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Abstract

:

High-entropy alloys (HEAs), also known as multicomponent or multi-principal element alloys (MPEAs), differ from traditional alloys, which are usually based only on one principal element, in that they are usually fabricated from five or more elements in large percentages related to each other, in the range of 5%–35%. Despite the usually outstanding characteristics of HEAs, based on a properly selected design, many such alloys are coated with advanced composites after their elaboration to further improve their qualities. In this study, 73Ti-20Zr-5Ta-2Ag samples were covered with chitosan and a mixture of chitosan, bioglass, and ZnO particles to improve the materials’ antibacterial properties. A variety of methods, including scanning electron microscopy, atomic force microscopy, and mechanical and electrochemical determinations, has permitted a quantified comparison between the coated and uncoated surfaces of this medium–high-entropy alloy. The materials’ properties were enhanced by the complex coating, giving the alloys not only high antibacterial activity, but also good corrosion protection.
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1. Introduction


The introduction of multi-principal metal alloys (MPEAs) [1] as new materials with high performance properties has been an answer to the needs involved in the development of new technologies. Initially, such alloys were divided based on their entropy values into high-entropy alloys (HEA) and medium-entropy alloys (MEAs) [2,3]. The research design concept of such materials permits the development of alloys with proposed desired characteristics that promote safety and sustainability in a large variety of scientific fields, despite the fact that they were initiated for use in extreme conditions. This possibility has presented an opportunity for new HEAs and MEAs to be used not only in technological fields that use extreme environmental conditions, but also in biomedical sciences in which specific properties related to biocompatibility are needed [4].



Compared to traditional metallic biomaterials already in use, such as TiAlV, TiAlNb, and TiAlFe, HEA and MEA materials based on Ti [5,6,7,8] have high strength, superior corrosion resistance, and a Young’s modulus close to that of the human bone, thus avoiding stress shielding. Various new alloys have been fabricated and their potential application in bioapplications investigated in the last five years [9,10,11], and, more recently, they have been included in the term “bioHEA” [12].



Ti, Ta, Zr, and Ag are known for their biocompatibility and antibacterial properties [13] in various systems, and in multielement alloys such as 73Ti-20Zr-5Ta-2Ag, a synergic process is expected to take place, thus increasing antibacterial activity.



Configurational entropy values have been used to classify materials as high-entropy (>1.5 R), medium-entropy (1–1.5 R), and low-entropy (<1 R) [14]. The classification of high entropy as >1.5 R matches the internal energy per mole of a monoatomic ideal gas, which is equal to 1.5 RT. According to this classification, the 73Ti-20Zr-5Ta-2Ag alloy used in this study, which has a calculated entropy of 1.26 R, can be classified as a medium–high-entropy alloy.



Despite the fact that bioHEAs were elaborated with a design that offers better performances, surface modifications have been applied to further improve their response at the bio-interface. There have been numerous paths to implement surface modifications of metallic implant materials based on titanium, but two stand out as the most frequently used: electrochemical anodization, which led to the formation of different porous structures such as nanotubes that improve electrochemical stability, cell response, and antibacterial effects [15,16,17]; and coatings based on different organic (various polymers) and inorganic materials (hidroxyapatite, bioglass).



Composite organic–inorganic materials have attracted interest in the orthopedic field, because they combine the mechanical properties of the organic component with the bioactivity of inorganic components. Moreover, the coating process can be achieved at room temperature, and additional active components, such as antibiotics, proteins, and enzymes, can be included in the polymeric matrix during the coating process [18,19].



Chitosan, as a biodegradable polymer, is inherently biocompatible and functional. In a composite material, it can contribute to defined interactions and tailored properties, such as the balance between hydrophilic/hydrophobic characteristics and antibacterial effects [20]. Chitosan is a natural cationic polysaccharide polymer derived from chitin that has been widely used as the organic component of organic–inorganic composite coatings. It has numerous useful properties that allow it to be used in different biomedical applications, such as its antibacterial properties and cytocompatibility with varying types of cells [21].



Bioactive glass was discovered by Hench and coworkers in the late 1960s. It was dubbed 45S5 or “Bioglass” [22]. Bioactive glasses are a class of material that can form chemical bonds with surrounding tissues through the formation of hidroxyapatite layers that make the glass essential for biomedical applications [23].



Zinc is necessary for bone growth in the human body and is the most bountiful minor element present in human bone [24,25]. Adding ZnO to the bioactive glass matrix can produce higher chemical stability, stimulate cell proliferation and differentiation, and facilitate the development of durable bonding with the bone [26].



Numerous methods have proven successful to be used for the deposition of bioactive surface coatings. Ceramic coatings on implant materials can be deposited by techniques such as chemical vapor deposition (CVD) [27], physical vapor deposition (PVD) [28], or plasma electrolytic oxidation (PEO) [29], which can be used to control the properties of the obtained coating to a certain degree. These techniques usually employ high temperatures that make the deposition of organic components such as polymers, antibiotics, or proteins hard to achieve. Chitosan can be successfully deposited using plasma treatments of the substrate, which still raises challenges [30]. It can also be used in electrochemical deposition, which in turn can be used for the fabrication of chitosan–ceramic composite coating [31].



To tackle the limitations associated with high processing temperatures of the plasma-based coating systems, and to minimize the risk of ionic species interfering with the coating during the electrochemical processes, this study uses the doctor blade method for the coating process. This method is a fast, simple, scalable way to create uniform thin films, with little solution wastage during deposition.



The present work aimed to prepare composite coatings based on chitosan, bioglass, and ZnO on a bioHEA substrate, as in a previous work focused on the composite’s design and characterization [32]. Further, we complete this characterization by investigating electrochemical stability and highlighting different mechanisms that control the different properties of this composite, such as adherence and antibacterial action. Such data could provide important knowledge for the future design of other biopolymer–bioglass composite coatings on high-entropy alloys that meet specific bioapplication needs.




2. Materials and Methods


Samples of 73Ti-20Zr-5Ta-2Ag alloy [33] (20 mm-diameter disks) were polished with SiC paper with increasing grits from P800 to P4000 (Buehler, Lake Bluff, IL, USA) and cleaned successively with acetone, ethanol, and distilled water for 10 min each in an ultrasonic bath, then etched by immersion in an acid mixture of 3HNO3:1HF:2H2O (v/v/v) for 10 s.



Half a gram of chitosan (190–310 kDa, 78%–85% deacetylation, Sigma-Aldrich, Saint Louis, MO, USA) was dissolved in 1% acetic acid aqueous solution and stirred for 6 h. An amount of 2.5 mg bioglass (BG-BG-45S5, 0.2–250 µm) and 2.5 mg ZnO (<50 nm) were added to 10 mL of the previously prepared chitosan solution. The mixture was magnetically stirred for 1 h, then ultrasonicated for 1 h.



Three types of samples were produced for this work: etched 73Ti-20Zr-5Ta-2Ag alloy (P1), etched 73Ti-20Zr-5Ta-2Ag alloy covered with chitosan solution (P2), and etched 73Ti-20Zr-5Ta-2Ag alloy covered with the chitosan + BG + ZnO mixture (P3).



For the fabrication of sample types P2 and P3, the doctor blade method was employed. Briefly, the alloy disk edges were masked with Teflon tape, the solutions were placed on the metallic surface of the alloy, and a blade was used to remove the excess solution. The samples were left to dry in atmosphere, and the tape was subsequently removed.



The morphology of the samples was analyzed by scanning electron microscopy (SEM) using a Hitachi SU 8230 (HITACHI High-Technologies Corporation, Tokyo, Japan) with an accelerating voltage of 10 kV, a chamber pressure of approx. 8 × 10−4 Pa, and a working distance of approx. 9 mm. The microscope was equipped with an energy-dispersive X-ray (EDS) analyzer (Oxford Instruments, Abingdon, UK).



The force–distance (F-Z) curves and average roughness values were evaluated using an A.P.E. Research A100-SGS atomic force microscope (AFM, A.P.E. Research, Trieste, Italy) from 5 measurements for each sample.



The adhesion of the films to the substrate was determined by pull-off tests using an PosiTest AT-M adhesion tester (DeFelsko, Ogdensburg, NY, USA). The samples were fixed on 10 mm-diameter aluminum dollies with double-adhesive tape. The presented data represent the necessary force to detach the films from the alloy substrates.



Electrochemical determinations were performed with a PGSTAT100N potentiostat (Metrohm Autolab, Barendrecht, The Netherlands) in 0.9% NaCl with three-electrode cells that consisted of samples used as working electrodes, Ag/AgCl as a reference, and a Pt sheet as a counter electrode. Electrochemical impedance spectroscopy (EIS) was performed at opened-circuit potential (OCP) in the range of 104–10−1 Hz at 10 mV amplitude and corrosion monitoring (Tafel plots) at ±200 mV vs. OCP.



The samples were mounted in a cell that left an area of 1 cm2 of the working electrode uncovered. They were left in the electrolyte for 15 min, until a state of equilibrium was reached. An aqueous solution of 0.9% NaCl was used, since it is related to body fluid. An amount of 0.9% NaCl contains approximately the same concentration of Cl− ions, which are the most likely species to cause metal corrosion. Furthermore, 0.9% NaCl has the same surface tension as living tissue [34].



The antibacterial effect was tested against two common pathogens involved in implant-related infections: Escherichia coli (Gram-negative rod) and Staphylococcus aureus (Gram-positive coccus). We used two standardized strains, E. coli ATCC 25922 (American Type Culture Collection) and S. aureus ATCC 25923, obtained after 24 h incubation on Columbia Agar + 5% sheep blood at 37 °C. The microbial suspensions were adjusted to 0.5 McFarland units. The tested materials were placed in sterile polypropylene tubes after being subjected to 10 min UV treatment, then covered with 10 mL bacterial suspension. Positive and negative controls were prepared in PPE tubes, one containing a bacterial suspension and the other sterile saline. All tubes were incubated at 37 °C for 24–72 h, and periodically, the absorbance was read at 600 nm against a negative control using a UVISON 1700 spectrophotometer (UVISON Technologies Limited, Sevenoaks, Kent, UK). The growth inhibition index was computed using the formula [35]:


  I % =   (  C n  −  C 0  ) − (  T n  −  T 0  )   (  C n  −  C 0  )   · 100  



(1)




where I is the growth inhibition index, C is the optical density (OD600) of the positive control read before incubation and after n hours (n = 24, 36, 48, 60, and 72 h), and T is the OD600 of inoculum in contact with the samples before and after incubation at selected time intervals. All readings were performed in triplicate.




3. Results and Discussion


3.1. Surface morphology


The surface of sample P1 (Figure 1a) showed that the etched 73Ti-20Zr-5Ta-2Ag alloy was covered with oxides produced during the etching process. The grooves and ridges are representative of an oxidized TiZr alloy [36]. Small pores with diameters around 400–500 nm were observed sporadically on the surface of the sample. The oxide structures formed on the surface are most likely the result of the mechanisms involved in the formation of self-organized nanostructures on valve metals in electrolytes containing fluoride ions, which include competitive processes between oxide formation and fluorine complexes dissolution [37]. Clusters of silver particles were visible on the surface of the sample as lighter-colored formations. Sample P2 (Figure 1b) had a surface uniformly covered with the chitosan solution. No oxide formations were found to protrude from the film. The different colored stripes represent different film thicknesses resulting from the blading process. Sample P3 (Figure 1c) had a surface uniformly covered with ceramic particles embedded in the polymeric matrix. The smaller particles (200–300 nm) show that the ZnO particles had a tendency to agglomerate during the deposition or drying process [38]. The larger particles (500–2500 nm) are the components of bioglass. The bioglass particles deposited on the surface were smaller than those used in the suspension, hinting that the larger particles were subjected to faster sedimentation in the suspension before deposition [39].



Energy-dispersive X-ray spectroscopy (EDS) was used to determine the composition of the surfaces of the samples. In Figure 2, the elemental maps of the analyzed samples are presented. Sample P1 (Figure 2a) had a surface uniformly covered with Ti and Zr oxides. Clusters of Ag were identified on the surface, probably as a result of the alloy’s heterogeneity. On sample P2 (Figure 2b), the thickness of the chitosan film prevents the direct visualization of the substrate; however, the Ti and Zr oxides are present beneath. The results obtained for sample P3 (Figure 2c) showed the oxidized substrate covered with the chitosan film in which ceramic particles were embedded. The particles had a uniform dispersion on the surface. Components of bioglass were identified on the surface, the largest particles being formed of SiO2, and smaller particles of uniformly dispersed CaO and P2O5. EDS analysis confirmed the ZnO particles’ tendency to agglomerate.



The normalized median values of AFM tip-sample adhesion forces were calculated from the tip deflection and are shown as F-Z diagrams in Figure 3. Sample P1 had the highest adhesion force of 24 ± 3 nm and a short activity range, which can be attributed to the relatively smooth and tough oxide surface. Sample P2 had the lowest adhesion force of 6 ± 2 nm, but it had the longest range of activity, probably given by the semi-elastic properties of the chitosan film deposited on the surface. Sample P3 gave mixed results depending on the material that the AFM tip touched during the experiments, with a median value of 16 ± 4 nm being between the values of samples P1 and P2.



The roughness values (Figure 4) were in accordance with the SEM topography images. The roughness decreased from 0.9 to 0.6 μm when the alloy was covered with the chitosan film and increased to 1.4 μm when the mixture containing chitosan, bioglass, and ZnO was added to the surface. Combined with the results obtained from the F-Z curves, this means that the bioglass and ZnO particles were not completely covered by the polymeric matrix, but just partly embedded. This effect can be attributed to a shrinking of the film during the drying process.



The adhesion forces of the films on the analyzed samples (Figure 5) show that the chitosan film (P2) did not adhere well to the TiZrTaAg substrate. For sample P1, the data represent the detachment of the outer oxide layer from the substrate. The addition of BG and ZnO to the chitosan solution (P3) led to an increase in the adhesion force of the composite film on the substrate. The addition of BG and ZnO enhanced the mechanical properties of the film, possibly by mechanically reinforcing the polymeric coating with metal oxide particles, or by the formation of chemical bonds [40] between the chitosan and metallic oxide particles due to nanoparticle–matrix interface interactions and the high volume-to-mass ratios of these particles.




3.2. Electrochemical Characterization


EIS data are shown as Nyquist and Bode plots along with the equivalent circuits used to fit the data in Figure 6, and the parameters of the equivalent circuit elements are shown in Table 1. The samples have different behaviors when exposed to a corrosive medium depending on the surface coating. For sample P1, the (Rx-Ox) couple might be associated with a resistive and pseudo-capacitive process at the interface between the electrolyte and the oxide layer. The Qh element was added to represent the heterogeneous characteristics of the oxide layer. For sample P2, a Warburg impedance element was needed to fit the data, hinting that a diffusion-controlled charge transfer takes place at the coating–substrate interface [41]. The behavior of the oxide film described by the parallel elements (Rx-Qx) attributed to the oxide film in sample P1 is masked in sample P2 by the addition of chitosan, which completely covers the oxide structures and fills the pores, thus becoming (Rf-Qf-Wf). Sample P3 shows the most complex behavior, given by the multitude of elements present on the surface. In the Bode Phase plot, the two humps represent the differentiation of the phases present in the coating. Thus, a more complicated circuit was needed to fit the data. The (Rf-Cf-Wf) couple represents the entirety of the coating, containing chitosan, bioglass, and ZnO particles through which the charge transfer takes place at the interface between the electrolyte, and the coating and the (Rx-Qx) couple represents the oxide film on the substrate.



Potentiodynamic polarization tests were used to evaluate the corrosion behavior of the samples in 0.9% NaCl. The data are presented as Tafel plots (Figure 7), and the corrosion parameters are presented in Table 2. A small decrease in the corrosion current and the corrosion rate was observed when comparing samples P1 and P2. This can be attributed to the filling of the imperfections present in the oxide layer with the chitosan film. Sample P3 showed the greatest corrosion resistance and the lowest corrosion current, hinting that the bioglass and ZnO nanoparticles dispersed in the polymeric matrix have a major role in corrosion protection [42].




3.3. Antibacterial Activity


As shown in Figure 8a,b, the first reading of OD600 was made after 24 h, followed by subsequent readings at the specified time intervals. It was observed that the OD600 starts to decrease continuously for all samples in the interval of 24–48 h, and then it begins to slowly rise again for the next 24 h. The most effective antibacterial activity for all materials was observed after 48 h of incubation. As the OD600 is lower, the bacterial growth is also low. The slow rise in OD600 after 60 and 72 h means that the materials’ antibacterial activity starts to decrease as time passes, the maximum activity being at 48 h. The ZnO and bioglass particles present in the coating of sample P3 successfully inhibited bacterial growth by 83% in the case of S. aureus and 75% in case of E. coli at 48 h. All the materials had antibacterial activity (Figure 8c), but the highest was presented by sample P3.



The slightly better results obtained for S. aureus vs. E. coli can be attributed to differences in the membranes of the two organisms. The Gram-positive bacteria have a multilayered outer peptidoglycan membrane, whereas the Gram-negative bacteria have two outer-layer membranes with a layer of peptidoglycan. Furthermore, the ZnO particles have abrasive textures that can destroy the bacterial membrane [43].





4. Conclusions


Etched 73Ti-20Zr-5Ta-2Ag alloy samples were coated by the doctor blade method with chitosan and with a mixture composed of chitosan, bioglass, and ZnO particles. SEM and EDS analysis revealed that the coated samples had good homogeneity. The AFM readings revealed that the chitosan coating had the largest force range and the lowest roughness, and that the bioglass and ZnO nanoparticles were partially embedded in the polymeric matrix, giving the samples a large roughness value. The addition of bioglass and ZnO particles to chitosan enhanced the mechanical properties of the coating by physicochemical interactions and increased the adhesion force of the film by 100%. Electrochemical testing revealed that the addition of bioglass and ZnO particles to chitosan has a beneficial effect for corrosion protection, and that a charge transfer takes place at the interface between the coating and the substrate. The corrosion resistance was improved by an order of magnitude when the chitosan + BG + ZnO film was coated on the 73Ti-20Zr-5Ta-2Ag alloy. The antibacterial effect was good for all samples, with the best result being given by the combination of chitosan with bioglass and ZnO particles. The antibacterial effect was 10% higher against S. aureus than E. coli.



Further studies will be performed on 73Ti-20Zr-5Ta-2Ag in order to test other coatings for potential uses in other fields.
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Figure 1. SEM micrographs for (a) P1; (b) P2; (c) P3. 
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Figure 2. EDS mapping for (a) P1; (b) P2; (c) P3. 
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Figure 3. F-Z curves of normalized median values of AFM tip-sample adhesion forces. 
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Figure 4. Average roughness values of the analyzed samples. 
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Figure 5. Adhesion forces of the films on the substrate. 
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Figure 6. Bode Modulus (a), Bode Phase (b), Nyquist plots (c), and equivalent circuits used to fit the EIS data (d) for the analyzed samples. 
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Figure 7. Tafel plots of the analyzed samples. 
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Figure 8. Antibacterial activity against (a) E. coli and (b) S. aureus; (c) bacterial growth inhibition index for the analyzed samples. 
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Table 1. Parameters of equivalent circuit elements.






Table 1. Parameters of equivalent circuit elements.





	Element
	P1
	P2
	P3





	Rs (Ω cm2)
	109
	110
	84



	Rx × 106 (Ω cm2)
	1.08
	-
	13.1



	Qx (μF/cm2·sn−1)
	21.5
	-
	18.5



	nQx
	0.84
	-
	0.88



	Qh (μF/cm2·sn−1)
	76.1
	-
	-



	nQh
	0.64
	-
	-



	Rf × 106 (Ω cm2)
	-
	2.3
	1.4



	Qf (μF/cm2·sn−1)
	-
	9.26
	-



	nQf
	-
	0.918
	-



	Cf (μF/cm2)
	-
	-
	31.7



	Wf (Ω cm2)
	-
	2.2
	43.8



	χ2
	0.018289
	0.031125
	0.0090866
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Table 2. Corrosion parameters calculated from the Tafel plots.
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	Element
	P1
	P2
	P3





	Ecorr (V)
	0.107
	−0.0056
	−0.108



	Icorr × 10−9 (A)
	355.74
	132.8
	34.24



	Vcorr × 10−3 (mm/year)
	9.76
	3.64
	0.64



	Polarization resistance × 106 (Ω)
	1.56
	1.65
	14.34



	βa (V/dec)
	0.160
	0.260
	0.405



	βc (V/dec)
	0.134
	0.142
	0.128
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