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            Abstract
Crystalline Mg-based alloys with a distinct reduction in hydrogen evolution were prepared through both electrochemical and microstructural engineering of the constituent phases. The addition of Zn to Mg-Ca alloy modified the corrosion potentials of two constituent phases (Mg + Mg2Ca), which prevented the formation of a galvanic circuit and achieved a comparable corrosion rate to high purity Mg. Furthermore, effective grain refinement induced by the extrusion allowed the achievement of much lower corrosion rate than high purity Mg. Animal studies confirmed the large reduction in hydrogen evolution and revealed good tissue compatibility with increased bone deposition around the newly developed Mg alloy implants. Thus, high strength Mg-Ca-Zn alloys with medically acceptable corrosion rate were developed and showed great potential for use in a new generation of biodegradable implants.
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Owing to their high strength, ductility and good corrosion resistance, metallic materials such as stainless steels, titanium alloys and cobalt-based alloys represent an important class of materials in hard tissue replacement. These materials are used as load-bearing implants for the repair or replacement of diseased or damaged tissues. These metallic materials are essentially neutral in vivo and remain inside the body after implantation as permanent fixtures, which must be removed by a second surgical procedure after the tissue heals sufficiently1. Additional surgery increases costs to the health care system and causes additional stress to the patient. Thus, a new domain of research in metallic implants focuses on biodegradable implants that can dissolve in the biological environment after a certain length of functional use. When applied as a biodegradable implant material, magnesium provides both biocompatibility and suitable mechanical properties.
Large amounts of Mg2+ are present in the human body. These ions are involved in many metabolic reactions and biological mechanisms and excess Mg2+ is easily excreted via urine2. When compared to currently used implant materials, magnesium and magnesium-based alloys have a higher yield strength and a lower elastic modulus of about 45â€…GPa, which is close to that of natural bone (10â€“40â€…GPa). These characteristics provide magnesium-based alloys with the potential to avoid stress-shielding effects3,4,5. Moreover, owing to its functional roles and presence in bone tissue, magnesium may actually have stimulatory effects on the growth of new bone tissue6,7,8,9,10. Thus, it is suggested that magnesium and its alloys can be applied as lightweight, degradable, load-bearing orthopedic implants that would remain in the body and maintain mechanical integrity over a time scale of 12â€“24 weeks while the bone tissue heals, eventually being replaced by natural tissue11,12. Previous in vivo studies have shown that magnesium could be suitable as a degradable biomaterial for use in medical implants13,14.
However, some challenges prevent the practical use of biodegradable magnesium alloys. For example, commercial pure magnesium15 and magnesium alloys can corrode too quickly at physiological pH (7.4â€“7.6) and under the high chloride conditions of the physiological environment. Rapid corrosion leads to the production of hydrogen gas in the corrosion process at a rate that is too fast for the host tissue to handle. Furthermore, such corrosion causes loosening of the mechanical integrity before the tissue can sufficiently heal16,17,18,19,20. Moreover, a much higher inherent strength of any developed alloys will be required because their strength would deteriorate gradually during the corrosion/degradation process21. Zhang et al21. reported that the bending strength of Mg-Zn alloy decreased rapidly during the initial corrosion stage, from about 625â€…MPa to 390â€…MPa with an approximately 6% loss of weight.
Zberg et al22. recently circumvented the above problems by using ternary Mg-Zn-Ca alloys in the form of bulk metallic glasses (BMGs). In their in vitro and in vivo degradation tests, these amorphous alloys showed tissue compatibility equivalent to that of their crystalline counterparts without clinically observable hydrogen production. Despite this, metallic glasses are brittle and particles can be released through wear processes, which might lead to antibody responses or inflammatory cascades, thereby reducing the overall biocompatibility23,24,25. Moreover, even though good cell viability has been reported in a cytotoxicity test26, the high content of Zn in biodegradable Mg-Zn-Ca BMGs may be harmful to the human body27,28 (the results of a cytotoxicity test performed at high Zn concentration are presented in the Supplementary Information). The sample dimension available for the formation of BMGs is also relatively small (of the order of several millimeters) when compared to their crystalline counterparts, which imposes a constraint on the application of Mg-Zn-Ca BMGs as biodegradable implants.
There have been several studies that considered crystalline Mg-Zn-Ca alloys as biodegradable implant materials29,30,31. However, they only reported limited phenomenological analyses, which showed that the macroscopic corrosion potential averaged over all constituent phases shifted to a more inert direction or that the ternary intermetallic compounds might be related to the increase of corrosion resistance. They could not find the optimal compositions of Mg-Zn-Ca alloys for clinical applications and failed to present any Mg based alloys with clinical significance. In this study, we developed new magnesium-based crystalline biomaterials with good mechanical properties and medically acceptable corrosion rate, which was achieved by tailoring the electrochemical properties and microstructure of constituent phases.


Results
Commercially available pure Mg (99.98%) ingots, Ca (99.99%) metal grains and Zn (99.99%) metal grains were used to prepare Mg-Ca and Mg-Ca-Zn alloys in a vacuum furnace. The atmosphere of the furnace was purged to 5 Ã— 10âˆ’2â€…torr before high purity argon gas was applied (99.999%). The melting temperature was 750Â°C and the melt was cast into a STS430 steel mold. The shape of each casting sample was a cylinder with a diameter of 50â€…mm and a height of 70â€…mm. The chemical compositions of the alloys (Table 1) were analyzed by the inductively coupled plasma (ICP) method. Mechanical extrusion was adopted for the microstructural tailoring. To accomplish this, the as-cast ingots were preheated to ~ 350Â°C and then extruded into rods with an extrusion ratio of 25:1, after which the samples were cooled in air.
Table 1 Actual compositions of the cast Mg-Ca-Zn alloys analyzed by ICP methodFull size table

As shown in Fig. 1a, a hydrogen-evolution test revealed that increasing the Zn content generated a significant change in behavior. Specifically, Mg-5â€…wt%Ca and Mg-5â€…wt%Ca-0.5â€…wt%Zn alloys featured strong gas evolution during degradation in Hank's solution (Methods), whereas increasing the Zn content to more than 1â€…wt% induced a remarkable reduction in the amount of hydrogen evolved, with the best corrosion resistance being observed at 1.5â€“3â€…wt%. Figure 1bâ€“f shows the scanning electron microscopy (SEM) images of Mg-5â€…wt%Ca-xwt%Zn alloy samples (x = 0, 0.5, 1, 1.5, 3) after the immersion test in Hank's solution. As shown in Fig. 1a, severe corrosion of the Mg-5â€…wt%Ca alloy occurred immediately upon immersion into Hank's solution.
Figure 1[image: figure 1]
Corrosion and corrosion microstructure measurements of crystalline Mg-Ca-Zn alloys.
(a). Hydrogen-evolution measurements showing a distinct drop in response to the addition of Zn and by mechanical extrusion. (bâ€“f). SEM images of Mg-5â€…wt%Ca-xwt%Zn alloy samples (x = 0, 0.5, 1.0, 1.5, 3.0) after the immersion test in Hank's solution. (g, h). SEM images of extruded Mg-5â€…wt%Ca-xwt%Zn alloy samples (x = 0.5, 1.0) after the immersion test in Hank's solution.


Full size image

The microstructure of the Mg-5â€…wt%Ca binary alloy is composed of a primary Mg phase and an eutectic phase, which is a lamella structure composed of Mg and Mg2Ca phases (for the microstructures of as-cast Mg-Ca-Zn alloys, see Supplementary Information). A galvanic circuit forms when the alloy is immersed into Hank's solution owing to differences in the electro-chemical potentials of the Mg and Mg2Ca phases. This galvanic circuit leads to swift and selective corrosion of the Mg2Ca phase. The corroded microstructure shown in Fig. 1b demonstrates this corrosion mechanism. This type of non-uniform corrosion can result in disintegration of the alloy or deterioration of its mechanical strength during the corrosion period.
As shown in Fig. 1c, the selective corrosion of the Mg2Ca phase caused by formation of the galvanic circuit was remarkably suppressed by the addition of a small amount of Zn. The addition of 0.5â€…wt% Zn modified the microstructure significantly. Specifically, the microstructure composed of primary Mg and eutectic phases changed to a mixture of primary Mg and Mg2Ca (not lamella structure) with dissolved Zn. Mg2Ca phases were disconnected at some places, whereas all eutectic structures in the Mg-Ca binary alloy were connected (for the modified microstructure, see Supplementary Information). Owing to the disconnected Mg2Ca distribution and dissolved Zn, the selective corrosion of the Mg2Ca phase was remarkably reduced.
When the Zn content increased to more than 0.5â€…wt% (see Fig. 1 d, e, f), almost no corrosion occurred during the ~ 300â€…hours immersion test and the corrosion rates were comparable or lower than that of high purity Mg. This is the first reported observation of multi-phase Mg alloy with comparable corrosion resistance to that of high purity Mg. It is interesting to note that the Mg-Ca-Zn alloys did not experience pitting corrosion, which is a typical corrosion mode of Mg alloys. Rather, uniform and flat corrosion was observed, which implies that the alloys are free from the abrupt disintegration of the alloys and deterioration of mechanical strength during the corrosion/degradation process. The microstructures (Fig. S1 c, d and e in Supplementary Information) of as-cast Mg-Ca-Zn alloys with more than 1â€…wt% Zn did not differ greatly from that of the alloy with 0.5â€…wt% Zn, except for the white contrast phases connected by the Mg2Ca phases. X-ray diffraction analysis and wavelength dispersive spectroscopy (WDS) map analysis revealed that the white contrast phase was Mg6Ca2Zn3 intermetallic compound (see Fig. S2 and the text in Supplementary Information for its role in the corrosion). The volume fraction of this intermetallic compound increased as the Zn content increased. However, the corroded SEM images (Fig. 1d, e, f) demonstrated that, rather than the Mg6Ca2Zn3 intermetallic compound blocking the corrosion, the Mg2Ca phase with dissolved Zn was not corrosive.
As shown in Fig. 1a, the effect of extrusion on the corrosion rate was significant. The corrosion rate of extruded Mg-5â€…wt%Ca-1â€…wt%Zn alloy was much lower than that of high purity Mg, which was also confirmed by weight loss measurements (see Supplementary Information). Figure 1g and h shows the corroded microstructures of the extruded Mg-5â€…wt%Ca-0.5â€…wt%Zn and Mg-5â€…wt%Ca-1â€…wt%Zn alloys after being subjected to the immersion test for 299â€…hours and 408â€…hours, respectively. Despite these long immersion times, a flat corrosion surface persisted after a slight initial corrosion. There are various studies reporting that the corrosion rate of the Mg decreases with decreasing grain size32. The average grain size of the pure Mg was refined to ~ 25â€…Î¼m by the extrusion whereas that of Mg-5â€…wt%Ca-1â€…wt%Zn alloy reduced to ~ 10â€…Î¼m. Effective grain refinement of the ternary alloy was induced by the particle pinning effect of the second phase and caused larger drop of its corrosion rate compared to high purity Mg.
Figure 2 shows the SEM and the corresponding WDS images taken to investigate the distribution of the dissolved Zn. Non-uniform distribution of Zn was observed in the Mg ternary alloys with â‰¥ 0.5â€…wt% Zn (Fig. 2b, c, d), which indicates that the dissolved Zn content is out of and within the solubility limit in the primary Mg and Mg2Ca, respectively. In the SEM images shown in Fig. 2b, c and d, dark gray indicates primary Mg and white reflects Mg2Ca phase. Figure 2e shows the relationship between the biodegradation rate of the Mg-Ca-Zn alloys and the Zn concentration inside the Mg2Ca phase obtained from WDS analysis. Obvious inverse proportionality was observed, which implies that the addition of Zn to Mg2Ca prevents non-uniform corrosion by the formation of the galvanic circuit, that is, the addition of Zn to Mg2Ca increases the corrosion potential of the Mg2Ca phase. This is also supported by measurements of the open-circuit potential (OCP) of the immersed alloys.
Figure 2[image: figure 2]
(aâ€“d). SEM and the corresponding WDS images showing the distribution of dissolved Zn in Mg-5â€…wt%Ca-xwt%Zn alloys (x = 0, 0.5, 1.0 and 1.5 from the left). (e). Relationship between the biodegradation rate of Mg-Ca-Zn alloys and the Zn concentration inside Mg2Ca obtained from WDS analysis. (f). Measurement of the open-circuit potential (OCP) of the immersed Mg2Ca alloys with various Zn concentrations. (g). Variation of the work function with Zn contents in the (0001) surface of Mg2Ca (Inset. Atomic configuration of the (0001) surface where red spheres represents Mg atom and gold spheres represent Ca atom).


Full size image

As shown in Fig. 2f, the pure Mg is nobler (OCP versus standard hydrogen electrode (SHE) â‰ˆ âˆ’1.58â€…V) than Mg2Ca (OCP versus SHE â‰ˆ âˆ’1.87â€…V), which demonstrates the non-uniform and rapid corrosion along Mg2Ca by the formation of the galvanic circuit. However, the addition of Zn to Mg2Ca pushed the OCP of Mg2Ca up to that of the pure Mg, which prevented selective corrosion along the Mg2Ca and induced the uniform corrosion seen in Fig. 1d, e and f. The change in the work function of Mg2Ca with Zn contents was investigated by using the first principle calculation to qualitatively understand the OCP increase of Mg2Ca with Zn contents (see Methods and Supplementary Information). It has been reported that the corrosion potentials of metals are proportional to their work functions33 though they are a mixed potential and a function of various factors such as chemicals in Hank's solution, complexes of positive ions and so on. Figure 2g shows the variation of the work function with Zn contents for the (0001) surface of Mg2Ca with lowest surface energy. The inset shows the atomic configuration of the (0001) surface. The work function of Mg2Ca in the most stable (0001) surface is 3.16â€…eV that is lower than that of pure Mg, say, 3.7â€…eV. This is consistent with OCP measurement where pure Mg has higher OCP than Mg2Ca. The results also imply that the Zn atoms on the Mg2Ca surface induce the increase of its work function, which is consistent with the OCP increase of Mg2Ca with Zn concentration.
Animal experiments were performed in the dorsal abdominal region of eight adult male Sprague-Dawley rats to evaluate hydrogen evolution in vivo. Extruded Mg-5â€…wt%Ca and cast and extruded Mg-5â€…wt%Ca-1â€…wt%Zn plates, together with a reference Mg-5â€…wt%Ca cast alloy, were implanted in the rats and analyzed after 1, 2, 4, 8 and 12 weeks, respectively. Figure 3 shows the hydrogen evolution of Mg-Ca-Zn and Mg-Ca implants 12 weeks post-implantation. Rats implanted with cast and extruded Mg-Ca and cast Mg-Ca-Zn plates showed clinically and radiographically visible gas bubbles (Fig. 3 a, b and c). The gas bubbles were formed within the first week after surgery and persisted for the entire 12 week period. Rats implanted with extruded Mg-Ca-Zn plates did not show any visible gas bubbles clinically or radiographically (Fig. 3 d). Accordingly, there were no adverse effects caused by the gas bubbles.
Figure 3[image: figure 3]
X-ray images of hydrogen bubble pockets at 12 weeks after the implantation of Mg-Ca-Zn and Mg-Ca alloy samples into the dorsal abdominal region of eight adult male Spragueâ€“Dawley rats.
(a). Cast Mg-5â€…wt%Ca. (b). Extruded Mg-5â€…wt%Ca. (c). Cast Mg-5â€…wt%Ca-1â€…wt%Zn (d). Extruded Mg-5â€…wt%Ca-1â€…wt%Zn. Insets: The corresponding corroded implants removed from the rats at 12 weeks after implantation.


Full size image

The result from series of extensive animal model study has assured the possibility of developed Mg-5â€…wt%Ca-1â€…wt%Zn extruded alloy as next generation of biodegradable orthopedic material. Histologic analysis (Fig. 4 a) of extruded Mg-5â€…wt%Ca-1â€…wt%Zn alloy bone screw implanted on femoral condyle of New Zealand white rabbit for 24 weeks demonstrated new bone formation and bone remodeling without notable bubble formation and foreign body response around the implanted sample. An abundance of new bone depositions around the degraded bone screw was observed and magnified image (Fig. 4 b) of the implantation site clearly displays the active bone remodeling around the degraded implant sample. Further histomorphometric analysis of the slide confirmed a slight increase in the percentage of new bone with time, while the percentage of residual implants decreased. Micro-computed tomographic reconstruction image of the same specimen displayed similar characteristics. Superb direct bone deposition and new bone formation around the partly absorbed Mg-5â€…wt%Ca-1â€…wt%Zn alloy bone screw was observed after 24 weeks of implantation as shown in Fig. 5. There was no adverse effect from the implant material and controlled slow corrosion rate of the alloy allowed the developed bone screw to remain in the implantation site while promoting direct new bone deposition and growth. New orthopedic implant made out of extruded Mg-5â€…wt%Ca-1â€…wt%Zn alloy will be slowly absorbed by the physiological surroundings while maintaining its mechanical integrity over the implantation period until being completely replaced with the new bone.
Figure 4[image: figure 4]
Histological analysis of extruded Mg-5â€…wt%Ca-1â€…wt%Zn alloy bone screw in femoral condyle of New Zealand white rabbit using Toludine blue staining at 24 weeks after operation.
(a). 3 Ã— magnification. (b). 10 Ã— magnification. Insets: The cross sectional diagram (left) and finalized sample (right) of Mg-5â€…wt%Ca-1â€…wt%Zn alloy bone screw before implantation.


Full size image

Figure 5[image: figure 5]
Micro-computed tomographic image of extruded Mg-5â€…wt%Ca-1â€…wt%Zn alloy bone screw in femoral condyle at 24 weeks after operation.


Full size image



Discussion
We identified a biodegradable Mg implant material that can reduce or control hydrogen evolution remarkably during in vitro and in vivo degradation. This effect was achieved by both microstructural and electrochemical tailoring; specifically, via a modified microstructure produced by mechanical extrusion and an increase in OCP of Mg2Ca induced by dissolved Zn. The large reduction in hydrogen evolution to levels comparable to those of previous glassy Mg alloys22 reported represents a significant step toward the use of Mg in biodegradable implants in this study for the first time. The further adequate tissue healing seen in conjunction with these alloys and their good mechanical properties indicate that the extruded Mg-5â€…wt%Ca-xwt%Zn (1 â‰¤ x â‰¤ 3) alloys investigated are ideal candidates for biodegradable implant applications.


Methods
Preparation of Mg alloys
Air and moisture in the furnace were removed by evacuating up to 5 Ã— 10âˆ’2â€…torr at room temperature before Ar gas was allowed to flow into the furnace. Commercial pure Mg (99.98%) ingots, Ca (99.6%) metal grains and Zn (99.99%) metal grains were melted in a stainless steel crucible under an Ar atmosphere at 790Â°C for 120â€…min, after which the molten alloy was stirred for 5â€…min. Subsequently, the alloy was poured into a stainless steel mold that had been preheated to 500Â°C and then cooled in the furnace. The chemical compositions of the samples were determined by inductively coupled plasma (ICP, ARIAN 710-ES) analysis.
Mechanical extrusion
For direct extrusion with an extrusion ratio of 25:1, the as-cast Mg alloys were machined as a billet 50â€…mm in diameter and 60â€…mm in length. The billet was preheated to 350Â°C and then placed in a container heated to 350Â°C, after which it was extruded at a ram speed of 0.2â€…mm/s. The exit temperature was maintained at 250Â°C.
Immersion tests
Each sample used for the immersion test was machined to six plates (20 Ã— 10 Ã— 1.5â€…mm3), after which all of the surfaces were ground with SiC papers with up to 2000 grit. Each sample plate was immersed in Hank's solution with a pH of 7.4, which was controlled by HCl and NaOH and the pH was then allowed to change during the immersion test. The hydrogen evolution caused the water surface to descend with time in a funnel system. The amount of hydrogen evolution was measured by checking the variation in the height of the water surface with time.
SEM observation
After the immersion test, the corroded samples were mounted using a mixture of resin and hardener. After hardening, the specimens were polished using 0.25â€…Î¼m diamond powder and anhydrous ethanol (99.98%). The microstructures of the corroded samples were then observed by electron probe micro analyzer (JEOL JXA-8500F).
OCP measurement
To understand the biodegradation behavior of each phase in the Mg-Ca-Zn alloy, the OCP of pure Mg (99.98%), Mg2Ca and Mg2Ca(Zn) was measured using the Autolab-GPES Version 4.8 corrosion measurement system. The sample preparation was the same as for the fabrication of Mg alloys described above and Mg2Ca samples with Zn were fabricated from Mg2Ca ingot custom-made from R&D Korea. The chemical compositions of the samples were then determined by inductively coupled plasma (ICP, ARIAN 710-ES) analysis.
Work function calculation
Density functional theory (DFT) calculations using the VASP program packages34 were used. The plane wave basis expansions with an energy cutoff of 300â€…eV and the generalized gradient approximation (GGA) with the PW91 exchange-correlation functional were used. The core-valence interaction is described by the projector-augmented wave (PAW) method35. We constructed Mg2Ca slab structure with 96 Mg atoms and 48 Ca atoms to calculate work function. Vacuum sizes were given larger than 20 Ã… to minimize interaction between slabs. We first obtained the bulk Mg2Ca structure applying Monkhorst-Pack sampling with a 8 Ã— 8 Ã— 4 k-point grid and then constructed a slab structure with the resulting lattice constant and a 3 Ã— 3 Ã— 1 k-point grid.
WDS analysis
The two-dimensional distribution of the Zn composition shown in Fig. 2 was obtained by WDS analysis (JEOL JXA-8500F). The sample preparation was the same as that used for SEM analysis.
Radiographic analysis
Upon approval from the Animal Care and Use Committee of Chungnam National University, in vivo hydrogen evolution caused by the corrosion of newly developed magnesium alloys was investigated using eight adult male Sprague-Dawley rats weighing approximately 400â€…g (Orient Bio, Gyunggi, South Korea). Rats were anesthetized with 0.8â€…ml ketamine with 0.01â€…ml lumpun. Four types of 1â€…mm thick, 5â€…mm wide and 20â€…mm long plates (cast and extruded Mg-5â€…wt%Ca and Mg-5â€…wt%Ca-1â€…wt%Zn alloys) were implanted into the dorsal abdominal region. Daily observations were made and radiographic examinations of gas pockets were conducted at weeks 4 and 12.
Histological analysis
The in vivo evaluations including histological analysis and micro-computed tomographic analysis were performed at AccelLab (Quebec, Canada) in compliance with 21 CFR part 58 (FDA) Good Laboratory Practice for Nonclinical Laboratory Studies. Histological analysis was carried out to investigate the performance of the newly developed biodegradable Mg alloy screw of 2â€…mm in outer diameter and of 10â€…mm in length in vivo for 24 weeks. Twenty-one New Zealand white rabbits were assigned for this study and all animals received a bilateral implantation of Mg alloy screw in the femoral condyle. Animals were sacrificed at 24 weeks after the operation and the distal portions of the femurs containing the implantation sites were harvested and fixed in 100% ethanol. The bone blocks comprising the implant sites were processed, infiltrated with Technovit 7200 and polymerized. After embedding, the blocks were cut adjacent to the implant material by sawing along the longitudinal axis of the sample and sections were stained with Toludine blue.
Micro-computed tomographic analysis
Bone blocks from histological study comprising implant units and surrounding bone were scanned using Skyscan Micro CT equipment. Images were used to reconstruct a 3-D image of the implant unit and the long axis of the implant was aligned perpendicularly to the axis of the X-ray beam.
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