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Additive manufacturing has been well established in many sectors, including the medical industry. For load-bearing bone implants, titanium and its alloys, such as Ti6Al4V, are widely used due to their high strength to weight ratio and osseointegrative properties. However, bone resorption and loosening of implants is related to the significantly higher stiffness of dense Ti6Al4V, leading to stress shielding. With the aging of population, there is an increasing need for orthopedic implants with a high success rate and a long implant life span. Besides that the treatment of non-healing segmental bone defects, where the self-repairing properties of bone tissue are not sufficient, is still a challenge. In both fields of application, patient-specific titanium implants combined with functionally graded porosity designed according to locally expected loads unlock new possibilities. Many studies underline the huge potential of the new design freedom to generate open porous structures and more personalized implants with enhanced mechanical properties that also integrate well with surrounding tissues. Integration of functionally graded open porosity into implants allows for the implant to more closely mimic the mechanical properties of human bone and its internal architecture. The results of this work represent the basis for developing complex porous titanium structures with various pore sizes and shapes to tailor structural mechanical properties and biological responses. Therefore, 3D porous structures with various pore sizes and shapes were designed and manufactured in Ti6Al4V using laser powder bed fusion (PBF-LB/M). Based on these structures, the correlation of pore size and shape with cell ingrowth, morphology, metabolic activity, and early markers for bone formation (ALP activity) was investigated in static cell cultures using the osteosarcoma cell line Saos-2. Mechanical properties, such as stiffness and compression strength, were investigated with compression testing. The present study concludes that cell morphology, metabolic activity, and ALP activity are widely independent of pore shape and size within the tested range of 400–700 µm pore size. Furthermore, the mechanical properties of the evaluated structures were in the range of cortical and trabecular bone. This opens the possibility to design mechanical properties with gradient porosity without decisively affecting biological responses.
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INTRODUCTION
Bone displays a high intrinsic regenerative potential. Minor defects often heal spontaneously within several weeks or months. However, severe bone losses, for example, from different pathologies or accidents, lead to the “critical-sized” bone defect (CSD), which is defined as a defect of a size that will not heal during a lifetime without intervention (Schmitz and Hollinger, 1986). In particular, very large CSDs that require bone grafting to fill the defect present a major challenge. Currently used strategies have several limitations. Bone transplants, most commonly used in practice, have very limited availability. Biocompatible natural or synthetic implant materials, on the other hand, offer an alternative, but to-date none of them meet the requirements to match the native bone (Gugala et al., 2007). Challenges remain to adjust the material to the specific mechanical properties of the bone: viscoelasticity, anisotropy, and unique high toughness, stiffness, and specific strength compared to other tissues (Alvarez and Nakajima, 2009). Moreover, all these factors are unique for each bone type and depend on the subject’s condition, age, anatomic location, and on specific load application (Albrektsson and Johansson, 2001; Parthasarathy et al., 2011). This high level of variation is already present within the same bone, in cortical and trabecular compartments. The cortical bone exhibits a low porosity of 5–10% and a stiffness of 14–30 GPa. The trabecular bone, on the other hand, is characterized by high porosity of 50–90% and a stiffness of 0.3–18 GPa (Rho et al., 1998; Morgan and Keaveny, 2001; Geetha et al., 2009) (Figure 1A). Therefore, the flexibility in matching the mechanical and structural features and the overall shape of the reconstructed area are critical for the successful treatment of large patient-specific CSDs.
[image: Figure 1]FIGURE 1 | (A) Young’s modulus of cortical and trabecular bone [adapted from (Schoenfeld et al., 1974; Rho et al., 1998; Misch et al., 1999; Keaveny et al., 2004; Geetha et al., 2009; Cordonnier et al., 2011; Hoffmann et al., 2014)]; and (B) different metals and metal alloys currently used for medical implants [adapted from (Niinomi, 1998; Geetha et al., 2009)].
The most widely used materials in bone repair are based on minerals (natural or synthetic), such as natural hydroxyapatite or ceramics (Henkel et al., 2013). Such materials mostly have good osteoconductive properties and promote bone regeneration, but lack tensile strength for initial load-bearing and primary stability, limiting their application to non-load-bearing situations or requiring long periods of immobilization during bone healing (Henkel et al., 2013). This represents a major drawback, as early stress stimulation is imperative for efficient long-term bone healing (Klosterhoff et al., 2020).
Titanium and titanium alloys provide attractive alternatives to mineral bone substitute materials and have been frequently used in dental and orthopedic surgery (Alvarez and Nakajima, 2009). Inert in the human body environment, titanium offers a high strength-to-weight ratio, good fatigue resistance in biological media, and low stiffness compared to other metals such as stainless steel and cobalt–chromium alloys (CoCr) (Figure 1B) (Geetha et al., 2009). Compared to commercially pure titanium, the alloy Ti6Al4V exhibits approximately threefold tensile strength and enhanced fatigue resistance. Therefore, Ti6Al4V is the most widely used titanium alloy for medical devices (Niinomi, 1998; Geetha et al., 2009). However, Ti6Al4V has a much higher stiffness than human trabecular and cortical bone, 114 GPa and 0.4–30 GPa, respectively (Niinomi, 1998; Rho et al., 1998; Morgan and Keaveny, 2001; Geetha et al., 2009). Such a mismatch in stiffness of implant and host-tissue leads to an unfavorable stress distribution at the bone implant interface, called stress shielding, which may ultimately lead to bone resorption and loosening of the implant.
The mechanical properties of three-dimensional (3D) structures can be described in terms of structural and material properties analogous to those of trabecular bone. Structural properties are defined as the overall properties of both metal trabecular struts and pores. In contrast, material properties are defined as the intrinsic properties of the Ti6Al4V alloy itself. Structural stiffness of titanium implants can be reduced by increasing porosity to get closer to the host-tissue properties (Geetha et al., 2009; Parthasarathy et al., 2011).
There are numerous ways to design open porous structures, including parametric and non-parametric design approaches. Non-parametric design is the more classical approach, which is focused on structural and geometric design. Parametric designs rely on cellular structures that are generated based on specific algorithms (Chen et al., 2020). The Voroni structure is an open, porous mesh structure that is based on the connection of random discrete points to form a network (Liu et al., 2019). It’s seen as a highly attractive design method for orthopedic implants, as it offers a similar structure to the morphology of bone (Chen et al., 2020). Although parametric design methods are highly interesting to generate more complex porous structures and gradient porosity with non-uniform pore sizes and shapes, they also have their limitations. To study the cell biological response in relation to specific pore characteristics, such as size and shape, the investigated structures require a uniform size and shape throughout the structure.
Laser powder bed fusion (PBF-LB/M) is an emerging additive manufacturing (AM) technology that enables the layer-wise generation of complex metal structures. The layer-wise principle and the direct link to a 3D model result in new design freedom and simplification of product customization (Gibson et al., 2021). Therefore, PBF-LB/M unlocks new possibilities in the design and manufacturing of medical implants for enhanced fit, performance, and personalization. For example, PBF-LB/M of titanium structures offers very high flexibility in terms of shape and structure of the implant and, most importantly, in terms of mechanical properties, by the introduction of the appropriate open porosity with controlled architecture (Lewis, 2013; El-Hajje et al., 2014; Ataee et al., 2018; Chen et al., 2020). This design freedom allows for a specific matching of the implant shape and mechanical properties to each individual skeletal defect, which is highly clinically relevant (Alluri et al., 2019). Integration of functionally graded open porosity into implants would allow the implant to more closely mimic the mechanical properties of human bone and its internal architecture. This mimicry of the porous structure of natural bone and its properties is essential for bone replacements (Fantini and Curto, 2017).
Despite the increasing interest and high potential of additive-manufactured porous titanium structures, commercial availability and clinical use of these types of implants is still limited. The optimization potential, mechanical properties, and biological responses of these materials have not yet been fully characterized. Previous in vitro studies focused on the demonstration of their basic biocompatibility (Xue et al., 2007; Hoffmann et al., 2014). Several animal experiments showed good integration of titanium structures with the native bone (Pattanayak et al., 2011; Van der Stok et al., 2013; Wieding et al., 2015; Shah et al., 2016). Previous studies investigated the effects of pore geometry on cell growth and differentiation (Rumpler et al., 2008; Van Bael et al., 2012). It was suggested that cell ingrowth might be enhanced by the surface curvature of voids where cell ingrowth is faster at the edges of a triangular structure than square or hexagonal structures (Rumpler et al., 2008). Effects of pore shape on bone ingrowth have been shown to be connected to the altering permeability, which may also be affected by surface curvature (Arabnejad et al., 2016; Dallago et al., 2018; Arjunan et al., 2020).
Regarding pore size, a minimum size of 100 µm is found to be essential to enable the formation of blood vessels, whereas pore sizes above 300 µm are supposed to enhance bone formation and vascularization (Vaccaro, 2002; Van Bael et al., 2012). Although these studies underline the huge potential of the new design freedom to generate porous structures, no consensus regarding optimal pore size/shape for cell ingrowth and bone formation has been found (Tan et al., 2017). In general, sizes of 50–700 µm were recommended (Vaccaro, 2002; Karageorgiou and Kaplan, 2005; Geetha et al., 2009; Van Bael et al., 2012). However, there are even studies suggesting that a pore size of up to 1,000 µm may be beneficial for bone ingrowth (Wang et al., 2021).
Previous studies frequently focused either on the biological response or the mechanical properties of porous structures. Therefore, further knowledge about correlation among scaffold pore size and shape, mechanical properties, and cell response is essential to develop complex structures with tailored properties and functional porosity grading.
In this study, different porous 3D scaffolds were designed and manufactured in the titanium alloy Ti6Al4V with PBF-LB/M technology. The porosity and geometry of the structures were designed to achieve lower structural stiffness, a variety of mechanical properties and different surface curvatures to evaluate the effects of the pore shape and size on cell response. The structures were systematically evaluated regarding dimensional accuracy, mechanical properties, using compression testing and in vitro cell response, including adhesion, metabolic activity, and biological activity (alkaline phosphatase, or ALP, activity) of Saos-2 osteosarcoma cells.
The results of this work are intended to provide the basis for developing more complex porous titanium structures with various pore sizes and shapes to tailor structural mechanical properties and biological responses. This should help to match the implant to tissue properties and enable its design for a specific application.
MATERIALS AND METHODS
The Design and Manufacturing of 3D Porous Structures
To study the cell biological response in relation to specific pore characteristics such as size and shape, the investigated structures require a uniform size and shape throughout the structure. Therefore, the non-parametric approach based on smaller subunits, called unit cells, was the method of choice for the present study.
Porous structures were designed according to the design guidelines for PBF-LB/M of titanium parts; overhanging structures exceeding a critical angle of 30° to perpendicular and features smaller than 200 µm were avoided (Van Bael et al., 2011). To enable powder extraction throughout the structure and guarantee open porosity, a minimum pore size of 400 µm was used. The lattice structures were designed based on smaller subunits, called unit cells, that define the pore size and shape of the final open porous lattice structures. Three basic shapes (diamond, hexagon, and cube) with differing surface curvature and relative porosity were designed (Figure 2). These basic shapes each exhibited a uniform size and shape of interconnected pores to avoid side effects in cell biological experiments.
[image: Figure 2]FIGURE 2 | Characteristics of 3D porous Ti6Al4V structures manufactured with PBF-LB/M technology: Structural and dimensional features of manufactured titanium scaffolds with three different pore shapes, diamond, hexagon, and cube, and pore sizes of 400, 500, 600, and 700 µm (only diamond shape). Hexagon and cube scaffolds pore size was 500 µm.
The Ti6Al4V structures used in this study were based on one of the following unit cell shapes and pore sizes: diamond 400 μm, 500 μm, 600 µm or 700 μm; hexagon 500 µm and cube 500 µm (Figure 2). The effect of the pore shape was investigated on diamond, hexagon, and cube structures at a constant pore size of 500 μm, whereas the effect of pore size on the cell biological response was evaluated on the diamond pore shape with 400 μm, 500 μm, 600 µm or 700 µm pore size. The scaffold dimensions were cylindrical discs of 8 mm in diameter and 4 mm in thickness. The designed porosity of the scaffolds (Figure 2) was calculated based on the pore volume per total volume of a full material cylinder of 8 mm in diameter and 4 mm in thickness. The pore volume within the 3D model of the scaffolds was determined using the CAD software.
Laser powder bed fusion of metals (PBF-LB/M) is a powder bed-based additive manufacturing technology, that allows the layer-by-layer generation of complex metal parts based on a 3D model (Gibson et al., 2021). Porous Ti6Al4V structures were manufactured by PBF-LB/M using an AM 250 laser melting system (Renishaw, England). Gas atomized Ti6Al4V ELI powder (Renishaw, England) with a particle size between 15–45 µm has been used as the raw material. The laser melting system was equipped with a fiber laser with a maximum power output of 200 W with 70 µm spot size, working in pulsed mode. To avoid oxidation reactions, the PBF-LB/M process was carried out in an argon atmosphere, where the oxygen threshold was 0.1%. The porous Ti6Al4V structures were manufactured using a 30 µm layer thickness, 170 W of laser power, 55 µm point distance, 70 µs exposure, a hatch spacing of 100 µm and a contour spacing of 70 µm.
The produced scaffolds were cleaned in separate ultrasonic washing steps in acetone, ethanol, and twice in sterile filtered double-distilled water (ddH2O) for 15 min each. They were subsequently autoclaved to deactivate potential biological contamination.
The resulting effective pore sizes of additive-manufactured Ti6Al4V structures were analyzed microscopically using a Discovery.V20 Stereomicroscope (Zeiss).
Compression Testing
The structural stiffness (Young’s modulus) and compression strength of scaffolds with various pore sizes and shapes were accessed by compression testing using a Z010 (Zwick-Roell) testing device. Porous structures for compression testing exhibited solid discs on both sides of the samples where compression was induced to enable a homogenous load application to the porous structure. Furthermore, cylindrical adapters with parallel faces were used to fix the MTS 632.27F-20 extensometer (S/N10425111) (Figure 3). The effects of the solid discs and cylindrical adapters were compensated for using the Hooks law. Compression tests were carried out at room temperature with the application of a pre-load of 100 N and a compression velocity of 0.5 mm/min. Structural stiffness was defined as the slope of the elastic phase of the structure’s stress–strain curves. For each type of porous structure, five specimens were tested.
[image: Figure 3]FIGURE 3 | Schematic representation of the experimental setup for compression testing of porous titanium scaffolds.
Static Cell Culture
3D cell cultures were carried out using the osteosarcoma cell line Saos-2 (ATCC, Germany). The proliferation medium for Saos-2 cells was based on the basal medium DMEM-F-12/HAM (Sigma, Switzerland) supplemented with 10% fetal bovine serum (FBS, Sigma), 1% penicillin/streptomycin (Sigma), and 1% l-glutamine (Thermo Fisher Scientific, Switzerland). The differentiation medium was additionally supplemented with 20 nM dexamethasone (Sigma), 10 nM β-glycerophosphate (Sigma) and 0.4 mM ascorbic acid (Sigma). Prior to seeding on 3D porous structures, the cells were expanded in 2D using standard cultivation procedures and kept in a humidified incubator at 5% CO2 and 37°C.
The evaluation of effects of pore size and shape was carried out for 21 days in 48-well plates with an initial cell seeding of 50′000 Saos-2 cells per disc scaffold. Prior to cell seeding on 3D porous structures, Ti6Al4V scaffolds were incubated with proliferation medium for 24 h in a humidified incubator at 5% CO2 and 37°C.
Each scaffold was drop-seeded from all sides with cell suspension and incubated for 30 min at 37 °C and 5% CO2. Following that scaffold position in the wells was changed and the cell suspension was re-seeded and incubated for another 30 min in order to assure the even distribution of cells in the scaffold. Finally, 1 ml of proliferation medium was added to each well, and the scaffolds were then incubated at 37°C with 5% CO2 until analyzed. The media was changed every third to fourth day. After 7 days of culture, the proliferation medium for Saos-2 cells was changed to differentiation medium.
Scanning Electron Microscopy
At investigated time points, scaffolds were washed twice with phosphate buffered saline (PBS) (Sigma), fixed with 3% glutaraldehyde in PBS (Sigma) for 2 h at 4°C, and dehydrated in increasing concentrations of ethanol. They were then dried with hexamethyldisilazane (HMDS) (Sigma) for 24 h at room temperature in a fume hood and coated with gold particles using the Quorum Q150R S sputter device (Gala Instrumente GmbH, Switzerland). Finally, they were observed using an FEI Phenom Scanning Electron Microscope (Schaefer-Tec AG, Germany).
PrestoBlue Cell Viability Assay
PrestoBlue is a resazurin-based reagent to quantitatively evaluate cell viability in cell cultures (Ahmed et al., 1994; Byth et al., 2001). Viable cells convert the reagent into a strong fluorescent form, which can be detected using fluorescence measurements. The conversion and, thus, the measured signal are proportional to the number of metabolically active cells (Yu et al., 2003; Xu et al., 2015). Before each analysis, the scaffolds were placed in new wells of 24-well plates to avoid result deviation caused by cells attached to the surface of the wells during cell culture. The culture medium was replaced with the PrestoBlue reagent (Invitrogen, Switzerland) diluted 1:10 with proliferation medium for the respective cell type and samples were incubated for 2 h at 37°C with 5% CO2. Media fluorescence was measured in the FLUOstar OPTIMA reader at λex 550 ± 10 nm and λem 590 ± 10 nm (FLUOstar OPTIMA; BMG Labtech, Germany). Blanks (scaffolds without cells) were cultivated under identical conditions as seeded scaffolds. The fluorescence signal of the blanks was subtracted from the signal of seeded scaffolds as zero value correction.
Quantification of Alkaline Phosphatase
ALP is an early marker of cell differentiation into bone formation (Golub et al., 1992). Scaffolds used to measure cell viability with PrestoBlue were subsequently prepared to quantify the ALP activity. Therefore, the scaffolds were washed twice with PBS and frozen at −80°C with lysis buffer to lyse the cells. The lysis buffer consisted of 150 mM NaCl, 10 mM Tris, and 0.5% Triton X-100 dissolved in ddH2O at pH 8.
The samples were then thawed on ice and the lysis buffer was pipetted up and down inside the scaffold to lyse all cells present inside the structure. Scaffolds were then centrifuged at 10,000 rpm for 10 min at 4°C, and the supernatant was analyzed for ALP activity detection. The ALP activity was quantified based on the conversion of para-nitrophenylphosphate (p-NPP) to para-nitrophenol (p-NP) and inorganic phosphate by ALP as previously described (Anderson, 2003). The absorption due to the resulting reaction product, p-NP, was measured by the FLUOstar OPTIMA reader at 410 nm. The ALP activity of the samples was determined on the basis of a p-NP standard curve.
Statistical Analysis
Data are expressed as the mean ± standard deviation. The one-way ANOVA with the Tukey–Kramer post hoc test was used for the statistical analysis of experimental replicates of cell cultures with a probability level of p < 0.05.
RESULTS
Design and Manufacturing of 3D Porous Structures
Past studies investigated the effects of 3D printed titanium scaffold pore geometry (size or shape) on cell growth and differentiation. However, the data did not show a consensus regarding the most optimal pore shape and size combination for cell response or bone growth. In this study, 3D porous titanium scaffolds based on different pore sizes and shapes were manufactured in Ti6Al4V using PBF-LB/M technology (Figure 2).
Diamond and hexagon structures are highly porous and exhibit high surface curvature. In contrast, the cube shape was designed only with plane surfaces and edges. Its lower porosity was expected to result in higher stiffness and compression strength compared to diamond and hexagon shapes, which is reflected by the results of compression testing (Figure 4). Overall, the designed porosity of the scaffolds was between 56.4% (cube, 500 µm) and 82% (diamond, 700 µm). The designed relative porosity of the scaffolds with diamond-shaped pores increased with increasing pore size from 67.9% at 400 µm up to 82% at 700 µm. Regarding the pore shape at 500 µm, the diamond shape exhibited the highest porosity of 74.8% followed by the hexagon shape with 70.8% and the cube shape with 56.4%. The relative porosity of the diamond and hexagon were relatively close due to their similar strut-based design approach, compared to the cube shape. The strut diameter of diamond and hexagon shapes was designed to be 300 µm.
[image: Figure 4]FIGURE 4 | Mechanical testing of titanium structures with various pore sizes and shapes (A) Structural stiffness and (B) compression strength of manufactured 3D titanium scaffolds, n = 5. The dotted lines showed the fields of cortical and trabecular human bone. Correlation between the mechanical measurements [structural stiffness (C) and compression strength respectively (D)] and the designed porosity.
All manufactured structures showed a similar texture and high surface roughness resulting from the PBF-LB/M process and the used metal powder. Numerous powder particles were adhered to the surface, even after multiple ultrasonic cleaning steps in acetone, ethanol, and ddH2O. Dimensional accuracy was dependent on the build direction, caused by rounding of the pore’s edges and agglomerations of partially melted powder particles in overhanging areas (Figure 5). The deviations of the structures from the designed 3D model led to a slight reduction in the measured pore size compared to the designed pore size. These deviations of the designed and built structures appeared to be less pronounced with increasing pore size for the diamond-shaped structures by trend.
[image: Figure 5]FIGURE 5 | Features of 3D porous Ti6A4V structures used in the study: pore size, shape, dimensional accuracy, 3D models of the unit cells, manufactured structures (stereo microscopy), and Saos-2 cell morphology on the scaffolds 1 day and 7 days post-seeding of the scaffolds (SEM).
Mechanical Properties of 3D Porous Structures
The mechanical properties of 3D porous Ti6Al4V structures were investigated by compression tests. The structural stiffness of different scaffolds was between 0.6 GPa (diamond, 700 µm) and 4.9 GPa (cube, 500 µm) (Figure 4A). Therefore, the stiffness increased with decreasing pore size of diamond-shaped structures from 0.6 GPa for 700 µm pore size to 2.5 GPa for 400 µm pore size with all other design elements, i.e., pore shape and diameter of struts, remaining constant. Diamond- and hexagon-shaped porous structures with a 500 µm pore size had similar stiffnesses of 1.6 GPa, whereas cube-shaped porous structures with the same pore size exhibited a considerably higher stiffness of 4.9 GPa. However, the hexagon shape has a lower designed porosity (70.8%) than the diamond shape (74.8%). There was a linear relationship between the structural stiffness and designed porosity of structures exhibiting one specific pore shape (diamond), but different pore sizes (Figure 4C). Therefore, the structural stiffness increased with decreasing designed porosity.
The compression strength of 3D porous structures increased with decreasing pore size and relative porosity and was between 34 MPa (diamond, 700 µm) and 151 MPa (cube, 500 µm) (Figure 4B). For the various pore sizes of the diamond shape, the compression strength increased with decreasing pore size from 34 MPa for 700 µm pore size to 122 MPa for 400 µm pore size. The cube shape exhibited the highest compression strength of 151 MPa, followed by the hexagon shape at 98 MPa and the diamond shape at 78 MPa at 500 µm pore size. Although the cube shape had a threefold stiffness compared to the diamond and hexagon shapes, the compression strength was only factored at 1.5 or 1.9, respectively. Therefore, the relationship between stiffness and compression strength was altered by the structure’s shapes. Compression strength showed a linear relation to the designed porosity of strut-based porous structures (diamond, hexagon) (Figure 4D).
Diamond (700 µm) had the lowest structural stiffness and compression strength, exhibiting the biggest pore size and highest designed porosity (Figure 4A, B). Therefore, of all the investigated structures, its properties are the closest to trabecular bone (Figure 1A). The cubic 500 µm scaffold, on the other hand, exhibited the highest structural stiffness and compression strength, being the closest to the mechanical properties of cortical bone (Figure 4A, B).
Cell Growth in Various Ti6Al4V Structure Morphologies
The cell response of Saos-2 on six different types of scaffolds (Figure 2) was accessed by investigating cell adhesion, morphology, and metabolic and ALP activity. Good cell adhesion was observed on all types of scaffolds and no apparent effect of pore size and shape on cell morphology was found. Cells tended to be aligned according to the surface texture (Figure 5). There was a notable elongation of the cells along the surface texture, whereas the cells tended to spread between and around adhered powder particles. Furthermore, layers of multiple cells were formed, particularly in areas with higher surface texture or adhered powder particles from day 7 of cell culture. This finding was primarily related to the characteristic surface texture and was independent of the structure’s pore size and shape.
Cell metabolic activity increased over time, up to 21 days for all the tested types of scaffolds (Figure 6). The pore size of diamond-shaped scaffolds in the range of 400–700 μm had no effect on cell metabolic activity (Figure 6A). Additionally, no significant difference in cell metabolic activity was observed among different pore shapes at most of the tested time points. On day 7, significantly lower cell metabolic activity was measured for the diamond shape compared to the hexagon and cube shapes with 500 µm pore size (Figure 6B). This effect was no longer present on day 14.
[image: Figure 6]FIGURE 6 | Saos-2 cell metabolic activity (PrestoBlue assay) and ALP activity of cell cultures on scaffolds with different pore sizes (A) and shapes (B), evaluated at different time points up to 21 days of culture, n = 3; Values are represented as mean ± SD. *significant according to ANOVA and Tukey–Kramer post-hoc test with p < 0.05.
ALP enzyme activity was evaluated as a measure of cell differentiation and an early marker of bone formation. Overall, there was a small increase in ALP enzyme activity from day 1 to day 14 and a larger increase up to day 21 for all investigated pore sizes and shapes (Figure 6). At day 21, ALP activity was decreasing by trend with increasing scaffold pore size and was the lowest for diamond at 700 µm. This trend was not significant according to ANOVA analysis, as there was a relatively high variation between the experimental replicates. The variation between experimental replicates increased with increasing cell culture time. No significant effect of the diamond, hexagon or cube shape with similar pore size on the ALP activity has been noted.
DISCUSSION
In this study, the mechanical properties and biological responses of model bone osteosarcoma cells Saos-2 of additive-manufactured (Ti6Al4V) scaffolds were evaluated. The scaffolds exhibited various shapes and sizes of unit cells to reduce the structural stiffness and match better with the mechanical properties of human bone. Evaluation of pore shapes (diamond, hexagon, and cube) exhibited a wide range of structural characteristics, such as surface curvature, relative porosity, and mechanical properties. A variety of pore sizes of diamond-shaped structures with 400, 500, 600, and 700 µm pore diameters were evaluated to reveal effects on mechanical strength and biological responses.
The Ti6Al4V scaffolds showed minor dimensional and geometric deviations from the designed 3D model. Overall, Ti6Al4V scaffolds exhibited smaller mean pore sizes than designed (Figure 2). This finding in the context of additive manufacturing of porous structures is consistent with previous studies (Lu et al., 2020). The dimensional deviations may be attributed to the aliasing effect, which is characteristic of additive-manufactured structures and even more pronounced on overhanging areas and small feature sizes (Van Bael et al., 2011).
The structural stiffness evaluated with compression testing of porous Ti6Al4V structures (0.6–4.9 GPa) was within the range of human trabecular bone (0.3–18 GPa) (Rho et al., 1998; Morgan and Keaveny, 2001; Morgan et al., 2003; Keaveny et al., 2004). Compression strength measured (34–151 MPa) was above the values of human trabecular bone (0.2–16 MPa) (Schoenfeld et al., 1974; Misch et al., 1999; Keaveny et al., 2004) and in the lower range of human cortical bone (130–205 MPa) (Misch et al., 1999; Keaveny et al., 2004). Despite the low structural stiffness that is related to the high designed porosity, the compression strength of 3D porous Ti6Al4V structures is relatively high compared to human bone. This indicates that a high initial load-bearing capability may be expected for 3D porous Ti6Al4V structures when used in implants.
A linear relationship between structural stiffness and designed porosity was found for diamond-shaped porous structures with pore sizes between 400 and 700 µm. This enables prediction of structural stiffness when designing diamond-shaped porous scaffolds according to the corresponding linear regression within the tested area. As for structural stiffness, another linear relation was found between the compression strength of diamond-shaped structures and designed porosity, with pore sizes between 400 and 700 µm. Therefore, compression strength may be predicted based on designed porosity within the studied range of shape and size as well. Such correlations may also be found with other pore shapes and sizes.
Previous studies on scaffold pore sizes and shapes showed a correlation between the pore shape of Ti6Al4V scaffolds and cell growth and activity (Rumpler et al., 2008; Van Bael et al., 2012), whereas others found no significant pore shape effect (Markhoff et al., 2015). Present results showed no evidence of differing kinetics of cell ingrowth on porous structures with diamond, cube, or hexagon pore shapes at 500 μm pore size (Figure 6).
Regarding cell adhesion and morphology, the manufacturing-related surface texture appeared to be more decisive than the structure characteristics. Cell metabolic activity was widely independent of pore size, whereas ALP activity tended to be higher on scaffolds with smaller pore sizes after 21 days of cell culture, with diamond-shaped pores of 400 μm showing the highest ALP activity value. This may indicate enhanced differentiation and may lead to enhanced bone formation on diamond-shaped scaffolds with smaller pore sizes. However, these results were not significant due to only minor differences between experimental replicas and the related impact on the statistical analysis. Additionally, the evaluation of additional markers for bone formation is required to give a better understanding of these effects. Analogous results were found in previous studies, where scaffolds of 300–500 μm pore size showed enhanced bone formation and vascularization (Mullen et al., 2010; Markhoff et al., 2015). Overall, a very small effect of pore shape on ALP enzyme activity was observed. Literature showed similar results for hydroxyapatite coated titanium channels where the total amount of tissue formation was widely independent of the channel shape (Rumpler et al., 2008).
From the cell biological point of view, it may be concluded that biological responses (cell adhesion, morphology, metabolic activity, and ALP activity) are widely independent of pore shape and size within the tested range. Together with previous studies (Assad et al., 2003; Karageorgiou and Kaplan, 2005; Geetha et al., 2009; Mullen et al., 2010; Murphy et al., 2010; Fukuda et al., 2011), these findings verify the suggestion that there is no optimal pore size for cell ingrowth and bone formation, but an optimum range, which is suggested between 100 and 700 µm. This opens the possibility to design mechanical properties with gradient porosity without decisively affecting biological responses. However, 400 µm is the minimum feasible pore size with PBF-LB/M that ensures open porosity. Smaller pores bear the risk of sintered and captured powder particles within the structure, which is expected to negatively affect vascularization and nutrient distribution. As recent literature has shown, a combination of various pore sizes could even be beneficial for bone ingrowth compared to uniform pore sizes (Wang et al., 2021).
Further work is recommended to focus on the development of additional structures in various shapes and sizes and investigation of their related effects on cell response. Topology optimization is well established in lightweight construction and is also seen as an interesting approach to customizing porous structures for medical implants. Furthermore, these structures and related cell responses need to be further investigated under loading conditions. Based on that, more complex designs of 3D porous Ti6AL4V structures may be developed. Functionally graded porous structures combined with an optimized dense structure should permit tailored mechanical properties of an implant to its specific application and minimal weight with full functionality (Figure 7). This gradient in porosity may achieve two things:1) low stiffness at the bone–implant interface to reduce stress shielding and 2) high strength of the entire implant to withstand the static and dynamic load it is subjected to during its period of application. Such a combination of multiple porosities within one implant may be applied to various implant types, not only specifically in the field of trauma. This aims to mimic host-tissue architecture and mechanical properties, matching implants to specific patients and resulting in primary stability, increased lifetime of implants, and patient satisfaction.
[image: Figure 7]FIGURE 7 | 3D model of a porous structure with gradient porosity based on the diamond pore shape (A) isometric view (B) top view.
CONCLUSION
This study includes the evaluation of Saos-2 cell responses to 3D porous Ti6Al4V structures produced with PBF-LB/M technology. These results represent the basis for developing more complex, highly porous structures with a combination of different pore sizes and shapes with controlled structural properties. The present study concludes that cell morphology, metabolic activity, and ALP activity are widely independent of the pore shape and size within the tested range of 400–700 µm. Furthermore, the mechanical properties of the evaluated structures were in the range of cortical and trabecular bone. This opens the possibility to design mechanical properties with gradient porosity without decisively affecting biological responses.
The PBF-LB/M technology has been demonstrated to be a suitable method to achieve these goals and holds promise for the processing of patient-specific metallic implants to create complex architectures with controlled internal features and personalized geometry. However, at present, there are several issues that need to be addressed for these sophisticated implants to be used clinically. This includes advances in visualization and modeling techniques, more knowledge about the fatigue of such porous structures, and economic costs. At present, the cost of printing personalized implants is significantly higher than that of mass-produced alternatives, with further costs associated with the additional scans necessary to gather the required data. On the other hand, the use of customized implants has been shown to notably enhance the medical outcome of the surgery, thus potentially reducing the duration of the hospital stay and minimizing the risk of revision surgeries (Prasad et al., 2017).
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