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Abstract

:

To purpose of this work is to determine the biocompatibility of the Zr58Co21Al9Ag12 alloy; vitreous ribbons of the Zr58Co21Al9Ag12 alloy were obtained by a chill block melt spinner. They were characterized by X-ray diffraction and transmission electron microscopy. Chemical homogeneity was examined by scanning electron microscopy. Similarly, thermal analysis was performed using differential scanning calorimetry. The nanoindentation test was performed with a Berkovich nanoindenter. Subsequently, the bioactivity was evaluated by chemical immersion in simulated body fluid. After immersion, it was characterized by XRD. A cell adhesion test was performed using mesenchymal stem cells from human dental pulp. Cell viability and proliferation were evaluated with a CCK-8 assay using human lymphocytes. The ribbons have crystalline phases close to 20%. The thermal parameters, Young’s modulus, and hardness were obtained. After the immersion test, Ca and P were identified. Ion release does not exceed critical levels for human cells. The alloy has a higher concentration of adhered cells compared to Ti6Al4V. The alloy remains bio-inert with respect to apatite formation; however, it exhibits excellent cell viability, proliferation, and adhesion behavior.
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1. Introduction


Biomaterials currently used for load-bearing implants, hip, and knee prostheses mainly consist of alloys based on titanium, chrome-cobalt, and 316 L stainless steel. They generally perform in hostile environments combined with wear and tear and corrosion within the human body. In order to extend the durability of such implants, new materials have been continuously developed, including as metallic glasses (MG) offering properties such as superior mechanical strength, high elasticity, and excellent resistance to wear and corrosion [1,2,3]. Since Zr is a highly biocompatible element [4,5], Zr-based bulk metallic glasses (BMGs) have been reported with high hardness and elastic limits [6]. Liu et al. [7] investigated the mechanical and biocompatibility properties of Zr60.14Cu22.31Fe4.85Al9.7Ag3 BMG, reporting a Young’s modulus of 82 ± 1.9 GPa and a low release of metal ions. Tan et al. [8] reported that replacing appropriate amounts of Al for Zr on ZrCuNiAlNb bulk amorphous alloy improved the crystallization activation energy, glass forming ability, and mechanical properties. Sun et al. [9] analyzed the Zr62.5Cu22.5Fe5Al10 BMG, and obtained results that showed an elastic modulus of 50 GPa, improved adhesion morphology, and cytoskeletal arrangement of human bone marrow mesenchymal stem cells. Moreover, the most promising cells in the field of tissue engineering are adult mesenchymal stem cells because have the ability to self-renew; they are pluripotent with fibroblast morphology and plasticity to different cell lines. Human dental pulp stem cells (hDPSC) were first isolated by Gronthos et al. [10]. They present characteristic properties of stem cells, rapid proliferation and the ability to form dentin-like mineralized tissue [11]. To date, few reports have demonstrated the interactions of Zr-based BMG with T lymphocytes and hDPSC. Therefore, this research aims to obtain Zr58Co21Al9Ag12 alloy at different amorphous fractions to study its response to cell viability, adhesion behavior, and proliferation using human lymphocytes to generate a precedent for this material and lead to subsequent biocompatibility studies to propose it as a biomaterial. Other important properties of the glassy alloy have also been investigated in this work, including the thermal, hardness, and Young’s modulus.




2. Materials and Methods


2.1. Casting of Ribbons


Alloy ingots were prepared by arc melting of mixtures of the pure metals zirconium (99.5%), silver (99.99%) of high purity, cobalt (99.9%), and aluminum (99.9%) in shot form in an argon (Ar) atmosphere (Edmund Bühler Arc-Melter AM). The ingots were re-melted five times to homogenize the alloy. Three castings were performed by a Chill Block Melt Spinner (CBMS) under different processing conditions, obtaining ribbons with thicknesses of 80–150 µm.




2.2. Structural Characterization


The ribbons were characterized by TEM (Phillips Tecnai F20); the samples were ground by low energy mechanical grinding in a planetary mill and subsequently diluted in alcohol; one drop was poured onto the grid and allowed to dry for 24 h. The structure and phases after the immersion in body fluid immersion were verified by X-ray diffraction (Bruker D8), using Kα radiation of Cu (λ = 0.15406 nm) at 40 kV and scanned within a diffraction angle range of 2θ = 20–120° with a counting time per angular step of 1 s. The corresponding phases detected were matched using the cards of the database installed in the Difrac Suit Eva software installed in the same diffractometer. The chemical homogeneity and phases after the immersion were examined by scanning electron microscopy (JEOL JSM-7600F); the samples were rinsed in an ultrasonic bath using acetone for 10 min and dried in the open air for 24 h [12,13,14].




2.3. Differential Scanning Calorimetry (DSC)


Thermal analysis was performed using differential scanning calorimetry (DSC, TA Instruments SDT Q600, New Castle, DE, USA). The samples smaller than 30 mg were taken, washed in an ultrasonic bath using acetone for 10 min and dried in the open air for 24 h as previously stated. The samples were heated at a rate of 20 K/min from 303 to 1273 K, using an argon flow of 100 mL/min [15,16,17,18].




2.4. Nanoindentation Test


In these tests, it was possible to investigate deformation reversibility by multiple loading and unloading steps [19]. The elastic modulus was measured using a Berkovich nanoindenter (BE0102 Nanovea Indenter, Irvine, CA, USA) using a single loading rate of 100 mN/min; at least 10 indentations were made in each sample, ensuring that there was a separation of 50 µm in order to avoid interferences [20,21,22]. The Young’s Modulus was determined with the Oliver and Pharr method [23] (Equation (1)). The nanoindentation tip penetration was determined from the depth value at the maximum load registered in the load-displacement curve.


   1  E r   =    (  1 −  v 2   )   E  +    (  1 −  v i 2   )     E i     



(1)




where Er is the reduced modulus, E is the Young’s Modulus, and v is the Poisson´s ratio of the specimen. Ei and vi are the same parameters for the indenter.




2.5. Simulated Body Fluid Immersion Test (SBF)


To investigate bioactivity, a simulated body fluid immersion test (SBF) with a pH of 7.4 was performed by ASTM-G31-72 to evaluate apatite’s inductive capacity [24,25]. The immersion was carried out at 309.5 K for 3, 7, 14, 21, and 28 days. The solution was renewed every two days to maintain a relatively stable pH value [25,26,27,28].




2.6. Cell Adherence Assay


A cell adherence test was performed using hDPSC as previously reported [29], in primary culture passage 3, with Dulbeco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (SFB), 1% L-glutamine, and 1% penicillin/streptomycin (10,000 IU/mL and 10,000 μg/mL) as an antibiotic. Samples were placed at the bottom of the plates (1 × 106 cells/well) on a 12-well plate. Plates without material were considered as controls. Nine samples per group were tested. The cell suspension was inoculated (5 × 104 cells/well), then incubated at cell culture standard conditions. In this test, the Zr58Co21Al9Ag12 alloy and Ti6Al4Vgroups were analyzed. Cell adhesion was determined by staining with crystal violet (methyl violet). After 24 h of incubation, the culture medium was removed; the cells were fixed by adding 1 mL of 4% paraformaldehyde and incubated at room temperature for 15 min.



Then, a crystal violet solution (glutaraldehyde 6.0% (vol/vol); crystal violet 0.5% (wt/vol) in H2O) [30,31,32] dye was added during 20 min of incubation to allow cell staining; finally, it was rinsed twice with deionized water. Cells were stained with crystal violet (methyl violet) and viewed under an inverted light microscope Carl Zeiss Axio and photographed. The number of adhered cells was quantified by considering the number of cells adhered to the material per field. At least nine images were analyzed for each experimental group.




2.7. Cell Viability and Proliferation Assay In Vitro


The biocompatibility was evaluated through the viability and cell proliferation behaviors using CCK-8 assay in human T lymphocytes (Jurkat, clone E61 ATCC TIB152). Dulbecco’s Modified Eagle Medium without phenol red medium-high glucose (SIGMA) with 10% fetal bovine serum (SIGMA) was used and the cells were incubated at 37 °C under a 5% CO2 atmosphere and 95% humidity. The cell suspension was inoculated (5 × 105 cells/well) in a 24-well plate. Then, each sample was placed in a well (rectangle form) of 0.5 × 1 × 0.1 cm width, length, and thickness, respectively. Cells without material were considered as control. Nine samples per group were tested. The plate was incubated in a humidified incubator at 310 K and atmosphere of 5% CO2. Then, 10 μL of the CCK-8 solution was added to each well of the plate. Cells were incubated every 24 h, for up to 96 h. The absorbance at 440 nm was measured with a microplate reader.





3. Results


3.1. Structural Characterization


To determine the glass-forming ability of the Zr58Co21Al9Ag12 alloy, three ribbons were obtained by CBMS, and the processing conditions were varied as shown in Table 1. Figure 1 shows the XRD patterns of the ribbons in which some crystalline diffraction peaks can be observed. They are superimposed on a large maximum of amorphous dispersion located at approximately 38°; such a broad peak arises as a result of X-ray scattering in an atomic network, showing no long-range order. This indicates that the ribbons are mainly in the vitreous state. It is known that a glassy/crystalline compound can be produced when the cooling rate is not sufficient for complete amorphization, or the amount of impurity is too high. Increasing the speed of the wheel shows less precipitation of the crystalline phase. A semi quantitative content of the amorphous phase was calculated using Equation (2) [33] by analyzing the X-ray diffraction patterns in the software Diffrac Suite EVA [33,34,35], as shown in Figure 1.


   Total   Amorphous   Content     ( % )  =    Global   Area   - Reduced   Area     Global   Area     × 100 %   



(2)




where the Global area is the total area under the curve and the reduced area is the area total area minus the amorphous area; both areas are determined by the software.




3.2. Differential Scanning Calorimetry (DSC)


Glassy metals cannot be used at high temperatures since the amorphous structure would be lost. Thermal parameters were investigated through differential scanning calorimetry (DSC). Figure 2 shows that the ribbon with 78.8% amorphous phase presents two exothermic peaks at 748 K and at 942 K, which indicates a phase transformation associated with the crystalline fraction. Before the first exothermic peak, the glass transition temperature (Tg) at 733 K and the crystallization temperature (Tx0) at 748 K were identified, followed by a single endothermic peak associated with the melting process (Tm) at 1169 K. The temperature of the liquid (Tl) was 1191 K. When analyzing the ribbon with 79.8% amorphous phase, two exothermic peaks were also observed, the first at 746 K and the second at 933 K, indicating a phase transformation associated with the crystalline fraction; the glass transition temperature (Tg) at 725 K was identified before the first exothermic peak and the crystallization temperature (Tx0) at 746 K followed by a single endothermic peak associated with the melting process (Tm) at 1167 K. The liquid temperature (Tl) was 1198 K. On the other hand, a decrease in heat flow is observed for the ribbon with 82.6% amorphous phase before an exothermic reaction, indicating the onset of crystallization and is defined by the crystallization temperature (T0) at 744 K. This phenomenon is typical of metallic glass and indicates that the glass transition temperature (Tg) in this case at 728 K. This behavior is attributed to the fact that it does not have a purely glassy structure. A single endothermic peak associated with the melting process (Tm) is observed at 1168 K, suggesting that it is a eutectic composition; the liquid temperature (Tl) was 1200 K. Table 2 summarizes the thermal properties, Tg, Tx0, Tm, Tl, the relationship ΔTx = (Tx0 − Tg), and the reduced glass transition temperature Trg = (Tg/Tl). It is important to point out that the liquid temperatures measured in this work corresponds to values reported elsewhere [36].




3.3. Transmission Electron Microscopy (TEM)


The ribbons were characterized through TEM. Figure 3 is a high-resolution transmission electron microscopy (HRTEM) image of the ribbon with 78.8% amorphous phase. From this image, it was possible to measure, by means of the fast Fourier transform, the interplanar distances, i.e., it was identified in the crystalline domain the planes (111) of ZrO2. Figure 4 is a HRTEM image of the ribbon with 82.6% amorphous phase; similarly, from the fast Fourier transform, it was possible to measure the interplanar distance, identifying the crystalline plane present—in this case (012) of Al2O3.




3.4. Nanoindentation


Figure 5 shows an example of the obtained nanoindentation load-displacement curve of a Zr58Co21Al9Ag12 sample subjected to a single load rate of 100 mN/min and reaching a maximum load of 49.84 mN. The Young’s modulus and hardness were 42.43 GPa and 7.72 GPa, respectively. These results showed that the obtained hardness improved significantly from the conventional biomaterials such as 316 L stainless steel (3.34 GPa) and CoCrMo alloy (3.76 GPa). The Young’s modulus was lower than that for commercial biomedical Ti, which is generally higher than 100 GPa [37,38]. Therefore, by having a value closer to that of the average human bone (10–30 GPa) [39,40,41], it can allay the protection stress shielding effect in prosthetic applications.




3.5. Immersion in SBF


SEM examined the surface morphology of the ribbons submerged in SBF. Figure 6 shows the ribbon’s SEM images with 82.6% amorphous phase submerged for 28 days. A smooth and continuous surface can be observed, indicating the absence of attack by corrosion.



Usually, the biological activity of glass is closely related to the growth rate of hydroxyapatite on its surface [42]. It is known that base Zr alloys tend to naturally form a passive layer of ZrO2 oxide [38,43,44,45] and are susceptible to the presence of chlorides, which induce pitting and selective dissolution of the amorphous matrix [46]. It then begins to attract calcium and phosphorus ions, resulting in the formation of apatite on the ZrO2 surface due to a higher specific surface area as mentioned by Liu et al. [27]. It has also been reported that Zr-based metallic glasses are bioinert in nature [47,48] and cannot form a bioactive bond with living bone if implanted into a bony site. This is probably the reason why only small domains are located with no continuous structure along the surface. It is known that the presence of crystalline phases can significantly slow down the rate of formation of the hydroxyapatite layer on the glass surface.



Figure 7a shows the ribbon’s resulting XRD patterns with 82.6% amorphous phase after being immersed in the SBF. The results showed that, at longer immersion times, the presence of crystalline peaks increases. However, this behavior was demonstrated in up to 21 days of immersion. The crystalline peaks subsequently depressed at 28 days. This may be due to the oxide layer not being thick enough, causing it to suffer from pitting corrosion due to the action of the chlorides present in the SBF, finally restarting the formation process. To study this result in detail, an examination of the pattern corresponding to 21 days was carried out (Figure 7b). In this figure, a set of diffraction peaks was detected, matching the following cards: (JCPDS 99-100-7407) AlPO4, (JCPDS 99-101-6720) Ca3(PO4)2, (JCPDS 99-100-0370) ZrC, (JCPDS 99-100-6690) ZrO2, and (JCPDS 99-101-3086) Ag. The presence of Ca and P was identified; these could favor phosphates’ precipitation, accelerating the deposition process of apatite on the surface [49].




3.6. Cell Adherence Assay


Table 3 summarizes the mean (   X -   ) and standard deviation (SD) of the cell adherence assay of three replicates for each sample of the Zr58Co21Al9Ag12 alloy and four replicates of Ti6Al4V alloy. Figure 8A,a shows the micrographs of the control taken at 5 and 10× respectively, where the typical spindle shape of hDPSC cells is observed, and its distribution after an incubation period of 24 h. Figure 8B,b shows the micrographs of the Ti6Al4V alloy. It can be observed there are many areas without adhered cells compared to the ribbon with 78.8% amorphous phase shown in Figure 8C,c, where a fully defined elongated spindle morphology is observed, nearly forming a monolayer, indicating that it is cytocompatible. Similar behavior was observed for the ribbon with the 79.8% amorphous phase, shown in Figure 8D,d where a higher cellular concentration is evident, and almost forming a monolayer on the surface of the sample; the ribbon with 82.6% of amorphous phase shown in E and e, however, shows fewer cells.



Cell adhesion, spread, and proliferation at the implant surface are necessary events for the bone tissue differentiation before bone tissue formation [50]. From an image analysis on the micrographs, a mean quantification of the adherent cell density was obtained, indicated in Table 4. The plotted results are shown in Figure 9.




3.7. Cell Viability and Proliferation Assay In Vitro


The cytotoxicity was evaluated using T lymphocytes through a CCK-8 assay; this type of cell has growth properties in suspension. This type of assay allows sensitive colorimetric assays to be carried out to determine the number of viable cells [51]. CCK-8 detection sensitivity is higher than MTT, XTT, MTS, or WST-1 [52]. The test was started with 40,000 T cells per well using a 24-well plate (COSTAR, flat bottom lid, ultra-low fixation, non-pyrogenic polystyrene surface); T cells were used as a positive control and the culture medium as a negative control. Table 5 summarizes the mean and standard deviation of six experiments for each sample.



Nine replicates per sample were used in the cell proliferation assay. Figure 10 shows a graph of the Y-axis to the optical density (absorbance at 440 nm); this is directly proportional to cell proliferation. It is observed that the behavior of the Zr58Co21Al9Ag12 alloy is similar to the control and shows an increase in proliferation, allowing the cells to proliferate at their regular rate. The samples with 78.8% and 79.8% of the amorphous phase presented a lower optical density at 96 h than that for 82.6%.





4. Discussion


4.1. Structural Characterization


The crystalline phase fraction fluctuated from 21.2% to 17.4%, dependent on the cooling speed. The highest degree of vitreous phase obtained was 82.6% with a tangential speed of the cooling disc of 10 m/s. On the other hand, by using the Ca5P3O13H2.82 apatite card (JCPDS No. 99-100-2294), the formation of apatite was confirmed. It is known that a material capable of forming apatite on its surface in SBF can bind to living bone through the apatite layer formed on its surface in the living body [53].



It is known that the surfaces of Zr-based MGs are commonly bioinert, meaning that direct tissue-implant bonding cannot occur. One approach to solve this problem is to make a bioactive coating on the metal surface [54,55]. X-ray diffraction results show spontaneous formation of bone apatite in SBF, indicating that the ribbons have a bioactive behavior. However, according to ASTM G31-72, in many cases, the corrosion rate is established by gain rather than loss of mass [24]. It has been reported that Zr-based MGs have a passive layer of natural oxide (ZrO2) and thus show good corrosion resistance [38,45,56,57,58]. Liu et al. [7] observed that immersing a Zr60.14Cu22.31Fe4.85Al9.7Ag3 glassy alloy in SBF causes the active metals to dissolve anodically in the solution, causing the presence of metal ions. This generates a layer of ZrO2; this layer in turn promotes the bioactivity of the ribbons.




4.2. Differential Scanning Calorimetry (DSC)


The value of ΔTx is generally an indicator of the thermal stability of the glass produced. In glassy alloys, this temperature range is usually extensive, and values of more than 120 K have been reported. In the case of thin, fast-setting glassy ribbons and marginal glass formers, the value of ΔTx is minimal, if observed at all [59]. According to Figueroa et al. [60], an alloy presents a better GFA due to subcooling, and is as close as possible to the Tg value. Hua and Zhang [61] demonstrated an evident change in the atomic structure of the Zr–Al–Co alloy by adding Ag. This behavior is mainly due to the need for efficient dense packing and the chemical affinity between the component atoms.



In the Zr–Co–Al–Ag alloy, the atomic radii of the component elements are Zr 0.16 nm, Co 0.125 nm, Al 0.143 nm, and Ag, 0.145 nm, respectively. That the atomic size ratios are 1.28 for Zr/Co, 1.12 for Zr/Al, 1.10 for Zr/Ag, 1.16 for Ag/Co, and 1.01 for Ag/Al. Therefore, this combination of atomic sizes can produce an efficiently packed local structure that is associated with low internal energy and high liquid viscosity [62,63,64]. Furthermore, in the present alloy, the heats of mixing for the pairs Zr–Al, Zr–Co, Zr–Ag, Al–Co, and Ag–Al are −44, −41, −20, −19, −4 kJ/mol, respectively. The large negative heat of mixing values improve interactions between components, promote short-range chemical ordering in liquids, improve local random packing density efficiency, and restrict long-term atom diffusion [65,66,67,68].




4.3. Transmission Electron Microscopy (TEM)


The presence of zirconium and aluminum oxides from the crystalline phase was observed. Zr-based MGs have been reported to possess a passive layer of natural oxide (ZrO2), associated with excellent biocompatibility and resistance to corrosion in the physiological environment [12,43,45,56]. Thus, it is expected that this type of oxide will form on the ribbons’ surfaces considering the oxyphilic nature of the Zr and Al elements of the alloy.




4.4. Nanoindentation


Mechanically, the Zr58Co21Al9Ag12 alloy exhibited higher hardness due to its compact atomic configuration and the presence of Zr and Al, which are highly oxyphilic elements that have a much higher hardness than that of the Zr-based alloy, contributing to their excellent wear resistance [44]. On the other hand, the Zr58Co21Al9Ag12 alloy presented a Young’s module of 42 GPa; this result is relatively close to the value reported by Qiu et al. [69] for a Zr60Cu22.5Pd5Al7.5Nb5 alloy, which is approximately 50% less than that of TiAl6V4. These results are promising for the application proposed, since a lower elastic modulus will relieve the stress shielding effect between the implant and human bones that typically have an average Young’s modulus of 10–30 GPa [55].




4.5. Immersion in SBF


The alloy elements and the microstructure mainly influence the corrosion resistance of alloys. Ag is the most effective alloy element to increase corrosion resistance [70,71,72,73]. It has been suggested that the addition of Ag increases the amount of Al2O3 when compared to a Ag-free alloy. Bearing in mind that the main characteristics of Al2O3 are the compact, dense, and stable structure that offer excellent protection than other oxides, Ag favors the formation of a protective surface with better chemical stability [14,71,74].



The presence of some phosphates and aluminum oxides was identified, which may result from the alloy ribbons’ reaction. This was attributed to the fact that the aluminum oxide layer was not thick enough, causing corrosion by pitting in the presence of chlorides [38,54]. This result indicates that the ribbons’ surface is not optimal enough to induce apatite formation, although it is not entirely bioinert. The presence of both aluminum and zirconium oxides does not allow the adhesion of phosphates to induce the formation of a layer of apatite.



It is important to point out that Escamilla et al. [75] found, by means of metal ion release studies, that the concentration of Zr ions during 28 days of immersion was 26,295 ppb. This was mainly attributed to the effect of chloride ions in the solution that is preferably absorbed by chemical and physical defects on the ribbons’ surface. Passive films are very susceptible to attack by chloride ions since they are highly distorted at these interfaces [46,57]. On average, Zr is only present in the human body at 250,000 ppb; daily intake is around 3500 ppb. However, it does not have any natural biological effect. Short-term exposure to zirconium dust has been reported to cause irritation [76]. Zr is a non-toxic metal due to the lack of binding with biomolecules, showing good biocompatibility [47,77]. Al is related to neurotoxicity and senile dementia of the Alzheimer type, but only in very high doses. The daily concentration of Al ions during 28 days of immersion was 733 ppb, which is less than the concentration of the trace element in the human body [76]. Silver is very toxic to some organisms, for instance: bacteria, viruses, algae, and fungi, but does not cause high toxicity for humans.



Silver has no known biological functions. Although the metal itself causes few problems, it has been reported to have low potential for skin irritation, as well as hepatic, renal, neurological, and hematological effects [78]. Several occupational exposure limits and guidelines exist for silver, but the values for each depend on the form of silver as well as the individual agency making the recommendations [79], (p. 575). The concentration of Ag ions during 28 days of immersion was 142 ppb; As this is a high value for human exposure, it would be worthy to conduct more studies on the size and its possible accumulation in the human body from a medical implant.



Cobalt is an important trace metal in the human body. This element promotes the production of red blood cells as a component of vitamin B12 (cyanocobalamin). However, in excess, it can cause intoxication, emesis, diarrhea, paralysis, and hypotension [80]. Co ion release was not detected, which is a positive effect for biomedical uses, since Co is cytotoxic; In vivo studies showed that it could induce damage to the DNA of oral mucosa cells [13]; the median lethal dose value for soluble cobalt salts has been estimated to be between 150 and 500 ppb [39].



The ions released are mainly Zr, and they are within the threshold in the human body. Co release did not occur, indicating that its presence in the composition of the ribbons remains stable due to its double structure face cubic centered-hexagonal close packed (FCC-HCP) that provides resistance. Likewise, Al is kept at a low value that is tolerable for the human body, demonstrating that the ribbons show stable behavior regarding ion release under immersion in SBF.




4.6. Cell Adherence Assay


In Figure 8, it is observed that cells are adhered to the alloy ribbons. Although the 78.8% and 82.6% amorphous phase Zr58Co21Al9Ag12 alloy samples clearly present a slightly higher cellular concentration average compared to the commercial Ti6Al4Valloy [81,82], which were accounted for and represented in Figure 9, there is still a significant standard deviation compared to the ribbon with 78.8% amorphous phase, which has higher adhesion. As can be seen in Figure 10, even though the samples present lower cell proliferation compared to the control, they have a fairly close behavior among them; this might be attributed to the fact that the cells require an adaptation time when they come into contact with the alloy.



This behavior indicates that the Zr58Co21Al9Ag12 alloy has high adherence and allows cell proliferation, and therefore good biocompatibility by itself, without being favored by the presence of superficial defects. This is despite the fact that Zr-based alloys have been reported, due to their bioinert nature, to be unable to form a bioactive bond with the living bone after they are implanted in bone sites [83]. Typically, surface modifications are required to prepare a bioactive coating on the surface of the glassy alloys [54,55,84]. Huang et al. [85] modified the surface of Zr-based alloys, by using the low-energy ion implantation technique of Ar and Ca ions. Their work resulted in simultaneous modifications in atomic structure, nano hardness, surface chemistry, and cell adhesion. Therefore, the result obtained is attributed to the fact that the crystalline phase directly influences the bioactive response without the need of considering a surface modification. However, a less favorable response is observed in the adherent cell density for the ribbon with 82.6% vitreous phase. A similar effect was observed by Baino [42] concerning the presence of crystalline phases that can significantly reduce the formation rate of a hydroxyapatite layer on the glass surface. Considering that the ribbons do not present surface defects, it is possible to deduce that the material’s high adherence is due only to the Zr58Co21Al9Ag12 alloy since the response presented in even the lowest cell adhesion density is comparable with the Ti6Al4V control sample.




4.7. Cell Viability and Proliferation Assay In Vitro


The behavior observed in the results is attributed to the presence of a higher proportion of the amorphous phase which offers a more suitable surface due to the lack of interaction as it is mostly bioinert, allowing cell proliferation. The medium was kept constant with values to a minimum, indicating that no unwanted behavior occurred during the test. These results are similar to those obtained by Li and Ai [77], who evaluated the biocompatibility of Zr61Ti2Cu25Al12 metallic glass. They used human umbilical vein endothelial cells together with the metal’s cellular viability through CCK-8 assays, demonstrating that it has biocompatibility as good as that of commercially pure Ti.



In other research, Li et al. [12] evaluated the biocompatibility of Zr61Ti2Cu25Al12 metallic glass using three cell lines. They obtained a cellular response comparable to Ti and its alloys, suggesting good biocompatibility associated with the formation of a layer of zirconium oxide on the surface and good resistance to corrosion in the physiological environment. On the other hand, Liu et al. [86] studied the biocompatibility of three Ni-free Zr-based alloys, obtaining cytotoxicity and cell viability comparable to the Ti6Al4V alloy. Similarly, Guan et al. [87] reported that for a ZrAlCoNb metallic glass with different Nb contents, cell viability is improved with increasing Nb content.





5. Conclusions


The fraction of the crystalline phase in the Zr-based ribbons seems to exert a favorable behavior regarding the results obtained through the characterization, showing good biocompatibility; from the SBF immersion test, it was observed that the bioinert nature of the surface of the ribbons prevails despite having a fraction of crystalline phases, which allows the attraction of elements that induce the apatite formation. Zr58Co21Al9Ag12 alloy does not present cytotoxicity and allows T lymphocyte cell proliferation, demonstrating good biocompatibility for potential use in biomedical applications since it complies with the fundamental requirement of biocompatibility—not causing any harm to the host. In this sense, the results are consistent in that the Zr58Co21Al9Ag12 alloy has properties of high cell adherence, cytocompatibility, and cell proliferation. The results of the in vitro tests were completely concluded. It remains to carry out in vivo studies in animal models to strengthen our hypothesis of the high adherence, cytocompatibility and proliferation properties exhibited by the new biomaterial in cultured human cells.
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Figure 1. XRD pattern of the three ribbons obtained by CBMS; a higher amorphous phase percentage is observed for the tangential wheel speed of 20 m/s. centered. 
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Figure 2. DSC curves of the 3 ribbons obtained by CBMS. 
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Figure 3. High resolution HRTEM image of the ribbon with 78.8% amorphous phase. In the upper right corner, the fast Fourier transform is shown. 
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Figure 4. High resolution HRTEM image of the ribbon with 82.6% amorphous phase. In the upper right corner, the fast Fourier transform is shown, from which the (012) plane of Al2O3 is identified. 
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Figure 5. Zr58Co21Al9Ag12 alloy nanoindentation offset curve for a load of 100 mN/min. 
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Figure 6. SEM image of the ribbon with 82.6% amorphous phase immersed in SBF for (a) 21 days at 2500-times magnification and (b) 28 days at 10,000-times magnification. 
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Figure 7. XRD pattern of the ribbon with 82.6% amorphous phase, (a) different immersion days; (b) higher magnification for the sample immersed during 21 days in the SBF. 
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Figure 8. Micrographs of the cell adhesion to the materials. (A,a), spindle shape of hDPSC; (B,b), hDPSC on the Ti6Al4Valloy; (C,c,D,d,E,e), hDPSC on the ribbon with 78.8, 79.8 and 82.6% of amorphous phase, respectively. 
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Figure 9. Quantification of cell adherence. The data are expressed as mean ± SD (n = 3) by triplicate. * Significantly different from control (Student’s t-test; p < 0.05). 
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Figure 10. Cell proliferation assay. The data are expressed as mean ± SD (n = 3). * Significantly different from control (Bonferroni pos hoc test; p < 0.05). All experimental groups were statistically significant from the control, except the 79.8% group at 96 h. 






Figure 10. Cell proliferation assay. The data are expressed as mean ± SD (n = 3). * Significantly different from control (Bonferroni pos hoc test; p < 0.05). All experimental groups were statistically significant from the control, except the 79.8% group at 96 h.



[image: Metals 13 00055 g010]







[image: Table] 





Table 1. Conditions of the three Zr based ribbons obtained by CBMS.
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	Ribbon
	Tangential Wheel Speed (m/s)
	Amorphous Phase (%)





	1
	7
	78.8



	2
	10
	79.8



	3
	20
	82.6
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Table 2. Thermal properties of the three ribbons obtained by CBMS.
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	Zr58Co21Al9Ag12 Alloy Ribbon
	Tg
	Tx0
	Tm
	Tl
	ΔTx
	Trg





	78.8%
	728
	744
	1168
	1200
	16
	0.606



	79.8%
	725
	746
	1167
	1198
	21
	0.6051



	82.6%
	733
	748
	1167
	1198
	15
	0.6118
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Table 3. Means and standard deviations of the samples used for the cell adherence test.
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	Zr58Co21Al9Ag12 Alloy Ribbon
	   X -    (g)
	SD (g)





	78.8% amorphous phase
	0.03423
	0.00598



	79.8% amorphous phase
	0.00988
	0.00022



	82.6% amorphous phase
	0.01674
	0.00088



	Ti6Al4V
	0.26857
	0.07303
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Table 4. Average quantification of adherent cell density with hDPSC cells.






Table 4. Average quantification of adherent cell density with hDPSC cells.





	Control
	Ti6Al4V
	Ribbon (78.8% Amorphous)
	Ribbon (79.8% Amorphous)
	Ribbon (82.6% Amorphous)





	40.84%
	44.35%
	51.3%
	42.38%
	48.35%
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Table 5. Means and standard deviations of the samples used for the cytotoxicity test.






Table 5. Means and standard deviations of the samples used for the cytotoxicity test.





	Zr58Co21Al9Ag12 Alloy Ribbon
	   X -    (g)
	SD (g)





	78.8% amorphous phase
	0.03371
	0.01019



	79.8% amorphous phase
	0.00862
	0.00101



	82.6% amorphous phase
	0.01710
	0.00074
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