.3390/ijms24087562
 Bunpetch, V., Zhang, X., Li, T., Lin, J., Maswikiti, E. P., Wu, Y., et al. (2019). Silicate-based bioceramic scaffolds for dual-lineage regeneration of osteochondral defect. Biomaterials 192, 323–333. doi:10.1016/j.biomaterials.2018.11.025
 Canciani, E., Straticò, P., Varasano, S., Dellavia, C., Sciarrini, C., Petrizzi, L., et al. (2023). Polylevolysine and fibronectin-loaded nano-hydroxyapatite/PGLA/dextran-based scaffolds for improving bone regeneration: a histomorphometric in animal study. Int. J. Mol. Sci. 24 (9), 8137. doi:10.3390/ijms24098137
 Chen, Y., Yang, S., Lovisa, S., Ambrose, C. G., McAndrews, K. M., Sugimoto, H., et al. (2021). Type-I collagen produced by distinct fibroblast lineages reveals specific function during embryogenesis and Osteogenesis Imperfecta. Nat. Commun. 12 (1), 7199. doi:10.1038/s41467-021-27563-3
 da Rocha, L. B. N., Sousa, R. B., Dos Santos, M. V. B., Argolo Neto, N. M., Soares, L. L. d. S., Alves, F. L. C., et al. (2023). Development of a new biomaterial based on cashew tree gum (Anarcadium occidentale L.) enriched with hydroxyapatite and evaluation of cytotoxicity in adipose-derived stem cell cultures. Int. J. Biol. Macromol. 242 (Pt 2), 124864. doi:10.1016/j.ijbiomac.2023.124864
 de Silva, L., Bernal, P. N., Rosenberg, A., Malda, J., Levato, R., and Gawlitta, D. (2023). Biofabricating the vascular tree in engineered bone tissue. Acta Biomater. 15 (156), 250–268. doi:10.1016/j.actbio.2022.08.051
 Douglass, M., Garren, M., Devine, R., Mondal, A., and Handa, H. (2022). Bio-inspired hemocompatible surface modifications for biomedical applications. Prog. Mater Sci. 130, 100997. doi:10.1016/j.pmatsci.2022.100997
 Farley, J. R., and Baylink, D. J. (1986). Skeletal alkaline phosphatase activity as a bone formation index in vitro. Metabolism 35 (6), 563–571. doi:10.1016/0026-0495(86)90016-8
 Fernandes, M. M., Correia, D. M., Ribeiro, C., Castro, N., Correia, V., and Lanceros-Mendez, S. (2019). Bioinspired three-dimensional magnetoactive scaffolds for bone tissue engineering. ACS Appl. Mater Interfaces 11 (48), 45265–45275. doi:10.1021/acsami.9b14001
 Ghafari, F., Karbasi, S., Baghaban Eslaminejad, M., Sayahpour, F. A., and Kalantari, N. (2023). Biological evaluation and osteogenic potential of polyhydroxybutyrate-keratin/Al2O3 electrospun nanocomposite scaffold: a novel bone regeneration construct. Int. J. Biol. Macromol. 242 (Pt 1), 124602. doi:10.1016/j.ijbiomac.2023.124602
 Guan, M., Yao, W., Liu, R., Lam, K. S., Nolta, J., Jia, J., et al. (2012). Directing mesenchymal stem cells to bone to augment bone formation and increase bone mass. Nat. Med. 18 (3), 456–462. doi:10.1038/nm.2665
 Hakimi, F., Jafari, H., Hashemikia, S., Shabani, S., and Ramazani, A. (2023). Chitosan-polyethylene oxide/clay-alginate nanofiber hydrogel scaffold for bone tissue engineering: preparation, physical characterization, and biomimetic mineralization. Int. J. Biol. Macromol. 233, 123453. doi:10.1016/j.ijbiomac.2023.123453
 Herrera-Ruiz, A., Tovar, B. B., García, R. G., Tamez, M. F. L., and Mamidi, N. (2022). Nanomaterials-Incorporated chemically modified gelatin methacryloyl-based biomedical composites: a novel approach for bone tissue engineering. Pharmaceutics 14 (12), 2645. doi:10.3390/pharmaceutics14122645
 Koons, G. L., Diba, M., and Mikos, A. G. (2020). Materials design for bone-tissue engineering. Nat. Rev. Mater 5, 584–603. doi:10.1038/s41578-020-0204-2
 Lai, Y., Li, Y., Cao, H., Long, J., Wang, X., Li, L., et al. (2019). Osteogenic magnesium incorporated into PLGA/TCP porous scaffold by 3D printing for repairing challenging bone defect. Biomaterials 197, 207–219. doi:10.1016/j.biomaterials.2019.01.013
 Lee, S. S., Kim, J. H., Jeong, J., Koh, R. H., and Kim, I. (2020). Sequential growth factor releasing double cryogel system for enhanced bone regeneration. Biomaterials 257, 120223. doi:10.1016/j.biomaterials.2020.120223
 Li, G., Zhao, M., Xu, F., Yang, B., Li, X., Meng, X., et al. (2020). Synthesis and biological application of polylactic acid. Molecules 25 (21), 5023. doi:10.3390/molecules25215023
 Li, W., Wang, M., Ma, H., Chapa-Villarreal, F. A., Lobo, A. O., and Zhang, Y. S. (2023). Stereolithography apparatus and digital light processing-based 3D bioprinting for tissue fabrication. iScience 24 (2), 106039. doi:10.1016/j.isci.2023.106039
 Liu, C., Lou, Y., Sun, Z., Sun, M., and Li, S. (2023c). 4D printing of personalized-tunable biomimetic periosteum with anisotropic microstructure for accelerated vascularization and bone healing. Adv. Healthc. Mater 12, e2202868. doi:10.1002/adhm.202202868
 Liu, H., Gu, R., Li, W., Zeng, L., Zhu, Y., Heng, B. C., et al. (2023a). Engineering 3D-printed strontium-titanium scaffold-integrated highly bioactive serum exosomes for critical bone defects by osteogenesis and angiogenesis. ACS Appl. Mater Interfaces 15, 27486–27501. doi:10.1021/acsami.3c00898
 Liu, J., Wang, K., Li, X., Zhang, X., Gong, X., Zhu, Y., et al. (2023d). Biocompatibility and osseointegration properties of a novel high strength and low modulus β- Ti10Mo6Zr4Sn3Nb alloy. Front. Bioeng. Biotechnol. 11, 1127929. doi:10.3389/fbioe.2023.1127929
 Liu, T., Feng, Z., Li, Z., Lin, Z., Chen, L., Li, B., et al. (2023b). Carboxymethyl chitosan/sodium alginate hydrogels with polydopamine coatings as promising dressings for eliminating biofilm and multidrug-resistant bacteria induced wound healing. Int. J. Biol. Macromol. 225, 923–937. doi:10.1016/j.ijbiomac.2022.11.156
 Lu, Q., Diao, J., Wang, Y., Feng, J., Zeng, F., Yang, Y., et al. (2023). 3D printed pore morphology mediates bone marrow stem cell behaviors via RhoA/ROCK2 signaling pathway for accelerating bone regeneration. Bioact. Mater 26, 413–424. doi:10.1016/j.bioactmat.2023.02.025
 Ma, L., Wang, X., Zhao, N., Zhu, Y., Qiu, Z., Li, Q., et al. (2018). Integrating 3D printing and biomimetic mineralization for personalized enhanced osteogenesis, angiogenesis, and osteointegration. ACS Appl. Mater Interfaces 10 (49), 42146–42154. doi:10.1021/acsami.8b17495
 Madarevi, M., and Ibri, S. (2021). Evaluation of exposure time and visible light irradiation in LCD 3D printing of ibuprofen extended release tablets. Eur. J. Pharm. Sci. 158, 105688. doi:10.1016/j.ejps.2020.105688
 Mamidi, N., Ijadi, F., and Norahan, M. H. (2023). Leveraging the recent advancements in GelMA scaffolds for bone tissue engineering: an assessment of challenges and opportunities. Biomacromolecules . doi:10.1021/acs.biomac.3c00279
 Mamidi, N., Manuel Velasco Delgadillo, R., and Barrera, E. V. (2022). Carbonaceous nanomaterials incorporated biomaterials: the present and future of the flourishing field. Compos. Part B Eng. 243, 110150. doi:10.1016/j.compositesb.2022.110150
 Mathieu, L., Mourtialon, R., Durand, M., de Rousiers, A., de l’Escalopier, N., and Collombet, J. M. (2022). Masquelet technique in military practice: specificities and future directions for combat-related bone defect reconstruction. Mil. Med. Res. 9 (1), 48. doi:10.1186/s40779-022-00411-1
 Mirkhalaf, M., Men, Y., Wang, R., No, Y., and Zreiqat, H. (2023). Personalized 3D printed bone scaffolds: a review. Acta Biomater. 15 (156), 110–124. doi:10.1016/j.actbio.2022.04.014
 Mohan, A., Girdhar, M., Kumar, R., Chaturvedi, H. S., Vadhel, A., Solanki, P. R., et al. (2021). Polyhydroxybutyrate-based nanocomposites for bone tissue engineering. Pharm. (Basel) 14 (11), 1163. doi:10.3390/ph14111163
 Nauth, A., Schemitsch, E., Norris, B., Nollin, Z., and Watson, J. T. (2018). Critical-size bone defects: is there a consensus for diagnosis and treatment?J. Orthop. Trauma 32, S7–S11. doi:10.1097/bot.0000000000001115
 Ogose, A., Hotta, T., Kawashima, H., Kondo, N., Gu, W., Kamura, T., et al. (2005). Comparison of hydroxyapatite and beta tricalcium phosphate as bone substitutes after excision of bone tumors. J. Biomed. Mater Res. B Appl. Biomater. 72 (1), 94–101. doi:10.1002/jbm.b.30136
 Ranakoti, L., Gangil, B., Bhandari, P., Singh, T., Sharma, S., Singh, J., et al. (2023). Promising role of polylactic acid as an ingenious biomaterial in scaffolds, Drug delivery, tissue engineering, and medical implants: research developments, and prospective applications. Molecules 28 (2), 485. doi:10.3390/molecules28020485
 Shan, J., Yang, Z., Chen, G., Hu, Y., Luo, Y., Dong, X., et al. (2020). Design and synthesis of free-radical/cationic photosensitive resin applied for 3D printer with liquid crystal display (LCD) irradiation. Polymers 12 (6), 1346. doi:10.3390/polym12061346
 Silva-Barroso, A. S., Cabral, C. S. D., Ferreira, P., Moreira, A. F., and Correia, I. J. (2023). Lignin-enriched tricalcium phosphate/sodium alginate 3D scaffolds for application in bone tissue regeneration. Int. J. Biol. Macromol. 239, 124258. doi:10.1016/j.ijbiomac.2023.124258
 Singhvi, M. S., Zinjarde, S. S., and Gokhale, D. V. (2019). Polylactic acid: synthesis and biomedical applications. J. Appl. Microbiol. 127 (6), 1612–1626. doi:10.1111/jam.14290
 Sivakumar, P. M., Yetisgin, A. A., Demir, E., Sahin, S. B., and Cetinel, S. (2023). Polysaccharide-bioceramic composites for bone tissue engineering: a review. Int. J. Biol. Macromol. 250, 126237. doi:10.1016/j.ijbiomac.2023.126237
 Sotov, A., Popovich, A., and Sufiiarov, V. (2021). LCD-SLA 3D printing of BaTiO3 piezoelectric ceramics. Ceram. Int. 47 (3), 30358–30366. doi:10.1016/j.ceramint.2021.07.216
 Su, N., Villicana, C., Barati, D., Freeman, P., Luo, Y., and Yang, F. (2023). Stem cell membrane-coated microribbon scaffolds induce regenerative innate and adaptive immune responses in a critical-size cranial bone defect model. Adv. Mater 35 (10), e2208781. doi:10.1002/adma.202208781
 Takarada, T., Nakazato, R., Tsuchikane, A., Fujikawa, K., Iezaki, T., Yoneda, Y., et al. (2016). Genetic analysis of Runx2 function during intramembranous ossification. Development 143 (2), 211–218. doi:10.1242/dev.128793
 Vimalraj, S. (2020). Alkaline phosphatase: structure, expression and its function in bone mineralization. Gene 754, 144855. doi:10.1016/j.gene.2020.144855
 Wang, Q., Xie, X., Zhang, D., Mao, F., Wang, S., and Liao, Y. (2022c). Saxagliptin enhances osteogenic differentiation in MC3T3-E1 cells, dependent on the activation of AMP-activated protein kinase α (AMPKα)/runt-related transcription factor-2 (Runx-2). Bioengineered 13 (1), 431–439. doi:10.1080/21655979.2021.2008667
 Wang, Y., Xie, C., Zhang, Z., Liu, H., Xu, H., Peng, Z., et al. (2022a). 3D printed integrated bionic oxygenated scaffold for bone regeneration. ACS Appl. Mater Interfaces 6 (14), 29506–29520. doi:10.1021/acsami.2c04378
 Wang, Y. X., Peng, Z. L., Sun, Z. W., Pan, Y. J., Ai, H., and Mai, Z. H. (2023). MiR-20a promotes osteogenic differentiation in bone marrow-derived mesenchymal stem/stromal cells and bone repair of the maxillary sinus defect model in rabbits. Front. Bioeng. Biotechnol. 11, 1127908. doi:10.3389/fbioe.2023.1127908
 Wang, Z., Han, L., Zhou, Y., Cai, J., Sun, S., Ma, J., et al. (2022b). The combination of a 3D-Printed porous Ti-6Al-4V alloy scaffold and stem cell sheet technology for the construction of biomimetic engineered bone at an ectopic site. Mater Today Bio 15 (16), 100433. doi:10.1016/j.mtbio.2022.100433
 Xie, C., Ye, J., Liang, R., Yao, X., Wu, X., Koh, Y., et al. (2021). Advanced strategies of biomimetic tissue-engineered grafts for bone regeneration. Adv. Healthc. Mater 10 (14), e2100408. doi:10.1002/adhm.202100408
 Ye, X., Li, L., Lin, Z., Yang, W., Duan, M., Chen, L., et al. (2018). Integrating 3D-printed PHBV/Calcium sulfate hemihydrate scaffold and chitosan hydrogel for enhanced osteogenic property. Carbohydr. Polym. 202, 106–114. doi:10.1016/j.carbpol.2018.08.117
 Ye, X., Zhang, Y., Liu, T., Chen, Z., Chen, W., Wu, Z., et al. (2022). Beta-tricalcium phosphate enhanced mechanical and biological properties of 3D-printed polyhydroxyalkanoates scaffold for bone tissue engineering. Int. J. Biol. Macromol. 209, 1553–1561. doi:10.1016/j.ijbiomac.2022.04.056
 Zhou, K., Yu, P., Shi, X., Ling, T., Zeng, W., Chen, A., et al. (2019). Hierarchically porous hydroxyapatite hybrid scaffold incorporated with reduced graphene oxide for rapid bone ingrowth and repair. ACS Nano 27 (8), 9595–9606. doi:10.1021/acsnano.9b04723
 Zhu, N., Hou, Y., Yang, W., Wen, G., Zhong, C., Wang, D., et al. (2022). Preparation of complex SiOC ceramics by a novel photocurable precursor with liquid crystal display (LCD) 3D printing technology. J. Eur. Ceram. Soc. 42 (7), 3204–3212. doi:10.1016/j.jeurceramsoc.2022.02.026
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 © 2024 Wang, Ye, Chen, Zhang, Zeng, Liu, Tan and Jie. 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-12-1273541-g005.gif
o35

o

i “

sy  oouveqiosay”  wusys ® esuecuonay

A
Day 1
Day 3
Day 5





OPS/images/fbioe-12-1273541-g006.gif





OPS/images/fbioe-12-1273541-g003.gif





OPS/images/fbioe-12-1273541-g004.gif





OPS/images/fbioe-12-1273541-g009.gif





OPS/images/fbioe-12-1273541-g007.gif





OPS/images/fbioe-12-1273541-g008.gif
o F
(/By} z-dng

Dy 14

Doy 7





OPS/xhtml/nav.xhtml
Contents

		Cover

		Fabrication and properties of PLA/β-TCP scaffolds using liquid crystal display (LCD) photocuring 3D printing for bone tissue engineering		1 Introduction

		2 Materials and methods		2.1 Material

		2.2 Preparation of the scaffolds

		2.3 Characterization of the scaffolds

		2.4 Biocompatibility of scaffolds

		2.5 Osteogenic activity of the scaffolds in vitro

		2.6 Statistical analysis





		3 Results and discussion		3.1 Rheological characterization

		3.2 Preparation and characterization of the scaffolds

		3.3 Biocompatibility of the scaffolds in vitro

		3.4 Osteogenic differentiation in vitro





		4 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









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

Fabrication and properties of
PLA/B-TCP scaffolds using liquid
crystal display (LCD)
photocuring 3D printing for
bone tissue engineering





OPS/images/fbioe-12-1273541-g001.gif





OPS/images/fbioe-12-1273541-g002.gif





OPS/images/math_1.gif
(m2-ml)/pV]| x 100%









OPS/images/crossmark.jpg
©

|





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

Bioengineering and Biotechnology





