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Abstract

:

Bioactive glasses (BG), notably 63s BG, possess distinct properties such as biodegradability, biocompatibility, and the ability to boost cellular interactions. Our research concentrated on formulating polycaprolactone (PCL) porous scaffolds enriched with 63s BG to gauge their combined mechanical and biological potentials. Using twin-screw extrusion, we created composites containing 5%, 10%, and 20% 63s BG. These were transformed into cylindrical scaffolds using 3D printing. Our assessments involved melt flow, SEM, XRD, water contact angle metrics, DSC, and extracorporeal degradation. After co-culturing with MC3T3-E1 cells, an uptick in alkaline phosphatase activity was noted. Preliminary findings demonstrated that as 63s BG content increased, the properties of the composites improved. Yet, they fell short of replicating the mechanical nuances of cortical bone, rendering them inapt for load-bearing orthopedic applications but suitable for mending minor bone defects or cartilage. In summary, while 63s BG brings about significant advancements in scaffold attributes, attaining the mechanical traits ideal for certain medical purposes remains elusive. This investigation offers foundational insights for the evolution of optimized bone tissue engineering materials.
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1. Introduction


Bone defects result from metabolic or degenerative diseases, bone tumor resection, infection, trauma, and other congenital or acquired factors. While human bone tissue has some regenerative ability, its capacity is limited and can be affected by various pathological factors, making bone defect treatment a challenging problem in clinical work [1,2]. Autologous bone transplantation is currently the preferred material for the clinical treatment of bone defects [3,4]. However, limited autologous bone quantity and prolonged operation time are major shortcomings [5]. Therefore, with the integration and development of medicine and materials science, artificial material orthopedic implants have gained popularity as a replacement for autologous bone transplantation [6,7].



Three-dimensional (3D) printing is a revolutionary technology that enables the fabrication of structures directly from digital models. Since its inception in the 1980s, the technology has evolved tremendously and has come into service in manufacturing, healthcare, aerospace, and more [8,9]. Three-dimensional printing has revolutionized production processes by allowing rapid prototyping, reducing waste, and enabling the creation of complicated designs [10,11].



The allure of 3D printing is its capacity for customization and rapid prototyping. Engineers, medical workers, artists, and consumers can now design and print complex structures that were previously impossible or too expensive to produce [12,13]. For example, in the medical field, 3D printing is used to create patient-specific implants and prosthetics, thereby increasing the likelihood of successful surgeries and fittings [14].



Another game-changing advantage is that of decentralized manufacturing. With the widespread availability of 3D printers and open-source design software, anyone can become a creator or manufacturer from the comfort of their own home or local maker space. This democratizes the production process and significantly reduces the lead time and logistics costs involved in getting a product from the manufacturer to the consumer [15].



In tissue regeneration, 3D printing has brought remarkable innovation, including bio-printed tissues and personalized pharmaceutical delivery [14,16,17]. Despite these advances, 3D printing also presents challenges, such as issues related to material properties, printing speed, and the environmental impact of the materials used [18,19].



Methods for making scaffolds range from conventional techniques such as solvent casting, particulate leaching, gas foaming, and freeze-drying to advanced techniques such as electrospinning and additive manufacturing or 3D printing [20,21,22]. The materials used to build these scaffolds are often biocompatible and biodegradable, including natural polymers, synthetic polymers, ceramics, and composites [23,24,25].



The application of 3D printing has been an innovation in the field of tissue engineering and regeneration [16]. Three-dimensional bioprinting offers the capability to fabricate bioengineered scaffolds that closely resemble the natural construction of tissues and organs [26,27]. These 3D-printed scaffolds are pivotal in diverse applications, such as studying disease pathogenesis, drug testing, tissue replacement, and organ transplantation [28,29,30].



Polycaprolactone (PCL) is a semi-crystalline, biodegradable polymer that has attracted interest in the field of biomaterials due to its excellent mechanical properties, biocompatibility, and slow degradation rate [31,32]. Synthesis of polycaprolactone by ring-opening polymerization (ROP) usually uses caprolactone (ε-caprolactone) as a monomer and tin (II) 2-ethylhexylate as a catalyst. In a reactor with a magnetic stirrer and temperature controller, the catalyst and caprolactone monomer are dried to remove water, and then the catalyst, caprolactone, and an optional ring-opener (e.g., propylene glycol) are mixed under anhydrous and oxygen-free conditions. Within a set temperature range (usually 60–150 °C) the reaction is carried out to form PCL. After the reaction is complete, purification and drying steps are usually required to obtain a high-purity PCL. Its unique properties make it suitable for a wide range of applications, including tissue engineering, drug delivery, and medical implant devices [33,34,35]. In 2014, Temple et al. achieved the successful development of a specialized 3D-printed polycaprolactone (PCL) scaffold that accurately constructs complex anatomical shapes and regulates porosity, demonstrating great potential in treating large craniomaxillofacial bone defects. Furthermore, studies have highlighted these scaffolds’ outstanding biological properties by promoting the angiogenesis and osteogenesis of human adipose stem cells, thus providing effective support for bone tissue engineering [36]. PCL can be enhanced by mixing with other polymers to meet specific application needs [37,38,39]. Despite its numerous advantages, there are still some challenges that must be overcome, such as its hydrophobic nature and poor mechanical properties [40,41].



Bioactive glass was originally developed by Hench in 1969 to promote tissue regeneration, angiogenesis, and antimicrobial properties [42,43,44,45]. They are mostly composed of Na2O, CaO, P2O5, and SiO2. These biomaterials have received considerable attention over the past few decades due to their properties in bone tissue engineering and medical applications [46]. This capacity for bonding tissues, mainly bone, derives from a series of surface reactions that lead to the formation of a layer of carbonated hydroxyapatite, which is chemically and structurally similar to bone [47]. They have found applications in orthopedics, dentistry, and even drug delivery [48,49,50,51]. By changing the content of the main components, such as sodium dioxide, calcium oxide, and phosphorus, bioactive glasses with different properties can be developed [47,52,53,54]. In addition, many in vitro and in vivo, studies on bioglass have shown that this material can be used to produce scaffolds for tissue engineering. Therefore, they can be considered a promising scaffold material. The scaffold is a 3D structure, and because of its porous structure, it allows cells to attach to it and grow, which is conducive to blood vessel formation. On the other hand, biological scaffolds should have sufficient mechanical strength to bear weight [55].



Bioactive glass has many advantages in the fields of medicine and biomaterials, but there are also some limitations or disadvantages [56]. Traditional bioglass typically does not have very high mechanical strength, which limits its use in situations where it is subjected to large forces, such as weight-bearing bones. Furthermore, the rate of degradation of bioglass needs to be carefully controlled to match the rate of tissue regeneration. Too fast or too slow degradation may harm the ultimate therapeutic effect. Due to the above limitations, bioglass is mainly used in non-weight-bearing areas, such as dental implants and some soft tissue engineering [42,43,57,58,59].



The effects of 63s content on the properties of composite scaffolds were studied. We concluded that although the performance of the composite material increased with the increase of BG content, its strength was still insufficient for the implantation of load-bearing bone, but it could repair small-volume bone defects and non-load-bearing bone.




2. Materials and Methods


2.1. Fabrication of 3D-Printed PCL, PCL/63s Scaffolds


The fabrication procedure of the 3D-printed PCL and PCL/63s scaffolds begins by blending PCL with varying mass fractions (5%, 10% and 20%) of BG. (Kunshan Chinese Technology New Materials Co., Ltd., Kunshan, China), Ca/P = 6.546, particle size range 0–80 µm. These resulting composites constitute three parallel experimental groups, labeled PCL@[1]5, PCL@63sBG10, and PCL@63sBG20, each corresponding to a distinct 63s BG mass fraction. Meanwhile, pure PCL is designated as the control group. Before blending, the 200 mesh PCL (Capa 6500; SOLVAY, Alorton, IL, USA) particles were dried in an air blast drying (XMTD-8222, Shanghai Jinghong Experiment Instrument Co., Ltd., Shanghai, China) oven for 8 h, and the drying temperature was set at 40 °C.



Step 1. Different BG/PCL composites were prepared by accurately weighing and mixing various weight percentages of 63s BG (Kunshan Huaqiao New Materials Co., Ltd., Suzhou, China) into PCL.



Step 2. The composites were mixed on a double-roll open molding machine (LN-LT-4, Guangdong Lina Industrial Co., Ltd., Dongguan, China) at a temperature of 45 °C. Rectangular strips of approximately 100 mm × 40 mm × 2 mm were cut and then pelletized using a granulator (JD1A-90, Shanghai Delixi Switch Co., Ltd., Shanghai, China).



Step 3. The composite material particles were passed through a twin-screw extruder (PloyLAb Os, Thermo Fisher Scientific, Bremen, Germany) to prepare strands for 3D printing composite scaffolds. Processing temperature according to the process section in turn: 60 °C, 75 °C, 90°C, 75 °C, 60 °C. Screw speed: 150 r/min.



Step 4. Due to the physical property differences between 63s BG and PCL, the prepared strands initially had non-uniform cross-section diameters and burls, making them unsuitable for the 3D printing scaffolds. To address this issue, the strands need to be converted into composite material particles again using a granulator. The steps of Step 3 should be repeated several times (generally 3–4 times) until the diameter of the line is approximately 1.75 mm, ensuring that there are no burrs or protrusions on the surface. A stand model designed with Solidworks 2022 should be printed using a 3D printer (Snapermaker 2.0 A350, Shenzhen Snapmaker Technologies Co., Ltd., Shenzhen, China).



The composite scaffold printing process involves first digitally modeling the scaffold and then using FDM technology to print four groups of material scaffolds using composite and pure PCL material strands prepared as raw material.



First, Solidworks 2022 was used to design a three-dimensional model of the composite bone scaffold and generate a digital model file for precise manufacturing using a numerical control system. The scaffold was cylindrical with a bottom diameter of 10 mm, a height of 3 mm, and a porosity of 50%. Then, the printing process parameters: printing speed 5 mm/s, printing height 0.28 mm, room temperature 20 °C, nozzle temperature 80 °C, hot bed temperature 45 °C. The process parameters in the printing process are controlled by Snapmaker Luban 4.7.2.



The entire procedure of scaffolds fabrication is depicted in Figure 1.




2.2. Characterization of Scaffolds and 63s Powder


Macro- and micromorphology of the composite scaffolds: a total of 12 scaffolds were obtained by randomly selecting three 3D-printed composite bone scaffolds from each of the three parallel experimental groups, PCL@63sBG5, PCL@63sBG10, PCL@63sBG20, and a control group, which exclusively comprised pure PCL. The diameter, and height of these scaffolds were individually measured by vernier calipers (Shanghai Tools Factory Co., Ltd., Shanghai, China), and the weight of them was measured by a precision balance (Kunshan Science Instruments Co., Ltd., Kunshan, China). The average values were calculated based on the collected data. To observe the microstructural characteristics of the composite scaffold images were captured using SEM (E-1045, HITACHI; Tokyo, Japan) at 65×. The 63s BG powder images were captured using SEM at 1000×, 5000×, 10,000×, and 20,000×. The composite images were collected by SEM at 1000×.




2.3. X-ray Diffraction (XRD) Analysis


First, pure PCL composite materials containing 5%, 10%, and 20%63s BG were prepared into samples with a diameter of 20 mm and a thickness of 1 mm, and tested in the X-ray diffractometer (Rigaku MiniFlex 600; Rigaku, Tokyo, Japan) together with powdered 63sBG. The voltage was set to 40 kV, the current was set to 15 mA, the 2θ range was from 5° to 40°, the scanning speed was set to 4° per minute, and finally, the data were processed and analyzed using the XRD analysis software (MDI Jade 6), and the origin 2022 was used for mapping.




2.4. Melt Flow Rate


After the BG and PCL are mixed by twin screws, the thread material is cut into pellets. The particle samples were divided into four groups: pure PCL, mixed material containing 5% BG, mixed material containing 10% BG, and mixed material containing 20% BG. To test the melting index of composite materials with different proportions, the composite material was heated to 125 °C and 2.16 kg of pressure was added in the melt flow rate tester (XNR-400A; Chengde Dajia Instrument Co., Ltd., Chengde, China) according to ASTM D1238.




2.5. Heating Rheological Test


First, the granular sample is pressed into a plate vulcanizer with a thickness of 1 mm and a diameter of 2 cm. Then the samples were divided into four groups: pure PCL, mixed material containing 5% BG, mixed material containing 10% BG, and mixed material containing 20% BG. To analyze how the viscosity of the composite changes during the heating process, the material is heated from 75 °C to 120 °C, and its loss angle tangent and energy storage modulus are measured by a polymer rotary rheometer system (DHR-2, TA Instruments; New Castle, DE, USA).




2.6. Differential Scanning Calorimetry


The granular samples were also divided into four groups. At the same heating rate, the composites were heated above the melting point, and the melting points of the composites with different proportions were measured by differential scanning calorimetry (DSC 25, TA Instruments; New Castle, DE, USA). To eliminate the thermal history, secondary heating is performed.




2.7. Contact Angle


The samples were also divided into four groups after hot pressing by the plate vulcanizer. The support was measured with a contact angle goniometer (JC2000D, Shanghai Zhongchen Digital Technology Equipment Co., Ltd., Shanghai, China). Three samples were selected from each group for analysis. The contact angle is measured by image processing.




2.8. Modulus of Elasticity


One sample was selected from each of the four groups. The melted granular sample is poured into the mold to make cuboid samples and divided into four groups. The elastic modulus of the composite is measured by slowly compressing the material in a multipurpose tester (AG-X plus 100 KN; SHIMADZU) and recording the stress and strain.




2.9. In Vitro Degradation Rate


To further observe the simulated in vivo degradation rate of composite scaffolds, scaffolds were chosen at random for experimental groups PCL@63sBG5, PCL@63sBG10, and PCL@63sBG20, and a control group (n = 4). After recording their mass, each scaffold was disinfected with a 75% ethanol solution for roughly 30 min before air drying on a sterile, ultra-clean operating table. The scaffolds were then immersed in 30 mL of simulated body fluids (SBF, Beijing Leagene Biotechnology Co., Ltd., Beijing, China) and placed into 50 mL cell culture flasks with a culture area of 25 cm2, incubated at 37 °C, and observed. One scaffold from each group was removed, degraded, and dried to a constant mass in an air-blast drying oven at 40 °C every 7 days. The change in dry weight and mass of each group was recorded throughout the 28-day experiment. The weight loss rate (Δ) was calculated using a specific formula.


Δ (%) = [(W0 − Wt)/W0] × 100%



(1)







In the formula, Δ is the weight loss rate, W0 is the weight of each stent before degradation, and Wt is the weight of the stent removed per week.




2.10. Alkaline Phosphatase Activity Detection


To verify the effect of composite materials on the bone formation ability of cells, the experiment was divided into two groups: the control group with normal culture and the experimental group with the addition of 20% 63s BG round sheet composite sample. The samples with a diameter of 2 cm and a thickness of 1 mm were prepared and cultured with MC3T3-E1 cells with a concentration of 1 × 105 cells/mL in a six-well plate for 72 h at 37 °C and 5% CO2, and then stained with an alkaline phosphatase detection kit (Beyontime, C3206, Nantong, China). The cells were washed twice with buffer solution and fixed with 4% paraformaldehyde fixative solution, stained and incubated for 20 min, and observed under a microscope.





3. Results and Discussion


3.1. Morphology Observations


At room temperature, the 63s BG powder stored in a glass container appears as a white, uniform, and fine powder with no visible macroscopic crystals or defects, as seen in Figure 2a.



Under the SEM, the microscopic morphology of 63s BG powder is shown in Figure 2b at magnifications of 1000×, 5000×, 10,000× and 20,000×. The particle size typically ranges from 0.1 to 5 μm and has an irregular spherical or lump-like shape with uniform particle distribution.



Both excessively high and low pore sizes are unfavorable for cell adhesion. In general, the porosity of artificial bone scaffolds is typically comparable to that of human trabecular bone, ranging from 30% to 90%. Within this range, the porosity is considered optimal [60,61,62]. To facilitate cell attachment, the scaffolds were set with a 50% porosity. Figure 3 displays that the BG/PCL composite bone scaffolds feature a cylindrical macroscopic morphology with a diameter measuring approximately 10 mm and a height of approximately 3 mm. An increase in the concentration of 63s BG heightened the color of the scaffold by altering it from white to slightly gray. Table 1 shows the weight, diameter, and height measurements of the composite scaffolds. The statistical method of single-factor analysis was employed to assess the weight, diameter, and height of the stent. The obtained p-values for weight, diameter, and height were 0.73, 0.90, and 0.72, respectively. All of these p-values exceeded the predetermined significance level of 0.05, indicating a lack of significant differences in these parameters among the different groups. Additionally, the standard deviation (σ) of each measurement item within the group was found to be less than 0.5, suggesting a low variance in weight, diameter, and height for the 3D-printed PCL-based bone scaffolds, and demonstrating excellent repeatability of the scaffold fabrication.



Our study provides a new method for the regeneration of non-load-bearing bone and small-volume bone defects. The consistent pore structure, which is essential for facilitating cellular in-growth, suggests that PCL/BG scaffolds, especially with the inclusion of bioactive glass, could potentially improve cellular integration and bone tissue regeneration. From Figure 4, we can observe that the scaffolds all have obvious pore structures formed by interleaved printed lines, which can provide space for cell growth. In addition, the consistency of these scaffolds with models ensures that they can be tailored for therapeutic applications, meeting the biological and mechanical requirements of bone regeneration.



From Figure 5, we can observe that PCL coated the powder after mixing with 63s BG powder.



While our current study provides insights into the capabilities of PCL/BG scaffolds, there are several areas warranting further investigation:



Biocompatibility and cellular response: detailed in-vivo studies are needed to determine how cells respond to these scaffolds over extended periods, especially focusing on inflammation and foreign body reactions.



Degradation rates: understanding the degradation rates of PCL/BG scaffolds in various physiological conditions can help optimize their longevity and utility in bone regeneration applications.



Optimizing bioactive glass composition: different compositions of bioactive glass may offer varied benefits. It would be valuable to determine the optimal balance that maximizes regenerative potential while maintaining structural integrity.



Effect of printing parameters: given that melt flow rate can influence the success rate of printing, future studies could focus on refining the printing process to optimize scaffold characteristics.




3.2. X-ray Diffraction (XRD) Analysis


As shown in Figure 6, since PCL is semi-crystalline and 63s BG is amorphous, we have observed that PCL has distinct characteristic peaks while 63s BG does not have sharp characteristic peaks. In their mixed materials, we can observe that the same characteristic peaks as PCL appear in different content groups, and no new characteristic peaks are generated, which indicates that no new crystals appear in the fimixed materials.



According to the principle of bioglass repair of bone defects, XRD and FTIR analysis and comparison of degradable composites can be carried out in future studies.




3.3. Melt Flow Rate of Composite Materials


Our research, as depicted in Table 2, underscores the significant impact of integrating 63s BG into the composite material. The primary observation is that 63s BG serves as a filler, altering the composite’s properties. One of the most pronounced changes is a reduction in the material’s liquidity, leading to a distinct drop in its melt flow rate. This rate is pivotal in understanding the composite’s ease of processing. The statistical method of single-factor analysis yielded a p-value of 0.00012, which is less than the predetermined significance level of 0.01. This indicates a substantial divergence between the groups under examination. More specifically, the results revealed a significant negative correlation between the augmented 63s BG content and the melt flow rate of the PCL-based composite bone scaffolds.



A reduced melt flow rate often signifies complications in various manufacturing techniques, such as injection molding or extrusion. Given this decline in processing property, there is a potential constraint on the material’s suitability for specific industrial processes demanding high fluidity. Additionally, our findings indicate that the effect of 63s BG is not static; the melt flow rate decreases further as the 63s BG content rises. Thus, even minute changes in 63s BG concentration can significantly influence the material’s processability.



Considering the substantial influence of 63s BG on the composite’s characteristics, further research should focus on:



Optimizing 63s BG content: determining the ideal concentration of 63s BG that maximizes mechanical benefits while ensuring processability.



Alternative processing techniques: exploring other manufacturing processes that might be more compatible with the altered properties of the composite.



Material properties: investigating the long-term stability and mechanical strengths of composites with varying 63s BG concentrations.




3.4. Differential Scanning Calorimetry Result of Composite Materials


From our detailed examination of the DSC curves in Figure 7, we deduced a correlation between the melting temperatures of 63s BG/PCL composites and the content of 63s BG. Notably, a progression from 52.33 °C in pure PCL to 53.18 °C with a 20% 63s BG composition was observed, emphasizing the role of 63s BG in modifying the thermal attributes of the PCL composite.



The melting temperature of the composites increased with the addition of 63s BG. This phenomenon can likely be attributed to the interactions between the 63s BG and PCL, resulting in a more interconnected molecular arrangement.



Building on these insights, we suggest the following avenues for future exploration:



Interaction between 63s BG and PCL: a more in-depth analysis of how 63s BG interacts with PCL was conducted to investigate whether the addition of 63s BG will enhance the thermal stability of the composite.



Variability in BG content: exploring a wider range of 63s BG concentrations to see if there’s an optimal concentration for balancing processability and thermal stability.



Long-term stability: conduct long-term tests to ascertain if the increased melting temperature directly impacts the longevity and performance of the composite in real-world applications.



Comparison with other bioactive glasses: investigating if other bioactive glass compositions produce similar effects on PCL or even amplify the observed thermal enhancements.




3.5. Contact Angles


To investigate the effect of 63s BG addition on the hydrophilicity of PCL-based bone scaffolds, we conducted water contact angle tests on composite scaffolds with varying BG contents, as illustrated in Figure 8. Table 3 provides water contact angle measurements of both PCL and its composites with 63s BG. Across the board, we noted water contact angles below 90°, reflecting the hydrophilic nature of these materials. As the content of 63s BG increases, the water contact angle delines from 88.23 ± 1.00° in pure PCL to 82.85 ± 0.97° with a 20% 63s BG composite. The statistical method of single-factor analysis yielded a p-value of 0.0197, which is less than the predetermined significance level of 0.05, indicating the presence of a substantial disparity between the groups. Specifically, it suggests a noteworthy positive association between the augmentation of 63s BG content and the water contact angle of the PCL-based composite bone scaffolds.



Such an inherent hydrophilic tendency is particularly auspicious for bone repair scaffolds. Hydrophilic surfaces are often preferred due to their propensity to promote cell adhesion, facilitate nutrient exchange, and ensure seamless tissue integration. The data indicates that 63s BG contributes more than just as a structural filler; it might enhance the scaffold’s compatibility with biological environments. Even the observed nuanced reduction in contact angle is significant. In biological settings, marginal variations in surface properties can play pivotal roles in determining cell behavior and overall healing trajectories.



With these findings as a foundation, we advocate for the following research:



63s BG interaction mechanisms: delve into how 63s BG influences wettability at a molecular level, elucidating the exact mechanisms behind the increase in hydrophilicity.



Range of 63s BG concentrations: probe beyond the 20% concentration to discern if there is a saturation point or optimal concentration for hydrophilicity, balancing structural and biological benefits.



Biological response evaluation: conduct in-depth in vitro and in vivo studies to assess the cellular and tissue-level responses to scaffolds with varying 63s BG content.



Comparative studies: contrast PCL/63s BG scaffolds with other bioactive composite scaffolds to benchmark their performance and hydrophilic properties in bone repair contexts.




3.6. The Result of Rheology


Figure 9 provides a comprehensive analysis of the rheological properties of the 63s BG/PCL composites, focusing on the storage modulus (G′), the loss modulus (G″), and the loss tangent (tan δ). These parameters are studied over a temperature range from 75 °C to 125 °C, offering insights into the material’s thermal stability and behavior. Figure 9a reveals that the storage modulus, G′, decreases as the temperature increases, suggesting a decline in the material’s stiffness with heat, a typical behavior for many polymeric materials [63,64]. However, this trend is counteracted by an increase in G′ with a greater 63s BG mass fraction, pointing to the reinforcing effect of 63s BG within the composite.



Figure 9b shows a similar trend for the loss modulus, G″, indicating that the material’s ability to dissipate energy as heat also changes with temperature and 63s BG content [64]. The observed patterns could have significant implications for applications that require the composite to maintain specific mechanical properties over a range of temperatures. For example, in automotive or aerospace applications where thermal fluctuations are common, understanding these trends would be crucial. The intricate interplay between temperature and filler content in these composites suggests the need for a balanced optimization strategy to tailor the material properties for specific use cases.




3.7. Modulus of Elasticity


Utilizing the GBT1041 test method, our research evaluated the elastic modulus of various composite samples, which include pure PCL and composites integrated with 5%, 10%, and 20% 63s BG content. The intent was to discern the effect of 63s BG on the mechanical attributes of the composite and its potential as a bone-mimicking material. However, inthe data accentuated that none of the composites achieved the rigorous mechanical specifications needed to simulate cortical bone, as shown in Figure 10.



The elastic modulus of cortical bone is affected by many factors, such as age, sex, degree of mineralization, test direction (bone anisotropy), etc. Generally speaking, the elastic modulus of human cortical bone ranges from 10,000 N/mm2 to 20,000 N/mm2. The highest average modulus of elasticity in the sample is only 4.79977 N/mm2 [65,66,67,68,69,70].



While the introduction of 63s BG does alter the elastic modulus, these modifications are not adequate to classify the composite as a suitable substitute for cortical bone. This presents a clear challenge in the quest for materials that can emulate bone properties, signaling a potential gap in current composite formulations.



Given the insights from our study, we propose the following avenues for extended investigation:



Alternative fillers: examining other potential fillers that could be synergized with PCL to meet the desired mechanical standards of cortical bone.



Fine-tuning component ratios: explore the proportions of 63s BG and other elements in the composite to determine the optimal mixture so that the composite can better promote bone repair.



Comparative analysis: comparing the performance of the 63s BG/PCL composite with other existing bone-mimicking materials to identify potential areas of improvement.




3.8. In Vitro Biodegradation of Composite Scaffolds


To evaluate the biodegradation performance of the bone scaffold, weight loss rates were measured for a 50% porosity 63s BG/PCL composite bone scaffold and a 50% porosity PCL bone scaffold with varying 63s BG mass fractions in SBF over time.



Figure 11 delineates a clear positive correlation between the 63s BG mass fraction and the weight loss rate across specific time points. This directly indicates that the integration of 63s BG substantially augments the biodegradability of PCL scaffolds.



Bone healing is an intricate physiological orchestration influenced by multifaceted factors such as bone type, defect specifics, individual age, health status, nutritional state, blood provisioning, and the stability of the defect or fracture. Given the findings, the swift initial degradation speed, paired with the accelerated degradation rate due to increased BG content, highlights a drawback. The composite scaffold, in its current form, might not be apt for managing critical bone defects, despite its enhanced biodegradability.



Drawing from the study’s outcomes, we recommend delving into:



Optimizing BG content: exploring variations in BG concentrations to strike a balance between biodegradability and stability for bone repair.



Biodegradation mechanisms: investigating the molecular and structural changes during biodegradation to better understand and potentially manipulate the degradation rate.



Integration of other agents: research the incorporation of other biodegradable agents or components to modulate the scaffold’s biodegradation rate.



Real-world applications: extensively testing the BG/PCL scaffold in real-world scenarios, including varied bone defect types and conditions, to ascertain its full range of applicability and limitations.




3.9. Alkaline Phosphatase Activity Detection


MC3T3-E1 is a murine bone precursor cell line commonly used as a model for studying bone formation and mineralization. When they are cultured under specific conditions, these cells can produce mineralized nodules that mimic the process of bone mineralization. MC3T3-E1 cells are widely used to study bone formation, bone remodeling, and bone metabolism, as well as to evaluate the effects of bone biomaterials, drugs, and other therapies on bone cell function.



When alkaline phosphatase reacts with its substrate (BCIP), the substrate is dephosphorylated. This results in the formation of an intermediate product that can react with dyes such as phenolnitrate. The intermediate products produced by the reaction with the substrate bind to the dye, and they form a blue or purple precipitate at the site of alkaline phosphatase activity. This precipitate can be easily observed under a microscope, showing the exact location of the alkaline phosphatase. To ensure the accuracy of the results, the sample is fixed in advance.



From Figure 12, we can observe that after 3 days of normal culture, the cells were not stained, nor were the cells that were not in direct contact with the composite material, and the cells cultured in contact with the sample produced mineralized nodules and were stained. The results showed that the sample could promote osteogenic differentiation of cells. It is generally believed that BG can promote cell osteogenic differentiation, and the composite material containing 63s BG has better bone repair ability.



Building on these findings, we propose:



Varied concentrations of 63s BG: investigating how different concentrations of 63s BG in the composite influence osteogenic differentiation to identify an optimal concentration.



Comparative analysis with other BGs: assessing how 63s BG performs in comparison to other types of bioactive glasses in promoting osteogenic differentiation and bone repair.





4. Conclusions


First, the inclusion of bioactive glass in the scaffold further enhances its regenerative potential, and bioactive glass is known for its ability to bind to living tissue, stimulate cell activity, and promote the deposition of extracellular matrix components. However, due to the low mechanical strength and fast initial degradation rate of the PCL/BG scaffold, it may not meet the requirements of weight-bearing bone implantation.



It can be observed from the results of the in vitro degradation rate that with the increase of BG content, the overall initial degradation rate of the scaffold further increases. The scaffold’s degradation rate and ion release rate can be controlled by adjusting the content of 63s bioglass, which may help control the release of loaded drugs. It was observed from the sample compression results that the mechanical properties of PCL-based composites could not meet the mechanical strength of implanted load-bearing bone. However, it can be used to treat cartilage or non-weight-bearing bones. The hydrophilic surface of the composite makes it easier for cells to adhere and proliferate. In addition, rheological results show that the viscosity of the composite increases with the increase of 63s bioglass content, which may be due to the addition of powder, which increases the friction inside the material, or the reduction of free space in the fluid. This can be a hindrance in the 3D printing process. From the results, we can observe that the composite material can promote cell mineralization. However, our limitation is that we have not been able to complete the testing of the thermal stability of the composite, the related properties after degradation, the specific effects on cells, and more in vivo experiments.



Moreover, the PCL/63s scaffold can be fabricated into various forms, such as porous structures or specific shapes, providing versatility in design and application. There are more applications for PCL/63s composites when combined with 3D printing. These different forms allow for tailored scaffolds with specific pore sizes, porosity, and surface characteristics, which can influence cell adhesion, migration, and differentiation. The high rate of degradation further opens up the possibility of using it to treat small-volume bone defects.
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Figure 1. The process of making scaffolds. 
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Figure 2. (a) Macro state of BG powder in a glass container. (b) Microstructure of BG powder under SEM. 
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Figure 3. Macro topography of composite bone scaffolds. 
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Figure 4. Micro morphology of composite scaffold (a) SEM image of pure PCL scaffold; (b) SEM image of the composite scaffold with a 5% 63s BG mass fraction; (c) SEM image of the composite scaffold with a 10% 63s BG mass fraction; (d) SEM image of the composite scaffold with a 20% 63s BG mass fraction. 
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Figure 5. Micro morphology of composites: (a) SEM image of pure PCL; (b) SEM image of the composite with a 5% 63s BG mass fraction; (c) SEM image of the composite with a 10% 63s BG mass fraction; (d) SEM image of the composite with a 20% 63s BG mass fraction. 
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Figure 6. XRD pattern of the samples. 
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Figure 7. DSC curves of 63s BG/PCL composites with different 63s BG content. 






Figure 7. DSC curves of 63s BG/PCL composites with different 63s BG content.



[image: Inventions 08 00138 g007]







[image: Inventions 08 00138 g008] 





Figure 8. Hydrophilicity test images of each group of composites. 
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Figure 9. Slope rheology diagram of composites at 75–120 °C; (a) energy storage modulus (G′); (b) loss modulus (G″); (c) loss tangent (tan δ). 
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Figure 10. Elastic modulus of composite materials. 
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Figure 11. The weightlessness rate of each bracket at different time points. 
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Figure 12. Staining after 72 h of cell culture. 
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Table 1. Measurement results of weight, diameter, and height of composite scaffolds.
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Scaffolds

	

	
1

	
2

	
3

	
Average

	
σ




	
Group

	






	
PCL

	
Weight (g)

	
0.29

	
0.22

	
0.27

	
0.26

	
0.0294




	
Diameter (mm)

	
13.32

	
13.40

	
13.24

	
13.32

	
0.0653




	
Height (mm)

	
2.98

	
3.02

	
3.04

	
3.01

	
0.0249




	
PCL@63sBG5

	
Weight (g)

	
0.36

	
0.35

	
0.33

	
0.35

	
0.0125




	
Diameter (mm)

	
12.92

	
13.04

	
12.86

	
12.94

	
0.0748




	
Height (mm)

	
2.96

	
3.06

	
2.98

	
3.00

	
0.0432




	
PCL@63sBG10

	
Weight (g)

	
0.27

	
0.24

	
0.22

	
0.24

	
0.0205




	
Diameter (mm)

	
14.02

	
13.18

	
13.90

	
13.70

	
0.3709




	
Height (mm)

	
3.04

	
2.96

	
3.02

	
3.01

	
0.0340




	
Weight (g)

	
0.24

	
0.25

	
0.23

	
0.24

	
0.0082




	
PCL@63sBG20

	
Diameter (mm)

	
12.04

	
12.96

	
13.02

	
12.67

	
0.4485




	
Height (mm)

	
3.02

	
3.02

	
3.04

	
3.03

	
0.0094




	
Weight (g)

	
0.29

	
0.22

	
0.27

	
0.26

	
0.0294











 





Table 2. Melt flow rate of composite materials (unit: g·10 min−1; p-value < 0.01).
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Test Time

	
1

	
2

	
3

	
Average

	
σ




	
Group

	






	
PCL

	
5.94

	
6.48

	
6.54

	
6.32

	
0.33045




	
PCL@63sBG5

	
5.40

	
5.22

	
6.06

	
5.56

	
0.44227




	
PCL@63sBG10

	
4.62

	
4.44

	
5.10

	
4.72

	
0.34117




	
PCL@63sBG20

	
3.96

	
4.02

	
4.02

	
4.00

	
0.03464











 





Table 3. Contact angle test results of composite scaffolds (unit: °; p-value < 0.05).
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Test Time

	
1

	
2

	
3

	
Average

	
σ




	
Group

	






	
PCL

	
87.36

	
88.01

	
89.33

	
88.23

	
1.00381




	
PCL@63sBG5

	
84.11

	
85.95

	
89.26

	
86.44

	
2.60973




	
PCL@63sBG10

	
85.41

	
86.76

	
88.07

	
86.75

	
1.33005




	
PCL@63sBG20

	
81.73

	
83.33

	
83.49

	
82.85

	
0.97324
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