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Abstract

:

Calcium phosphate/Bioglass composite coatings on AISI 316L were investigated with regard to their potential role as a beneficial coating for orthopedic implants. These coatings were realized by the galvanic co-deposition of calcium phosphate compounds and Bioglass particles. A different amount of Bioglass 45S5 was used to study its effect on the performance of the composite coatings. The morphology and chemical composition of the coatings were investigated before and after their aging in simulated body fluid. The coatings uniformly covered the AISI 316L substrate and consisted of a brushite and hydroxyapatite mixture. Both phases were detected using X-ray diffraction and Raman spectroscopy. Additionally, both analyses revealed that brushite is the primary phase. The presence of Bioglass was verified through energy-dispersive X-ray spectroscopy, which showed the presence of a silicon peak. During aging in simulated body fluid, the coating was subject to a dynamic equilibrium of dissolution/reprecipitation with total conversion in only the hydroxyapatite phase. Corrosion tests performed in simulated body fluid at different aging times revealed that the coatings made with 1 g/L of Bioglass performed best. These samples have a corrosion potential of −0.068V vs. Ag/AgCl and a corrosion current density of 8.87 × 10−7 A/cm2. These values are better than those measured for bare AISI 316L (−0.187 V vs. Ag/AgCl and 2.52 × 10−6 A/cm2, respectively) and remained superior to pure steel for all 21 days of aging. This behavior indicated the good protection of the coating against corrosion phenomena, which was further confirmed by the very low concentration of Ni ions (0.076 ppm) released in the aging solution after 21 days of immersion. Furthermore, the absence of cytotoxicity, verified through cell viability assays with MC3T3-E1 osteoblastic cells, proves the biocompatibility of the coatings.
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1. Introduction


Ceramic materials are inorganic compounds that have been gradually incorporated into our everyday lives [1,2]. Thanks to their thermal and electrical insulating properties, ceramic materials can be applied as technological solutions in the fields of telecommunications, energy, and the environment [3]. Ceramic materials are popularly used in the field of biomedical applications, and those useful in this field are usually referred to as bioceramics [4,5,6,7].



Bioceramics play a crucial role in tissue engineering and orthopedics because of their chemical inertia and high wettability, favoring proteins and cell adhesion [8,9,10,11]. Therefore, different types of ceramic materials have been studied [12].



Bioceramics can be subdivided into three main groups depending on the interactions between the used materials and the human body. Bioinert ceramics do not interact with the human environment and, therefore, can be incorporated into implanted living bone without presenting any sign of toxicity [13,14]. In contrast, bioactive ceramics possess the ability to initiate a biological response after implantation into the body, such as cell stimulation and stem cell proliferation for the regeneration of damaged tissue or whole organs [15,16,17]. Finally, when in contact with body fluids, bioresorbable ceramics can be fully metabolized, easily dissolved, and subsequently excreted [18,19].



Among the ceramic materials used in biomedical applications, Bioglass (BG) and calcium phosphate (CaP) compounds have found great applications in repairing and reinforcing bone tissue in orthopedics and dentistry [20,21,22,23,24].



Bioglasses are silica-based bioactive ceramics developed in the 1970s by Hench through mixing different oxides using the melt-quenching method [25]. The bioactivity of Bioglass is linked to the chemical composition [23], which, in this case, refers to how easily surface chemical reactions occur, as it can generate a hydroxyapatite layer and promote excellent osseointegration [26]. Specifically, Bioglass with 45–52 wt% SiO2 ensures good adhesion to bone and soft tissue, whereas a content of 52–60 wt% SiO2 only allows for bone adhesion [27,28]. As soon as its SiO2 concentration increases above 60 wt%, Bioglass loses its bioactivity, with a dramatic decrease in terms of osseointegration [29]. Approved by the Food and Drug Administration in 1985, Bioglass® 45S5 (45% SiO2, 24.5% CaO, 24.5% Na2O, and 6% P2O5) has been widely used to repair bone and dental defects [30]. Bioglasses have remarkable osteoconductivity and osteoinductivity properties in that they induce primitive cells to differentiate, forming new bone tissue [30,31]. Baino et al. [32] shed light on the potential of Bioglass, which has not only been used in the field of orthopedics (e.g., as scaffolds for bone regeneration or coatings for orthopedic implants) but also for soft tissue regeneration, ocular implants, wound healing, and percutaneous catheters [33]. Bioglass–polymer composites have also been proposed [34,35,36].



Calcium phosphates are another class of ceramic materials that have been successfully applied in the biomedical field [37,38]. In contrast to Bioglass, calcium phosphate compounds allow for the osteoconduction of pre-differentiated bone cells [21,39,40,41]. A comprehensive overview of calcium-phosphate-based biomaterials in orthopedics was presented by Hou et al. [42], who summarized the advantages and disadvantages of these materials. Since the early 1970s, hydroxyapatite (Ca10(PO4)6(OH)2) has increasingly been utilized in orthopedics since it represents the mineral part of bone tissue [43,44]. Thanks to its great stability [45], it is suitable for the fabrication of scaffolds, bone void fillers, and maxillofacial and dental surgery [42,46]. Despite its weak mechanical strength, hydroxyapatite has largely been utilized as the main biomaterial for the fabrication of coatings in orthopedics [47]. Many studies have demonstrated the improvement of cellular response thanks to this material’s high biocompatibility and enhanced protection against corrosion phenomena [48,49,50]. Moreover, it has been demonstrated that the biological and physicochemical properties of hydroxyapatite can be increased by doping it with various ions such as iron [51], magnesium [52], europium [53], samarium [54], silver [55], and cerium [56].



The properties of pure calcium phosphate compounds and Bioglass are synergically increased in their composites [57]. From a biological point of view, the synergistic action of hydroxyapatite and Bioglass improves cell adhesion and proliferation [58] and promotes osteogenic activity [59]. Moreover, in vitro tests conducted on hydroxyapatite/Bioglass-coated substrates have shown that the presence of the coating remarkably increases cell viability and proliferation compared to no coated metallic surfaces [60,61].



Regarding the deposition methods used for composite coatings, a comprehensive, state-of-the-art technique was proposed by Maximov et al. [62]. These authors reported different kinds of coating deposition techniques. Most of the used methods are characterized by high-vacuum and/or high-temperature steps, such as enameling [63], plasma spray deposition [64], air plasma spraying [65], suspension plasma spraying [66], radio frequency magnetron sputtering [67], laser-pulsed deposition [68], thermal spraying [69], and laser cladding [70]. In addition, these methods are difficult to manage and require the use of specific equipment and specialized personnel. Electrophoretic deposition [71], electrodeposition [72,73], and sol–gel deposition [74,75] represent other methods of deposition that are more user-friendly to perform, but they require the use of specific equipment. Furthermore, typically after electrophoresis, a high-temperature treatment step is required to improve the adhesion strength between the Bioglass coating and the substrate [76].



In this work, galvanic deposition was used to achieve the co-deposition of a calcium phosphate/Bioglass composite coating on 316L stainless steel, constituting the first-ever use of this method for such an application. This substrate was selected from among those usable for orthopedic implants [77] because of its excellent biocompatibility and good mechanical properties [78]. The calcium phosphate/Bioglass composite coating is designed to enhance the biocompatibility of this substrate [79].



Unlike the methods of deposition mentioned earlier, galvanic deposition is a simple technique that does not require a power supply [80]. The galvanic coupling between two metals (a working electrode and a sacrificial anode) plays a crucial role in the process. The metals must be characterized by different values of standard redox potential. In addition, another positive point to highlight is the controllability of the galvanic process since the deposition rate depends on the ratio between anodic and cathodic areas. Using this method, we have obtained different types of coatings on stainless steel [81,82,83,84,85,86,87,88]. The galvanic deposition of brushite on Ti alloy, which was converted into hydroxyapatite through a subsequent hydrothermal treatment, was also reported by Chen et al. [89]. Moreover, this technique can be useful for the fabrication of nanowire arrays via the template-assisted method [90,91,92,93,94]. Galvanic replacement was also used to prepare bimetallic and ternary electrocatalysts for applications in fuel cells and the electrolysis and electrosynthesis reactions [95]. Since it could be considered a spontaneous process, galvanic deposition does not require sophisticated equipment or an experienced operator. In addition, it can be considered an eco-friendly process since a sacrificial anode (e.g. aluminum) can be procured from end-life materials to provide added value to waste. A limitation of this method is that it can only be used for cathodic deposits; moreover, if the deposition parameters are not suitably optimized, the coatings obtained may present numerous defects [96].



In this work, we will attempt to demonstrate that the galvanic method is also useful for achieving the co-deposition of calcium phosphate compounds and Bioglass and that the coating obtained has excellent performance in terms of corrosion resistance and biocompatibility and does not require further heat treatments. To achieve this aim, physical–chemical and electrochemical characterizations were carried out to investigate the coatings’ morphologies, chemical compositions, and performance. In addition, biocompatibility and the release of metal ions from the steel substrate during aging in Simulated Body Fluid (SBF) were evaluated. The results demonstrate that composite coatings increase the resistance of the analyzed substrate against corrosion phenomena without inducing any cytotoxic effects.




2. Materials and Methods


Calcium phosphate/Bioglass composite coatings were obtained through galvanic coupling between commercial AISI 316L (working electrode) and zinc (sacrificial anode). AISI 316L bars (1.5 cm × 7 cm × 0.2 cm, UNS S31603, 0.022% wt. C, 16.61% wt. Cr, 10.02% wt. Ni, 1.244% wt. Mn, 0.321% wt. Si, 0.029% wt. P, 0.001% wt. S, 2.010% wt. Mo, Fe at balance) were mechanically pretreated with abrasive paper (#150, #320, #800, and #1200, LECO). Afterward, a degreasing step applied to the metallic surface was carried out in an ultrasonic bath, first in acetone and then in water, for 10 min for each sample. The zinc sheets (3 cm × 7 cm) were pretreated with the same procedure. After cleaning, the working electrode and sacrificial anode were delimited with an insulator lacquer to expose an electroactive area of 1.13 cm2 and 27 cm2, respectively.



Galvanic deposition was carried out in a two-compartment cell (Figure S1 in Supplementary Materials). The electrolyte solution for the cathodic compartment consisted of 0.061M Ca(NO3)2 4H2O, 0.036M NH4H2PO4, and 1 M NaNO3. Different amounts of Bioglass 45S5 were added to the solution (0.5 gL−1, 1 gL−1) to observe the effects related to corrosion behavior. All reagents were purchased from Sigma Aldrich. Deposition was conducted while stirring at 400 rpm so that the Bioglass particles remained suspended.



A 1 M sodium chloride solution was used in the anode compartment. The corresponding deposition was carried out for 24 h at room temperature. After the deposition, the samples were air-dried.



Coating morphology was scrutinized using a field emission scanning microscope (QUANTA 200, FEI) equipped with an energy-dispersive X-ray spectroscopy (EDS, Ametek, Berwyn, PA, USA) probe. The spatial resolution of EDS measurements is about 1 µm, and the relative error is lower than 3%.



The crystallographic structures were studied via X-ray diffraction using a RIGAKU instrument (D-MAX 25600 HK). The analyses were carried out in the 2-theta range from 10° to 60° using copper Kα radiation (λ = 1.54 Å) with the following setup conditions: tube voltage of 40 kV, current of 100 mA, a scan speed of 4°min−1, and sampling of 0.01°. The X-Ray diffraction patterns were studied and compared with the International Centre of Data Diffraction database [97].



Raman spectroscopy was performed using a Renishaw (inVia Raman Microscope) spectrometer. The resolution was 0.5 cm−1. Excitation originated from the 532 nm line of an Nd:YAG laser calibrated by the Raman peak of polycrystalline Si (520 cm−1). For this laser with a 100× objective, the theoretical spatial resolution is about 360 nm. The Raman spectra were analyzed via comparison with the RHUFF database [98].



To quantify the metal ion concentrations released from the sample after 21 days of aging in SBF at 37 ± 1 °C, Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES, PerkinElmer Optima 2100 DV) was also executed. A calibration line was obtained for each ion (Fe, Ni, Cr, Mo, Ca, and P) using standard calibration solutions. The evaluation of corrosion behavior was studied by aging the samples in a simulated body fluid prepared according to the procedure reported in [86]. The samples were kept in SBF at 37 °C for 21 days and were periodically extracted to perform electrochemical tests. Corrosion tests consisted of the monitoring of open-circuit potential (OCP), Potentiodynamic polarization (PP), and Electrochemical Impedance Spectroscopy (EIS). These tests were performed in a conventional three-electrode cell with a Pt wire used as the counter electrode and 3.0 M Ag/AgCl as the reference electrode. Corrosion potential (Ecorr) and corrosion current density (icorr) were determined by extrapolation of Tafel’s curves. Polarization measurements were performed with a scan rate of 0.166 mVs−1 in a potential range of ±150 mV to open-circuit potential. Electrochemical Impedance Spectroscopy was carried out in the frequency range from 100 kHz to 0.1 Hz, with 0.010 V of AC perturbation. The impedance data were fitted using ZSimpWin software with an equivalent circuit (EC).



Before performing biocompatibility tests, the AISI 316L and CaP—1 gL−1 BG samples (1.5 cm × 3 cm × 0.2 cm) were sterilized by soaking them in a 70% (v/v) ethanol bath for 24 h followed by UV treatment for 2 h (1 h on each side) under a laminar fume hood.



Each sample was incubated with Dulbecco’s modified Eagle’s high-glucose medium (D-MEM, Sigma Aldrich, Saint Louis, MO, USA) supplemented with 10% (v/v) fetal bovine serum (Euroclone, Celbar), 100 units per ml of penicillin G, 100 μgmL−1 of streptomycin (Euroclone, Celbar, Pero, Italy), and 2 mM L-glutamine (Euroclone, Celbar) at 37 °C. The incubations were performed in a humidified atmosphere of 5% CO2 for 24 h with a surface-to-volume area ratio of 3 cm2/mL. Subsequently, each treated medium was collected in a 50 mL Falcon tube to carry out biocompatibility tests (named AISI 316L and CaP—1 gL−1 BG D-MEM, respectively).



Mouse pre-osteoblastic MC3T3-E1 cell lines at passage 7 (ECACC, European Collection of Cells Cultures) were cultured in complete D-MEM. The culture consisted of DMEM supplemented with 10% (v/v) fetal bovine serum, 100 units per ml of penicillin G, 100 μg/mL of streptomycin, and 2 mM L-glutamine. Cell growth transpired at 37 °C and in a 5% CO2 atmosphere. A total of 1 × 104 cells/well were seeded on a twenty-four-well culture plate (with a single-well diameter of 14 mm) and incubated with complete D-MEM at 37 °C and 5% CO2. After 24 h, the medium was replaced with fresh complete D-MEM (control), AISI 316L, or CaP—1 gL−1 BG D-MEM-treated media. At different times (2, 5, and 7 days) following cell seeding, the viability and cell proliferation rate of each sample were evaluated using the cell-counting Kit-8 (CCK-8) colorimetric assay (Sigma-Aldrich) according to the manufacturer’s recommendations. Cells grown with each type of medium (complete D-MEM, AISI 316L D-MEM, or the CaP—1 gL−1 BG D-MEM) were incubated with CCK-8 reagent solution (10% in culture medium) for 2.5 h in a humidified incubator (37 °C; 5% CO2).



Absorbance intensity (450 nm), which changes according to the degree of cell viability, was evaluated using a microplate reader (Synergy HT, Biotek, Winooski, VT, USA). The assay was performed ten times for each condition. The obtained data were compared using Student’s t-test. A p value < 0.05 was considered significant.



Optical microscopy of MC3T3-E1 cells grown with complete D-MEM (control), AISI 316L D-MEM, and CaP—1 gL−1 BG D-MEM was performed at different times (2, 5, and 7 days).



A workflow of the fabrication and characterization process is reported in Scheme 1.




3. Results and Discussion


Galvanic deposition was carried out in a two-compartment cell shown in Figure 1. Several reactions occurred once the working electrode and sacrificial anode were short-circuited and placed in their corresponding solutions.



Zinc dissolution occurred in the anodic compart and has been represented in Equation (1):


Zn → Zn2+ + 2e−    (E° = −0.76 V/NHE)



(1)







Regarding the cathodic compartment, base electrogeneration reactions [99,100] occurred thanks to the electrons stemming from Reaction (1). At the cathode, surface nitrate ions, water molecules, and dissolved oxygen react in the following reactions (Equations (2)–(4)):


NO3−+ H2O + 2e− →NO2− + 2OH−    (Eeq = 0.0835 − 0.059 pH V/NHE)



(2)






2H2O + 2e− → 2OH− + H2    (Eeq = 0.0 − 0.059 pH V/NHE)



(3)






O2 + 2H2O +4e− →4OH−    (Eeq = 1.23 − 0.059 pH V/NHE)



(4)







Due to the electrogeneration of hydroxyl ions, the deposition of calcium phosphate compounds is possible. The increase in the local pH at the cathode’s surface drives the mechanism of deposition, shifting the dissociation equilibrium of H2PO4− toward HPO42−, as shown in Equation (5):


H2PO4−+ OH− ↔ HPO42− + H2O    (pH = 7.19)



(5)







Hydrogen phosphate ions formation induces the precipitation of brushite (CaHPO4·2H2O) according to Equation (6):


Ca2+ + HPO42− + 2H2O→ CaHPO4·2H2O



(6)







Since a non-uniform, non-conductive, and porous layer of brushite is formed, the reactions of base electrogeneration are not hindered. This ensures a continuous increase in the interface pH; therefore, the HPO42− ion dissociates in the PO43− ion according to equilibrium Equation (7):


HPO4 2− + OH− ↔ PO43− + H2O (pH = 12.03)



(7)







As soon as the pH reaches a value above 12, hydroxyapatite precipitation takes place, as shown in Equation (8):


10Ca2+ + 6PO43− + 2OH− → Ca10(PO4)6(OH)2 ↓ (pH > 12)



(8)







The composite coating is formed purely through physical incorporation during the deposition of calcium phosphates. The Bioglass present acts as a nucleation point for the formation of new crystals in the coating.



The mechanism of calcium phosphate formation in the presence of Bioglass has been extensively investigated in the literature [24]. In the first stage, there is ion exchange between H+ from the solution with the Na+ and Ca2+ from the Bioglass, which leads to the formation of silanol groups due to the hydrolysis of the silica groups. The reaction mechanism begins with the following reaction (Equation (9)):


Si-O-Ca2+ + H+ → Si-O-H + Ca2+



(9)







Afterward, the dissolution of silica leads to the formation of Si(OH)4 on the surface of the Bioglass, as shown in Equation (10):


Si-O-Si + H2O→2Si-OH



(10)







The dissolution of the lattice leads to the realization of an insoluble form of silica that will serve as a nucleation center for the formation of calcium phosphates. A silica gel layer with a thickness ranging from 1 to 2 μm is formed on the surface of the Bioglass particles. The precipitation and migration of calcium ions on the surface occur, followed by the incorporation of hydroxide anions and phosphates.



To obtain a composite coating, the Bioglass must be kept in suspension in the deposition solution. Therefore, a preliminary study was carried out to evaluate the effect of the stirring of the solution during the galvanic process. Stirring (shown in Figure S2 in the Supplementary Materials) leads to the formation of a calcium phosphate coating with a typical needle-like shape and a smaller crystal size compared with the product obtained under unstirred conditions. This effect was studied by Azar et al. [101], who observed the electro-crystallization of hydroxyapatite coatings on Nitinol while changing the fluid-dynamic conditions of the solution. The growth of hydroxyapatite crystals is a step that is favored over nucleation in unstirred conditions. A concentration gradient of the precursors is produced within the diffusive layer close to the electrode. Therefore, the ions involved are incorporated within the crystal lattice, and crystal growth occurs perpendicularly to the surface. Under stirred conditions, the diffusive layer is thinner, and the bulk concentration is almost the same as that at the electrode/electrolyte interface. So, in this case, crystal nucleation is favored with respect to growth. However, the precursor concentration is high enough to allow crystal growth parallel to the surface.



A comparison between the energy-dispersive X-ray spectra post-deposition and after aging is shown in Figure 2. These characterizations provide semi-qualitative information regarding the chemical composition of the coating. In particular, the atomic ratio Ca/P accounts for the composition of the coating. On the other hand, Ca/Fe provides semi-qualitative information about thickness.



From the results reported in Table 1, it can be concluded that the thickness of the coating increased with the increase in the amount of Bioglass in the deposition solution. This is due to the Bioglass acting as a nucleation center for the formation of calcium phosphates. The results shown in Table 1 also demonstrate that the coatings are composed of a mixture of brushite (Ca/P = 1) and hydroxyapatite (Ca/P = 1.59~1.86). Although brushite could be the main crystalline phase, the Ca/P ratio increases to 1.66 after 21 days of aging in simulated body fluid.



This result can be explained by referring to Reaction (11) proposed by Nur et al. [102], which leads to the total conversion of the brushite in the hydroxyapatite during aging in simulated body fluid:


10CaHPO4 + 2OH− ↔ Ca10(PO4)6(OH)2 + 4PO43− + 10H+     (pH < 12)



(11)







Although Fe atoms could be detected after galvanic deposition, no Fe atoms were found after aging in simulated body fluid for 21 days. Thus, due to dissolution/reprecipitation phenomena, an increase in the thickness of the coating occurs with the aging time. The Si peak observed corresponds to the Bioglass particles incorporated in the coating.



It is interesting to notice how the Si peak is not identified after aging due to the bioactivity of Bioglass to produce hydroxyapatite. The absence of a Si peak is due to the coating’s dissolution in SBS. As reported in [103], the dissolution processes of composite coatings are quicker than pure calcium phosphate and Bioglass coatings. These high dissolution rates lead to rapid supersaturation at the coating/SBF interface and thus to the rapid precipitation of the hydroxyapatite phase [104]. Therefore, after immersion in SBF, the hydroxyapatite phase must be the only one present in the coating. To verify this phenomenon, the post-aged samples were characterized via XRD and Raman spectroscopy, and the results were compared with the pre-aged samples.



Figure 3 shows X-ray diffraction patterns of the samples’ varying Bioglass concentration. In Figure 3a, the characteristic brushite peaks were identified, with values of 2-theta equal to 11.65°, 20.95°, 29.3°, and 30.54°, as well as some hydroxyapatite peaks with lower intensity. In addition, some peaks belonging to the substrate were present. Nevertheless, the intensity of the peaks was shielded by the presence of the coating. No diffraction peaks could be detected for Bioglass due to its amorphous nature (see Figure S3 in the Supplementary Materials; the very broad band at about 32°–33° is typical of an amorphous structure).



After 21 days of aging in simulated body fluid (Figure 3b), the brushite peaks disappeared, and hydroxyapatite peaks are the only ones present, which is a finding that is in line with the results of energy-dispersive X-ray spectroscopy.



Grain size was evaluated using Scherrer’s equation, considering the main peaks were located at around 2-theta 11.65° and 20.95°. The results (Figure S4 in the Supplementary Materials) demonstrate that the galvanic deposition of calcium phosphate in an unstirred solution leads to the formation of coatings with larger crystalline grain sizes. In a stirred solution, since the phenomenon of crystal nucleation is the predominant process compared to crystal growth, as reported earlier, a lower grain dimension was measured.



The addition of Bioglass in the solution causes a further decrease in the main grain sizes. This behavior is due to the incorporation of Bioglass in the calcium phosphate deposit, which continuously stimulates the formation of new nucleation sites and limits crystal growth [103]. The low crystallinity of the composite coating (which corresponds to a high level of reactivity and, therefore, a high dissolution/reprecipitation rate) is another reason for its high bioactivity in SBF [105]. Confirmation of these hypotheses was achieved using RAMAN spectroscopy. The spectra of the coatings following the deposition process (Figure 4a) show that the brushite modes were identified. In particular, the modes at 985 cm−1 and 878 cm−1 are related to the stretching (ν1 P-O) of the phosphate groups. The stretching (ν3 P-O) of the PO4 group was observed at 1081 cm−1 and 1059 cm−1. The bending of the HPO4 group (ν2 OPO) corresponds to the vibrational modes at 379 cm−1 and 415 cm−1. Furthermore, the stretching (ν3 P-O) of the HPO42− group was observed at 1121 cm−1 and is characterized by low intensity. Finally, the stretching (ν4 O-P-O: 530 cm−1) of the HPO42− group and the bending (ν4 P-O: 593 cm−1) of the PO4 group were observed. In addition, the typical hydroxyapatite stretching mode (ν1: 960 cm−1) was detected, although it had low intensity compared to the brushite main mode.



As shown in Figure 4b, in both samples after aging, only the hydroxyapatite phase was detected, confirming the total conversion of brushite, which is in line with the results observed via energy-dispersive X-ray spectroscopy and X-ray diffraction.



Corrosion tests were carried out in simulated body fluid for 21 days to evaluate the performance of the coatings in terms of their resistance to corrosion phenomena. Figure S5 (in the Supplementary Materials) shows the open-circuit potential (for 30 min) in simulated body fluid. The potential remained almost constant, and no unexpected changes were found, which could, in this case, occur due to the solubilization/precipitation of calcium phosphate. In addition, the value of the open-circuit potential shifts to more noble values than that of bare steel due to increased corrosion resistance. The sample CaP/BG 0.5 gL−1 (Figure S5a) was characterized by a constant potential. In contrast, the largest changes were observed during the first few days of immersion. A decrease in open-circuit potential value is observed from day 14. This phenomenon is attributable to the phase change induced by the brushite/hydroxyapatite equilibrium. Despite this phenomenon, nobler open-circuit potential values were recorded compared to bare steel.



The sample CaP-BG 1 gL−1 (Figure S5b) shows a similar trend. There was a significant increase in open-circuit potential value after the first day of immersion; then, a lower variation was noted under the dynamic equilibrium of calcium phosphate. A maximum open-circuit potential value of 0.081 V was recorded on day 14. Compared with the previous sample, higher values were recorded. This behavior is due to the greater presence of Bioglass, leading to the formation of a thicker coating.



Tafel curves have been provided in Figure 5. The values of corrosion potential (Ecorr) and corrosion current density (icorr) were evaluated through the extrapolation of the Tafel curves and have been reported in Table 2. The samples were characterized by a higher value of Ecorr than bare steel. In agreement with the results regarding open-circuit potential monitoring, the potential changes after day 14 were due to the equilibrium established between calcium phosphate compounds. Regarding icorr, the values were lower than the uncoated substrate.



The crystallinity of the coating can be related to its corrosion resistance. The CaP-BG 1gL−1 sample (with the smallest grain size and thus the lowest crystallinity) has the best Ecorr and icorr values due to the high coating dissolution/reprecipitation rate in simulated body fluid. The increased coating thickness and high reprecipitation rate due to the increased presence of Bioglass lead to the formation of a thicker deposit during aging, which results in better protective action against corrosive phenomena.



Electrochemical impedance spectroscopy measurements are reported in Figure 6. The best fitting was obtained using the equivalent circuit (Rs(CPE1(R1(CPE2(R2W))))) schematized in Figure S6 (presented in the Supplementary Materials). This equivalent circuit was proposed by Kathavate et al. [106] and simulated the behavior of inhomogeneous coatings modeled by Jüttner [107] to describe coatings with defects. In particular, the proposed model considers the presence of a porous coating in which diffusive processes occur. Rs represents the resistance of the simulated body fluid. CPE1 and R1 describe the behavior of the outer layer of the coating; alternatively, R2 corresponds to the pore resistance. CPE2 and R3 refer to the double-layer capacitance and charge transfer resistance, respectively. The Warburg element (W) was included to simulate diffusive processes within the porous structure. The CPE (Constant Phase Element) was used by Hinderliter [108] to model inhomogeneous coatings, the presence of defects, and composition variation.



The obtained fitting (reported in Table S1) is characterized by a χ2 value of the magnitude of 10−4, and the relative error of each parameter is less than 10%. The evolution of the coating due to the equilibrium between brushite/hydroxyapatite was noted during aging. The values of the constant phase element exponents, n1 and n2, are lower than those of uncoated steel since the coating has a more complex morphology than a passive film on stainless steel. In any case, after 21 days, the overall impedance was higher than 104 Ω.



These results show that the galvanic method yields coatings with good corrosion resistance properties, which are better than those obtained through electrodeposition [109] and electrophoretic deposition [110]. However, it is worth noting that a direct comparison with other results is difficult to achieve. The performance of the coating is linked to its morphology, composition, and adhesion to the substrate, which strongly depend on the substrate itself, the deposition method, and the deposition conditions (i.e., temperature, agitation, and pH). However, we can compare these results with those concerning other coatings we obtained using the galvanic deposition method [82,84,86,87,88]. According to these results, it can be concluded that the composite with Bioglass has excellent performance, which is only surpassed by the composite with biopolymers such as chitosan and collagen.



Inductive plasma spectroscopy confirmed the ability of the coatings to limit corrosion phenomena. In particular, the concentration of metal ions (Fe, Ni, Cr, and Mo) released in the solution from the substrate after 21 days of aging in simulated body fluid was quantified. As can be observed in Table 3, the concentration of metal ions in the SBF used to age the samples is very low. In the case of iron, which is the most abundant element in steel, a concentration ten times lower than that of bare steel was found. A very low value was also detected in the case of nickel, which was well below the threshold limits for human health [111]. Furthermore, after 21 days, the concentration of Ca ions decreased in the simulated body fluid solution due to the incorporation of Ca ions within the calcium phosphate crystal structure [112] that occurs during aging. Contemporaneously, the number of P ions increased due to the equilibrium proposed by Nur et al. [102], wherein phosphate ions are released (Equation (11)).



The biocompatibility of calcium phosphate/Bioglass-coated (CaP−1gL−1BG) or uncoated steel (AISI 316L) samples was investigated with respect to MC3T3-E1 pre-osteoblastic cells grown in a medium previously incubated with AISI 316L or CaP—1 gL−1 BG as reported in the Materials and Methods. Cells grown in a D-MEM medium were used as a control. The viability assay was performed after 2, 5, and 7 days of treatment using the CCK-8 assay. As reported in Figure 7, both samples (AISI 316L and CaP—1 gL−1 BG) presented viability values comparable to those of the control at each time point, suggesting the good biocompatibility of the devices. Therefore, the percentage of cell viability of AISI 316L and CaP—1 gL−1 BG (considering the untreated control cells’ percentage to be 100%) was more than 91% at each timepoint (reported in Table 4): after 2 days, 97.37% and 96.90%; after 5 days, 91.07% and 98.88%; and after 7 days, 91.82% and 92.26% for AISI 316L and CaP—1 gL−1 BG, respectively. The degree of cell viability, which was well over 70% compared to the control, confirms the non-cytotoxicity of the tested materials as determined by the ISO standard.



These data were confirmed through an analysis of cell morphology (Figure 8), which showed an increase in cell density after 5 and 7 days at the same level as the control. Moreover, cell morphology observations showed discrete intra-cytoplasmatic granules, well-spread cells, and less than 20% round cells, indicating an absent or very low cytotoxic effect (less than 10%) and suggesting good biocompatibility. Therefore, these tests show that the calcium phosphate/Bioglass-coated samples are biocompatible and suitable for biomedical applications since they do not release cytotoxic products that alter cell growth.




4. Conclusions


The galvanic deposition method was used to obtain composite coatings of calcium phosphate/Bioglass on AISI 316L. the coatings were achieved with different amounts of Bioglass 45S5, which was suspended in the deposition solution so that it could be incorporated during the deposition of the calcium phosphate compounds.



The obtained micrographs showed the formation of a uniform deposit characterized by small crystals, whose formation was probably due to the physical incorporation of Bioglass during deposition, which acts as nucleation points for new calcium phosphate crystals.



Through energy-dispersive X-ray spectroscopy, in addition to detecting the presence of Si originating from the Bioglass, the Ca/P ratio was calculated, and the values obtained were attributable to the deposition of both brushite and hydroxyapatite phases. The presence of these two phases was verified through both Raman spectroscopy and X-ray diffraction. Both techniques also revealed that the deposit mainly consists of brushite. Given its amorphous nature, no diffraction peaks of the Bioglass were detected. From the X-ray diffraction patterns and Scherrer’s equation, it was found that the presence of Bioglass in the bath leads to the formation of deposits with a smaller average grain size than deposits without Bioglass.



The coatings were aged for 21 days in simulated body fluid at 37 °C. After aging, the morphology of the deposit changed slightly, while its composition was completely different. Both Raman spectroscopy and X-ray diffraction showed the presence of only hydroxyapatite, and energy-dispersive X-ray spectroscopy also revealed the complete disappearance of Si. This behavior is typical of calcium phosphate compounds, which naturally tend to transform into hydroxyapatite when immersed in simulated body fluid. The disappearance of Si was also expected and is a confirmation of the Bioglass’s bioactivity, which, in simulated body fluid, further stimulates the dissolution of the coating and its reprecipitation in solely the hydroxyapatite phase.



Of great interest are the results of electrochemical characterization, which showed a nobler corrosion potential and lower corrosion current density for all samples compared to those of bare steel from the first day of aging in the simulated body fluid. The coating with the best performance in terms of resistance to corrosive phenomena was obtained with a concentration of Bioglass equal to 1 gL−1. Under these conditions, the coating with the lowest crystallinity and the highest thickness was obtained, which was characterized by a high dissolution/reprecipitation rate in simulated body fluid and thus better protective action against corrosive phenomena. The slowdown of corrosive phenomena in the presence of the coating was also confirmed through the inductive plasma spectroscopy analysis of the SBF used for aging. Lower concentrations of Fe (10 times lower) and Ni (more than half) were found in these solutions compared to that measured in the solution used to treat bare steel.



Finally, biological tests carried out with MCT3-E1 pre-osteoblastic cells revealed that the coated samples do not influence typical cellular growth and, consequently, can be considered non-cytotoxic and suitable for biomedical purposes. Further research is underway to evaluate the scalability of the method using areas much larger than those studied herein and deposition on nonplanar substrates to simulate the actual shape of a prosthesis. Experimentation is also underway using the Ti alloy (Ti-6Al-4V), which we are coating with a CaP-Polymer-Drug composite, again using the galvanic method.
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Scheme 1. Workflow of the fabrication and characterization process. 
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Figure 1. Micrographs of the coatings: (a,b) CaP—0.5 gL−1 BG and (c,d) CaP—1 gL−1 BG post-deposition; (e,f) CaP—0.5 gL−1 BG; and (g,h) CaP—1 gL−1 BG after aging in simulated body fluid. 






Figure 1. Micrographs of the coatings: (a,b) CaP—0.5 gL−1 BG and (c,d) CaP—1 gL−1 BG post-deposition; (e,f) CaP—0.5 gL−1 BG; and (g,h) CaP—1 gL−1 BG after aging in simulated body fluid.
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Figure 2. Energy-dispersive X-ray spectra of calcium phosphate/Bioglass coating: (a) post-deposition and (b) after aging in simulated body fluid. 
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Figure 3. X−ray diffraction patterns of calcium phosphate/Bioglass coatings: (a) before and (b) post-aging in simulated body fluid. The pattern of uncoated AISI 316L was also reported for comparison. 
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Figure 4. RAMAN spectra of calcium phosphate/Bioglass coatings: (a) post-deposition and (b) post−aging in simulated body fluid. 
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Figure 5. Tafel plots of (a) CaP—0.5 gL−1 BG coating and (b) CaP—1 gL−1 BG coating during 21 days of aging in the simulated body fluid solution. 
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Figure 6. Impedance spectra of calcium phosphate/Bioglass coating during 21 days of aging in simulated body fluid. 
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Figure 7. Cell viability assay (CCK-8) of MC3T3-E1 cells grown for different times (2, 5, and 7 days) with complete D-MEM (red, positive control); the CaP—1 gL−1 BG (green) or AISI 316L D-MEM (blue). Viability was expressed as absorbance at 450 nm (Abs), which is directly proportional to cell viability. Error bars represent means ± SD for n = 10 (* p < 0.05). 
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Figure 8. Optical microscopy of MC3T3-E1 cells grown for different times (2, 5 (‘), and 7 (‘’) days) with: (a,a’,a’’) complete D-MEM (control); (b,b’,b’’) AISI 316L D-MEM; (c,c’,c’’) the CaP—1 gL−1 BG D-MEM. Magnificence 10X. 
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Table 1. Ca/P and Ca/Fe ratios, obtained using energy dispersive X-ray spectroscopy, of the coatings (post-deposition and after aging in simulated body fluid). The mean deviation is 1.2%.
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Post Deposition

	
After Aging in SBF




	

	
Ca/P

	
Ca/Fe

	
Ca/P

	
Ca/Fe






	
CaP—0.5 gL−1 BG

	
1.05

	
57

	
1.78

	
No Fe




	
CaP—1 gL−1 BG

	
1.03

	
92

	
1.66

	
No Fe











[image: Table] 





Table 2. Ecorr and icorr of calcium phosphate/Bioglass coatings obtained by extrapolation of Tafel’s curves in Figure 5. For comparison, Ecorr and icorr of uncoated AISI 316L were also calculated. The mean standard deviation was ±1.7%.
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Time

	




	

	
0

	
1

	
7

	
14

	
21

	
AISI 316L






	
CaP—0.5 gL−1 BG

	

	

	

	

	

	




	
Ecorr [V]

	
−0.088

	
−0.036

	
−0.057

	
−0.054

	
−0.088

	
−0.187




	
icorr [Acm−2]

	
4.83 × 10−7

	
2.43 × 10−7

	
4.31 × 10−7

	
3.91 × 10−7

	
6.14 × 10−7

	
2.52 × 10−6




	
CaP—1 gL−1 BG

	

	

	

	

	

	




	
Ecorr [V]

	
−0.068

	
0.056

	
−0.029

	
0.009

	
−0.048

	
−0.187




	
icorr [Acm−2]

	
8.85 × 10−7

	
4.13 × 10−7

	
4.07 × 10−7

	
5.84 × 10−7

	
8.16 × 10−7

	
2.52 × 10−6
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Table 3. Ion concentrations in the simulated body fluid solution after 3 weeks of aging. For comparison, the concentrations of Ca and P ions in the as-prepared simulated body fluid solution were reported (for both measured and calculated values). The mean standard deviation was 0.7%.
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Ions Concentration (ppm)




	

	
Fe

	
Cr

	
Ni

	
Mo

	
Ca

	
P






	
SBF Mis.

	
0

	
0

	
0

	
0

	
103.75

	
31.74




	
SBF Cal.

	
0

	
0

	
0

	
0

	
105

	
31




	
AISI 316L

	
0.088

	
0

	
0.197

	
0

	
89.16

	
28.82




	
CaP—BG 1gL−1

	
0.001

	
0

	
0.076

	
0

	
39.26

	
66.74
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Table 4. Cell viability percentages normalized with respect to the control (100% viability).
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	Time (Days)
	CaP—1gL−1 BG
	AISI 316L





	2
	96.90 ± 0.57
	97.39 ± 0.48



	5
	98.88 ± 2.33
	91.07 ± 2.44



	7
	92.26 ± 3.56
	91.82 ± 1.85
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