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Abstract

:

The development of bioresorbable materials for temporary implantation enables progress in medical technology. Iron (Fe)-based degradable materials are biocompatible and exhibit good mechanical properties, but their degradation rate is low. Aside from alloying with Manganese (Mn), the creation of phases with high electrochemical potential such as silver (Ag) phases to cause the anodic dissolution of FeMn is promising. However, to enable residue-free dissolution, the Ag needs to be modified. This concern is addressed, as FeMn modified with a degradable Ag-Calcium-Lanthanum (AgCaLa) alloy is investigated. The electrochemical properties and the degradation behavior are determined via a static immersion test. The local differences in electrochemical potential increase the degradation rate (low pH values), and the formation of gaps around the Ag phases (neutral pH values) demonstrates the benefit of the strategy. Nevertheless, the formation of corrosion-inhibiting layers avoids an increased degradation rate under a neutral pH value. The complete bioresorption of the material is possible since the phases of the degradable AgCaLa alloy dissolve after the FeMn matrix. Cell viability tests reveal biocompatibility, and the antibacterial activity of the degradation supernatant is observed. Thus, FeMn modified with degradable AgCaLa phases is promising as a bioresorbable material if corrosion-inhibiting layers can be diminished.
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1. Introduction


Evermore diseases and injuries can be treated with implants to improve the quality of a patient’s life. Therefore, adapted materials to produce implants with suited properties for each application are necessary [1,2,3,4]. Most of the materials are developed by focusing on inert material behavior to guarantee biocompatibility, without considering the further potentially beneficial properties of materials [1,2,5,6]. Thus, the focus of actual research is to create implants with adapted stiffness, antibacterial properties, or the development of materials that enable bioresorption [3,7,8,9]. Bioresorbable implants degrade, while the remaining degradation products can be removed and excreted by the human body [1,4,7]. Accordingly, they are beneficial for applications where implants are only needed for a certain time such as a fixture of bone fracture in osteosynthesis. If these implants remain longer than necessary in the human body, they can lead to adverse consequences, and the removal is connected to patient burden and operational risk [3,7,8,9]. Some degradable materials, such as magnesium (Mg) alloys or polymers, are already used successfully. Nevertheless, they do not fulfill the requirements for all applications, such as the treatment of bone fracture or arteriosclerosis with stents. Thus, further materials such as molybdenum (Mo), zinc (Zn), and iron (Fe) are investigated [1,2,4,7,10,11,12]. Due to its mechanical properties and biocompatibility, Fe is a promising material [10,13,14,15,16]. Since Fe is a necessary trace element for the human organism, with a needed uptake of 8–27 mg per day corresponding to 9.8 g per year, the amount of Fe released by the dissolution of an osteosynthesis plate with a weight of 2 g over a few months is acceptable [17].



However, an adaption of pure Fe is necessary, since the degradation rate is too low, the mechanical properties are insufficient compared to commercially used Fe alloys, and the use of magnetic resonance imaging (MRI) is impossible. [3,10,12,18] Alloying with manganese (Mn) is a promising approach to overcome these limitations [13,14,19,20]. Mn stabilizes the paramagnetic austenitic structure, enabling MRI and improving the mechanical properties. High amounts of Mn evoke the effect of twinning-induced plasticity (TWIP), resulting in good strength and formability [12,21,22,23]. Moreover, a reduction in the electrochemical potential is obtained by the addition of Mn, causing an increased degradation rate compared to pure Fe [12,19,24]. Segregations of Mn result in local differences in the electrochemical potential and subsequently enhance the anodic dissolution, resulting in an overall increased degradation rate [12,16,20,24,25]. Shuai et al. [25], for instance, observed an approximately 2.5-times-higher degradation rate for Fe alloyed with 25 wt.-% Mn compared to pure Fe after a one-month static immersion test. However, the biocompatibility of Mn is critically discussed, and a dose of 4 mg per day corresponding to 1.5 g per year should not be exceeded [26,27]. The addition of carbon (C) reduces the Mn-amount necessary to achieve the TWIP-effect, causing enhanced biocompatibility [22,23]. Thus, steel containing Mn and C showing the TWIP-effect is selected for the present study.



Since, during degradation, the released ions react and form corrosion products, the consideration of the biocompatibility of single elements is not sufficient, and corrosion products generated in the complex environment of the living organism must be considered. Investigations of biocompatibility, even in vivo, consider the good biocompatibility of FeMn [13,19,27,28,29,30,31].



To fulfill the aim of bioresorbability, the degradation products must be excreted completely. Hardly dissolvable degradation products are observed at the implantation site of Fe-based stents, resulting in the brown discoloration of the tissue [29,32,33,34]. Since degradation products transported to the lymph nodes are observed 52 months after the implantation of Fe-stents, excretion by the lymphatic system is expectable. As a decomposition by macrophages is expectable as well, complete bioresorption should occur [16,32,35].



However, Dryndra et al. [28] reported biocompatibility but no significant degradation for in vivo-tested FeMn. For most applications, the degradation rate of FeMn is still too low, and an increase in the degradation rate is necessary. For the adaption of the degradation rate, the concentration of released ions during degradation has to be considered, as it is a decisive factor for biocompatibility [16,19,23,28,31]. The creation of phases with different electrochemical potentials to cause the anodic dissolution of less noble phases can increase the overall degradation rate. Thus, the addition of phases with high electrochemical potential to an FeMn matrix is aimed for. This strategy enables increased degradation, while the FeMn matrix with well-suited properties remains unchanged [22,36,37,38]. Noble elements with high electrochemical potential are promising in forming such phases. Due to the immiscibility of silver (Ag) with Fe in the liquid and solid states, Ag phases can exist inside an unchanged FeMn matrix. Additionally, Ag is biocompatible and has antibacterial properties [31,39,40,41]. Reports in the literature confirm an increased degradation rate due to the modification with Ag [22,31,35,39,42]. Dargush et al. [35] report an almost twice-as-large degradation rate after 12 weeks of in vivo degradation of Fe alloyed with 35 wt.-% Mn containing 1 wt.-% Ag compared to material without Ag. According to Huang et al. [39] the degradation rate of Fe with 5 wt.-% Ag is 50% higher than that for pure Fe after 30 days of immersion in Hank’s solution.



However, further aspects have to be considered to design such material. The various elements and chemical compounds in the human body result in the formation of various corrosion products, forming a multilayer structure [36,43,44]. These structures might affect further degradation. The released ions can form phosphates which deposit on the surface. Compounds with Fe and Mn are present on the surface, but the degradation can proceed further since exchange with the electrolyte is still possible [16,19,30,44]. In contrast, Ca-Phosphate (P), originating from the electrolyte, creates an inhibiting layer deteriorating the degradation rate [13,19,28,30,36,45]. Therefore, the formation of such inhibiting layers must be suppressed to enable further degradation. Wang et al. [44] suggest that noble phases can minimize the blocking effect, as a detachment of inhibiting layers and a changed structure can be observed. This suggestion is confirmed by the increased degradation rate (in vivo) of materials modified with Ag [35,38].



However, pure Ag is not suitable for modifying FeMn since the Ag particles would remain after the degradation of the matrix. This is not acceptable, as impairments may occur due to the remaining particles, and this contradicts the avoidance of such risks by complete bioresorption [46]. As particles can be transported through the human body, Ag might reach areas such as the brain, where the release of Ag is critically discussed [47,48,49]. Furthermore, impairments due to tissue damage by sharp edges, thrombosis, or strokes are possible [50,51]. The replacement of pure Ag with a completely degradable Ag alloy is an approach to prevent such consequences. Such alloy enables the degradation of Ag phases after the matrix, while their electrochemical potential is high enough to enhance the anodic dissolution of the FeMn matrix [41,52,53]. To the best of the authors’ knowledge, this study is the first to report on the modification of FeMn with a degradable Ag alloy, enabling a residue-free dissolution. Thus, the concern of remaining Ag particles after the degradation of the Fe-based matrix is addressed.



For the adaption of degradable Ag phases, it has to be considered that the biocompatibility of Ag depends on the concentration of released Ag ions and the total released amount of Ag [40,54,55]. If the concentration of Ag is too high, the mechanism responsible for the antibacterial effect harms the human cell, but a suitable concentration of Ag enables antibacterial properties without impairment of the organism [56,57,58]. Since implant-related infections are a major challenge for the use of implants, the simultaneous addressing of this issue is one major benefit of the addition of Ag [1,58,59]. The adjustment of the Ag release through alloying is therefore purposeful. A degradable Ag alloy containing calcium (Ca) and lanthanum (La) (AgCaLa) developed by Krüger et al. [41] is proven to be suitable for modifying FeMn. Ca is a necessary trace element, and La is successfully investigated as an alloying element of degradable Mg alloys, although the uptake should be strictly limited [60,61].



The fabrication of immiscible material combinations such as Fe and Ag is challenging. Powder-based processes such as the additive manufacturing method laser beam melting (LBM) enable the processing of such materials since powders can be mixed mechanically. During the subsequent continuous melting process characterized by a small melt pool, a strong melt flow, and rapid melting and solidification, the Ag is incorporated into the bulk material. By the modification of the raw material and the LBM process, the chemical composition and the morphology of the Ag and AgCaLa phases are adaptable [22,62,63,64]. The raw material for the AgCaLa phases is obtained by conventional alloying and subsequent gas atomization, whereas the final structure and chemical composition of the AgCaLa inside the FeMn matrix are influenced by the LBM process [41,64].



For the specific adjustment of the degradation behavior, the varying conditions in the human organism and the individual response of the human organism have to be considered. Achieving a reliable and suited degradation under all possible conditions is challenging, since the degradation of Fe-based alloys strongly depends on the ambient conditions. The degradation is affected by the ingredients of the solution, the pH value, which determines the solubility of the corrosion products, and the amount of dissolved gases, such as oxygen (O), that is required for the cathodic reaction [14,33,35,37,44]. For implant design, the slowest degradation must guarantee a sufficient supporting effect for healing, while the fastest degradation must enable the dissolution in a defined period.



However, the increased degradation of the FeMn matrix, the degradation of the AgCaLa particles after the matrix, biocompatibility, and an antibacterial effect are expectable but not guaranteed for FeMn modified with degradable AgCaLa. Therefore, an in-depth investigation of the listed properties is necessary, and the corresponding results are presented in this study. These results enable the further targeted adaption of the material to fulfill all requirements.




2. Materials and Methods


The investigated samples are produced via LBM using a mixture of FeMn (nominal composition: 22 wt.-% Mn, 0.6 wt.-% C and Fe bal.; Nanoval GmbH & Co. KG, Berlin, Germany) powder with 5 wt.-% AgCaLa (nominal composition: 12 wt.-% Ca, 5 wt.-% La and Ag bal.; Nanoval GmbH & Co. KG, Berlin, Germany) powder. As reference, pure FeMn and FeMn modified with 5 wt.-% pure Ag (ECKART TLS, Bitterfeld-Wolfen, Germany) are investigated. An amount of 5 wt.-% is selected, as the results of Huang et al. [39], Niendorf et al. [22], and Liu et al. [65] demonstrate enhanced degradation, biocompatibility, and acceptable mechanical properties for such an amount of Ag. The powders with a nominal particle size between 20 and 63 µm are produced via argon gas atomization. All powders have a suitable particle size distribution that is almost within the desired range and an almost spherical shape with only a few satellites [63,64]. Upright plates with a size of 2.5 × 10 × 12.5 mm³ are manufactured with an SLM 280HL (SLM Solutions Group AG, Lübeck, Germany) in an argon atmosphere (layer thickness: 50 µm, scanning velocity: 750 mm/s, laser power: 280 W, hatch distance: 110 µm) [63,64]. The resulting FeMn matrix is characterized by an austenitic structure and segregations of Mn along with the melt-pool structure of LBM as well as the columnar dendritic solidification structure. The Ag and AgCaLa phases are homogeneously dispersed in the FeMn matrix and have a comparable morphology (approx. size: 30–370 µm). The Ag phases contain 88.3 wt.-% Ag, 11.7 wt.-% Mn, and 0.1 wt.-% O. Small slag particles are included in the AgCaLa phases. The AgCaLa phases contain 75.8 wt.-% Ag, 10.6 wt.-% Ca, 5.4 wt.-% La, 5.2 wt.-% Mn, and 3.9 wt.-% O. A detailed characterization of the LBM-processed materials and conventionally processed AgCaLa alloy has been carried out by Krüger et al. [41,63,64]. In the following, the samples are designated as FeMn, FeMnAg, and FeMnAgCaLa.



2.1. Electrochemical Investigations


A Potentiostat MLab200 (Bank Elektronik—Intelligent Controls GmbH, Pohlheim, Germany; Potential resolution: +/− 1 mV; Current resolution: 200 pA) with a three-electrode arrangement is used to determine the open circuit potential (OCP) and the linear sweep voltammetry (LSV). The reference electrode is an Ag/AgCl electrode, type SE11 in saturated KCl solution (Xylem Analytics Germany Sales GmbH & Co. KG, Weilheim, Germany), and the counter electrode is a platinum sheet. The samples are fixed in an inert sample holder with a circular contact surface of 24.4 mm². Ringer–Lactate solution (RL) (B. Braun SE, Melsungen, Germany) is used as the electrolyte. The samples are ground before the measurement with a grid size of P1200 to remove oxide layers. A stabilized state is achieved by waiting 5 min after arranging the set-up. During the OCP measurement, the data are recorded at 10 Hz for 10 min. The LSVs are collected with new samples between −1800 mV vs SHE and 1200 mV vs SHE, with a scan rate of 1 mV/s.




2.2. Scanning Kelvin Probe Force Microscopy (SKPFM)


SKPFM studies were performed to determine the contact potential differences between the matrix and the Ag phases. Samples were ground with SiC paper (grit P600, P1000, P2500, and P4000) and polished with 1 µm diamond paste (Schmitz-Metallographie GmbH, Herzogenrath, Germany). The polished samples were cleaned by sonication in ethanol for 10 min (Ultrasonic Cleaner, 45 kHz, 120 W, VWR International GmbH, Darmstadt, Germany). SKPFM measurements were performed using an MFP-3D-AFM setup (Oxford Instruments Asylum Research Inc., Santa Barbara, USA) with a platinum-coated tip (MikroMasch HQ:NSC15/Pt, 325 kH, 40 N m−1, NanoAndMore GmbH, Wetzlar, Germany). The delta height was set to 40 nm. The scan rate was 0.1 Hz, and the amplitude was 1 V. A 3 V bias voltage was applied to the probe during the measurement. In this case, a higher potential difference indicates a more negative electrode potential [66]. Three parallel samples of each alloy were measured.




2.3. Immersion Tests


The immersion tests are performed for 56 days under varying conditions (Table 1). Five different electrolytes (Table 2) are used to investigate the influence of the specific components of the immersion solution and the pH value: Hanks’ Solution (HS) with Ca++ and Mg++ (Lonza Group AG, Basel, Switzerland), RL, NaCl (NC, 0.9 %), pH3-, and pH5-solution. The solutions should imitate the conditions in the human body. For each combination, three samples are tested together in a laboratory glass bottle. One of three samples is ground iteratively up to P4000 before the immersion test to enable detailed investigations after immersion. The others are both used as build conditions. The samples have a size of 2.5 × 10 × 12.5 mm³, and a ratio of 9.2 mL/cm² is used for immersion. Holes with a diameter of 1 mm in the samples enable the free-hanging positioning in the immersion solution with a polypropylene filament. The influence of solved gases is investigated by the application of additional bubbling air (0.2 l/h), increasing the exchange with the atmosphere compared to aeration. Furthermore, the influence of temperature is investigated at 20 °C and 37 °C.



The samples are inspected after 1, 3, 6, and 10 days and, subsequently, every 7 days. At each inspection, the samples are removed from the solution, and the solution is exchanged. After the removal, the samples are rinsed (slow movement in a bath) in Ringer rinsing solution (B. Braun SE, Melsungen, Germany) and acetone. The samples are dried with hot air for 30 s. This treatment removes loose degradation products which imitate the conditions in the human body, where a complete removal does not occur but rather some flow and exchange of the surrounding solution. The sample weight is measured with an XP205 scale (Mettler-Toledo LLC, Columbus, OH, USA) with an accuracy of 0.01 g, and images of the samples are taken. After the immersion test, the samples are investigated via Raman spectroscopy and field emission scanning electron microscopy (FE-SEM). Therefore, a Zeiss Ultra Plus (Carl Zeiss AG, Oberkochen, Germany) with a secondary electron (SE) detector is used. The energy-dispersive X-ray spectroscopy (EDS) detector Octane Pro (AMETEK, Berwyn, PA, USA) of the SEM enables the determination of the chemical composition. Before investigating via SEM, the samples are cleaned for 30 s in an acetone ultrasonic bath.



The degradation behavior of the AgCaLa phases after release from the FeMn matrix is investigated with an immersion test over 6 months to enable the dissolution of the matrix and the release of Ag and AgCaLa particles, respectively. Half of the RL is changed every two weeks in order to guarantee the remaining released particles in the immersion vessels. To dissolve depositions after the immersion test, ultrasonic is applied for 30 s. The solution is removed from the immersion vessel, and the residues and samples are dried and investigated via SEM.




2.4. Raman Spectroscopy


Raman spectra were measured to identify corrosion products by using an InVia Renishaw Raman microscope (Renishaw plc, Wotton-under-Edge, UK) with a (charge-coupled device) CCD detector. A 532 nm yttrium-aluminum-garnet (YAG) laser, an 1800-L/mm grating and a 50× objective were used. The laser power at the sample was adjusted to 0.1 mW (power densities: 0.2 mW/µm2). The energy resolution was 0.3 cm−1 (full width at half maximum, FWHM).




2.5. Cytocompatibility Tests and Microbiological Analyses


The experiments are carried out with the murine fibroblast cell line L-929 (CLS Cell Lines Service GmbH, Eppelheim, Germany) and the human osteosarcoma cell line 87070202 (HOS; European Collection of Authenticated Cell Cultures Merck GmbH, Darmstadt, Germany). Fibroblasts and osteosarcoma cells were chosen since implanted alloys may come in contact with these cell types. Furthermore, L929 cells are recommended according to DIN ISO 10933-5 for viability testing. L-929 cells are grown and passaged in Roswell Park Memorial Institute (RPMI)-1640 medium (Biochrom GmbH, Berlin, Germany) supplemented with 10% fetal calf serum (FCS) superior (Biochrom GmbH, Berlin, Germany) and 1% penicillin/streptomycin (Pen/Strep) (Biochrom GmbH, Berlin, Germany). Eagle’s Minimum Essential Medium (EMEM)/Hanks’ (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) maintained 10% FCS, 1% Pen/Strep, and 1% non-essential amino acids (Biochrom GmbH, Berlin, Germany), and 2 mM L-glutamine (Biochrom GmbH, Berlin, Germany) was used for HOS cells. Both cell lines are grown and passaged in cell culture flasks or multi-well plates (Greiner Bio-One GmbH, Frickenhaus Germany). A 0.05% trypsin/0.02% ethylene-diamine-tetraacetic acid solution (Biochrom GmbH, Berlin, Germany) is used for passaging. The cells are plated with a density of 10,000 cells per well in 96-well microtiter plates. For experimental exposure, each alloy is immersed in 10 mL of the cell culture medium or Mueller–Hinton broth (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) without additives. After a 3-day incubation at 37 °C in a humidified atmosphere of 5% CO2, the cells undergo 24 h of incubation with the degradation medium in a humidified atmosphere at 37 °C and 5% CO2.




2.6. Cell Viability Test


Cell viability is determined by a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) assay (CellTiter 96® Aqueous One Solution Cell Proliferation Assay, Promega Corp., Madison, WI, USA) with confluent cells after incubating with degradation media for 24 h, as previously described by Krüger et al. [41]. Each concentration is measured eight times, while each experiment is performed six times.




2.7. Test for the Antibacterial Activity of the Degradation Supernatant


Standard strains of Escherichia coli (E. coli; ATCC® 25922, Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures GmbH, Braunschweig, Germany) are used since these bacteria are common etiologic agents of clinical infections involved in bone tissue infections related to implants. The frozen stock is incubated at 37 °C for 24 h on sheep blood agar plates (Thermo Fisher Scientific Inc., Waltham, MA, USA) before starting the experiments.



The in vitro exposure of E. coli to degradation media (as described above) is performed using 96-well microtiter plates with 104 colony-forming units (cfu) per well. Each 96-well microtiter plate contains a set of six aliquots of every sample containing bacteria. After 24 h of incubation at 36 °C ± 1 °C, the optical density (OD) of each well of a microtiter plate is measured with a photometer at 450 nm. Each experiment is performed four times.





3. Results


The electrochemical analysis of the corrosion current densities as a function of the applied electrode potential (LSV curves) in RL is illustrated in Figure 1, along with the transient of the free corrosion potential open circuit potential (OCP) over the immersion time. The measured data indicate a change in the corrosion kinetics as a function of the alloy composition. The LSV data of FeMn and FeMnAg did not show any significant difference in the anodic and cathodic regions (Figure 1). In agreement with this result, the corresponding OCP data of FeMn and FeMnAg showed a similar trend.



The initial OCP values during the first 10 min of immersion (Figure 1a) show a more anodic corrosion potential for the FeMnAgCaLa alloy in comparison to the FeMn and FeMnAg alloy substrates. This result corresponded well with the corresponding LSV data showing that that the anodic dissolution rate is reduced for the FeMnAgCaLa alloy in comparison to the two other alloys.



At high anodic overpotentials, the current densities of all three alloys become similar, which can be explained by the dominating anodic dissolution of the FeMn phase in all cases.



Figure 2 shows the AFM topographic and volta potential maps of polished FeMnAg (Figure 2a–c) and FeMnAgCaLa (Figure 2d–f). The SKPFM data clearly show a potential difference between the two main phases of FeMnAg (Figure 2a) and FeMnAgCaLa (Figure 2d).



The Ag and AgCaLa phases (white arrows) are darker, indicating a lower CPD value of Ag phases, which confirms the more noble character compared to the FeMn phase. The cross-section profiles (green line in Figure 2) determined by SKPFM indicate a difference of about 70 mV between the CPD values of the Ag and AgCaLa phases and the FeMn phase. In the same interval, the height profile determined by AFM shows that the Ag and AgCaLa phases form grooves on the surface after the polishing step due to their lower hardness. In addition, FeMnAgCaLa obtained a higher root mean square (rms) roughness value of 129.3 ± 49.2 nm compared to that of FeMnAg (48.8 ± 17.5 nm).



During the immersion tests, the course of mass removal is similar for all three investigated materials under comparable conditions (Figure 3a). Thus, the expected increased degradation due to the addition of Ag and AgCaLa does not occur. The same results are obtained for all combinations of immersion conditions. The observation of the sample surface confirms the absence of a significant effect of the Ag and AgCaLa phases, as no crucial impact of the Ag phases on the FeMn is observed (Figure 3b,d). Just a small gap with a dimension of 1–3 µm around the Ag and AgCaLa phases has emerged (Figure 3d, white arrows). Such gaps have not been present before degradation [64]. The Ag and AgCaLa phases remain, while the matrix is dissolved, as expected. The structure of the melt pools (Figure 3b) and the structure of columnar dendritic solidification (Figure 3c) are observable. Thus, the structure of segregations of Mn along the microstructure observed by Krüger et al. [63] becomes visible during the immersion test, and the influence of segregations on the degradation is conclusive.



The degradation proceeds continuously. For long-time immersion tests over 6 months, continuous degradation is observed. A few more depositions are observed after 1344 h (Figure 3d) compared to 700 h (Figure 3c). These depositions do not significantly affect the degradation since mass removal proceeds continuously. Thus, a continuous transfer of function from the implant back to the human organism might be possible.



The pH value influences the degradation process significantly, as the removal is approximately 100 times higher than that for neutral pH values (Figure 3e). The removal at pH3 is higher than that at pH5. An increased degradation rate of FeMnAgCaLa compared to FeMn is observed at pH3 and pH5. An increased degradation due to the addition of pure Ag is observed at pH3. The course of mass removal is conclusive with the samples after immersion (Figure 3f–h), since the significantly increased removal of the matrix around the AgCaLa phase is observed. Thus, the expected increased degradation by modification with Ag and AgCaLa occurs for low pH values. As expected, the Ag and AgCaLa phases remain while the matrix degrades. This, together with the increased degradation of the matrix, indicates a higher corrosion resistance of Ag and AgCaLa and the effectiveness of a higher electrochemical potential for low pH values.



Aside from the pH value, the composition of the immersion solution, temperature, and intensity of exchange with the atmosphere affect the degradation rate. The curves in Figure 3i–k are the average material removal (FeMnAg) during immersion under varying conditions. As expected, higher temperatures and additional bubbling air increase the degradation rate (Figure 3j,k). Bubbling air intensifies the exchange with the air, enhancing the uptake of necessary O, and higher temperatures promote the chemical reactions. As for immersion in HS (Figure 3i), the weight is almost constant compared to immersion in RL and NC, and the components of the immersion solution have a significant influence. The constant weight during immersion in HS is conclusive since only slight depositions are observed on an almost unchanged sample surface (Figure 3n), whereas the sample surfaces after immersion in RL and NC are characterized by the removal of matrix material and depositions (Figure 3l,m). These depositions are more pronounced for immersion in RL, which might be correlated with the slightly lower mass removal compared to immersion in NC.



The degradation proceeds continuously over time but heterogeneously over the sample surface. The FeMnAgCaLa sample shown in Figure 4 is covered by brown depositions in the upper corners after immersion. The rest, except for the AgCaLa phases, is covered by a black deposition (Figure 4a). These depositions are removable by ultrasonic cleaning (Figure 4b). The surface is characterized by the significant corrosion removal of the FeMn matrix in the lower area (Figure 4c) and slight corrosion in the upper corners (Figure 4d). The brown depositions might influence further degradation.



The AgCaLa phases (Figure 4c) are characterized by a more fragmented structure with pores compared to the Ag phases (Figure 3d). This structure is in accordance with the structure of AgCaLa phases before degradation, since some porosity in connection to the AgCaLa phases as well as inclusions of slag are observed. The dissolution of these inclusions is expectable and results in finely structured porosity [64].



The Raman spectra of samples after degradation in RL, pH5, and pH3 electrolytes are shown in Figure 5. The Raman spectra were assigned to specific microscopically identified characteristic regions.



The Raman spectra of the FeMnAg and FeMnAgCaLa samples for the FeMn phase (blue circles in Figure 5a–f) and the Ag phase (red circles in Figure 5a–f) are shown in Figure 5g,h. For the FeMn phase, peaks were observed at 213 cm−1, 279 cm−1, 389 cm−1, 610 cm−1, and 1280 cm−1, which are characteristic of α-Fe2O3 [67]. The most relevant peaks in the spectra of the FeMn phases of both samples are similar for all pH conditions. In the areas of Ag and AgCaLa phases, significant broad absorption bands at around 600 cm−1 were observed. This peak might be assigned to Fe3O4 or Ag-O stretching and bending modes, respectively [42,68]. The band at 1300 cm−1 is assigned to the carboxylic acid group and can be explained by the lactic acid in the RL solution. Finally, the band at around 1550 cm−1 is assigned to AgCl [69]. The results of Raman spectroscopy showed that similar surface layers were formed on FeMnAg and FeMnAgCaLa alloys immersed at different pH values. However, the spectra support the assumption that the Ag and Ag-rich phases act as local cathodes during the corrosion process, as already predicted based on the SKPFM mappings.



After immersion over six months, the Ag and AgCaLa particles released from the matrix are observed in the residues in the immersion vessel (Figure 6a,b). Significantly more particles are identified via SEM-EDS in the residues of FeMnAg (Figure 6a) than in the residues of FeMnAgCaLa (Figure 6b). Additionally, much more remaining Ag is observed on the FeMnAg sample (Figure 6c) than on the FeMnAgCaLa sample (Figure 6d). As both materials contain a similar amount of Ag and AgCaLa before immersion, the AgCaLa dissolves.



After 24 h in degradation media, the cell viability is affected in each case (Figure 7). Reduction below the threshold of 70% (DIN ISO 10993-5) is found in the HOS cells for viability in the case of FeMnAgCaLa. A similar reduction is demonstrated for FeMn samples. Significant differences can be found between FeMnAg and FeMnAgCaLa and FeMn, respectively.



The degradation media of FeMnAgCaLa led to a significant reduction in bacterial growth compared to the reference, while FeMn and FeMnAg induced only a slight reduction in bacterial growth (Figure 8).




4. Discussion


The results prove the potential of FeMn modified with AgCaLa as resorbable material, since the degradation of AgCaLa after the dissolution of the FeMn matrix and biocompatibility are observed. Nevertheless, the cell viability is reduced below the threshold of 70% (DIN ISO 10993-5) in HOS cells treated with AgCaLa. However, this result is negligible, as FeMn and FeMnAg affect the cell viability as well, and FeMn is biocompatible (cf. introduction) [13,19,27,28,29,30,31]. As intended, an antibacterial effect is caused by FeMnAgCaLa, probably due to released Ag ions forming the degradable AgCaLa. Additionally, the fundamental proof of concept is successful, since the addition of Ag and AgCaLa enhances the degradation rate at low pH values, and small gaps surrounding Ag and AgCaLa are observed at neutral pH values. Some challenges remain, since the degradation rate is not increased at neutral pH values. The ineffectiveness of Ag and AgCaLa is confirmed by the similarity of LSV and the identical higher OCP of the modified FeMn, indicating similar and/or lower degradation rates. An in-depth analysis of the degradation behavior is necessary to achieve an understanding of the degradation mechanisms and enable the identification of the effect(s) leading to a lower anodic dissolution than theoretically possible. Based on this, adaptions of the material can be implemented.



To explain the ineffectiveness of Ag, the absence of a potential difference between Ag phases and the matrix would be a possible explanation, since the pure Ag takes up Mn from the matrix during LBM, and AgCaLa is affected by the inclusion of slag [63,64]. The SKPFM proves the higher potential of the Ag and AgCaLa phases compared to the matrix. In addition, the higher resistance of Ag and AgCaLa against corrosion is confirmed by the remaining Ag and AgCaLa, while the FeMn matrix dissolves. Thus, the absence of a potential difference is not reasonable for the ineffectiveness of the Ag and AgCaLa.



A further explanation might be the formation of corrosion-inhibiting layers due to the deposition of corrosion products. This hypothesis is supported by the depositions observed on the samples. The detection of O and, in particular, P and Cl via EDS on the Ag and AgCaLa phases is a hint of the presence of heavily dissolvable Ca-P and Ag-Cl compounds, suppressing further degradation [13,14,19,30,36,70]. Tonna et al. [14] reported a reduced degradation rate for Hank`s solution containing Ca in contrast to Hank`s solution containing no Ca. Thus, the degradation removal is reduced in case of possible Ca-P formation. This is following the results presented in this study. However, for the presented results, the formation of Ca-P is limited by the absence of P in NC and RL and not the absence of Ca. The Raman spectra confirm the presence of Ag-Cl on Ag and AgCaLa. The hypothesis of inhibiting depositions is supported by the formation of gaps around the Ag and AgCaLa phases. No depositions exist at the beginning of degradation, and the potential difference can effectively increase the dissolution of the matrix (FeMn), resulting in gaps [71]. During the development of the gaps, the inhibiting layer develops, and further anodic dissolution does not occur. Gaps around Ag phases were observed by Dargusch et al. [35] in combination with an increased degradation rate. For the presented results, the influence of the gaps is too small, and the weight of the remaining Ag phases counteracts an effective increase in degradation. Furthermore, the effectiveness of Ag and AgCaLa at low pH values is in accordance with the blocking effect, since the solubility of degradation products increases at low pH values, and the absence of inhibiting layers at low pH values is conclusive [44,72,73].



However, the ineffectiveness of Ag and AgCaLa for neutral pH values is unexpected, since an increasing effect due to anodic dissolution should occur and is reported in the literature [22,31,35,39,42,74]. An increased degradation removal after 7 days of immersion in 0.9 % NaCl solution of additively processed FeMn with 5 wt.-% Ag almost identical to the material investigated in this study was reported by Niendorf et al. [22]. The Ag phases should suppress the formation of degradation-inhibiting layers [44]. However, for the presented results, this effect does not occur, since Ca, P, and Ag-Cl are identified on FeMn and Ag, indicating the deposition of inhibiting layers. Wang et al. [44] assumed that the cathodic reaction releasing hydroxyl ions might support the deposition on the Ag phases. This hypothesis follows the reported ineffectiveness of phases with high potential [29,75,76,77]. Loffredo et al. [75] observed a slight reduction in degradation removal after immersion in Hank`s modified solution for 14 days due to modification with Ag. They suggest that the earlier formation of inhibiting layers is the reason.



Thus, the results and explanations for the degradation behavior reported in the literature differ, and the obtained results are in accordance with some studies [78]. The differences between the studies are crucial to explaining the discrepancy of degradation and identifying the decisive influencing properties in order to adapt them. As the presented results demonstrate, the immersion conditions are more decisive than the chemical composition of the materials. The results of Pierson et al. [33] underline this relationship, since material implanted into the arterial wall degrades, whereas no corrosion occurs in the bloodstream for the same material. The local differing degradation, which is also reported in the literature, emphasizes the sensitivity to immersion conditions, since the differences are caused by the local variation of conditions over the sample surface [36,79]. Accordingly, the influence of the immersion conditions is considered below.



A significant difference between the degradation in NC, RL, and HS is present. HS is the only solution containing P, and, thus, Ca-P compounds may form layers that significantly affect further degradation [13,19,28,30,36,45,71]. Therefore, the degradation in HS might be suppressed by the deposition of compounds originating from the solution. The reproduction of the significant mass removal in NC and RL, which might be suitable for some applications, is not expectable in vivo due to the presence of P, but the presence of P is not suitable as the only explanation for the ineffectiveness, since, in the literature, degradation is reported for immersion in P- and Ca-containing solutions and in in vivo experiments with the presence of Ca and P [12,13,19,35,38,39,65,79,80]. Accordingly, further aspects have to be considered. Dryndra et al. [28], Kraus et al. [29], and Peuster et al. [18] reported no significant degradation in the absence of significant inflammation, whereas Mandal et al. [38], Feng et al. [32], and Dargusch et al. [35] reported degradation in combination with an inflammatory response. These results are conclusive, since the pH value is reduced when an inflammatory response occurs, and a reduced pH value significantly affects the degradation rate, as the results presented in this study demonstrate [44,72,81]. The inflammatory response might explain the different results of in vivo studies. Otherwise, Lin et al. [16] report degradation together with slight inflammation. Thus, no single decisive parameter is identifiable for the ineffectiveness of Ag and AgCaLa. The degradation behavior results from a complex interaction of all characteristics of immersion conditions such as the pH value, the presence of P, and the material properties.



However, the results and explanations for the degradation behavior differ in the literature. Many influences are crucial, and, thus, the secure identification of reasons for the observed results is challenging. The drawn conclusions are based on suggestions about the most important influences. Even for this study, the conclusions are based on the experimental results linked with the information from the literature. Some contradictions are present, and this must be considered for the judgment of the conclusions drawn from the discussion.



In summary, the immersion conditions are crucial for the degradation behavior, and expected anodic dissolution might occur, as reported in the literature, under specific immersion conditions. However, for the successful application of the material, a reliable dissolution of the implant under all conditions would be favorable. The degradation rate must be suited regardless of an eventually occurring inflammatory response. It is challenging to fulfill these requirements since the results presented demonstrate the strong impact of the immersion conditions. Thus, the development of a material adapted for many possible applications is not expectable. Since the suitability of the material and the increased degradation by anodic dissolution might occur at some implantation sites, focusing on a more detailed simulation of conditions in the human body is appropriate. Although the degradation rate is not increased under neutral pH values, further investigations are needed, since the effectiveness of the concept of anodic dissolution by modification with Ag, in general, is proven. The degradation rate is increased for low pH values, and gaps develop around Ag for neutral pH values. Furthermore, an adaption of the material is appropriate to enable the application for more use cases. A possibility is to introduce more, smaller AgCaLa phases to increase the impact of the gaps around the Ag phases. In addition, the formation of Mn segregations is promising, since a significant influence of segregations is observed. However, inhibiting layers are developed. Thus, the development of an additional mechanism to prevent the deposition of such layers is required to enable the effectiveness of potential differences [71].




5. Conclusions


The results presented demonstrate the impact of the modification of FeMn with Ag and AgCaLa, a degradable Ag-alloy, on the biocompatibility, antibacterial properties, and degradation behavior. Furthermore, an analysis of the degradation behavior of the FeMn matrix and the Ag phases identifies crucial factors of the immersion conditions and enables further investigations and adaptions of the material. The key findings can be summarized as follows:




	
For low pH values, the addition of Ag increases the degradation rate.



	
For neutral pH values, small gaps surrounding the Ag and AgCaLa phases develop.



	
For immersion conditions adapted to the human body, no significantly increased degradation rate occurs.



	
The Ag phases effectively cause anodic dissolution, but depositions of inhibiting layers suppress an increased degradation rate for the selected immersion conditions.



	
The degradation behavior strongly depends on the pH value and the composition of the immersion solution—particularly, the presence of P.



	
Mn segregations influence the local degradation behavior.



	
Particles of the degradable AgCaLa alloy dissolve after the matrix material.



	
Biocompatibility can be assumed for all materials.



	
An antibacterial effect is observed for FeMn modified with degradable AgCaLa.








In summary, the results demonstrate the possibility of increasing the degradation rate by the addition of phases with high electrochemical potential, causing anodic dissolution. The results also reveal remaining challenges, as, for the selected immersion conditions with a neutral pH value, the degradation rate is not increased. Since high sensitivity to the immersion conditions is observed, the investigated material might be effective on some implantation sites. Accordingly, further research should focus on a more detailed simulation regarding the immersion conditions. Furthermore, an adaption of the material with smaller Ag phases or applying the influence of Mn segregations should be aimed for. To enable the effectiveness of the actual material, a mechanism to suppress the formation of inhibiting layers needs to be developed.







Author Contributions


Investigation, J.T.K., J.H., V.F., R.H.M.-V. and H.O.; writing—original draft preparation, J.T.K., J.H., H.O. and J.M.; writing—review and editing, J.T.K., K.-P.H., J.H., V.F., R.H.M.-V., J.M., G.G. and M.S.; supervision, K.-P.H., J.M., G.G. and M.S.; project administration, K.-P.H., J.M., G.G. and M.S.; funding acquisition, J.M., G.G. and M.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the German Research Foundation (DFG) cooperation project 414365989 (SCHA1484/44-1, KI 361/8-1, and GR 1709/27-1).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors gratefully thank the German Research Foundation (DFG) for the financial support. This work results from the cooperation project 414365989 (SCHA1484/44-1, KI 361/8-1, and GR 1709/27-1). Furthermore, the authors would like to thank Malte Dreyer, Sabrina Beumer, Eva Mühlhoff, and Lea Kaspersmeier for promoting the production and examination of the tested material. In addition, the authors thank Maxwell Hein and Steven Clifford Woodcock for proofreading, as well as Carina Dillgart, Caroline Groß, and Viktoria Nepke for the technical help with the cell culture experiments and the microbiological examinations.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Chen, Q.; Thouas, G.A. Metallic implant biomaterials. Mater. Sci. Eng. R Rep. 2015, 87, 1–57. [Google Scholar] [CrossRef]

	



Zivic, F.; Affatato, S.; Trajanovic, M.; Schnabelrauch, M.; Grujovic, N.; Choy, K.L. Biomaterials in Clinical Practice; Springer: Cham, Switzerland, 2018. [Google Scholar]

	



Carluccio, D.; Demir, A.G.; Bermingham, M.J.; Dargusch, M.S. Challenges and Opportunities in the Selective Laser Melting of Biodegradable Metals for Load-Bearing Bone Scaffold Applications. Metall. Mater. Trans. A 2020, 51, 3311–3334. [Google Scholar] [CrossRef]

	



Ratner, B.D.; Hoffman, A.S.; Schoen, F.J.; Lemons, J.E. Biomaterials Science, 3rd ed.; Academic Press: Cambridge, MA, USA, 2013. [Google Scholar]

	



Veerachamy, S.; Yarlagadda, T.; Manivasagam, G.; Yarlagadda, P.K. Bacterial adherence and biofilm formation on medical implants: A review. Proc. Inst. Mech. Eng. Part H J. Eng. Med. 2014, 228, 1083–1099. [Google Scholar] [CrossRef] [PubMed]

	



Vignesh, M.; Kumar, G.R.; Sathishkumar, M.; Manikandan, M.; Rajyalakshmi, G.; Ramanujam, R.; Arivazhagan, N. Development of Biomedical Implants through Additive Manufacturing: A Review. J. Mater. Eng. Perform. 2021, 30, 4735–4744. [Google Scholar] [CrossRef]

	



Prakasam, M.; Locs, J.; Salma-Ancane, K.; Loca, D.; Largeteau, A.; Berzina-Cimdina, L. Biodegradable Materials and Metallic Implants—A Review. J. Funct. Biomater. 2017, 8, 44. [Google Scholar] [CrossRef] [PubMed]

	



Alonzo, M.; Primo, F.A.; Kumar, S.A.; Mudloff, J.A.; Dominguez, E.; Fregoso, G.; Ortiz, N.; Weiss, W.M.; Joddar, B. Bone tissue engineering techniques, advances and scaffolds for treatment of bone defects. Curr. Opin. Biomed. Eng. 2021, 17, 100248. [Google Scholar] [CrossRef]

	



Zhang, E.; Zhao, X.; Hu, J.; Wang, R.; Fu, S.; Qin, G. Antibacterial metals and alloys for potential biomedical implants. Bioact. Mater. 2021, 6, 2569–2612. [Google Scholar] [CrossRef]

	



Hermawan, H. Updates on the research and development of absorbable metals for biomedical applications. Prog. Biomater. 2018, 7, 93–110. [Google Scholar] [CrossRef]

	



Redlich, C.; Schauer, A.; Scheibler, J.; Poehle, G.; Barthel, P.; Maennel, A.; Adams, V.; Weissgaerber, T.; Linke, A.; Quadbeck, P. In Vitro Degradation Behavior and Biocompatibility of Bioresorbable Molybdenum. Metals 2021, 11, 761. [Google Scholar] [CrossRef]

	



Dargusch, M.S.; Dehghan-Manshadi, A.; Shahbazi, M.; Venezuela, J.; Tran, X.; Song, J.; Liu, N.; Xu, C.; Ye, Q.; Wen, C. Exploring the Role of Manganese on the Microstructure, Mechanical Properties, Biodegradability, and Biocompatibility of Porous Iron-Based Scaffolds. ACS Biomater. Sci. Eng. 2019, 5, 1686–1702. [Google Scholar] [CrossRef]

	



Mandal, S.; Viraj; Nandi, S.K.; Roy, M. Effects of multiscale porosity and pore interconnectivity on in vitro and in vivo degradation and biocompatibility of Fe–Mn–Cu scaffolds. J. Mater. Chem. B 2021, 9, 4340–4354. [Google Scholar] [CrossRef] [PubMed]

	



Tonna, C.; Wang, C.; Mei, D.; Lamaka, S.V.; Zheludkevich, M.L.; Buhagiar, J. Biodegradation behaviour of Fe-based alloys in Hanks’ Balanced Salt Solutions: Part I. material characterisation and corrosion testing. Bioact. Mater. 2022, 7, 426–440. [Google Scholar] [CrossRef] [PubMed]

	



Abbaspour, N.; Hurrell, R.; Kelishadi, R. Review on iron and its importance for human health. J. Res. Med. Sci. 2014, 19, 164–174. Available online: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3999603/ (accessed on 17 January 2022). [PubMed]

	



Lin, W.; Qin, L.; Qi, H.; Zhang, D.; Zhang, G.; Gao, R.; Qiu, H.; Xia, Y.; Cao, P.; Wang, X.; et al. Long-term in vivo corrosion behavior, biocompatibility and bioresorption mechanism of a bioresorbable nitrided iron scaffold. Acta Biomater. 2017, 54, 454–468. [Google Scholar] [CrossRef]

	



Trumbo, P.; Schlicker, S.; Yates, A.A.; Poos, M. Dietary reference intakes for energy, carbohydrate, fiber, fat, fatty acids, cholesterol, protein and amino acids. J. Am. Diet. Assoc. 2002, 102, 1621–1630. [Google Scholar] [CrossRef]

	



Peuster, M.; Hesse, C.; Schloo, T.; Fink, C.; Beerbaum, P.; von Schnakenburg, C. Long-term biocompatibility of a corrodible peripheral iron stent in the porcine descending aorta. Biomaterials 2006, 27, 4955–4962. [Google Scholar] [CrossRef]

	



Hermawan, H.; Purnama, A.; Dube, D.; Couet, J.; Mantovani, D. Fe–Mn alloys for metallic biodegradable stents: Degradation and cell viability studies. Acta Biomater. 2010, 6, 1852–1860. [Google Scholar] [CrossRef]

	



Dehestani, M.; Trumble, K.; Wang, H.; Wang, H.; Stanciu, L.A. Effects of microstructure and heat treatment on mechanical properties and corrosion behavior of powder metallurgy derived Fe–30Mn alloy. Mater. Sci. Eng. A 2017, 703, 214–226. [Google Scholar] [CrossRef]

	



Schinhammer, M.; Pecnik, C.M.; Rechberger, F.; Hänzi, A.C.; Löffler, J.F.; Uggowitzer, P.J. Recrystallization behavior, microstructure evolution and mechanical properties of biodegradable Fe–Mn–C(–Pd) TWIP alloys. Acta Mater. 2012, 60, 2746–2756. [Google Scholar] [CrossRef]

	



Niendorf, T.; Brenne, F.; Hoyer, P.; Schwarze, D.; Schaper, M.; Grothe, R.; Wiesener, M.; Grundmeier, G.; Maier, H.J. Processing of New Materials by Additive Manufacturing: Iron-Based Alloys Containing Silver for Biomedical Applications. Metall. Mater. Trans. A 2015, 46, 2829–2833. [Google Scholar] [CrossRef]

	



Bouaziz, O.; Allain, S.; Scott, C.P.; Cugy, P.; Barbier, D. High manganese austenitic twinning induced plasticity steels: A review of the microstructure properties relationships. Curr. Opin. Solid State Mater. Sci. 2011, 15, 141–168. [Google Scholar] [CrossRef]

	



Schinhammer, M.; Hänzi, A.C.; Löffler, J.F.; Uggowitzer, P.J. Design strategy for biodegradable Fe-based alloys for medical applications. Acta Biomater. 2010, 6, 1705–1713. [Google Scholar] [CrossRef] [PubMed]

	



Shuai, C.; Yang, W.; Yang, Y.; Pan, H.; He, C.; Qi, F.; Xie, D.; Liang, H. Selective laser melted Fe-Mn bone scaffold: Microstructure, corrosion behavior and cell response. Mater. Res. Express 2019, 7, 015404. [Google Scholar] [CrossRef]

	



Crossgrove, J.; Zheng, W. Manganese toxicity upon overexposure. NMR Biomed. 2004, 17, 544–553. [Google Scholar] [CrossRef] [PubMed]

	



Schinhammer, M.; Gerber, I.; Hänzi, A.C.; Uggowitzer, P.J. On the cytocompatibility of biodegradable Fe-based alloys. Mater. Sci. Eng. C 2013, 33, 782–789. [Google Scholar] [CrossRef] [PubMed]

	



Drynda, A.; Hassel, T.; Bach, F.W.; Peuster, M. In vitro and in vivo corrosion properties of new iron–manganese alloys designed for cardiovascular applications. J. Biomed. Mater. Res. Part B Appl. Biomater. 2014, 103, 649–660. [Google Scholar] [CrossRef]

	



Kraus, T.; Moszner, F.; Fischerauer, S.; Fiedler, M.; Martinelli, E.; Eichler, J.; Witte, F.; Willbold, E.; Schinhammer, M.; Meischel, M.; et al. Biodegradable Fe-based alloys for use in osteosynthesis: Outcome of an in vivo study after 52 weeks. Acta Biomater. 2014, 10, 3346–3353. [Google Scholar] [CrossRef]

	



Paul, B.; Lode, A.; Placht, A.M.; Voß, A.; Pilz, S.; Wolff, U.; Oswald, S.; Gebert, A.; Gelinsky, M.; Hufenbach, J. Cell−Material Interactions in Direct Contact Culture of Endothelial Cells on Biodegradable Iron-Based Stents Fabricated by Laser Powder Bed Fusion and Impact of Ion Release. ACS Appl. Mater. Interfaces 2021, 14, 439–451. [Google Scholar] [CrossRef]

	



He, J.; He, F.L.; Li, D.W.; Liu, Y.L.; Liu, Y.Y.; Ye, Y.J.; Yin, D.C. Advances in Fe-based biodegradable metallic materials. RSC Adv. 2016, 6, 112819–112838. [Google Scholar] [CrossRef]

	



Feng, Q.; Zhang, D.; Xin, C.; Liu, X.; Lin, W.; Zhang, W.; Chen, S.; Sun, K. Characterization and in vivo evaluation of a bio-corrodible nitrided iron stent. J. Mater. Sci. Mater. Med. 2013, 24, 713–724. [Google Scholar] [CrossRef]

	



Pierson, D.; Edick, J.; Tauscher, A.; Pokorney, E.; Bowen, P.; Gelbaugh, J.; Stinson, J.; Getty, H.; Lee, C.H.; Drelich, J.; et al. A simplified in vivo approach for evaluating the bioabsorbable behavior of candidate stent materials. J. Biomed. Mater. Res. Part B Appl. Biomater. 2011, 100B, 58–67. [Google Scholar] [CrossRef]

	



Waksman, R.; Pakala, R.; Baffour, R.; Seabron, R.; Hellinga, D.; Tio, F.O. Short-Term Effects of Biocorrodible Iron Stents in Porcine Coronary Arteries. J. Interv. Cardiol. 2007, 21, 15–20. [Google Scholar] [CrossRef] [PubMed]

	



Dargusch, M.S.; Venezuela, J.; Dehghan-Manshadi, A.; Johnston, S.; Yang, N.; Mardon, K.; Lau, C.; Allavena, R. In Vivo Evaluation of Bioabsorbable Fe-35Mn-1Ag: First Reports on In Vivo Hydrogen Gas Evolution in Fe-Based Implants. Adv. Healthc. Mater. 2020, 10, 2000667. [Google Scholar] [CrossRef] [PubMed]

	



Schinhammer, M.; Steiger, P.; Moszner, F.; Löffler, J.F.; Uggowitzer, P.J. Degradation performance of biodegradable Fe\Mn\C(\Pd) alloys. Mater. Sci. Eng. C 2013, 33, 1882–1893. [Google Scholar] [CrossRef] [PubMed]

	



Čapek, J.; Msallamová, Š.; Jablonská, E.; Lipovc, J.; Vojtěch, D. A novel high-strength and highly corrosive biodegradable Fe-Pd alloy: Structural, mechanical and in vitro corrosion and cytotoxicity study. Mater. Sci. Eng. C 2017, 79, 550–562. [Google Scholar] [CrossRef]

	



Mandal, S.; Kishore, V.; Bose, M.; Nandi, S.K.; Roy, M. In vitro and in vivo degradability, biocompatibility and antimicrobial characteristics of Cu added iron-manganese alloy. J. Mater. Sci. Technol. 2021, 84, 159–172. [Google Scholar] [CrossRef]

	



Huang, T.; Cheng, J.; Bian, D.; Zheng, Y. Fe–Au and Fe–Ag composites as candidates for biodegradable stent materials. J. Biomed. Mater. Res. Part B Appl. Biomater. 2015, 104, 225–240. [Google Scholar] [CrossRef]

	



Mijnendonckx, K.; Leys, N.; Mahillon, J.; Silver, S.; van Houdt, R. Antimicrobial silver: Uses, toxicity and potential for resistance. Biometals 2013, 26, 609–621. [Google Scholar] [CrossRef]

	



Krüger, J.T.; Hoyer, K.P.; Filor, V.; Pramanik, S.; Kietzmann, M.; Meißner, J.; Schaper, M. Novel AgCa and AgCaLa alloys for Fe-based bioresorbable implants with adapted degradation. J. Alloys Compd. 2021, 871, 159544. [Google Scholar] [CrossRef]

	



Wiesener, M.; Peters, K.; Taube, A.; Keller, A.; Hoyer, K.-P.; Niendorf, T.; Grundmeier, G. Corrosion properties of bioresorbable FeMn-Ag alloys prepared by selective laser melting. Mater. Corros. 2017, 68, 1028–1036. [Google Scholar] [CrossRef]

	



Bagha, P.S.; Khakbiz, M.; Sheibani, S.; Ebrahimi-Barough, S.; Hermawan, H. In Vitro Degradation, Hemocompatibility, and Cytocompatibility of Nanostructured Absorbable Fe−Mn−Ag Alloys for Biomedical Application. ACS Biomater. Sci. Eng. 2020, 6, 2094–2106. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Tonna, C.; Mei, D.; Buhagiar, J.; Zheludkevich, M.L.; Lamaka, S.V. Biodegradation behaviour of Fe-based alloys in Hanks’ Balanced Salt Solutions: Part II. The evolution of local pH and dissolved oxygen concentration at metal interface. Bioact. Mater. 2022, 7, 412–425. [Google Scholar] [CrossRef] [PubMed]

	



Hufenbach, J.; Sander, J.; Kochta, F.; Pilz, S.; Voss, A.; Kühn, U.; Gebert, A. Effect of Selective Laser Melting on Microstructure, Mechanical, and Corrosion Properties of Biodegradable FeMnCS for Implant Applications. Adv. Eng. Mater. 2020, 22, 2000182. [Google Scholar] [CrossRef]

	



Heiden, M.; Walker, E.; Stanciu, L. Magnesium, Iron and Zinc Alloys, the Trifecta of Bioresorbable Orthopaedic and Vascular Implantation—A Review. J. Biotechnol. Biomater. 2015, 5, 1000178. [Google Scholar] [CrossRef]

	



Hall, D.J.; Pourzal, R.; Jacobs, J.J.; Urban, R.M. Metal wear particles in hematopoietic marrow of the axial skeleton in patients with prior revision for mechanical failure of a hip or knee arthroplasty. J. Biomed. Mater. Res. Part B Appl. Biomater. 2019, 107, 1930–1936. [Google Scholar] [CrossRef]

	



Urban, R.M.; Jacobs, J.J.; Tomlinson, M.J.; Gavrilovic, J.; Black, J.; Peoc’h, M. Dissemination of Wear Particles to the Liver, Spleen, and Abdominal Lymph Nodes of Patients with Hip or Knee Replacement. J. Bone Jt. Surg. 2000, 82, 457–476. [Google Scholar] [CrossRef]

	



Afifi, M.; Saddick, S.; Zinada, O.A.A. Toxicity of silver nanoparticles on the brain of Oreochromis niloticus and Tilapia zillii. Saudi J. Biol. Sci. 2016, 23, 754–760. [Google Scholar] [CrossRef]

	



Sjögren, B.; Lönn, M.; Fremling, K.; Feychting, M.; Nise, G.; Kauppinen, T.; Plato, N.; Wiebert, P.; Gustavsson, P. Occupational exposure to particles and incidence of stroke. Scand. J. Work Environ. Health 2013, 39, 295–301. [Google Scholar] [CrossRef]

	



Robertson, S.; Miller, M.R. Ambient air pollution and thrombosis. Part. Fibre Toxicol. 2018, 15, 1–16. [Google Scholar] [CrossRef]

	



Andreiev, A.; Hoyer, K.P.; Grydin, O.; Frolov, Y.; Schaper, M. Degradable silver-based alloys. Mater. Werkst. 2020, 51, 517–530. [Google Scholar] [CrossRef]

	



Krüger, J.T.; Hoyer, K.P.; Schaper, M. Bioresorbable AgCe and AgCeLa alloys for adapted Fe-based implants. Mater. Lett. 2022, 306, 130890. [Google Scholar] [CrossRef]

	



Tortella, G.R.; Rubilar, O.; Durán, N.; Diez, M.C.; Martínez, M.; Parada, J.; Seabra, A.B. Silver nanoparticles: Toxicity in model organisms as an overview of its hazard for human health and the environment. J. Hazard. Mater. 2020, 390, 121974. [Google Scholar] [CrossRef]

	



Gameros, L.B.; Chevallier, P.; Sarkissian, A.; Mantovani, D. Silver-based antibacterial strategies for healthcare-associated infections: Processes, challenges, and regulations. An integrated review. Nanomed. Nanotechnol. Biol. Med. 2020, 24, 102142. [Google Scholar] [CrossRef] [PubMed]

	



Chiang, W.C.; Tseng, I.; Møller, P.; Hilbert, L.R.; Nielsen, T.T.; Wu, J.K. Influence of silver additions to type 316 stainless steels on bacterial inhibition, mechanical properties, and corrosion resistance. Mater. Chem. Phys. 2010, 119, 123–130. [Google Scholar] [CrossRef]

	



Gosheger, G.; Hardes, J.; Ahrens, H.; Streitburger, A.; Buerger, H.; Erren, M.; Gunsel, A.; Kemper, F.H.; Winkelmann, W.; Eiff, C. Silver-coated megaendoprostheses in a rabbit model—An analysis of the infection rate and toxicological side effects. Biomaterials 2004, 25, 5547–5556. [Google Scholar] [CrossRef] [PubMed]

	



Savvidou, D.; Kaspiris, A.; Trikoupis, I.; Kakouratos, G.; Goumenos, S.; Melissaridou, D.; Papagelopoulos, P.J. Efficacy of antimicrobial coated orthopaedic implants on the prevention of periprosthetic infections: A systematic review and meta-analysis. J. Bone Jt. Infect. 2020, 5, 212–222. [Google Scholar] [CrossRef] [PubMed]

	



Sotoudehbagha, P.; Sheibanib, S.; Khakbiz, M.; Ebrahimi-Barough, S.; Hermawand, H. Novel antibacterial biodegradable Fe-Mn-Ag alloys produced by mechanical alloying. Mater. Sci. Eng. C 2018, 88, 88–94. [Google Scholar] [CrossRef]

	



Willbold, E.; Gu, X.; Albert, D.; Kalla, K.; Bobe, K.; Brauneis, M.; Janning, C.; Nellesen, J.; Czayka, W.; Tillmann, W.; et al. Effect of the addition of low rare earth elements (lanthanum, neodymium, cerium) on the biodegradation and biocompatibility of magnesium. Acta Biomater. 2015, 11, 554–562. [Google Scholar] [CrossRef]

	



Pagano, G.; Guida, M.; Tommasi, F.; Oral, R. Health effects and toxicity mechanisms of rare earth elements—Knowledge gaps and research prospects. Ecotoxicol. Environ. Saf. 2015, 115, 40–48. [Google Scholar] [CrossRef]

	



Quan, J.; Lina, K.; Gua, D. Selective laser melting of silver submicron powder modified 316L stainless steel: Influence of silver addition on microstructures and performances. Powder Technol. 2020, 364, 478–483. [Google Scholar] [CrossRef]

	



Krüger, J.T.; Hoyer, K.P.; Hengsbach, F.; Schaper, M. Formation of insoluble silver-phases in an iron-manganese matrix for bioresorbable implants using varying laser-beam-melting-strategies. J. Mater. Res. Technol. 2022, 19, 2369–2387. [Google Scholar] [CrossRef]

	



Krüger, J.T. Adjustment of AgCaLa Phases in a FeMn Matrix via LBM for Implants with Adapted Degradation. Crystals 2022, 12, 1146. [Google Scholar] [CrossRef]

	



Liu, R.Y.; He, R.G.; Chen, Y.X.; Guo, S.F. Effect of Ag on the Microstructure, Mechanical and Bio-corrosion Properties of Fe–30Mn Alloy. Acta Metall. Sin. 2019, 32, 1337–1345. [Google Scholar] [CrossRef]

	



Örnek, C.; Leygraf, C.; Pan, J. On the Volta potential measured by SKPFM—Fundamental and practical aspects with relevance to corrosion science, Corrosion Engineering. Sci. Technol. 2019, 54, 185–198. [Google Scholar] [CrossRef]

	



de Faria, D.L.A.; Silva, S.V.; de Oliveira, M.T. Raman microspectroscopy of some iron oxides and oxyhydroxides. J. Raman Spectrosc. 1997, 28, 873–878. [Google Scholar] [CrossRef]

	



Testa-Anta, M.; Ramos-Docampo, M.A.; Comesaña-Hermo, M.; Rivas-Murias, B.; Salgueiriño, V. Raman spectroscopy to unravel the magnetic properties of iron oxide nanocrystals for bio-related applications. Nanoscale Adv. 2019, 1, 2086–2103. [Google Scholar] [CrossRef]

	



Li, Z.; Huang, J.; Zhong, J.; Li, J. Preparation of AgCl with enhanced photocatalytic activity using ionic liquid as chlorine source. Appl. Phys. A 2020, 126, 554. [Google Scholar] [CrossRef]

	



Liebman, J.F. Paradigms and Paradoxes: The Solubility of AgCl in Water: Some Thermochemical Issues of Aqueous Ag+ Ion. Struct. Chem. 2004, 15, 165–168. [Google Scholar] [CrossRef]

	



Loffredo, S.; Gambaro, S.; de Andrade, L.M.; Paternoster, C.; Casati, R.; Giguère, N.; Vedani, M.; Mantovani, D. Six-Month Long In Vitro Degradation Tests of Biodegradable Twinning-Induced Plasticity Steels Alloyed with Ag for Stent Applications. ACS Biomater. Sci. Eng. 2021, 7, 3669–3682. [Google Scholar] [CrossRef]

	



Pourbaix, M. Atlas of Electrochemical Equilibria. In Aqueous Solutions, 2nd ed.; National Association of Corrosion Engineers: Houston, TX, USA, 1974. [Google Scholar]

	



Saji, V.S.; Lee, C.W. Molybdenum, Molybdenum Oxides, and their Electrochemistry. ChemSusChem 2012, 5, 1146–1161. [Google Scholar] [CrossRef]

	



Bagha, P.S.; Khakbiz, M.; Sheibani, S.; Hermawan, H. Design and characterization of nano and bimodal structured biodegradable Fe-Mn-Ag alloy with accelerated corrosion rate. J. Alloys Compd. 2018, 767, 955–965. [Google Scholar] [CrossRef]

	



Loffredo, S.; Paternoster, C.; Giguère, N.; Vedani, M.; Mantovani, D. Effect of Silver on Corrosion Behavior of Plastically Deformed Twinning-Induced Plasticity Steel for Biodegradable Stents. J. Miner. Met. Mater. Soc. 2020, 72, 1892–1901. [Google Scholar] [CrossRef]

	



Conti, M.C.; Mallia, B.; Sinagra, E.; Wismayer, P.S.; Buhagiar, J.; Vella, D. The effect of alloying elements on the properties of pressed and non-pressed biodegradable Fe–Mn–Ag powder metallurgy alloys. Heliyon 2019, 5, e02522. [Google Scholar] [CrossRef]

	



Babacan, N.; Kochta, F.; Hoffmann, V.; Gemming, T.; Kühn, U.; Giebeler, L.; Gebert, A.; Hufenbach, J. Effect of silver additions on the microstructure, mechanical properties and corrosion behavior of biodegradable Fe-30Mn-6Si. Mater. Commun. 2021, 28, 102689. [Google Scholar] [CrossRef]

	



Rabeeh, V.P.M.; Hanas, T. Progress in manufacturing and processing of degradable Fe-based implants: A review. Prog. Biomater. 2022, 11, 163–191. [Google Scholar] [CrossRef]

	



Huang, T.; Cheng, J.; Zheng, Y.F. In vitro degradation and biocompatibility of Fe–Pd and Fe–Pt composites fabricated by spark plasma sintering. Mater. Sci. Eng. C 2014, 35, 43–53. [Google Scholar] [CrossRef]

	



Hermawan, H.; Dubé, D.; Mantovani, D. Development of Degradable Fe-35Mn Alloy for Biomedical Application. Adv. Mater. Res. 2007, 15–17, 107–112. [Google Scholar] [CrossRef]

	



Barrett, K.E.; Barman, S.M.; Yuan, J.; Brooks, H.L. Ganong’s Review of Medical Physiology; McGraw Hill/Medical: New York, NY, USA, 2019. [Google Scholar]








[image: Jfb 13 00185 g001 550] 





Figure 1. Electrochemical properties determined in RL: (a) transient of free corrosion potential; (b) linear sweep voltammetry. 
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Figure 2. SKPFM results of FeMnAg and FeMnAgCaLa obtained from a 90 μm × 90 μm area: (a,d) topography, (b,e) corresponding contact potential differences, (c,f) corresponding cross-section (green line) profiles. 
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Figure 3. (a) Progress of degradation depending on material (N = 3, 37 °C, RL, aeration), SEM-SE: (b) FeMnAg after 700 h, (c) FeMn after 700 h, (d) FeMnAg after 1344 h; (e) progress of degradation depending on pH value (N = 3, 37 °C, aeration), SEM-SE: (f) FeMn after 192 h at pH3, (g) FeMnAg after 192 h at pH3; (h) FeMnAgCaLa after 144 h at pH3; progress of degradation of FeMnAg depending on (i) immersion solution (N = 12), (j) temperature (N = 18), (k) exchange with atmosphere (N = 18), SEM-SE after 1344 h: (l) FeMnAg (37 °C, NC, aeration), (m) FeMnAg (37 °C, RL, aeration), (n) FeMnAg (37 °C, HS, aeration). 
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Figure 4. Local differences in degradation progress, FeMnAgCaLa after 1344 h (37 °C, RL, aeration): (a) image before ultrasonic cleaning; (b) image after ultrasonic cleaning; (c) SEM-SE: Magnified section of black box in (b); (d) SEM-SE: Magnified section of white box in (b). 






Figure 4. Local differences in degradation progress, FeMnAgCaLa after 1344 h (37 °C, RL, aeration): (a) image before ultrasonic cleaning; (b) image after ultrasonic cleaning; (c) SEM-SE: Magnified section of black box in (b); (d) SEM-SE: Magnified section of white box in (b).



[image: Jfb 13 00185 g004]







[image: Jfb 13 00185 g005 550] 





Figure 5. Samples after degradation (37 °C, aeration): Light microscopy image of FeMnAg: (a) 1244 h, RL, (b) 312 h, pH5, (c) 192 h, pH3; Light microscopy image of FeMnAgCaLa: (d) 1244 h, RL, (e) 240 h, pH5, (f) 144 h, pH3; (g,h) Raman spectra of the Ag and AgCaLa phase (red circles) and the FeMn phase (blue circles) at different pH values. 
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Figure 6. Degradation of Ag phases after 6-month immersion (37 °C, RL, aeration), SEM-SE: Particles remaining at the bottom of the immersion vessel; Ag identified via EDS and red-marked: (a) FeMnAg, (b) FeMnAgCaLa. Samples after immersion, particles marked with red border: (c) FeMnAg, (d) FeMnAgCaLa. 






Figure 6. Degradation of Ag phases after 6-month immersion (37 °C, RL, aeration), SEM-SE: Particles remaining at the bottom of the immersion vessel; Ag identified via EDS and red-marked: (a) FeMnAg, (b) FeMnAgCaLa. Samples after immersion, particles marked with red border: (c) FeMnAg, (d) FeMnAgCaLa.



[image: Jfb 13 00185 g006]







[image: Jfb 13 00185 g007 550] 





Figure 7. Effects of incubation with degradation media on the viability of L-929 and HOS cells after 24 h; the red dotted line demonstrates the lower limit at 70% to the reduced cell viability according to DIN ISO 10933-5; mean ± SD, n = 6 with 6 technical replicates, Kruskall–Wallis test with Dunn’s multiple comparisons test; p < 0.005 = * (GraphPad Prism 9.1.0.; GraphPad Software, LLC, San Diego, Cl, USA). 
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Figure 8. Effect of degradation supernatant on the growth of the reference strain Escherichia coli (ATCC® 25922). Results represent effects caused by the previous degradation in 3 mL Mueller–Hinton broth. Mean value +/− standard deviation from four replicates. The optical density of the untreated control was set as 100%. Repeated measures analysis of variance (ANOVA) summary with Holm–Šídák’s multiple comparisons test in comparison to control; p < 0.001 = * (GraphPad Prism 9.1.0.; GraphPad Software, LLC, San Diego, CL, USA). 
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Table 1. Combination of immersion conditions and solutions.
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Condition

	
Aeration

20 °C

	
Aeration

37 °C

	
Bubbled Air 20 °C

	
Bubbled Air 37 °C




	
Solution

	






	
Ringer–Lactate Solution (RL)

	
X

	
X

	
X

	
X




	
Hanks’ Solution (HS)

	
X

	
X

	
X

	
X




	
NaCl Solution (NC)

	
X

	
X

	
X

	
X




	
pH5

	

	
X

	

	




	
pH3

	

	
X
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Table 2. Composition of solutions utilized for static immersion tests.
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Components

	
Concentration g/L




	
HS

	
RL

	
NC

	
pH5

	
pH3






	
Calcium Chloride Dihydrate

	
CaCl2 • 2H2O

	
0.186

	
0.270

	
---

	
---

	
---




	
Dextrose

	
C6H12O6

	
1.000

	
---

	
---

	
---

	
---




	
Magnesium Sulfate Heptahydrate

	
MgSO4 • 7H2O

	
0.200

	
---

	
---

	
---

	
---




	
Potassium Chloride

	
KCl

	
0.400

	
0.400

	
---

	
---

	
---




	
Potassium Phosphate Monobasic Anhydrous

	
KH2PO4

	
6.000×10−2

	
---

	
---

	
---

	
---




	
Sodium Bicarbonate

	
NaHCO3

	
0.350

	
---

	
---

	
---

	
---




	
Sodium Chloride

	
NaCl

	
8.000

	
6.000

	
9.000

	
---

	
1.690




	
Sodium Phosphate Dibasic-7-Hydrate

	
Na2HPO4 • 7H2O

	
9.000×10−2

	
---

	
---

	
---

	
---




	
Phenol Red

	
C19H14O5S

	
2.000×10−2

	
---

	
---

	
---

	
---




	
Sodium Lactate

	
NaC3H5O3

	
---

	
3.120

	
---

	
---

	
---




	
Citric Acid

	
C6H8O7

	
---

	
---

	
---

	
0.940

	
3.760




	
Caustic Soda

	
NaOH

	
---

	
---

	
---

	
0.400

	
0.400
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