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Abstract:



Porous titanium (P_Ti) is considered as an effective material for bone scaffold to achieve a stiffness reduction. Herein, biomimetic (bio-)scaffolds were made of sintered P_Ti, which used NaCl as the space holder and had it removed via the hydrothermal method. X-ray diffraction results showed that the subsequent sintering temperature of 1000 °C was the optimized temperature for preparing P_Ti. The compressive strength of P_Ti was measured using a compression test, which revealed an excellent load-bearing ability of above 70 MPa for that with an addition of 50 wt % NaCl (P_Ti_50). The nano-hardness of P_Ti, tested upon their solid surface, was presumably consistent with the density of pores vis-à-vis the addition of NaCl. Overall, a load-bearable P_Ti with a highly porous structure (e.g., P_Ti_50 with a porosity of 43.91% and a pore size around 340 μm) and considerable compressive strength could be obtained through the current process. Cell proliferation (MTS) and lactate dehydrogenase (LDH) assays showed that all P_Ti samples exhibited high cell affinity and low cell mortality, indicating good biocompatibility. Among them, P_Ti_50 showed relatively good in-cell morphology and viability, and is thus promising as a load-bearable bio-scaffold.
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1. Introduction


Bone is an open-cell composite material composed of a complex vascular system and protein-related materials. At the architectural level, bone is made up of two types of tissue tightly packed together. The outer shell is made of dense compact or cortical bone, and the inner core comprises porous cellular, cancellous, or trabecular bone. Cortical bone is highly dense and contains cylindrically organized osteons, whose size is in the range of 10–500 μm [1]. Blood vessels are interconnected on the surface of bone through perforating canals. Unlike cortical bone, cancellous bone is highly porous, consisting of an interconnected network of trabeculae, which are about 50–300 μm in diameter. These two types of bone tissue differ in porosity or density. The porosity of cortical bone is 5–10%, and that of cancellous bone is 75–90% [2,3,4].



Biomimetic (bio-)scaffolds have been increasingly utilized to repair or rebuild osteoporosis defects [5,6,7]. Bone defects are usually caused by trauma or tumors, and bone resorption is initiated by infection. Many types of osseous reconstructive surgical procedures have been studied [8]. However, the three-dimensional properties of bone tissues are required to guide bone-forming cells and the subsequent successful integration of the bone-grafting material in the host tissue. The main reasons for using bone scaffolds are thus to provide an environment for bone formation, maintain space, and provide mechanical support to the bone skeleton during the repair process [4,6,9,10].



Porous ceramic and polymer biomaterials are usually unsuitable for implanting at load-bearing sites. Plasma spraying [11], space holders [12], common powder metallurgy (P/M) [13], and sintered metal-based fibers [14] have been applied for refilling bone defects (e.g., cavities) and regenerating soft tissues. However, it is still difficult to produce a porous structure with an architecture that meets both osteoconductive and mechanical requirements. Porous titanium (P_Ti)-based scaffolds are promising since they may have superior mechanical properties with high strength/weight ratios. It is imperative for dental and orthopaedic surgeons to have a basic understanding of the process of peri-implant bone formation [15,16,17].



The development of open porous structures has been hampered by limitations of production techniques. For osteoconduction, an open interconnected porous structure with pore sizes in the range of 200–500 μm is estimated to be required, though there is no consensus regarding the perfect size of pores for stimulating cell proliferation [18]. From a mechanical point of view, the porous structure should be stiff enough to sustain physiological loads, but should not drastically exceed the stiffness of the bone being replaced to avoid stress shielding. Implant fixation to the bone surface or matrix should be improved through alternatives for reducing stress shielding, which is a consequence of the mismatch between Young’s modulus values (e.g., 110 GPa for solid Ti and 14–20 GPa for cortical bone) [1]. This difference has been identified as one of the major reasons leading to implant loosening and bone resorption. Although Ti and its alloy (Ti-6Al-4V) [6,19,20,21] have the lowest elastic modulus of metallic biomaterials (e.g., 50% lower than that of Co-Cr-based alloys), divergence with respect to bone stiffness remains a challenging problem. Manufacturing implants with lower-bulk-stiffness materials may be a solution for stress shielding.



The development of P_Ti-based scaffolds is a promising approach for achieving stiffness reduction [22,23,24]. However, an important issue for the use of porous materials for load-bearing applications is the potential risk of reducing both mechanical strength and fatigue resistance [12]. Therefore, balancing strength and stiffness is probably the most vital challenge to this approach. Many different formulations, in terms of the material constituents, fabrication technologies, as well as structural and bioactive properties have been proposed [25]. The nano-structurally controlled biocomposites, which contain biomimetically fabricated formulations with collagen, chitin, and/or gelatin, can be considered for the structures of scaffolds [25]. In addition, a scaffold made of nanofibers is competent to provide a structural support for cells to accommodate and guide their growth in a three-dimensional network into a specific tissue [26]. Recently, extensive research has been conducted on fabricating open-cell P_Ti scaffolds, especially through the P/M route [12,27]. This is attributed to the fact that Ti scaffolds are much more difficult to process in the liquid state due to their very high melting temperature (1670 °C). Another problem is their extreme chemical affinity to atmospheric gases (i.e., O2 and N2), which dissolve rapidly either in liquid or solid Ti at a temperature of above 400 °C [28,29]. Several methods have been applied for producing open-cell Ti foams. The P/M method with a temporary (or removable) space holder, including carbamide, ammonium bicarbonate, tapioca starch, sodium chloride, and magnesium [22,30,31,32,33,34,35], is very attractive for fabricating highly porous samples. These temporary space holders were primarily selected on the basis of various criteria, such as reactivity with Ti, ease of residue removal, and ease of production. The P/M method offers many advantages, such as the adjustment of porosity fraction and pore shape, size, and distribution, depending on the shape, size, and volume fraction of the space holder used for preparing P_Ti samples [12,24]. For medical applications, NaCl may be a good temporary space holder since its residue can be easily removed through dissolution in water [6,33]. As a consequence, P_Ti samples with different forms [36] or ratios [37,38] of porosity can be manipulated by the adjustment of NaCl content in Ti powder, followed by a hydrothermal process.



Compared with a typical process used for preparing P_Ti samples, the hydrothermal method is suitable for removing the temporary space holder. In this study, an enhanced hydrothermal method with high temperature and high pressure is applied for materials processing to prepare load-bearable P_T bio-scaffolds, followed by the assessments of load-bearing capability and biocompatibility.




2. Experimental Section


2.1. Preparation of Porous Ti Samples


Porous Ti samples with a particle size of 45 μm (Zhongrui Material Technology Corp., Tainan, Taiwan) were prepared via the P/M method using NaCl (Taiyen Biotech Corp., Tainan, Taiwan) with a particle size in the range of 180–300 μm as the space holder. In the experiment, Ti and NaCl powders are mixed in wt %. The mixed powders are put inside a 250-mL bottle with 150 mL alcohol. No other binder or reagent is added. The rotating speed of the ball mixer is 300 rpm/min for 24 h. Then, the alcohol is evaporated by putting the bottle in the oven for another 24 h. The purpose of using the hydrothermal method is to remove the space holder, NaCl, from the porous Ti and to form a porous structure. Figure 1a shows the fabrication process of the samples. NaCl was used as a temporary space holder because of its high solubility in water (359 g/L at room temperature), complete inertness with Ti powder, and very low toxicity. Mixtures containing Ti powder and 0–70 wt % NaCl (with respect to the weight of Ti powder) were compacted into a cylindrical disc, 10 mm in diameter and 7 mm in thickness. The compression stress is 300 MPa. In Figure 1b, the as-formed Ti and P-Ti samples were placed into an autoclave, which was also the container for the hydrothermal process. To remove NaCl completely before sintering, the applied temperature was higher than 130 °C to transform the water into water vapour. The as-heated Ti samples were dried at 60 °C in a cyclic oven (JA-27, Great Tide Instrument, Taipei, Taiwan) for 24 h to evaporate the remaining water. As shown in Figure 1c, the solid Ti sample is evacuated three times under vacuum (10−3 mbar), filled with argon gas (to avoid Ti oxidation), and then sintered at 1000 °C for 2 h. The as-sintered solid Ti sample is denoted as Ti_1000_0. Using the same process, Ti samples with 10, 30, 50, and 70 wt % additions of NaCl were prepared. The as-sintered “porous” (i.e., after NaCl removal) Ti samples are denoted as Ti_1000_10, _30, _50, and _70, respectively. The samples were stored for further studies, e.g., bio-assessments as shown in Figure 1d.


Figure 1. Fabrication processes. (a) Hydrothermal route; (b) spacer removal; (c) sintering; and (d) bio-assessments.
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2.2. Surface Characterization


The physical and chemical properties of the as-prepared porous Ti samples were characterized. To verify the residue of NaCl in Ti samples, inductively coupled plasma mass spectrometry (ICP-MS; Thermo Element XR, Waltham, MA, USA) was employed. This test was performed according to the standard ISO-10993. The crystalline structure of P_Ti samples after hydrothermal treatment was determined using X-ray diffraction (XRD; MiniFlex II, Rigaku, Tokyo, Japan) with CuKα radiation. The surface morphology of the as-prepared P_Ti samples was examined using a Field Emission Scanning Electron Microscope (FE-SEM, JSM-7001, JEOL, Tokyo, Japan). The Ti and P_Ti samples were sputter-coated with a layer of Pt and then observed under a normal condition (i.e., with an accelerating voltage of 10 kV and under a chamber vacuum of 4.13 × 10−3 Pa) using an optical microscope (Neophoto-32, ZEISS, Oberkochen, Germany). The resulting porosity measurement was carried out using the Archimedes method (with distilled water) due to its experimental simplicity and reasonable reliability (ASTM C373-88) [39].




2.3. Compression and Nanoindentation Tests


For the compression test, the sample’s dimension was fixed according to the standard ISO-5833 [40,41]. The yield strength and relative strength (defined as the ratio of the strength of the porous material to that of the solid material) were then obtained.



The nanomechanical properties were measured using a continuous stiffness measurement (CSM) system (Nano Indenter XP, MTS, Palo Alto, CA, USA), which produces highly sensitive load-displacement data at the surface contact level. In the experiment, the triangular pyramid tip of a Berkovich diamond with a radius of ≈20 nm was used under a controlled relative humidity of 45% at 22 °C. Poisson’s ratio for the tested porous Ti samples was set to 0.32. The loading process was controlled to have a surface approach velocity of 1 nm/s with a sensitivity of 5%. A constant strain rate of 0.05/s at a chosen frequency of 75 Hz was applied. The calculation of nano-hardness was mainly based on the Oliver and Pharr method.




2.4. In Vitro Tests


Figure 1d shows the in vitro assessment for the as-prepared porous Ti samples. According to the standard ISO-10993, the live/dead L929 cell staining protocol, cell proliferation (MTS) assay, and lactate dehydrogenase (LDH) assay were respectively employed. Earlier toxicological studies used similar cell lines to provide a basis for comparison [42,43,44,45]. The mean cell culture activity provides an assessment of the cells’ overall activity, which is an indicator of stress, toxic effects targeting metabolic pathways, and overall viability. Fibroblast cells derived from an immortalized mouse fibroblast cell line were preserved in alpha modified Eagle’s medium (α-MEM) with 10% horse serum (Gibco, Invitrogen, Carlsbad, CA, USA) and 10 mL of 104 units/mL penicillin −104 μg/mL streptomycin (Sigma, St. Louis, MO, USA). Before the experiments, fibroblast cells were washed with phosphate-buffered saline (PBS) and detached with trypsine (Gibco, Invitrogen). For the MTS assay, the fibroblast cells were then cultured in a complete medium maintained at 37 °C in a 5% CO2 incubator for 24 h, attained to 7.5 × 105 cells/mL in a complete medium, and again maintained at 37 °C under 5% CO2 for 24 h. For the MTS and LDH assays, the fibroblast cells were seeded near confluence (2 × 104 cells/well = 6.75 × 105 cells/mL) on 24-well plates (Nunc, Thermal Scientific, Rochester, NY, USA).





3. Results and Discussion


3.1. Composition of As-Prepared Porous Ti Samples


The ICP-MS measurements and XRD patterns of Ti and P_Ti samples are shown in Figure 2a–d, respectively. In Figure 2a, the result of ICP-MS measured data for Na concentration is shown. As compared to the traditional P/M process to form a P_Ti, Na concentrations in the modified ones for Ti_1000_10, _30, _50, and _70 were higher (e.g., Ti_1000_70 contained Na residue of up to 336 ppm). After the hydrothermal process, the Na concentration decreased to less than 3 ppm. The hydrothermal process is thus capable of removing Na for preparing P_Ti samples. Figure 2b shows that under the simulation and extreme solution test based on ISO-5833, trace Na concentrations of 5.7 ppm (Ti_1000_50) and 6.2 ppm (Ti_1000_70) were achieved.


Figure 2. The ICP-MS measurements and XRD patterns of porous Ti samples. (a) ICP-MS spectrum for Na; (b) results of simulation and extreme solution test; (c) XRD patterns of pure Ti sintered at 900–1100 °C; and (d) XRD patterns of samples with various NaCl concentrations sintered at 1000 °C.
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The characteristics of the Ti structure after heat treatment at 900–1100 °C were examined using XRD. Figure 2c,d show that with a heat treatment at around 1100 °C, a new diffraction peak appeared at 2θ = 36.85°, which shows that Ti was most probably oxidized at above 1000 °C. Figure 2d shows the XRD patterns of the as-prepared Ti samples with various added percentages of NaCl after annealing at up to 1000 °C. The peaks at 2θ = 25° and ~77.3°, which appeared at 1000 °C, are respectively assigned to the (100), (002), (101), (102), (110), (103), (112), and (201) reflections of tetragonal Ti (JCPDS card No. 44-1294). The diffraction peaks were the same for all samples. The results show that the addition of NaCl did not cause any change in the characteristics of the Ti structure.



SEM micrographs and pore sizes of the P_Ti samples are shown in Figure 3a–f. The pore sizes of P_Ti samples ranged from 100 to 500 μm; this range has been shown to allow cell ingrowth [4]. Moreover, the connectivity of the porous network structure, created by the removal of NaCl from the Ti matrix, was presumably facilitated by the hydrothermal process. As shown in Figure 3b–e, the pore sizes of Ti_1000_10, _30, _50, and _70 were estimated to be 100 ± 10, 296 ± 15, 340 ± 10, and 500 ± 36 μm, respectively. As shown in Figure 3f, the samples Ti_1000_30 and _50 were particularly suitable for subsequent cell ingrowth, most probably because of their appropriate pore sizes.


Figure 3. SEM images of (a) Ti_1000_0; (b) Ti_1000_10; (c) Ti_1000_30; (d) Ti_1000_50; and (e) Ti_1000_70; (f) Corresponding pore sizes.
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3.2. Load-Bearing Capacity of As-Prepared Porous Ti Samples


Figure 4a–d show the results of porosity, compressive strength, and nano-hardness for the P_Ti samples. As shown in Figure 4a, the porosities of Ti_1000_10, _30, _50, and _70 were 16.45 ± 1.1, 25.37 ± 1.7, 43.91 ± 1.8, and 56.78 ± 1.2%, respectively, as compared with 7.59 ± 0.9% for Ti_1000_0. The added percentages of NaCl slightly correspond to the measured porosities for relatively low added percentages.


Figure 4. Quality and compressive strength of porous Ti samples. (a) Porosity; (b) compressive strength; (c) nano-hardness; and (d) nanomechanical strength.
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In Figure 4b it is shown that the measured values for compressive strength were 633, 182, 97, 73, and 23 MPa for Ti_1000_0, _10, _30, _50, and _70, respectively. The resistance to a given compression force decreased with increasing porosity of the P_Ti samples. According to ISO 5833, for an implantable and load-bearing scaffold, a compressive strength for the bulk material should be higher than 70 MPa. Therefore, Ti_1000_70 does not meet the required strength.



Figure 4d shows that the nano-hardness values obtained using a nano-indentator for Ti_1000_0, _10, _30, _50, and _70 were 9.8 ± 3.4, 8.1 ± 2.2, 2.6 ± 1.6, 1.3 ± 0.5, and 1.4 ± 0.6 GPa, respectively. Note that since the test is usually focused on the solid part of the porous support, the measured nano-hardness value does not fully reflect the real pore condition in the P_Ti sample. In spite of this, the results imply that the porosity varied with the measured nano-hardness and thus the Ti scaffold structure is presumably consistent with the density of pores.



From this study, it is therefore promising to obtain a load-bearable P_Ti scaffold with a highly porous structure, e.g., P_Ti_50 with the porosity of 43.91 ± 1.8%, and a considerable compressive strength higher than 70 MPa.




3.3. Cell Affinity of Porous Ti Samples


By taking Ti_1000_0 as the reference substrate, cell morphology and viability were assessed for the P_Ti samples. Figure 5a (i)–(v) shows optical microscopy images for the live/dead staining protocol. A comparison of cell viability for the samples is shown in Figure 5b. Significant enhancements in fibroblast cell attachment and viability were found for Ti_1000_50.


Figure 5. Optical microscopy images for live/dead staining protocol on surfaces of (a-i) Ti_1000_0; (a-ii) Ti_1000_10; (a-iii) Ti_1000_30; (a-iv) Ti_1000_50; and (a-v) Ti_1000_70; (b) Summary of cell viability for these surfaces. (c) Results of the cell proliferation MTS assay; (d) Effects of lactate dehydrogenase LDH in early stage for Ti_1000_0, Ti_1000_10, Ti_1000_30, Ti_1000_50, and Ti_1000_70. No significant differences in LDH level on surfaces were found between samples.
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Figure 5c shows the MTS assay results for the P_Ti samples. By taking Ti_1000_0 as the control group, significant differences (p < 0.05) were found for all porous samples. This indicates that a P_Ti structure, regardless of its porosity, tends to enhance its cell viability.



Figure 5d shows the levels of LDH leakage for the P_Ti samples. Note that the testing cells are presumably affected by the composition of the contact surface, which may lead to lipid peroxidation and sub-lethal effects on the membranes of the cells; the effects of LDH leakage are a result of the formation of pores in the cell membrane. The results show that, at an early stage of the LDH leakage test, there was no significant difference in the LDH level between the surface of Ti_1000_0 and those of Ti_1000_10, _30, _50, and _70.



From the above tests, it can be seen that the surface composition and structure of the P_Ti samples exhibited biocompatibility; in particular, the sample Ti_1000_50 showed relatively high cell affinity.




3.4. Comparison with Commercially Available Porous Ti-Based Scaffolds


Figure 6 shows an ideal P_Ti-based sample. As mentioned, an implantable and load-bearing scaffold should have a compressive strength of higher than 70 MPa. In this study, the sample Ti_1000_50 had a compressive strength of 73 MPa and a measured porosity of 43.91 ± 1.8%. Moreover, all the porous samples showed relatively high cell affinity with excellent cell growth on the surfaces and inside the pores, as compared to that for the solid Ti sample. The pore size of Ti_1000_50 was measured to be around 340 ± 10 μm, which is comparable to that of human trabecular bone. A comparison with commercially available porous scaffolds is listed in Table 1. The load-bearing capacity, porosity, pore size, and biocompatibility of Ti_1000_50 make it suitable as a replacing structure for e.g., the lumbar disc of the spine or a part of trabecular bone.


Figure 6. Porous Ti-based scaffold with high biocompatibility.
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Table 1. Comparison with commercially available porous scaffolds (experimental group/Zimmer: TM-S /BAUI: 848-05133).







	
Sample

	
Pore Size (μm)

	
Porosity (%)

	
Mechanical Properties (MPa)

	
Biocompatibility






	
Ti_1000_50

	
340 ± 10

	
43.91 ± 1.8

	
73

	
excellent




	
M-S

	
>300

	
80

	
-

	
excellent




	
848-05133

	
<200

	
-

	
-

	
excellent












4. Conclusions


In this study, P_Ti samples were fabricated by mixing Ti powder with NaCl, followed by a hydrothermal process, which removed NaCl from the P_Ti matrix and created solid pore sites. An annealing temperature of 1000 °C was optimal for preparing P_Ti samples without altering the lattice structure of Ti. With an increased weight percentage of NaCl, the pore size as well as the porosity increased. By comparing the porosity with the required compressive strength of P-Ti bulk and biocompatibility on the P_Ti samples, the sample Ti_1000_50 is thus the most appropriate load-bearable bio-scaffold for e.g., human trabecular bone.
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