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Abstract

:

Widespread use of Mg-Zn-Ca alloys in clinical orthopedic practice requires improvement of their mechanical properties—in particular, ductility—and enhancement of their bioactivity for accelerated osteoreconstruction. The alloy was studied in two structural states: after homogenization and after equal-channel angular pressing. Immersion and potentiodynamic polarization tests showed that the corrosion rate of the alloy was not increased by deformation. The mass loss in vivo was also statistically insignificant. Furthermore, it was found that deformation did not compromise the biocompatibility of the alloy and did not have any significant effect on cell adhesion and proliferation. However, an extract of the alloy promoted the alkaline phosphatase activity of human mesenchymal stromal cells, which indicates osteogenic stimulation of cells. The osteoinduction of the deformed alloy significantly exceeded that of the homogenized one. Based on the results of this work, it can be concluded that the alloy Mg-1%Zn-0.3%Ca modified by equal-channel angular pressing is a promising candidate for the manufacture of biodegradable orthopedic implants since it stimulates osteogenic differentiation and has greater ductility, which provides it with a competitive advantage in comparison with the homogenized state.
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1. Introduction


Magnesium and its alloys are considered as potential candidates for orthopedic implants that can replace permanent metal implants based on titanium or stainless steel. The advantage of Mg alloys is their biodegradability and osteoconduction, in combination with sufficiently good mechanical properties [1,2]. In contrast with titanium or steel implants, magnesium alloys do not cause stress-shielding issues and are characterized by greater mechanical stability than polymer materials [3]. Mg-based alloys are also bioactive, exhibiting antibacterial and antitumor effects [4]. In addition, the alkaline medium formed during the destruction of Mg alloys shows bactericidal activity [5] and has been demonstrated to have a cytotoxic effect on tumor cells [6,7,8]. The bactericidal properties of Mg-based alloys can reduce the risk of inflammation after implantation, and the higher sensitivity of tumor cells to the degradation products of Mg alloys in comparison with non-transformed cells can lead to the elimination of residual tumor cells after bone resection in patients with osteosarcoma [9,10]. However, the excessively high biocorrosion rate of Mg-based alloys prevents their introduction in clinical practice as implants and bone-fixation elements. The problem is compounded by the release of hydrogen gas associated with the biocorrosion, which can have a cytotoxic effect on the tissues adjacent to the implant [11,12]. Alloying with various elements is commonly practiced to improve the mechanical properties and reduce the rate of degradation of pure magnesium [13]. Zn [14], Mn [15], Ca [16], and Sr [17], as well as other rare earth elements [18], are most often used in magnesium alloys. Not only do these elements have a positive effect on mechanical properties and corrosion resistance, but they also have good biocompatibility [19]. For example, alloying magnesium with calcium changes its mechanical properties and enables an increase in its biocompatibility and osteoconductivity. However, the insufficient mechanical performance and low corrosion resistance of binary Mg-Ca alloys are a significant disadvantage [20]. Recently, zinc and its alloys were used for the development of bone implants [21]. This was motivated by the favorable effect of Zn ions on bone growth and mineralization [22]. In addition, Zn has great potential as an alloying element in terms of improving the mechanical properties and corrosion resistance of Mg-based alloys [23]. The addition of Zn to magnesium alloys reduces their grain size, increases corrosion resistance, and improves tensile strength and tensile-creep properties [24,25]. On the other hand, the addition of Ca to binary Mg-Zn alloys boosts their bioactivity [26]. Owing to a set of desirable properties, including biocompatibility, biodegradability, and mechanical characteristics similar to those of human bone, alloys of the Mg-Zn-Ca system are gaining popularity as candidate materials for biomedical implants, especially for bone restoration, [27]. However, increasing the Ca content may compromise the corrosion resistance of a magnesium alloy because of the acceleration of microgalvanic corrosion. Recent studies showed that Mg-3Zn-0.2Ca alloy exhibits a good combination of mechanical properties and corrosion resistance with a high level of biocompatibility both in vitro and in vivo [28,29,30]. It was found that an optimal Ca content in a Mg alloy is in the range of 0.5–1.0 wt.%, while further increase in its content raises the biocorrosion rate of the alloy [31]. Zhang et al. [32] studied plates made from Mg-2 wt.% Zn-0.5 wt.% Ca (ZC21) and showed that the biodegradation rate of the alloy was sufficiently low for the intended application as an implant material. Furthermore, the alloy exhibited a good compatibility with mesenchymal stem cells of the bone marrow. All this suggests that a study of alloys of the Mg-Zn-Ca system as potential candidates for medical implants (screws, plates, staples, etc.) is worthwhile. Specifically, it is necessary to be able to vary the mechanical-property profile of the alloys depending on the targeted application. For example, a material for screws and plates must have a high strength (including fatigue strength), while a primary requirement of materials for staples is high ductility. Therefore, the study of the ways in which the mechanical properties of magnesium alloys intended for medical applications can be modified in a controlled way is an important part of implant development.



This article is devoted to assessing the effect of equal-channel angular pressing (ECAP) [33,34] on the biodegradation rate and biocompatibility in vitro and in vivo of the alloy Mg-1%Zn-0.3%Ca. It is known that ECAP can significantly improve the mechanical and in-service properties of metallic materials [35,36,37]. In the case of magnesium alloys, ECAP makes it possible to improve their strength [38] and, in addition, increase ductility due to the ECAP-induced transformation of texture [39,40]. In the past, we studied the effect of ECAP on the mechanical properties of alloy Mg-1%Zn-0.3%Ca [41]. It was shown in that study that ECAP leads to a slight increase in strength (including the fatigue strength), the main effect being doubling of ductility. Such an increase in ductility qualifies the alloy as a material for manufacturing staples for fixation of bone fractures, provided that other performance requirements are satisfied. Therefore, in the present work, we concentrated on the effect of ECAP on the biodegradation rate, osteoinduction in vitro, and biocompatibility (both in vitro and in vivo) of the alloy Mg-1.0%Zn-0.3%Ca.




2. Materials and Methods


2.1. Material Investigated


Mg (99.95%), Ca (99.5%), and Zn (99.99%) were used for alloy smelting. Smelting was carried out in a graphite crucible in a protective atmosphere (Ar + 1 vol.% SF6) at 750 °C and poured into a graphite mold. The cast alloy Mg-1.0%Zn-0.3%Ca was treated thermomechanically according to the following schedule: annealing at 350 °C for 12 h, followed by annealing at 450 °C for 8 h. After this thermal treatment, the material was extruded at 300 °C with an extrusion ratio of 36 and extrusion rate 0.3 s−1 to obtain billets of the required shape and size. After extrusion, the alloy was annealed again at 450 °C for 3 h; it was then water quenched to fix the high-temperature state. Henceforth, this state will be referred to as homogenized, and the material will be designated as Mg-Zn-Ca Hom. ECAP (route Bc, die angle 120°) was carried out with a decrease in the deformation temperature from 400 to 300 °C in steps of 25 °C and with two passes at each temperature. The total number of passes was 10, which corresponds to a true strain of 8.7. This state will be referred to as Mg-Zn-Ca ECAP.



The average grain size was 106 ± 2.05 μm in the homogenized state of the alloy. ECAP led to the formation of a rather inhomogeneous microstructure, which contains both grains elongated in the direction of deformation (~20 μm wide and ~50 μm long) and small recrystallized grains (~1–3 μm). In this case, the average grain size of the alloy Mg-Zn-Ca ECAP is 4.0 ± 0.19 μm and 8.0 ± 0.18 μm in the transverse and longitudinal sections, respectively [41]. The formation of this structure led to a slight increase in the strength characteristics (for both monotonic and cyclic loading). The yield stress (YS), ultimate tensile strength (UTS) and fatigue limit of the Mg-Zn-Ca Hom. alloy were 92 ± 3 MPa, 194 ± 5 MPa, and 100 MPa, respectively. These characteristics increased to 106 ± 7 MPa, 215 ± 9 MPa, and 110 MPa, respectively, after ECAP. A most striking effect was the doubling of ductility (to 23.9 ± 1.6%), as represented by tensile elongation (El), due to the formation of an inclined basal texture [41].



Samples of three types were used for further investigation. Measurements of corrosion resistance by the method of potentiodynamic polarization (PDP) were carried out on penny-shaped specimens with a diameter of 15 mm and a thickness of 2 mm. Immersion tests and studies of cells in vitro were carried out on samples in the form of a ¼ disk with a diameter of 10 mm and a thickness of ~2 mm. To obtain extracts, the tested alloys were incubated in a complete growth medium based on Dulbecco’s Modified Eagle’s Medium (DMEM) (PanEco, Moscow, Russia) containing 10% fetal bovine serum (FBS) (HyClone, Thermo Fisher, Altrincham, UK), 4 mM L-glutamine, and 1% penicillin/streptomycin (both from PanEco, Russia) for 3 days at 37 °C in an atmosphere with 5% carbon dioxide. To study the alloy in vivo, platelet-shaped samples 10 × 5 × 0.3 mm in size were cut from the alloy in both structural conditions. The samples were immersed for 18–20 h in 70% ethanol for sterilization and then dried in a sterile atmosphere.




2.2. Study of the Corrosion Resistance


Corrosion resistance was assessed by electrochemical (PDP tests) and chemical methods. Electrochemical studies were carried out on an SP-300 potentiostat (Bio-Logic SAS, Seyssinet-Pariset, France) at room temperature in a 0.9% NaCl solution (pH = 7). The experimental setup included a PAR flat cell (Ametek Instruments, Oak Ridge, TN, USA) with a ‘three-electrode configuration’ (a working electrode, a saturated calomel reference electrode, and a Pt-mesh counter electrode). Scanning was carried out at a speed of 1 mV/s in a range from 150 mV below the open circuit potential to −1000 mV. The exposure time before the start of the scan, necessary for the surface to acquire a stable potential (determination of the open circuit potential), was 10 min. For each test sample, five scans were conducted. The corrosion potential and the corrosion current density were calculated using EC-Lab software (BioLogic, Seyssinet-Pariset, France) [42].



Immersion tests were carried out in FBS at 37 °C and an atmosphere with 5% CO2 for 3, 7, and 10 days in accordance with the ASTM recommendations [43]. After the immersion, the samples were removed from the solution, washed with distilled water, and dried at room temperature. The changes in the surface morphology of the samples after immersion were characterized using a JSM-7001F (JEOL) scanning electron microscope (SEM) equipped with an EDS attachment. After immersion in FBS and removal of the corrosion products by cleaning in a mixture of Cr2O3, AgNO3, Ba(NO3)2, and reagent water for 1 min [43], a specimen was weighed to determine the corrosion rate by the mass-loss method. The mass change was determined by weighing on a Sartorius M2P Micro Balances Pro 11 (certified by ISO 9001) (Data Weighing Systems, Inc, Wood Dale, IL, USA) with an accuracy of three digits (per mg). The corrosion rate (CR, mm/year) of the alloy was calculated according to the equation


  CR = 8.76 ×  10 4  ×   Δ m   A × t × ρ    



(1)




where Δm is the mass loss in grams, t is the immersion time in hours, A is the specimen surface area in cm2, and ρ is the density of the alloy in g/cm3.



The relative mass loss (RML) was determined according to the formula


  RML =    m 0  −  m i     m 0    ×   100 % ,  



(2)




where m0 and mi are the initial and final mass of the sample, respectively.




2.3. Hemolysis Assay


The C57Bl/6 mouse whole blood stabilized with 60 IU/m heparin was suspended in 5 mL sterile phosphate buffered saline (PBS) and centrifuged at 1000 rpm for 5 min to isolate red blood cells (RBCs). The RBCs were further washed 3 times with 10 mL PBS and finally suspended in 50 mL PBS. An amount of 2 mL RBC suspension was added to the alloy samples (alloy-treated cells), PBS only (Control), or Triton X-100 (PanReac, AppliChem) at a concentration of 1% (Triton-X-treated cells). Every group was represented in three wells of a 24-well plate (Falcon, USA). The plate with cells and the alloy samples was incubated at 37 °C in atmosphere with 5% carbon dioxide. After 4 h, these RBS suspensions were collected from wells and centrifuged at 1000 rpm for 5 min. A total of 100 μL of the supernatant of all samples was transferred to a 96-well plate (Corning Inc., Corning, NY, USA), and the optical density (OD) was measured with the MS Multiscan plate reader (Labsystem, Thermo Scientific, Philadelphia, PA, USA) at 540 nm. The result was expressed by the hemolysis defined by the following formula:


   Hemolysis ( % ) =     ( 0 D ( Alloy - treated   cells ) - 0 D   Control ) )     ( 0 D ( Triton - X - treated   cells ) - 0 D ( Control ) )  × 100    



(3)








2.4. Cytotoxicity Test


To assess the cell-membrane integrity, the lactate dehydrogenase (LDH) release was evaluated with the Pierce LDH Cytotoxicity Assay Kit (Thermo Scientific, USA) in accordance with the manufacturer’s directions. Mononuclear leucocytes (MLs) were separated from mouse whole blood stabilized with 60 IU/m heparin. An amount of 1 mL blood of C57Bl/6 mice (m = 22 ± 1 g) was diluted with an equal amount of 1X PBS. It was then gently overlaid on Ficoll (PanEco, Russia) with minimal mixing of the two phases and centrifuged at 600× g for 20 min at room temperature. After that, the ML layer was collected carefully from the plasma/Ficoll interface and washed with DMEM at 300× g for 5 min twice. MLs were suspended in a complete growth medium at a concentration of 520,000 cells in 1 mL and co-incubated (volume 2 mL) with the alloys in the 24-well plates (Corning, USA) for 24 h at 37 °C in an atmosphere with 5% carbon dioxide. Cells incubated in the complete growth medium without alloys under the same conditions were used as a control. At the end of incubation, the plates were gently shaken to ensure LDH was evenly distributed in the medium. Quantitative analysis was performed on the cell culture supernatant after centrifugation at 300× g for 5 min. The LDH release measurements were conducted using a colorimetric method according to the manufacturer’s guidelines. The absorbance was measured at the wavelength of 492 nm with a reference at 620 nm using an MS Multiscan plate reader (Thermo Scientific, USA). The cytotoxicity of the alloys was calculated as the percentage of the LDH activity of cells co-incubated with the alloys in relation to the LDH activity in Control (% of Control).




2.5. Study of Cell Adhesion and Cell Proliferation


Multipotent mesenchymal stromal cells (MMSCs) from mouse femur bone marrow were used as a cell model. MMSCs were generated as described earlier [44,45]. In short, to isolate mouse cell precursors, C57BL/6 mice (m = 20 ± 1 g) were sacrificed. Femurs from mice were dissected, and the bone marrow was flushed with DMEM. Bone marrow-derived cells were seeded in a 25 cm2 flask with the complete growth medium at a density of 4,200,000 cells/cm2 and incubated at 37 °C in an atmosphere with 5% carbon dioxide. After 24 h, nonadherent cells were removed by washing with PBS, and a portion of fresh complete growth medium was added. The confluency of passaged cells was about 80–90%. For the experiment, cells after the 2nd passage were used. Cells were characterized by flow cytometry on a BD FACS Canto II Cells Analyser (Becton Dickinson, Franklin Lakes, NJ, USA) with the mice-specific CD105, CD90, and CD45-antibodies (all Becton Dickinson, Franklin Lakes, NJ, USA) as CD105(+) CD90(+) CD45(−) cells. A total of 20 µL of the MMSCs in the complete growth medium was seeded on alloy samples and incubated for 30 min at 37 °C in an atmosphere with 5% carbon dioxide. The MMSCs seeded on the bottom of the empty wells were used as a control. Part of these alloy samples with MMSCs was used to study cell adhesion, the rest being used to study cell proliferation. In cell-adhesion tests, the alloy samples (and cells seeded on the well bottom in control) were gently washed by PBC. For study of cell proliferation, 2 mL of the complete growth medium was added to the wells with the cells seeded on alloys (and to the control wells) and incubated for 7 days at 37 °C in an atmosphere with 5% carbon dioxide. The medium was changed every 2 days. The cell adhesion and cell proliferation were calculated as the percentage of the LDH activity of cells co-incubated with the alloys in relation to the LDH activity in Control (% of Control) with the Pierce LDH Cytotoxicity Assay Kit in accordance with the manufacturer’s instructions.




2.6. ALP Activity Assay


For osteogenic differentiation, the MMSCs were seeded in wells of 24-well plates at a density of 600,000 cells per well and incubated in the osteogenic differentiation medium (Cyagen, Santa Clara, CA, USA) with 10% alloy extracts for 21 days at 37 °C in an atmosphere with 5% carbon dioxide. The medium containing 10% alloy extracts was refreshed every 3 days. Untreated cells incubated without alloy extracts were used as a control. Alkaline phosphatase (ALP) activity was measured for a study of osteoconductivity with ALP Assay Kit (Colorimetric, Abcam, UK) following the instructions of the manufacturer. The influence of alloys on the ALP activity of the cells was evaluated as the percentage of control.




2.7. Biocompatibility In Vivo


The pre-experiment acclimatization of the mice was assured by hosting them in constant temperature (22 ± 0.7 °C) and humidity (60 ± 10%) conditions. Animal experiments were performed according to the Guide for Care and Use of Laboratory Animals and the European legislation on animal use. A total of 12 ten-week-old male Balb/c mice were divided into three equal groups based on implant alloy type in the host mice: control, Mg-Zn-Ca Hom. group, and Mg-Zn-Ca ECAP group. The samples were implanted subcutaneously in mice of the Mg-Zn-Ca Hom. group and Mg-Zn-Ca ECAP group. The mice of the control group were treated in the same manner as those in the other two groups without implantation of any alloy. The animals were monitored and clinically examined daily for possible disease conditions or abnormal behavior. They were sacrificed after four weeks, and implanted alloy samples were extracted for analysis of corrosion. Before the removal of the alloys, the mice were examined, and accumulation of gas was noted. The morphology of the area of implantation was inspected after the removing the implants. Signs of inflammation, necrosis, and gas accumulation were found. To identify the specific effect of the alloys, the results in the Mg-Zn-Ca Hom. and Mg-Zn-Ca ECAP groups of mice were compared with the control group. The mass change was determined by weighing of the animals on a Sartorius M2P Micro Balances Pro 11 (certified by ISO 9001) (Data Weighing Systems, Inc, Wood Dale, IL, USA) with an accuracy of three digits (per mg). The relative weight loss (RML) was determined based on Equation (2).




2.8. Ethics Statement


The animal and cell-test protocols were evaluated and approved by the Local Ethics Committee of the “N.N. Blokhin National Medical Research Center of Oncology” of the Ministry of Health of the Russian Federation (project#660, Agreement 075-15-2021-965, 24 September 2021).




2.9. Statistical Analysis


All statistical analyses were carried out using Statistica 6.0 (StatSoft, Tulsa, OK, USA). Differences among the groups were analyzed by using one-way ANOVA and student’s one-tailed t-test versus control. All experiments were conducted at least three times, and the data are presented as a mean ± standard deviation (SD). Results were considered statistically significant when p < 0.05.





3. Results


3.1. Corrosion Resistance


Figure 1 and Table 1 show the data for the corrosion resistance of the alloy Mg-1%Zn-0.3%Ca by the PDP method.



The refinement of the microstructure caused by ECAP did not lead to a significant change in the parameters of electrochemical corrosion. The corrosion potential changed after ECAP to −1533 ± 5 mV, compared to −1555 ± 7 mV in the initial state, which indicates a slight increase in electrochemical corrosion resistance. At the same time, the corrosion current density remained unchanged within the experimental error (120 ± 27 and 95 ± 14 μA/cm2 for Mg-Zn-Ca Hom., and Mg-Zn-Ca ECAP, respectively).



Figure 2 shows the data for the mass loss of the alloy before and after ECAP after its incubation in FBS for 3, 7, and 10 days. It should be noted that ECAP of the alloy Mg-1%Zn-0.3%Ca did not raise the rate of chemical corrosion over the entire period of the test. The incubation of alloy samples in both microstructural states in FBS for 10 days led to a decrease in the weight of the samples of less than 10%. The RML, after 3 days of incubation, was 2.89 ± 0.70% and 2.05 ± 0.73%; after 7 days, 6.64 ± 0.05% and 6.76 ± 0.08%; and after 10 days, 8.35 ± 0.42% and 8.41 ± 0.34% for Mg-Zn-Ca Hom. and Mg-Zn-Ca ECAP, respectively (Figure 3a). The calculation of CR (mm/year) using Equation (1) showed that ECAP did not have any effect on the corrosion resistance of the alloy (Figure 2b). After 3 days of incubation, CR was estimated at 1.38 ± 0.18 and 0.94 ± 0.38 mm/year; after 7 days, it was 1.32 ± 0.19 and 1.32 ± 0.10 mm/year; and after 10 days, the values dropped to 1.15 ± 0.17 and 0.94 ± 0.14 mm/year for Mg-Zn-Ca Hom. and Mg-Zn-Ca ECAP, respectively (Figure 2b). By contrast, the chemical corrosion rate remained practically unchanged throughout the whole test duration.



Figure 3 and Figure 4 show SEM micrographs of the surface of alloy samples in both microstructural states after incubation with FBS for 10 days.



The formation of a thick layer of degradation products and large needle-shaped crystals was observed on the surface of the Mg-Zn-Ca Hom. In this case, the layer of degradation products is rather heterogeneous, dotted with a large number of cracks, and at some places, exfoliates from the surface of the sample (Figure 3). The study of the elemental composition of degradation products showed that crystals contain mainly magnesium and oxygen. Most likely, these crystals are oxides and/or hydroxides of magnesium [19,46]. The film contains a large amount of O, Mg, P, and Ca, as well as a small amount of Zn. Zn (as well as partly Ca) was probably released from the alloy matrix. However, a large amount of Ca in the degradation products cannot be associated only with its presence in the alloy composition, as its nominal content is fairly low (0.3 wt.%). We assume that the presence of a large amount of Ca (and P) in the degradation products originated from FBS used as a corrosive medium [47].



No formation of needle-shaped crystals was detected on the surface of the Mg-Zn-Ca ECAP alloy. The surface of the samples was covered with a layer of degradation products uniform in thickness (Figure 4). However, a large number of through-thickness cracks were observed in the surface layer. As in the case of the Mg-Zn-Ca Hom., O, Mg, P, Ca, and a small amount of Zn were prevalent in the composition of degradation products.




3.2. The Study of Biocompatibility In Vitro


Since the alloy studied is intended for use in medical devices for osteoreconstruction (including bioimplants for bone replacement, pins, and fasteners), it was necessary to carry out biocompatibility testing. For this purpose, we evaluated their hemolytic activity and cytotoxicity to blood cells in vitro.



The tests showed that the hemolytic activity of both investigated types of the alloy after 4 h of incubation of RBCs on the surface of the samples was too weak for statistically confirmed hemolysis to be established (Figure 5). Similarly, there was no statistically proven cytotoxic effect of Mg-Zn-Ca alloy before and after ECAP against MLs after 1 day of their co-incubation with alloy samples. Therefore, the assessment of the specific properties of the alloy was carried out after their biocompatibility was confirmed.




3.3. Stimulation of Cell Adhesion and Cell Proliferation


Osteoconduction (the ability to stimulate the adhesion of cells capable of osteogenesis) and osteoinduction (the ability to induce the differentiation of multipotent cells into osteogenic ones) are extremely important properties, which are critical when assessing their suitability as implant materials for successful osteoreconstruction. The combination of these qualities is capable of providing rapid osseointegration of the implant and the stability of osteosynthesis. In our study, MMSCs from bone marrow with osteogenic potential were used as a cellular model.



It was found that both types of the alloy stimulate cell adhesion, which may indicate osteoconductive activity (Figure 6). At the same time, long-term (two-week) incubation of MMSCs on the surface of samples demonstrated a decrease in the intensity of cell proliferation in comparison with the control group, where cells were cultured without alloy samples (p < 0.05). The activity of both types of the alloy differed insignificantly (p > 0.05). As is known, the extinction of proliferation, up to complete inhibition of mitotic activity, was preceded by beginning of the stage of MMSC differentiation. Therefore, as a next step, the osteoinductive activity of the alloys was evaluated. The activity of both types of the alloy also differed only insignificantly (p > 0.05).




3.4. Osteoinductive Activity


The variation of the level of alkaline phosphatase MMSC activity after incubation in a medium with extracts of alloy samples (both homogenized and ECAP-treated) was studied to reveal the osteoinductive activity of the alloy. The tests revealed a stimulating effect of the alloy extracts on the differentiation of cells shifting it in the osteogenic direction as compared to the control (Figure 6). In particular, it was found that both types of the alloy contributed to an increase in the level of ALP activity in cell culture compared with the control, where cells were incubated in a medium without alloy extracts. The osteoinductive activity of the homogenized alloy was hardly noticeable and exceeded the value in the control by just 8 ± 2%, whereas the difference in activity of the alloy after ECAP increased to 14 ± 4% (p < 0.05).




3.5. The Study of Biocompatibility In Vivo


The data were obtained from the results of implantation of magnesium alloy samples in mice in subcutaneous pockets. A morphological examination of the tissues in the implantation area was carried out after autopsy. Separate aspects of changes in the morphology of adjacent tissues were noted during the study. In particular, neoangiogenesis, the presence of edema, necrosis, or signs of inflammation were identified and assessed.



Animals of the two groups with implanted alloys showed a pronounced swelling in the implantation area, caused by subcutaneous gas accumulation 2 days after the operation without signs of local hyperthermia, suppuration, or ulceration (Figure 7)



Accumulation of a significant amount of gas in the subcutaneous space in the animals was observed after autopsy. This caused the appearance of a single or multiple blisters, the walls of which were formed by the subcutaneous fascia and the fascia of the latissimus dorsi (Figure 8a,b).



The examination of the tissues adjacent to the Mg-Zn-Ca implants did not reveal any signs of neoangiogenesis, accumulation of pus, blood, or edema in the alloy-tissue contact area. The entire surface of samples of both alloy types was uniformly covered with a thin capsule that did not adhere tightly to the surface of the sample (Figure 8c).



The biodegradation rate of Mg-Zn-Ca Hom. and Mg-Zn-Ca ECAP did not differ significantly during the 2 weeks of implantation in the mouse body. All samples were partially degraded, which was accompanied by the formation of fragments (1–3 mm) penetrating from the capsule around the implant into the muscle tissue. The local trauma to muscle fibers caused the appearance of small foci of hemorrhage. Fragments of samples, partially split off from the edges of the plates, were trapped in the connective tissue (Figure 8d,e).



In general, the absence of features of an acute inflammatory reaction in tissues (including rejection or inflammation) was noted.



Analyzing the results obtained, it can be concluded that contact with the studied alloy samples did not have any serious destructive effect on the adjacent tissues. However, a significant volume of gas released due to the biodegradation of the samples may have an adverse effect. Being localized in the interstitial space, a gas bubble prevents blood and lymph flow in the implantation area, putting pressure on the walls of local lymphatic and blood vessels. In addition, the change in local tissues can be associated with alkalization of the medium due to the process of biocorrosion of alloys.



Investigation in vivo showed that ECAP had no significant effect on the biodegradation rate of the alloy Mg-1.0%Zn-0.3%Ca. The plates cut from the Mg-Zn-Ca Hom. alloy lost 19.0 ± 1.2% of their initial mass within two weeks of the start of the experiment. Similarly, the mass loss of plates cut from Mg-Zn-Ca ECAP alloy was 20.0 ± 2.0%. The differences between these alloy states for the specified parameters are insignificant (on average, 1%) and unreliable (p > 0.05). The shape of the plates from the alloy in both microstructural states was almost completely preserved, and the structural integrity was not lost. Only slight destruction of the plates at the edges was observed. It should be noted that the higher value of the mass loss in the case of the in vivo assay, compared to that in the in vitro test, may be associated with differences in the geometry of the samples. Thin plates that fit tightly to an animal’s tissue and have a large area of contact with the corrosion medium and, therefore, a large area subjected to degradation were used for the in vivo studies. The larger surface area of the samples used for implantation led to a significant increase in RML for the in vivo testing compared to the in vitro testing (~20% and ~8.5%, respectively). A further reason for a more pronounced biodegradation in the in vivo case may be the dynamics of bodily fluids not replicated in vitro.





4. Discussion


Obviously, the material for such products should be biocompatible and have strength characteristics close to those of bone tissue. Special requirements are placed on the rate and character of the biodegradation of the alloy. The biodegradation of the implant needs to be uniform over the entire surface, which will ensure a smooth and gradual decrease in the implant’s performance. In addition, it is crucial to be able to control the biodegradation rate of the implant, which is determined by the purpose of its use for treatment of a patient and the specific clinical situation. It is known that cast alloys have a non-uniform microstructure (related to the phase composition) and usually show low ductility. This limits the manufacturability of articles which require good ductility (for example, staples). Thermomechanical processing of alloys alleviates the ductility problem through modification of the microstructure. However, according to the data we obtained earlier, the surface biodegradation of samples made from homogenized alloys can be inhomogeneous enough. The result is the formation of pits and massive erosion locally, which increases the likelihood of rapid destruction of the implant [38]. In addition, we observed significant differences in the type of corrosion-induced destruction among samples obtained from a single homogenized workpiece. This causes problems with the use of such materials in medical devices since it makes it difficult to predict the time of optimal performance upon implantation. To overcome this problem while also improving the ductility, the alloy Mg-1.0%Zn-0.3%Ca was processed by ECAP. The resulting microstructure enabled a two-fold increase in the ductility of the alloy, which is an advantage in the manufacture of the final implantable articles. At the same time, the treatment of the alloy by ECAP did not seriously compromise its biodegradation rate either under in vitro or in vivo conditions. However, a significant difference in biodegradation of the alloy was observed in the morphology of the products in the two microstructural states investigated. Specifically, the formation of needle-shaped crystals of oxides/hydroxides of Mg was observed on the surface of Mg–Zn–Ca Hom. These crystals can damage the cells settled upon them and impair their proliferative properties [38]. By contrast, such crystals were not found to form in the case of the Mg–Zn–Ca ECAP alloy. The surface was covered with a loose layer of degradation products, consisting mainly of O, Mg, P, and Ca. A similar composition of degradation products was also demonstrated in earlier works [48,49].



The biocompatibility of the Mg–Zn–Ca alloy found in earlier studies [50,51] was confirmed by our results. We have shown that ECAP-induced changes in the microstructure did not worsen such biocompatibility parameters as induced hemolysis and cytotoxicity against blood cells. Biocompatibility is one of the key properties that a medical device must have to be suitable for a long-term implantation (from several months to several years) in a patient’s body in close contact with surrounding tissues. The data we obtained indicate a low probability of tissue necrosis in the contact area or development of adverse reactions such as inflammation or rejection of the implant mediated by immunocompetent blood cells. The experiments in vivo carried out by implantation of alloy samples in mice confirmed the safety of the alloy studied, as well as the absence of acute immunological reactions at the implantation site. No signs of inflammation or rejection of implants were observed, despite a fairly rapid biodegradation of the alloy samples in the body of mice accompanied by locoregional accumulation of gases and the penetration of adjacent tissues by crystals of biodegradation products. This correlates with the results of experiments of Ding et al., who saw no tissue inflammation around the Mg-Zn-Ca clips in a rat bodies [51]. The immunological indifference of alloys used in the manufacture of products for osteoreconstruction (for example, titanium alloys) is well known. However, it is also known that many titanium-based implants do not stimulate osseointegration, i.e., integration of the implant into the patient’s bone, in which a stable contact and functional connection with a load-bearing capability is formed between the implant and the bone tissue This may cause instability of osteosynthesis, a decrease in the functionality of the reconstructed bone, up to the loss of supporting ability of the limb and disability of the patient.



The study of the osteoconductive and osteoinductive potential of Mg-Zn-Ca alloy conducted in this work addressed the ability of Mg-Zn-Ca alloy, both before and after ECAP, to stimulate the adhesion of MMSCs, which are progenitor cells with osteogenic potential. It was found that even a short (30 min) coincubation period was sufficient to fix most of the deposited cells on the surface of samples of both types of the alloy. After the cells were fixed on the surface of the samples, they proliferated, colonizing the sample surface. This occurred against the background of biodegradation, accompanied by the release of biodegradation products into the culture medium and an increase in the pH of the medium [52]. There were no statistically confirmed differences in the intensity of adhesion and proliferation of cells on the surface of samples of the alloy in the homogenized and ECAP-treated states, which indicates a weak effect of the differences in the microstructure and nature of biocorrosion of both alloys on the parameters of cellular response. Due to the work of Nakamura et al., who studied the effect of calcium ions on the behavior of osteogenic cells in vitro, it is known that an increase in calcium concentration mediates intercellular interactions and stimulates the cell-matrix contact (the cell-cell or cell-matrix interactions) [53]. Based on this, it can be concluded that one of the significant inducers of MMSC adhesion was calcium ions released during the biodegradation of samples in the growth medium. With the chemical composition of both types of the alloy being the same and their biodegradation rate not differing significantly, the difference in their microstructure did not cause any substantial differences in their cellular response.



Based on in vivo results, several researchers suggested that the use of biomedical alloys Mg-Ca and Mg-Zn-Ca for the reconstruction of bone defects is promising [54,55]. Therefore, we evaluated the osteoinduction of alloy Mg-Zn-Ca before and after ECAP for their ability to stimulate osteogenic differentiation of MMSCs in vitro in a specially designed series of experiments. According to the data obtained, the addition of extracts of both types of the alloy to the incubation medium stimulated the activity of ALP (alkaline phosphatase), a membrane protein that is a marker of osteoblasts. The activity of the alloy after ECAP was somewhat more pronounced in comparison with that of the homogenized alloy. It seems likely that this effect was achieved under the influence of alkalization of the culture medium. This assumption is based on the results of the work of Gallow et al., who studied the effect of the properties of the growth medium on the development of osteoblasts [56]. The authors concluded that elevated pH is beneficial for the cultivation of bone cells and may also provide therapeutic value in bone-regeneration therapies. The presence in the incubation medium of calcium ions released during the biodegradation of the alloy, increasing cell mineralization on the one hand and inhibiting angiogenic differentiation of MMSCs by suppressing the expression of angiopoietin-1 (angiopoietin-1) on the other hand, could also contribute to this process. Indirectly, this conclusion was confirmed by the work of Makkar et al., who found the osteoconductive and osteoinductive properties of Mg-Ca alloys and their high bone-formation capability [54], as well as by the data of Wong et al. on stimulation of differentiation of primary rabbit osteoblasts by Mg60Zn35Ca5 bulk metallic glass-composite extraction medium [57]. The significance of calcium compounds for the stimulation of osteogenic differentiation of MMSCs has been studied in a number of works considering the bioactivity of calcium-containing matrices that are promising for accelerating osteosynthesis [58,59]. In our opinion, it is advisable to use a coating, for example, a calcium phosphate one, as a further means of modification of the material [60,61]. This will not only slow down the biodegradation rate in the early stages of injury healing but also stimulate the growth and proliferation of osteoblasts. The combined treatment of the alloy Mg-1%Zn-0.3%Ca involving ECAP, in conjunction with the application of special coatings, should make it possible to create implants that can perform not only the functions of bone fixators but also promote faster healing of trauma. What can be asserted already at this stage is that the use of ECAP will impart a high reserve of ductility to the alloy Mg-1%Zn-0.3%Ca, which can be used in prospective implant applications. One specific example of such applications is braces for fixation of rib fractures; however, the pallet of potential uses of the processing route considered is certainly much broader.




5. Conclusions


The results of this study suggest that it is promising to use the Mg-1.0%Zn-0.3%Ca alloy processed by ECAP as a basis for medical devices intended for osteoreconstruction. It was found that ECAP does not cause any decrease in corrosion resistance or deterioration of the biocompatibility of the alloy in vitro and in vivo afterwards, while doubling its ductility. The biocorrosion rate did not change significantly either under in vitro or in vivo conditions. The corrosion potential was −1555 ± 7 mV and −1533 ± 5 mV, while the corrosion current density was 120 ± 27 and 95 ± 14 μA/cm2 for Mg-Zn-Ca Hom. and Mg-Zn-Ca ECAP, respectively. The CR also did not change and was ~1 mm/year for alloy in both microstructural states. At the same time, the biocorrosion rate in vivo was 19.0 ± 1.2% and 20.0 ± 2.0% of initial mass of plates within two weeks of implantation for Mg-Zn-Ca Hom. and Mg-Zn-Ca ECAP, respectively. However, as distinct from the homogenized samples, no formation of needle-like crystals on the sample surface was observed, which could impair cell adhesion. It was concluded that the alloy has osteoconductive and osteoinductive properties both in the homogenized and the ECAP-treated state. However, the ECAP-processed alloy stimulates osteogenic differentiation of mesenchymal stromal cells more actively and has greater ductility, which provides it with a competitive advantage over the unprocessed alloy.
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Figure 1. The results of the corrosion tests on Mg–1%Zn-0.3%Ca in the initial state and after ECAP: (a) the potential Ecorr (in mV) with respect to a saturated calomel electrode (SCE) vs. current density; (b) comparison of the results of the potentiodynamic tests for the homogenized with the ECAP-processed specimens. 
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Figure 2. Mass loss of the alloy in the homogenized and ECAP conditions in vitro (a) in bar form (b) as a plot. 
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Figure 3. SEM images of corroded surfaces (a) and elemental mapping (b) of “Mg–Zn–Ca Hom.” alloy samples after incubation in FBS for 10 days. 
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Figure 4. SEM images of corroded surfaces (a) and elemental mapping (b) of “Mg–Zn–Ca ECAP” alloy samples after incubation in FBS for 10 days. 
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Figure 5. Biocompatibility in vitro of the alloy Mg–Zn–Ca before and after ECAP. 






Figure 5. Biocompatibility in vitro of the alloy Mg–Zn–Ca before and after ECAP.



[image: Crystals 11 01381 g005]







[image: Crystals 11 01381 g006 550] 





Figure 6. Osteoconduction and osteoinduction of Mg-Zn-Ca Hom. and Mg-Zn-Ca ECAP alloy: adhesion and proliferation of human mesenchymal stromal cells (MSCs) on the alloy surface and alkaline phosphatase (ALP) activity of human MMSCs under treatment with extracts of alloys. Data normalized with respect to control (without alloys or extraction medium); * p < 0.05 versus control; ** p < 0.05 in a comparison of the activity of the alloy before and after ECAP. 
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Figure 7. Accumulation of gas at the implantation site two days after surgery for: (a) Mg-Zn-Ca Hom. and (b) Mg-Zn-Ca ECAP. 
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Figure 8. A gas bubble in the area of implantation of the Mg-Zn-Ca ECAP alloy 14 days after surgery: (a) appearance of the animal before autopsy; (b) gas accumulation under the skin near the implant; (c) encapsulated Mg-Zn-Ca sample; (d) intrusion of Mg-Zn-Ca biodegradation products into adjacent tissues; (d) internal tissues in contact with the sample based on the alloy Mg-Zn-Ca in vivo (e). 
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Table 1. Corrosion resistance of Mg-1%Zn-0.3%Ca measured by the PDP method (Ecorr—corrosion potential, Icorr—current density).
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	State
	Ecorr, mV (vs SCE)
	Icorr, μA/cm2





	Mg-Zn-Ca Hom.
	−1555 ± 7
	120 ± 27



	Mg-Zn-Ca ECAP
	−1533 ± 5
	95 ± 14
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