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Abstract

:

The present work presents new bactericidal coatings, based on two families of non-toxic, antimicrobial glasses belonging to B2O3–SiO2–Na2O–ZnO and SiO2–Na2O–Al2O3–CaO–B2O3 systems. Free of cracking, single layer direct coatings on different biomedical metallic substrates (titanium alloy, Nb, Ta, and stainless steel) have been developed. Thermal expansion mismatch was adjusted by changing glass composition of the glass type, as well as the firing atmosphere (air or Ar) according to the biomedical metallic substrates. Formation of bubbles in some of the glassy coatings has been rationalized considering the reactions that take place at the different metal/coating interfaces. All the obtained coatings were proven to be strongly antibacterial versus Escherichia coli (>4 log).
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1. Introduction


Biomaterials are used in different parts of the human body, as stents in blood vessels, heart valves, or, such as, replacement implants in elbows, hips, shoulders, teeth, and knees. Compatible mechanical properties with the specific application, biocompatibility, high corrosion resistance, and low wear, as well as a good osseointegration, are required for these materials [1,2,3,4]. Metals and alloys have been widely employed as biomedical materials in the field of medical implants because of their good mechanical properties. In this sense, the advantages of metals compared with ceramics and polymers are their high resistance to fracture, great strength, toughness, elasticity, and electrical conductivity. Titanium and its alloys and stainless steel 316L are the most common biomedical materials due to their biocompatibility and good mechanical and physical properties [5]. However, these materials have limitations. For instance, they are bioinert with body fluid. This could be a disadvantage because an early integration is needed [6]. In order to improve bone integration ability of metallic implants several studies, based on morphological, chemical, or biological surface modification, have been carried out [7]. Another critical problem of medical implants is related to infections, which have clinical and economic consequences. Most surgical infections are acquired during surgery through the skin or body of the patient and produce prolonged hospitalization, complex revision procedures, failure of the implant and secondary surgeries for its removal, increasing the economic and mortality rates. In the USA, 2,600,000 orthopedic implants are inserted annually, of which 112,000 became infected, which lead to an estimated average cost of combined medical and surgical treatment of $45,000 per case [8]. Because of this fact, nowadays there is an increase in the demand for new, long-lasting implants, it is estimated that by the end of 2030 the number of total hip replacements will rise by 174% (572,000 procedures) and total knee arthoplasties will grow by 673% (3.48 million of procedures) in US [9].



However, in spite of prevention methods, such as antibiotic prophylaxis, the use of gloves, drapes, masks, ultraviolet light during the surgery, and post-surgical wound care, the implants themselves are susceptible to develop infection on their surface. This is due to the formation of biofilm on the surface of the implant and the compromised immune response at the implant/tissue interface. In addition to this, bacteria in biofilm are protected from the immune defenses and are usually resistant to antibiotics, even high local concentrations of antibiotics cannot eradicate biofilms [10,11]. Therefore, to prevent bacterial adhesion on implant surface is considered today a critical objective.



There are several methods to prevent implants infections. Some of them involve a combination of metallic implants and local drug delivery that have two standout applications: cardiovascular and orthopeaedic and dental implants [10]. Drug delivery using metal is commonly embedding drugs into coatings applied to the metallic implant. The incorporation of the drug into the implant by covalent bonding [12,13], self-assembled monolayers [14], or embedding silver nanoparticles is also reported [15,16,17]. However, bactericidal inorganic coatings on metallic implants with biocompatibility have not been well-studied in the literature.



The present work presents new bactericidal coatings based on two families of non-toxic glasses belonging to B2O3–SiO2–Na2O–ZnO and SiO2–Na2O–Al2O3–CaO–B2O3 systems, which could avoid biofilm formation on the implant surface. ZnO containing glasses were previously studied as bactericide powders [18]. It is well reported that ZnO even in the form of nanoparticles exhibits a minimal effect on human and animal cells [19,20,21]. They are widely used as drug carriers, cosmetics ingredients, and medical filling materials due to their biocompatible and non-toxic character [22,23]. The other family of bactericidal proposed coating is based on soda-lime glasses with high content of CaO, which antimicrobial capability and biocompatibility has been previously proved [24,25]. Bioactivity of coating with one of these glasses (labeled as G3) on titanium alloy and on zirconium oxide substrates was studied in a previous study. The capability of G3 coating to form hydroxyapatite was pointed out. Precipitation of needle like hydroxyapatite crystals on the biocidal layer took place during the artificial saliva test [26].



Bioactive glasses have usually been combined with special antibacterial ions in order to achieve antibacterial properties. Most research in this field has dealt with the development of bactericidal Ag2O-doped bioactive glasses using different techniques including sol-gel [27] and ion exchange processes [28]. The advantage of using these glassy coatings versus other bioglasses reported in the literature [29,30] is that they deliver intrinsic and long-lasting bactericidal efficacy. They contain environmentally safe mineral elements essentials to humans, which release in a controlled manner avoiding possible toxic side effects. Even more, these glassy coatings may also be beneficial in preventing corrosion of implants in addition to antimicrobial and osseointegration properties. Titanium implants can corrode even in the absence of macroscopic wear mechanisms [31], therefore, a coating that can reduce this corrosion would be extremely beneficial.



The selected metallic substrates were the following: Ti6Al4V alloy, tantalum, niobium and stainless steel alloy 316L. They were selected based on their biocompatibility and the fact that they are widely used as metallic implants.




2. Results


2.1. Coating Characterization


SEM micrographs from the top surface of G3, ZnO15 and ZnO35 coatings are shown in Figure 1, Figure 2 and Figure 3, respectively. In the case of G3 on Ti alloy (Figure 1A,B), cracking is observed due to the thermal expansion coefficients mismatch (Table 1, Δα = 4.5 × 10−6·K−1). To avoid this fact, it was necessary to precoat the plate with a window glass type having an intermediated α values, as it was reported in a previous work [30]. Due to the high thermal expansion coefficient of the stainless steel alloy (Table 1), coating with G3 glass is the most suitable for this substrate (Figure 1C). In this particular case, after thermal treatment at 750 °C the original G3 glass devitrifies given 2 crystalline phases: nepheline (Figure 1C and Figure 4) and combeite (Figure 4). Combeite crystals were not observed by SEM due to their small size.
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Table 1. Thermal expansion coefficients (α).







Table 1. Thermal expansion coefficients (α).







	
α (10−6·K−1)




	
ZnO15

	
ZnO35

	
G3

	
Ti Alloy

	
Ta

	
Nb

	
Stainless Steel 316L






	
7.7

	
10.7

	
14.2

	
9.7

	
6.3

	
7.3

	
16.0









In the present work, we have tried to obtain a single layer direct coating on the metal substrate. In this regard, we adjusted the thermal expansion mismatch (Table 1) by changing the bactericidal ZnO containing glass composition according to the substrates used (Ti alloy, Ta, or Nb). Coatings using ZnO15 show well-dispersed particles that resulted in no cracking (Figure 2). Similarly, ZnO35 coatings were absent of cracks, except for ZnO35 coating on Ta (Figure 3C), in which a slight cracking can be observed due to the thermal expansion coefficient mismatch (Table 1, Δα = 4.4 × 10−6·K−1), as occurred in the case of G3 on Ti alloy (Figure 1A,B). However, the study of the cross section shows that this coating has a good adherence to the Ta substrate (Figure 5D).
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Figure 1. Scanning electronic micrographs of the top surface of the coatings with G3 on the following substrates: (A) Ti alloy in argon; (B) Ti alloy in air; and (C) stainless steel in air. 
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Figure 2. Scanning electronic micrographs of the top surface of ZnO15 coatings on: (A) Ti alloy in argon; (B) Ti alloy in air; (C) Ta in argon; (D) Nb in argon; and (E) stainless steel in air. 






Figure 2. Scanning electronic micrographs of the top surface of ZnO15 coatings on: (A) Ti alloy in argon; (B) Ti alloy in air; (C) Ta in argon; (D) Nb in argon; and (E) stainless steel in air.
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Figure 3. Scanning electronic micrographs of the top surface of ZnO35 coatings on the following substrates: (A) Ti alloy in argon; (B) Ti alloy in air; (C) Ta in argon; (D) Nb in argon; and (E) stainless steel in air. 
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Figure 4. XRD patterns of the top surface of the coatings on Ti6Al4V substrate for: (i) ZnO15 heated in air; (ii) ZnO15 heated in argon; (iii) ZnO35 heated in air; (iv) ZnO35 heated in argon; and (v) G3 heated in air. 
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Cross section of the coatings to study the adherence and the reactions at the interface are shown in Figure 5 and Figure 6. Cross section of G3 on Ti alloy is reported in a previous work [26].
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Figure 5. Scanning electronic micrographs of the cross section of the coating with: (A) G3 on stainless steel and with ZnO15 on the following substrates; (B) Ti alloy in argon; (C) Ti alloy in air; (D) Ta in argon; (E) Nb in argon; and (F) stainless steel in air. 






Figure 5. Scanning electronic micrographs of the cross section of the coating with: (A) G3 on stainless steel and with ZnO15 on the following substrates; (B) Ti alloy in argon; (C) Ti alloy in air; (D) Ta in argon; (E) Nb in argon; and (F) stainless steel in air.
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Figure 6. Scanning electronic micrographs of the cross section of the coating with ZnO35 on the following substrates: (A) Ti alloy in air; (B) Ta in argon; (C) Nb in argon; and (D) stainless steel in air. 
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Energy dispersive spectrometry (EDS) analysis on the top surface and at the interface of the ZnO15 coating on stainless steel alloy in air is shown in Figure 7.



All XRD patterns from the top surface were similar because the reactions take place at the interface, not at the bulk. As an example, only the coatings on Ti6Al4V substrate are shown in Figure 4. A zinc borate (Zn4B6O13 ICDD: 019-1261) was observed in the case of ZnO containing glasses. In the case of the G3 glass, two crystalline phases (combeite (Na2Ca2Si3O9 FIZ 075-1686) and nepheline (Na6.65 Al6.24 Si9.76 O32 FIZ 083-2372)) were identified [25,26].
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Figure 7. FE- SEM micrograph of the cross section of ZnO15 coating on stainless steel alloy in air (on the left); and energy dispersive spectrometry (EDS) analysis of the selected area (on the right). The areas selected were one close to the interface (red rectangle) and the other far away from it (red point). 






Figure 7. FE- SEM micrograph of the cross section of ZnO15 coating on stainless steel alloy in air (on the left); and energy dispersive spectrometry (EDS) analysis of the selected area (on the right). The areas selected were one close to the interface (red rectangle) and the other far away from it (red point).
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2.2. Bactericidal Activity


The antibacterial activity was evaluated against E. coli and the results are presented in Figure 8. The antimicrobial effectiveness was studied based on the logarithm reduction in viable counts of the tests bacteria. It was calculated by subtracting the log10 colony counts in the control sample (no biocide added) from those present in the problem samples. It can be seen that all coatings achieve a logarithm reduction >4, that means a safe disinfection. ZnO35 coatings have the highest antibacterial activity attributed to their higher ZnO content.
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Figure 8. Antibacterial activity against E. coli of the coatings with: (A) ZnO15; (B) ZnO35 and (C) G3. Bars represent media (SD) from three replicates. 






Figure 8. Antibacterial activity against E. coli of the coatings with: (A) ZnO15; (B) ZnO35 and (C) G3. Bars represent media (SD) from three replicates.
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3. Discussion


The absence of cracking and detachment at the interface were signals of mechanical stable coatings. However, further quantitative characterization to determine the adhesion is required. This will be the aim of a future work. More bubbles were observed in the ZnO15 coatings heat treated in air (Figure 5C,F). This is a consequence of the chemical reactions that take place at the interface. First, gas diffuses through porous coating and a thin oxide layer is formed on the metal surface. At higher temperatures, glass-softening occurs dissolving the already formed oxide layer and starts to react with the substrate. The P(O2) at the furnace is relevant to the extension of the surface oxidation of the metal substrates. In air, the oxidation is much higher so the glass reacts more with the oxide layer forming more silicides, which are undesirable because they are usually brittle and produce dewetting and result in bubble formation due to the liberation of oxygen and sodium gas during the reactions [32,33]. Reactions for Me = (Ti alloy, Ta, Nb) are shown below [32,33]. These metals are considered highly reactive due to their ΔG° for the formation of the corresponding oxides (Table 2) is highly negative, indicating that the oxides are highly stable.



Preoxidation of the metal (∆ G ° < 0, Table 2):


Me + ½O2 ⟷ MeO(int)



(1)




Glass dissolves the oxide layer:


MeO(int) ⟷ MeO(glass)



(2)




Oxide redox reactions:


Me + Na2O(glass) ⟷ MeO(int) + 2Na ↑



(3)




Silicides formation:


5Me + 3SiO2(glass) ⟷ Me5Si3 + 3O2



(4)






8Me + 3SiO2(glass) ⟷ Me5Si3 + 3MeO2



(5)







∆G°1026.8 °C for reactions 1 and 3 are given in Table 2. ∆G° is positive for equation 3. Conditions under which ∆G becomes negative are determined by its equilibrium constant shown in equation 6. Reaction is favored with a low p (Na), a low activity of MeO (int) and a high activity of Na2O (glass). The pressure of the formed Na vapor has to exceed ambient pressure to nucleate bubbles at the interface and escape; therefore this reaction is favored in vacuum or low-pressure atmosphere.
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(6)







Another type of redox reaction is the reduction of Si4+ in the glass and the oxidation of the metal substrate to form a silicide layer at the interface, if the metal has enough oxidation potential as it is the case of Ti, Ta, and Nb (Reactions 4 and 5).



Stainless steel alloy is a different case because it contains Fe that is a reactive metal, but less than Ti, Ta, and Nb, as its lower Δ G ° indicates for the oxide formation (Table 2). Stainless steel also contains Cr that is a highly reactive metal, similar to Ti. Reactions that take place in this particular case are: Preoxidation of the metal (∆ G ° < 0, Table 2):


Fe + ½O2 ⟷ MeO(int)



(7)




Glass dissolves the oxide layer:


FeO(int) ⟷ FeO(glass)



(8)




Oxide redox reactions with the corresponding ΔG equation:


Fe + Na2O(glass) ⟷ FeO(int) + 2Na ↑



(9)
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(10)






2FeO(glass) + Na2O(glass) ⟷ Fe2O3(glass) + 2Na ↑



(11)
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(12)






Cr + 3/2 Na2O(glass) ⟷ 1/2 Cr2O3 + 3Na ↑



(13)






2Cr + SiO2(glass) ⟷ 2CrO + Si



(14)






(1 + 2x)Cr + xSiO2(glass) ⟷ CrSix + 2xCrO(glass)



(15)
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Table 2. ΔG°1026.8 °C for reactions 1, 3, 7, and 9 [32,33].
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Metal

	
Δ G°1026.8 °C for Reactions 1 and 7 (kcal/mol)

	
Δ G°1026.8 °C for Reactions 3 and 9 (kcal/mol)






	
Fe

	
−89.9

	
65.5




	
Ta

	
−141.6

	
198.3




	
Nb/Nb2+

	
−144.6

	
38.1




	
Nb/Nb5+

	
−128.0

	
232.4




	
Ti/Ti2+

	
−200.2

	
10.4




	
Ti/Ti3+

	
−185.5

	
53.1




	
Ti/Ti4+

	
−168.2

	
52.8









In accordance with this thermodynamic analysis, bubbles were observed in ZnO15 coatings heated in air on Ti6Al4V alloy (Figure 5C) and on stained steel (Figure 5F). Based on this, it is possible to conclude that the best coating fabricated with ZnO15 was in argon. In the case of ZnO35, bubbles were also observed in coatings heated in argon on Ta (Figure 6B) and on Nb (Figure 6C), probably due to the lower viscosity of the ZnO35 glass at 630 °C that hampers the liberation of the gas formed, due to interfacial reactions (3 and 4) which take place during the heat treatment. In the particular case of the Ti6Al4V substrate (Figure 6A), bubbles were not observed because there is no contact between the coating and the substrate, which means that an excessive reaction and formation of silicides take place. Silicides are undesirable because they are brittle and have a higher thermal expansion coefficient than Ti6Al4V alloy, so they produce a bad adherence to the substrate.



EDS analysis was carried out along the interface and close to the surface of the coatings in order to illustrate the reactions at the interface. FE-SEM-EDS of ZnO15 coating on stainless steel alloy in air (Figure 7) confirms the presence of iron near to the interface (Figure 7B) and its lack on the top surface (Figure 7A). This means that iron from the stainless steel alloy reacts with the glass forming FeO, which has been incorporated into the glassy matrix of the coating.



Regarding the bactericidal activity, all the coatings were strongly antibacterial against E. coli. The antimicrobial activity of glass labeled as G3, arises from the capability to release calcium ions at the glass-particle interface, which leads to membrane depolarization and the subsequent death of the cell, as is reported in a previous work [24]. In the case of ZnO containing glasses, there are several possible mechanisms for the antibacterial action of zinc oxide. The generation of radical oxygen species (ROS), such as hydrogen peroxide (H2O2), superoxide anion (O2−) and hydroxyl radicals (OH−), are considered as an effective means for the inhibition of bacterial growth [34]. Another possible mechanism for ZnO antibacterial activity is the release of high zinc ion concentrations, which can damage cell membrane and interact with intracellular contents [19]. In a previous work [18], Zn2+ released from glasses powder (<30 mm) was found to be ~400 ppm. In the case of the coatings, Zn2+ release must be significantly lower due to their lower specific surface area in comparison with glass powder.



It is critical to find a correct balance between bactericidal effects and biocompatibility properties. In the case of the G3 coatings, in vitro biocompatibility tests by using mesenchymal stem cells derived from human bone have been carried out in a previous work [25]. The results obtained in this investigation demonstrate that this glass-ceramic has an excellent biocompatibility. On the other hand, in the case of Zn based glasses, in vitro biocompatibility assays with human mesenchymal stem cells, fibroblasts and immune cells (monocytes and lymphocytes) are currently ongoing. Although preliminary results show no evidence of cytotoxicity, further tests are required.




4. Experimental Section


4.1. Materials


Three antimicrobial glasses were used as a precursor of the bactericidal coatings: (i) a soda-lime glass from the SiO2–Na2O–Al2O3–CaO–B2O3 system labeled as G3 [24]; and (ii) two glasses belonging to the B2O3–SiO2–Na2O–ZnO system with the following ZnO content (wt %): 15 and 35, labeled as ZnO15 and ZnO35, respectively [18]. They were prepared by melting appropriate mixtures of reagent grade SiO2, α-Al2O3, H3BO3, Na2CO3, CaCO3, ZnO. The starting materials were weighed, mixed and melted in a Pt crucible for 1 h at 850 °C to favor decarbonation of samples, and subsequently for 1 h at 1400 °C (G3) and at 1250 °C (ZnO15, ZnO35). The melts were then quenched in water and grounded by ball milling to fine particles, and sieved to obtain particle size <30 μm. Thermal properties of the glasses were investigated by differential thermal analysis (DTA-Tg) in previous works. No exothermic peaks were observed in the case of ZnO based glasses. Whereas G3 glass, exhibits two well-defined crystallization exotherms at around 645 and 700 °C, attributed to the crystallization of combeite and nepheline crystals [25]. The composition and main thermal properties of the glasses [hemisphere temperature (Th), transition temperature (Tg) and softening temperature (Ts)] are listed in Table 3. The following metals plates (25 × 25 × 1 mm3) provided for Goodfellow were used as substrate: Ti6Al4V annealed, Niobium 99.9% purity, Tantalum 99.9% purity and stainless steel AISI 316L (Fe/Cr18/Ni10/Mo3) annealed. Thermal expansion coefficients are summarized in Table 1.
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Table 3. Chemical composition (mol %) and thermal properties.







Table 3. Chemical composition (mol %) and thermal properties.







	
Glass

	
SiO2

	
B2O3

	
Na2O

	
CaO

	
Al2O3

	
K2O

	
ZnO

	
Th

	
Tg

	
Ts






	
ZnO15

	
29.4

	
45.0

	
8.2

	
–

	
4.6

	
–

	
12.8

	
715

	
487

	
513




	
ZnO35

	
23.1

	
35.3

	
6.4

	
–

	
3.6

	
–

	
31.6

	
666

	
475

	
510




	
G3

	
43.0

	
7.8

	
19.4

	
22.0

	
7.4

	
0.4

	
–

	
934

	
507

	
535










4.2. Preparation of the Coatings


Coatings were prepared following two different procedures: (i) one was by decantation. Briefly, a suspension of glass powder (<30 μm) in water was poured onto the plates placed in a beaker. The suspension of particles was dispersed using ultrasounds in order to achieve a uniform distribution of particles on the coating surface. Afterwards, the liquid was removed with a pipette and the beaker was placed in an oven at 100 °C overnight to dry the green-coatings completely; (ii) The other one method was by screen-printing technology. A polymer ink, based on a mixture of epoxy and glass powder, was prepared for the glass layer screen-printing. This layer was deposited on the corresponding substrate surface.



The green-coatings prepared as indicated were fired in air or argon atmosphere (temperature ramp 10 °C/min) at 725 °C for ZnO15, 630 °C for ZnO35, and 750 °C for G3, according with their glass hemisphere and transition temperatures (Table 3). No significance effect on viscosity of these glasses is expected at the studied temperatures according to Ellingham diagrams. Ta and Nb substrates were heat treated in argon to avoid their oxidation. Ti alloy was studied in both atmospheres, argon and air, and stainless steel 316L in air. It is important to point out that in the selected temperature range (650–750 °C) and atmospheres the mechanical properties of the titanium alloy substrate are not significantly affected [15].




4.3. Coatings Characterization


All glasses were isostatically pressed at ~200 MPa into bars of ø 4 mm and sintered in air for 1 h at 725, 630, and 750 °C for ZnO15, ZnO35 and G3, respectively, in order to determine their thermal expansion coefficients (Table 1). They were measured in a BÄHR THERMOANALYSE model DIL 802 (TA Instruments, Hüllhorst, Germany) in air. XRD analyses were carried out using a Bruker D8 with CuKα radiation working at 40 kV and 30 mA in a step-scanning mode with a step width of 0.0288 and a step time of 2.5 s. Thermal properties of the glasses (transition temperature (Tg) and softening temperature (Ts)) were investigated by differential thermal analysis (DTA-Tg, Stanton Instrument LTD, London, UK) (Stanton Mod. STA 781). A side view hot stage microscope (HSM) EM 201, with image analysis system and electrical furnace, 1750/15 Leica, was used to determine hemisphere temperature (Th). All microstructures were studied by using Field Emission Scanning Electron Microscopy (FE-SEM, FEI, Hillsboro, OR, USA) (FEI: Quanta FEG650) with an associated energy dispersive spectroscopy analysis (EDS, FEI, Hillsboro, OR, USA) (EDAX-AMETEK). Samples were coated with an Au nanometric conductive layer for FE-SEM observations.




4.4. Bactericidal Test


Measurement of the antibacterial activity was carried out following ISO 22196 standard method (Measurement of antibacterial activity on plastics and other non-porous surfaces [35]). Briefly, the coated face of the plate was inoculated with 100 µL of melted soft agar (LB with 0.6% agar) containing ~107 bacteria per mL. Then, the microbial inoculum was covered with a thin and sterile film. The covering allows the inoculum to spread well, prevents it from drying, and ensures good contact with the bactericidal surface. Inoculated and covered surfaces were incubated in a humid environment at 37 °C for 40 h. After incubation, the agar was removed, cut into small pieces and shaken for 6 h in PBS to allow bacteria to diffuse out of the agar. The number of microorganisms was determined by serial dilution plating.



Non-coated plates of titanium alloy, tantalum, niobium and stainless steel alloy 316L were tested as negative controls. Assays were carried out by triplicate. The microorganism studied was Escherichia coli DH10B. E. coli is one of the most frequent pathogens implicated in the etiology of biomaterials-associated infections [36].





5. Conclusions


Following conclusions can be drawn from the results obtained in this investigation:



Mechanically stable bactericidal direct glassy coatings of ZnO15 were fabricated at 725 °C on:



	
Ti6Al4V and stainless steel 316L in air;



	
Ti6Al4V, Ta, and Nb in argon atmosphere.






Mechanically stable bactericidal direct glassy coatings of ZnO35 were fabricated at 630 °C on:



	
Stainless steel 316L in air;



	
Ta, and Nb in argon atmosphere.






Mechanically stable bactericidal direct glassy coating of G3 was fabricated at 750 °C on stainless steel 316L in air.



All the obtained coatings were proven to be strongly antibacterial versus E.coli (>4 log).
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