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Abstract

:

The sol-gel method provides a wide variety of applications in the medical field. One of these applications is the formation of coatings on the metal implants. The coatings containing specific additive can enhance or improve the existing surface properties of the substrate. In this work, titania sol-gel coatings were doped with two forms of silver (AgNO3, Ag3PO4) and synthetic hydroxyapatite and applied on the titanium samples by dip-coating technique. After drying and slow firing, all coatings were characterized with scanning electron microscopy. Thin coatings were successfully prepared with excellent adhesion to the substrate (measured by ASTM D 3359-2), despite cracks. Coatings containing silver and hydroxyapatite demonstrated a 100% antibacterial effect against Escherichia coli after 24 h. The bioactivity of the coatings containing hydroxyapatite tested in modified simulated body fluid under static-dynamic conditions was confirmed by bone-like hydroxyapatite precipitation. To better understand the interaction of the coatings with simulated body fluid (SBF), changes of Ca2+ and (PO4)3− ions concentrations and pH values were studied.






Keywords:


titania coating; sol-gel; dip-coating; silver; hydroxyapatite; tape test; E. coli; SBF












1. Introduction


Metals are predominantly used for implants for decades because of their mechanical properties, i.e., great fatigue resistance and high strength. Titanium and its alloys are widely used to make hard tissues because of an excellent biocompatibility, good mechanical properties, a low Young’s modulus, a non-magnetic behavior, a good resistance to the corrosion, and a light weight. For medical applications, the titanium is often protected by coatings that can bring the benefits of bioactivity and antibacterial effect [1,2,3,4]. The sol-gel dip-coating technique is one of the simplest and enables to make homogenous layers, especially on regular samples like rectangular cuboids. It comprises three steps, the first one is the dipping, second is the dwelling, and the last is the withdrawing [5,6]. One of the most important properties is adhesion of the coating to the substrate [7]. Insufficient adhesion would not only lead to losing the properties linked to the coating, it could also be harmful for the living body. The layers prepared by sol-gel dip-coating technique are known to have excellent adhesive properties [8,9].



Bioactive sol-gel coatings can be achieved by addition of a hydroxyapatite reagent [10,11]. Bioactivity (ability of implants forming the apatite on its surface) can be monitored with in vivo test (on live organisms) or in vitro test (interaction with fluid that simulates the living body environment at specific conditions). Various solutions collectively called “simulated body fluid” (SBF) are used for in vitro test. SBF prepared according to Kokubo is one of the most frequently used [12]. Its chemical composition is very similar to the body fluid, however its concentration of Cl− is higher than in the blood plasma while the concentration of HCO3− is lower. Thanks to SBF, it is possible to evaluate the bioactivity of the implant, i.e., the capacity of the implant to form apatite [13].



The antibacterial properties of the implant are beneficial, because despite sterile conditions, infection can occur, and it represents one of the most serious and devastating complications in implantology. Silver particles have a great antibacterial effect, however Ag also exerts toxicity towards eukaryote including human body and, therefore, the amount and form of Ag must be considered wisely [14,15]. It is not recommended to use more than 1.6 ppm Ag+ in bioactive materials [16]. The silver can be used in the form of Ag3PO4 [17,18] or AgNO3 [19,20] into biomedical coatings to be effective against bacteria and to reduce the risk of potential infection in the vicinity of the implant.



The aim of this work was to completely change titanium surface substrate properties by preparation of technically simple, cheap, adhesive, bioactive, and antibacterial sol-gel coatings. This improved coated titanium substrate can be used in biomedical applications in the field of orthopedics or dentistry.




2. Experimental


The titanium samples were rectangular cuboid of 30 mm × 10 mm × 1 mm. The first step consisted of grinding of all samples in order to homogenize the surface for better adhesion of the coating. Three sizes of abrasive SiC disc were used, namely: P400, 600, and 800. The second step was the removal of the free particles through the cleaning of samples in demi-water, acetone and denatured ethanol using ultrasound (each for 10 min). The third step was drying the samples at laboratory temperature for 10 min. The composition and preparation of the basic titania sol are described in article [20,21]. The sol was divided into six parts and two forms of silver at concentration of 0.09 mol/L and hydroxyapatite (HA) at the concentration of 0.2 mol/L were added (Table 1). Silver was added as AgNO3 (p.a. Lach-Ner) or as Ag3PO4 (Sigma-Aldrich, St. Louis, MO, USA). The particle size (median) of pure commercial hydroxyapatite (Riedel-de Haën, Seelze, Germany) was 12.337 µm. Identification of the individual sols and coatings prepared from them are shown in Table 1.



The speed of dipping was 20 cm/min, the time of dwelling was 10 s, and the withdraw speed was 6 cm/min. After the dip-coating, the samples were left to dry for 30 min at ambient temperature, then they were heated for 2 h at 400 °C with a ramp of 2 °C/min and cooled in the oven until the next day.



The antibacterial test was performed against gram-negative bacteria Escherichia coli with concentration of 104 colony forming unit (CFU, i.e., number of bacteria able to create colonies)/mL for 4 and 24 h at laboratory temperature in the dark as described in [20,21].



The in vitro test of bioactivity was performed under static-dynamic condition. In contrast to the static condition given in standard [22], in our case modified simulated body fluid (MSBF) was changed every day to simulate the circulation in the living body. MSBF solution was prepared from the reagents KCl, NaCl, NaHCO3, MgSO4. 7H2O, CaCl2, KH2PO4, TRIS, and NaN3. MSBF was buffered: with TRIS (Tris-hydroxymethyl aminomethane) and HCl to achieve pH = 7.40. Azide (NaN3) was added to prevent bacteria growth in the solution during the long-term test. The chemical composition of MSBF is shown in Table 2. Two coated samples of each type (THA, TANHA, TAPHA) were immersed into MSBF at 36.5 °C in a biological thermostat. The pH value of MSBF was measured with a pH meter (7110, Inolab, Weilheim, Germany), with the temperature being in the range of 33−34 °C. Concentration of calcium ions was measured by atomic absorption spectroscopy (AAS, VARIAN-Spectr AA 880, at wave 422.7 µm) and the concentration of phosphate ions was measured by UV-visible spectroscopy (UV-2450 spectrophotometer, at wave 830 nm).



The substrate after grinding and coatings after the heating and in vitro test were covered with Au-Pd layer and characterised by the scanning electron microscope (SEM, Hitachi S4700, Tokyo, Japan) at voltage of 15,000 V with an energy-dispersive spectroscopy analyser (EDS, D-6823, Thermo Fisher Scientific, Madison, WI, USA).



The adhesion of the coatings to the substrates was evaluated by the tape test (ASTM D 3359-2, Philadelphia, PA, USA). Lattice pattern of cuts 6 × 6 (space 1 mm) were made on the coated samples with scalpel. The tape (Permacell) was put on the sample for 60 sec and, thereafter, the tape was peeled off [7]. For the determination of the adhesion classification grade, the optical microscope (OM, Olympus Japan BX 50, Tokyo, Japan) was used.




3. Results and Discussion


The surface of the titanium substrate after 3-step grinding (Figure 1) had the homogeneous roughness (profile) and provide better adhesion of the coatings to the substrate.



The titania sol-gel coatings developed by dip-coating technique on the titanium substrate after heating characterized with SEM-EDS are shown in Figure 2. The basic coating T (Figure 2a) contained cracks preferentially copied the grinding scratches. Cracks are interconnected. Particles of Ag from the dissolved silver nitrate (Figure 2b) and particles of silver phosphate (Figure 2c) were initiation points for cracks. Particles of silver were distributed mostly homogeneously in the basic titania coatings. The micro particles of hydroxyapatite were distributed around all coatings (Figure 2d–f). These three types of the coatings showed the lowest occurrence of cracks after heating.



The adhesion of all coatings (T, THA, TAN, TANHA, TAP, TAPHA) to the substrates measured by tape test was very good. The cracks in the coatings did not have any negative effect on the adhesion to the substrate. The particles of silver and hydroxyapatite were strongly fixed to the coatings after cross cut by a scalpel and peeling of the tape. In the case of TAN and TANHA coatings glue from the tape remained on the surface. The adhesion was evaluated by OM (always two samples of each type of the coating) and surfaces of the coatings were compared to a classification table. The coatings had the adhesion grade 5B (the best value in the classification table [7]).



All coatings were tested against gram-negative bacteria Escherichia coli. The Table 3 shows the antibacterial effect (%) after 4 and 24 h of interaction of all coatings with the bacteria. The values shown in the table are the average of four results from two independent measurements. The coatings with both forms of silver and hydroxyapatite TANHA and TAPHA had 100% antibacterial effect after 24 h of interaction. The coatings with silver but without hydroxyapatite had only 60% antibacterial effect after 24 h of interaction. The hydroxyapatite particles in titania-silver sol-gel coatings improved the antibacterial effect [17].



A positive control was not performed, however there is a clear decrease in number of surviving bacteria in case of TANHA and TAPHA samples compared to a negative control. A similar approach can be seen in a protocol [23]. Preliminary study of antibacterial properties was performed using a representative of gram-negative bacteria E. coli, as was also done by [24]. The study will be further extended using bacterial species similar to those which are most frequently found in peri-prosthetic infection.



The coatings containing hydroxyapatite particles (THA, TANHA, TAPHA) were tested for the apatite-forming ability by static-dynamic in vitro test for 25 days. The Figure 3a–c shows the surface of the coatings after exposition in MSBF. Hydroxyapatite particle aggregations and small cracks in the coatings (as showed after heating) did not have any negative effect on the bioactivity because bone-like hydroxyapatite with typical rosette-like crystals grouped into spherolites precipitated on the surface of all tested coatings.



The leachate analyses are described by the graphs in Figure 4a–c. The value of pH (Figure 4a) increased immediately after the exposition of the coatings in MSBF solution and kept this trend until the end of the in vitro test. This behavior of pH was very similar for all types of the coatings. The concentration of phosphate in MSBF slowly decreased after three days of immersion (Figure 4b). The concentration of calcium in MSBF for all types of the coatings decreased immediately after immersion (Figure 4c). The decreasing trend was maintained until the in vitro test ended for both ions. This nearly uniform ion removal means continuous precipitation of calcium phosphate (probably bone-like hydroxyapatite) on the surface of all types of the tested titania coatings (THA, TANHA, TAPHA).




4. Conclusions


We prepared and characterized an antibacterial bioactive titania coatings on titanium substrate with very good adhesive properties. The combination of hydroxyapatite with both forms of silver achieved a 100% antibacterial effect of the coatings after 24 h. Thanks to the static-dynamic conditions of the in vitro test, we found a daily decreasing of calcium and phosphate ions in MSBF. The results of the coating shows bioactive behavior almost from the beginning of the in vitro test. Visual characterization of the surfaces of the coated substrates by SEM-EDS confirmed the overall covering of the sol-gel coatings with a new layer of precipitated hydroxyapatite.



The concentration of silver and hydroxyapatite in the sols/coatings and the conditions of antibacterial (surface/volume) and bioactivity (static-dynamic mode) test developed by our laboratory is unique and therefore not easily comparable to the sols/coatings and test conditions developed by other laboratories.



Our results show that the sol-gel is a method with great potential, since it enables to make diverse coatings for many purposes, using a diversity of techniques. The dip-coating is one of them, it is simple, cheap, and results in homogeneous coatings. Moreover, it enables to modify properties of materials for various applications in the field of coated orthopedic and dental implants.
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Figure 1. Surface of titanium substrate after grinding by SiC P800. 
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Figure 2. Surface of coatings after heating: (a) T, (b) TAN (c) TAP, (d) THA, (e) TANHA (f) TAPHA. 
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Figure 3. Surface of coatings after in vitro test: (a) THA, (b) TANHA, (c) TAPHA. 
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Figure 4. Diagrams of: (a) pH value, (b) phosphate concentration, and (c) calcium concentration in MSBF during the static-dynamic in vitro test. 
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Table 1. Composition of the sols and coatings prepared from them.
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	Type of the Sol (Coating)
	Composition of the Sol (Coating)





	T
	Titania basic sol



	TAN
	Titania basic sol + AgNO3



	TAP
	Titania basic sol + Ag3PO4



	THA
	Titania basic sol + hydroxyapatite



	TANHA
	Titania basic sol + AgNO3 + hydroxyapatite



	TAPHA
	Titania basic sol + Ag3PO4 + hydroxyapatite
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Table 2. Composition of the modified simulated body fluid (MSBF).
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Solution

	
Ionic Concentration (mmol/L)




	
Na+

	
K+

	
Ca2+

	
Mg2+

	
Cl−

	
HPO42−

	
HCO3−

	
SO42−






	
MSBF

	
142.0

	
5.0

	
2.5

	
1.0

	
131

	
1.0

	
5.0

	
1.0
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Table 3. Antibacterial effect of the coatings after interaction with E. coli for 24 and 4 h.
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Type of the Coating

	
Antibacterial Effect (%)




	
After 4 h

	
After 24 h






	
T

	
19

	
52




	
TAN

	
7

	
77




	
TAP

	
7

	
60




	
THA

	
0

	
61




	
TANHA

	
31

	
100




	
TAPHA

	
58

	
100
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