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Abstract

:

Currently, orthopedic metallic implants are mostly made of stainless steel and titanium alloys. After healing, patients are usually required to undergo a secondary surgery for implant removal, which not only poses a medical risk but also costs medical resources. Magnesium-based biodegradable implants that can be absorbed by humans promote osteoblastic activity during the degradation and inhibit the formation of osteoclasts. Moreover, magnesium can be detected by X-ray, and this can help doctors to perform postoperative diagnosis and treatment, which is beneficial for patients. In this study, a ZKX500 Mg alloy bone plate was prepared through rolling. In addition to the microstructure and the mechanical properties of the hot-rolled ZKX500 Mg alloy, its in vitro corrosion behavior under different heat treatment conditions is discussed. A 6-month mini-pig implantation test was conducted using the fabricated ZKX500 Mg alloy bone plate and bone screws. The in vivo degradation mechanism and new bone formation were observed using computed tomography images. The pig recovered well, and the results can serve as an important reference for clinical applications. In addition, another important contribution of this study is that it can help the field of orthopedics to better understand the biodegradable magnesium alloy.
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1. Introduction


Magnesium has a low density, merely 1.74 g/cm3, and the material has a high strength-to-weight ratio, good damping capability, and recyclability. Owing to these attributes, magnesium is widely used in the automobile, aerospace, and electronics industries [1,2]. Mg alloy has excellent mechanical properties and an elastic modulus close to that of human bone [3], therefore, it is a promising material for use in the biomedical field. Mg has a hexagonal close packed (HCP) structure with scant slip systems, and its ductility and workability are poor compared with those of other metals, which limits its applications.



According to the literature on magnesium alloys, hot working can cause dynamic recrystallization of the material, resulting in grain refinement and improvement of mechanical properties [4]. Moreover, finer grains can change the corrosion behavior of the material from localized corrosion to general corrosion [5], which has positive benefits for biomedical applications. Furthermore, the twinning structure of the Mg matrix formed during hot rolling can improve the ductility of the material [6]. Notably, the structure formed due to hot working is unstable [7]. Therefore, annealing is required to reduce the residual stress and control the recrystallization mechanism of Mg matrix.



According to previous reports, the ZKX500 Mg–Zn–Zr alloy can be used to manufacture bone screws for the purpose of clinical applications [8,9]. However, few studies have investigated the use of Mg alloy bone plates. In this study, the mechanical properties and corrosion mechanism of hot-rolled and heat-treated ZKX500 Mg–Zn–Zr alloy plates were evaluated. Then, the Mg alloy plate with the superior process condition was selected and machined into a four-hole bone plate. Furthermore, a mini-pig implantation test was conducted for 6 months to explore the degradation and progress of bone growth inside the body. The relevant results can serve as a reference for use of the material in biomedical applications.




2. Materials and Methods


2.1. Materials


In this study, we used a ZKX500 Mg–Zn–Zr alloy (Ting Sin Co., Ltd., Tainan, Taiwan). The extruded material obtained from the cast Mg alloy ingot is denoted as F. The specimen subjected to homogenization heat treatment at 380 °C for 2 h is denoted FH. The other specimens were cut from F for the rolling process. The hot-rolled process was performed at 300 °C for 30 min, the reduction rate was 10% per pass, and the Mg plate was rolled from 6 mm to 3 mm in thickness, as illustrated in Figure 1. Then, specimens cut from the rolled plate were annealed at 380 °C for different durations (5 min, 10 min, 30 min, and 60 min) to reduce the residual stress induced by rolling; these specimens are denoted FRH05, FRH10, FRH30, and FRH60, respectively.




2.2. Microstructure Characterization and Mechanical Properties


The ZKX500 Mg–Zn–Zr specimens were ground with SiC sandpaper and polished with Al2O3 solution. Finally, they were etched with a mixture of 4.0 g of picric acid, 10 mL of acetic acid, and 90 mL of ethanol. An optical microscope (OLYMPUS BX41M-LED, Tokyo, Japan) was used to observe the microstructure of the specimens, and an X-ray diffraction (XRD) spectroscope (Bruker AXS GmbH, Karlsruhe, Germany) was used to analyze their phase structures [10]. A hardness test (Mitutoyo, Kawasaki-shi, Japan) was performed to measure the Rockwell hardness scale grade F (HRF) of the specimens. The size of the specimens used in the tensile test is depicted in Figure 2a. A tensile testing machine (Hung-Ta HT-8336, Taichung, Taiwan) was used to conduct the tensile test, and the tension rate was 1 mm/min.




2.3. In Vitro Degradation Test


In addition, according to ASTM G31-72 [11,12], an immersion test was conducted in 0.9 wt.% NaCl solution at ambient temperature. The corrosion mechanism was evaluated with scanning electron microscopy (HITACHI SU-5000, HITACHI, Tokyo, Japan) and XRD [13]. Notably, the elemental distributions were characterized by an electron probe micro analyzer (EPMA, JEOL JXA-8900R, Taipei, Taiwan). A Charpy impact test using an impact testing instrument was used to evaluate the impact toughness after the immersion test. The dimensions of the specimens are shown in Figure 2b.




2.4. Cytotoxicity Assessments


To test the biocompatibility of the ZKX500 Mg–Zn–Zr alloy, a cytotoxicity test was conducted by following the ISO 10993-5 standard [14] and using the MG63 cell line (CRL-1427, ATCC, USA). The ZKX500 specimen after homogenization heat treatment was placed in Dulbecco’s Modified Eagle Medium with 10% fetal bovine serum and extracted at 37 °C in a humidified 5% CO2 atmosphere for 24 h. The ratio of the surface area of the specimen to the volume of the medium was 1.25 cm2/mL [15]. Cells were seeded with a density of 2000 cells/well in 96-well culture plate and incubated for 24 h. Then, the medium was replaced with the extract, a negative control (only medium), or a positive control (medium with 5% DMSO). After incubation for a specific number of days, CCK-8 solution was added, and the contents of the culture plate were incubated for an additional 2 h to ensure completion of the reaction between the medium and CCK-8. Then, the optical density (OD) of the medium was measured at the wavelength of 450 nm by using ELISA reader. The OD values were converted into the relative growth rate (RGR) by using the following equation:


   RGR     %  =       OD   test   −   OD   blank       OD   negative   −   OD   blank       × 100 %  












2.5. In Vivo Implantation Experiment


In addition, the ZKX500 specimen was then machined into a four-hole bone plate (Figure 2c) with four ZKX500 Mg screws for use in an animal experiment. Lanyu swine was the experimental animal in this study. The animal experiment adhered to protocol approved by the Institutional Animal Care and Use Committee (IACUC) of the preclinical testing facility (NARLabs, Tainan, Taiwan). The bone plate and the bone screws were implanted at the radius of right forelimb, and the operative location is depicted in Figure 3a. Observation was continued for 6 months, and computed tomography (CT) images were recorded to evaluate the degradation of the Mg alloy and bone growth.



The surgical procedure was conducted as follows: a 4-cm-long incision was made on the upper skin of the radius, using a K pin to position and expand the holes on the radius, as shown in Figure 3b. Then, the Mg plate was placed and locked in using the Mg bone screws, as illustrated in Figure 3c. Finally, the subcutaneous tissue and epidermis were sutured with 4/0 absorbable thread and 2/0 nonabsorbable thread, respectively, as depicted in Figure 3d. After the experiment was completed, the pig was sacrificed following animal euthanasia procedures [16].





3. Results and Discussion


3.1. Microstructure and Phase Analysis


Figure 4a,b shows the microstructures of the F and the FH specimens. In the F specimen, the matrix was composed of both coarse and fine grains. After homogenization heat treatment, the grain distribution became relatively uniform, and the average grain size was approximately 5μm. By contrast, after the as-extruded material was hot-rolled, grain refinement and deformation twinning occurred, as depicted in Figure 4c, and as the annealing time increased, the grains tended to grow.



Figure 5a shows the results of the XRD analysis of the F and FH specimens. The diffraction peaks represent mainly the α-Mg phase and a few MgZn2 phases. Homogenization heat treatment caused the second phase to dissolve into the matrix, which reduced the magnitudes of the MgZn2 phase peaks; moreover, splitting of high-angle peaks can be observed as well. Figure 5b shows the results of XRD analysis of the FR and FRH specimens. Mg alloys have the HCP structure during the rolling process, moving along the basal slip system; as a result, at approximately 30°, the Mg(0002) signal intensified [17]. The experimental results indicated that annealing can reduce not only the residual stress induced by rolling, but also cause grain growth. However, the rolling texture did not change significantly.




3.2. Hardness and Tensile Mechanical Properties


Table 1 presents the hardness of all of the specimens. For the raw materials, hardness of the F specimen was approximately HRF 80. After homogenization heat treatment, owing to dissolution of the second phases, the hardness of specimen decreased to HRF 77. Rolling can cause the dislocation strengthening, therefore, the hardness increased slightly to HRF 84 after rolling. As for the annealing after rolling, the hardness decreased as the annealing time was increased.



The residual stress in the F and FR specimens was reduced by annealing, and, as a result, the specimens were suitable for the fabrication of bone plates. Therefore, F and FR specimens were not included in the tensile test. Figure 6 presents the tensile mechanical properties of the specimens. The FH specimen had the highest ultimate tensile strength (approximately 307 MPa). After rolling and annealing, the tensile strengths of the specimens decreased due to recrystallization and grain growth. However, their ductility increased. To compare the results, we observed the fracture surfaces of the specimens after the tensile test. Figure 7 depicts the fracture surfaces of the FH and FRH30 specimens. In both specimens, the fracture surface exhibits a dimple structure, which is the characteristic of ductile fracture. Notably, the FH specimen had a more undulating surface with higher roughness, mainly due to the metal texture produced during extrusion. The FRH30 specimen had a fine structure after rolling, and, therefore, its fracture surface was smoother.




3.3. In Vitro Immersion Test


Figure 8a depicts the corrosion rates of all of the specimens immersed in 0.9 wt.% NaCl solution for 21 days. FRH05 had the lowest corrosion rate, followed by FRH60, FRH30, and FH had the highest corrosion rate. The results indicated that the extruded specimen subjected to rolling, followed by a short period of annealing to reduce the residual stress, had the best corrosion resistance [18]. Figure 8b shows the XRD patterns of the FH specimen before and after immersion. The diffraction peak of Mg(OH)2 was observed after immersion. Additionally, some chlorides were found on the surface of specimens.



Figure 8c depicts the corrosion surfaces of FH after 21 days of immersion. Cavities were formed on these surfaces due to the potential difference between the Mg substrate and the second phase, which caused galvanic corrosion [19]. Homogenization heat treatment can partly dissolve the second phase into the matrix, which reduces the potential difference between the substrate and the boundary. However, fine grain and coarse grain could still be found in matrix, leading to severe localized corrosion. The FRH30 specimen exhibited a rolling texture with equiaxed grain structure, except galvanic corrosion, and the pitting effect was weaker on the FRH30 specimen (Figure 8d).



Figure 9 is the EPMA pattern of the FH cross-section after being immersed in 0.9 wt.% NaCl solution for 21 days. The surface was covered by corrosion product. Not only Mg and Cl element were found in the surface. The corrosion product layer could be divided into two parts, the outer layer shown in yellow line and the inner layer close to matrix shown in red line. The second phase enriched position caused a corrosion pit, which may increase the corrosion rate. The outside layer formed with Ca element could prevent corrosion of Mg substrate.



A schematic is shown in Figure 10 to illustrate the corrosion process of ZKX500 Mg alloy in 0.9 wt.% NaCl solution. When Mg was dissolved in water, it formed the passive Mg(OH)2 film deposited on the metal surface, which could prevent corrosion of the Mg substrate. In the presence of Cl-, the region adjacent to the grain boundary dissolved, and soluble MgCl2 was produced, leading to the destruction of the Mg(OH)2 protective film and the reduction of the corrosion resistance of the Mg alloy. Hence, in a NaCl environment, the Mg alloy has a higher corrosion rate owing to the formation of MgCl2 [20]. The potential different between the Mg substrate and second phase on the grand boundary caused micro-galvanic corrosion. As the corrosion time increased, corrosion pits were formed where the Mg matrix was adjacent to the second phase particles. As the alloy was dissolved, the concentration of alloying elements (i.e., Ca) increased, and when they reached saturation in the NaCl solution, it precipitated, and, thus, a layer of Ca element was observed.




3.4. Impact Toughness after Immersion


Impact toughness of FRH30 was plotted against the days of immersion in Figure 11a, and the cross sections of the specimens were shown in Figure 11b. Initially, the impact toughness was 86 J/cm2, and, after immersion for 7 days, the value decreased approximately to 60 J/cm2. However, that the value did not decrease with increasing immersion days, indicated that with controlled corrosion rate, ZKX500 Mg alloy can retain well its mechanical properties. In Figure 11b, the specimen before immersion revealed that there was a larger plastic deformation region than the specimen after immersion. In Figure 11c, the dimples were found in the fracture surface of specimen before immersion, revealing that the specimen had a higher ductility. In contrast, the cleavage step observed in Figure 11d indicated that, after immersion, the ductility decreased. After the immersion process, the surface of the specimen was corroded and micro cracks were formed, which may inhibit cross-slip to non-basal planes and lead to poor impact toughness.




3.5. Cytotoxicity Test


Cytotoxicity is a measurement for evaluating in vitro cell viability. Figure 12 shows the RGR of the extract (FH), negative control (NC), and positive control (PC) incubated for 1, 3, and 5 days. The RGR of the sample decreased after incubation for 3 days because the Mg degradation released Mg2+ and increased the pH value. At higher Mg2+ concentrations, the osmotic pressure of the culture media was altered, and the balance between Mg2+ and Ca2+ was disturbed, which had a destructive effect on cells [21]. However, in this study, because the degradation rate was controlled, the RGR values of all of the specimens were >75%, meaning that the corresponding cytotoxicity levels were Grad 0 or Grad 1 [14]. These results indicated that ZKX500 has no cytotoxicity.




3.6. Animal Implantation Experiment


To evaluate the biocompatibility of the ZKX500 Mg alloy, we machined it into a four-hole bone plate, as illustrated in Figure 2c. We implanted the bone plate and four solid bone screws into the radius of the right forelimb of a mini-pig and observed the degradation behaviors of the plate and screw inside the animal.



Figure 13a presents the CT image of the implantation site. Figure 13b shows the CT image right after surgery; in this image, a certain dark area can be observed. After comparative analysis, there was good evidence to show that ZKX500 Mg alloys may have some image interference phenomena. Those dark areas were not gas cavities generated during degradation, but the interference between the bone plate and the tissue. Figure 14 presents CT images obtained 3 months after surgery. In Figure 14b, new bone tissue (highlighted by the blue arrow) was formed outside the bone plate, which demonstrated that the bone plate can support the injured part effectively and promote the healing of a bone fracture. Due to the degradation, the screw thread was not clearly visible (highlighted by the white arrows in Figure 14c). At 6 months after implantation (Figure 15), only some ZKX500 fragments of the bone screws were found (highlighted by the white arrows in Figure 15d). However, the ZKX500 bone plate retained its shape well; it was degraded only at the edges, and new bone tissue (highlighted by the blue arrows in Figure 15b,d) covered the entire bone plate.



The ZKX500 bone screws (not bone plates) were machined directly from extruded material and were not subjected to rolling and annealing, therefore, the Mg bone screws were found to be degraded completely within 6 months. In this study, the Mg bone plate was subjected to rolling with a 50% reduction rate, followed by annealing. Consequently, the the magnesium Mg alloy bone plate had a uniform structure and textured effect, which effectively reduced its degradation rate while preserving its strength.





4. Conclusions


(1) The ZKX500 Mg alloy exhibited good biocompatibility. After rolling and heat treatment, this material had an equiaxed grain structure, which not only preserved its excellent mechanical properties but also reduced its in vitro corrosion rate.



(2) The ZKX500 Mg alloy bone plate exhibited the rolling texture effect. After homogenizing the material and reducing its residual stress, the ZK50 Mg alloy bone plate was used in an animal implantation test. The degradation of the plate was inhibited effectively, and it can assist with the proliferation of new bone.
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Figure 1. Rolling process: Mg plate was rolled from 6 mm to 3 mm. 
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Figure 2. Geometry of test specimens: (a) tensile test, (b) impact toughness test, and (c) illustration and photograph of the ZKX500 bone plates. 
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Figure 3. In vivo test of ZKX500 Mg bone plate and screws: (a) animal on the operation table with red line denoting the incision position, (b) insertion of a magnesium screw into the magnesium bone plate, (c) complete insertion of the screw, and (d) appearance of the animal after suturing of the wound. 
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Figure 4. Microstructure of ZKX500 Mg alloy: (a) F, (b) FH, (c) FR, (d) FRH05, (e) FRH10, (f) FRH30, and (g) FRH60. 
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Figure 5. XRD patterns of ZKX500: (a) F and FH, and (b) FR and RH. 






Figure 5. XRD patterns of ZKX500: (a) F and FH, and (b) FR and RH.



[image: Applsci 11 10677 g005]







[image: Applsci 11 10677 g006 550] 





Figure 6. Mechanical properties of ZKX500: (a) strength and (b) elongation. 
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Figure 7. Fracture surface obtained in tensile test: (a) FH and (b) FRH30. 
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Figure 8. Immersion testing result: (a) Corrosion rate of ZKX500 specimens, (b) XRD patterns before and after immersion testing, (c) FH corroded surface after immersion, and (d) FRH30 after immersion. 
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Figure 9. EPMA maping of elements distribution in the cross-section of corroded ZKX500 Mg alloy. 
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Figure 10. Illustration of corrosion mechanism of ZKX500 Mg alloy. 
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Figure 11. Impact testing: (a) impact toughness after immersion, (b) cross section of impact specimen, (c) fracture surface of before, and (d) after immersion 28 days. 
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Figure 12. Relative growth rate of MG63 cells for 1, 3, and 5 days (FH, the extract; NC, negative control; PC, positive control). 
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Figure 13. Micro-CT images: (a) before and (b) after surgery. 






Figure 13. Micro-CT images: (a) before and (b) after surgery.



[image: Applsci 11 10677 g013a][image: Applsci 11 10677 g013b]







[image: Applsci 11 10677 g014a 550][image: Applsci 11 10677 g014b 550] 





Figure 14. Micro-CT images recorded 3 months after surgery: (a) 3D reconstruction top view, (b) 3D reconstruction side view, and (c) Micro-CT side view. 
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Figure 15. Micro-CT images recorded 6 months after surgery: (a) 3D reconstruction top view, (b) 3D reconstruction side view, (c) Micro-CT top view, and (d) Micro-CT side view. 
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Table 1. Hardness of ZKX500 specimens.
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	Hardness
	F
	FH
	FR
	FRH05
	FRH10
	FRH30
	FRH60





	HRF
	80
	77
	84
	78
	75
	76
	74
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