

  coatings-10-00526




coatings-10-00526







Coatings 2020, 10(6), 526; doi:10.3390/coatings10060526




Article



Dual Nanofibrous Bioactive Coatings on TiZr Implants



Mariana Prodana 1, Claudiu-Eduard Nistor 2, Andrei Bogdan Stoian 1[image: Orcid], Daniela Ionita 1,*[image: Orcid] and Cristian Burnei 3





1



Department of General Chemistry, Faculty of Applied Chemistry and Materials Science, University Politehnica of Bucharest, 313 Splaiul Independentei, 060042 Bucharest, Romania






2



Central Military University Emergency Hospital “Dr. Carol Davila”, Calea Plevnei Street, 134, 010825 Bucharest, Romania






3



Clinical Emergency Hospital, Calea Floreasca 8, 014461 Bucharest, Romania









*



Correspondence: daniela.ionita@upb.ro; Tel.: +40-21-402-3930







Received: 10 May 2020 / Accepted: 27 May 2020 / Published: 29 May 2020



Abstract

:

The objective of this research was to obtain a dual coating with antimicrobial properties on TiZr implants. The metallic surfaces were modified with two biopolymers (poly(lactic acid) and polycaprolactone), the first deposited by dip coating and the second by electrospinning, in order to create a nanofibers type of coating with antibacterial and bioactive effect. The surface characteristics of the obtained bioactive coatings were evaluated by Fourier Transformed Infrared Spectroscopy, by scanning electron microscopy and by contact angle measurements. The electrochemical characterization of the coatings was performed in simulated body fluid. The metallic ion release from the coated implant materials was measured by inductively coupled plasma mass spectrometry. The in vitro antimicrobial properties of the coatings were studied using agar disc diffusion method and percentage inhibition of growth method for two bacterial strains—S. aureus and E. coli. The presence of silver nanoparticles presented high inhibition zone against gram negative bacteria like E. coli. Cell viability of MC3T3-E1 osteoblasts and cytoskeleton morphology, were tested in vitro for the biological evaluation. The results on in vitro cell response indicated good cell membrane integrity and viability for such nanofibrous bioactive coatings compared to the control substrate. These surface architectures design on implant materials holds promise for biomedical applications, presenting good antimicrobial properties and promote cell adhesion and proliferation.
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1. Introduction


Titanium (Ti) and its alloys as dental and orthopaedic implants were the subject of many scientific investigations regarding the corrosion stability [1,2,3] or biological studies [4,5] due to their good biocompatibility and robust mechanical properties. Due to the oxide passive layer formed in reaction with oxygen in the air, Ti and its alloys present high corrosion resistance and good biocompatibility [6,7,8]. The new alloys with zirconium (Zr) [9] are considered safe and nonallergenic due to their corrosion resistance and good compatibility with tissues, having also high mechanical resistance [10]. Zr has demonstrated good mechanical strength, high corrosion resistance and biocompatibility. Zr is an isomorphic element which is soluble in Ti forming two phases (α and β) [11]. Incorporation of Zr was used to improve the biocompatibility of Ti alloys [12].



Despite the wide use and proven efficiency of Ti and TiZr implants, some patients can develop adverse reactions to metals, which can lead to inflammatory processes and even implant rejection [13]. To overcome these issues, researchers focused on finding non-metallic materials suitable for implants. One of these materials is zirconia (ZrO2) which has excellent biocompatibility, low bacteria adherence and high resistance. However, due to the chemical surface properties of surfaces ZrO2 cannot be easily nanotextured as Ti or TiZr. Thus, ZrO2 surfaces are usually modified by coatings or sandblasting which produce random structures. High quality controlled microstructures on ZrO2 have been recently obtained by ultra-fast laser ablation. The modified ZrO2 surfaces had good osteointegration, similar to Ti implants [14,15,16].



Antibacterial activity is the precondition criteria for an implant material because microbial contaminations are foremost cause of concern during treatment. Although Ti alloys, both coated and uncoated, have numerous remarkable properties, the development of bacterial infections on Ti implants can lead to implant failure but also have long-term deleterious side effects. Roughness of the material is one important factor for bacterial adhesion, a higher roughness promoting bacterial adhesion and the formation of biofilms, which offers bacteria resistance to antimicrobial agents [17].



Silver (Ag) has been documented as being an excellent antibacterial agent. Although the action involved in the antibacterial efficiency of Ag is not fully understood, three mechanisms were proposed—puncturing and destruction of bacterial cell walls [18], inhibition or disruption of metabolical pathways resulting in reactive oxygen species [19] or disruption of DNA replication cycles [20].



The use Ag nanoparticles (Ag-NPs) dispersed in polymer matrices permits the development of versatile antibacterial materials, exploiting the high surface to volume ratio of the Ag nanoparticles and the versatility of the polymers [21,22].



Studies have been performed showing ways to protect patients from the developing of inflammatory response from Ti implants using coatings with hydroxyapatite (HA) and/or polymers [23,24].



Polycaprolactone (PCL) and Poly(lactic acid) (PLA) are aliphatic polyesters which are both biocompatible and biodegradable. PLA is more brittle, has lower elasticity, lower flexibility and degrades faster than PCL. PCL is more thermally stable than PLA and has low glass transition and melting temperatures. However, PCL has a low surface energy, decreasing cell adhesion on the surface. When PCL is blended with PLA, the limitations of both polymers can be overcome. The possibility of the application of these two polymers as bone graft scaffolds and biomaterials is growing since they complement each other in their physical properties and biodegradability [25].



Electrospun PLA/PCL blends have been used as scaffolds for tissue regeneration [26,27]. However, even these PLA/PCL blend fibres show smooth surface structure, the phase separation between PCL and PLA are present inside the fibres, because the two components are thermodynamically immiscible [27]. Increase of the adhesion strength to the implant is done by PLA film deposition known due to its good mechanical properties [28]. The deposition of PCL by electrospinning over the PLA film was employed in our work in order to increase the external coating area, that is, the large surface to volume ratio of the nanofibers providing more available space for the attachment of cells on the implant. Because of the hydrophobic nature of these polymers that can restrict cell growth, efforts have been made to improve their surface properties by different methods, one of which is to coat the electrospun surface with a layer of hydroxyapatite [26].



Sodium hydroxide (NaOH) treatment was used for activating the hydrophobic polymer to enhance the wettability. When immersed in NaOH solution, the ester linkages along the polymer backbone break by random chemical scission, which leads to hydroxyl and carboxylic acid groups being exposed on the polymer surface [29,30]. Hydrophilicity is subsequently improved, as these groups are freely available to hydrogen bond with water molecules because of their slightly electronegative effects and less steric hindrance [30].



The aim of this study was to obtain a material based on TiZr with modified surface, with improved cell adhesion and proliferation that can develop new strategies for bone scaffolds and tissue engineering. Based on PLA interaction with metal implants [31] as well as PCL proven quality for better accommodation of the implant [32] we hypothesize that the combined PLA-PCL dual coating could enhance the implant accommodation. Furthermore, Ag-NPs should help the PLA-PCL dual coating in increasing its antibacterial activity [22].



This work studies the surface properties of PLA and PCL-PLA bioactive coatings deposited on TiZr. The porous PLA was chosen to improve the polymer adhesion to the TiZr substrate and to enhance the corrosion stability of the implant material. PCL was deposited as nanofibers by electrospinning, giving an enlarged total surface available for cell adhesion. The dual coating treated with Ag-NPs on TiZr implants creates an antibacterial effect. The surface characteristics of the bioactive coatings were evaluated by several techniques while the electrochemical characterization of the coating was studied in simulated body fluid. The metallic ion release from coated metallic implants was measured by inductively coupled plasma mass spectrometry (ICP-MS). In vitro antimicrobial properties for the coatings of the samples were studied using agar disc diffusion method and percentage inhibition of growth method for two bacterial strains—S. aureus and E. coli. The results on in vitro cell response indicated good cell membrane integrity and viability for such nanofibrous bioactive coatings compared to the control substrate, holding a great promise for biomedical applications.




2. Materials and Methods


2.1. Pre-Treatment of the Samples


The TiZr samples have 50 at.% Zr and 50 at.% Ti and were obtained from ATI Wah Chang Co. (Albany, OR, USA). The TiZr samples (20 mm × 20 mm × 2 mm) were first mechanically polished with a Buehler Beta equipment (ATM GmbH –Mammelzen, Germany) using SiC paper of increasing grits from P800 to P2400, then washed in an ultrasonic bath with deionized water and acetone 10 min each, etched for 1.5 h with a 3:7 solution of 30 wt.% H2O2:98 wt.% H2SO4, washed again with deionized water and dried at room temperature, in order to produce oxides and increase the roughness of the substrates for a better adhesion of the biopolymers on the substrate.




2.2. Preparation of PLA/PCL Coatings


TiZr/PLA samples were obtained by dip-coating method with a KSV Nima interface unit from Biolin Scientific (Espoo, Finland). In the first step, 90 mg PLA (Sigma-Aldrich, Saint Louis, MO, USA) were dissolved in 0.6 mL chloroform at room temperature. The pre-treated TiZr samples were dipped into the PLA solution for 30 s. The dip coating instrument removed the sample vertically at constant speed of 2 mm/s.



A PCL solution was prepared using 15 wt.% poly(ε-caprolactone) (Sigma-Aldrich) and acetone as the solvent. In this solution 5 wt.% (relative to PCL) of silver nitrate were added dispersed in isopropanol. The mixture was ultrasonicated for 1 h under steering with a speed of 500 rpm at the room temperature. After the ultrasonication, the mixture was exposed to 254 nm ultraviolet light from a Vilber VL-215.LC UV lamp (Vilber, Collégien, France) for 24 h to reduce the Ag+ to Ag nanoparticles (NPs) [33]. Then, the PCL containing silver nanoparticles was deposited on the semi-dried PLA coating layer by electrospinning, using an in-house built equipment comprised of a high-voltage supply (ER series, Glassman High Voltage Inc. – High Bridge, NJ, USA), a syringe pump (KDS Legato 200, KDS Scientific – Holliston, MA, USA) and a flat electrically grounded Cu collector plate. The electrospinning parameters were +20 kV applied voltage, a tip-to-collector distance of 15 cm and a solution-feeding rate of 0.25 mL/h. After electrospinning, the TiZr/PLA-PCL+Ag-NPs specimens were dried in a vacuum oven at 37 °C for 12 h.



After preparation of the dual PLA/PCL+Ag-NPs coating on TiZr substrates, surface hydrolysis treatment was performed in order to modify the surface and introduce functionality of the samples. For this purpose, the samples were immersed in 1M NaOH solutions for 2 h and they were washed repeatedly with distilled water and then dried at 37 °C for 2 h.




2.3. Surface Morphology


The surfaces of the samples were studied using a scanning electron microscope (SEM). SEM characterization was performed with a Quanta 650 FEG from FEI from Thermo Fisher Scientific (Hillsboro, OR, USA) equipped with an Octane Silicon Drift Detector EDS sensor (EDAX, AMETEK, Inc., Mahwah, NJ, USA) microscope applying 2 kV at a pressure of 2.2 mPa using a working distance of 10 mm.




2.4. Fourier Transformed Infrared Spectroscopy (FT-IR)


FT-IR spectra were recorded by using a Spectrum 100 Series FT-IR Spectrometer from Perkin Elmer (Waltham, MA, USA) in the range 4000–500 cm−1.




2.5. Determination of Contact Angle


The ability of a liquid to wet a flat solid was evaluated by measuring the contact angle θ that the liquid drop makes with the surface. The contact angle was determined with a Contact Meter CAM 100 equipment (KSV instruments –Espoo, Finland). The presented results are the average of three measurements for each sample and liquid.




2.6. Adhesion Tests


The film-substrate adhesion strength was evaluated using a PosiTest AT-M adhesion tester form DeFelsko (Ogdensburg, NY, USA) using 10 mm diameter aluminium dollies. The dollies were fixed on the samples with double adhesive tape and a force was applied until the polymer film detached from the TiZr substrates.




2.7. Electrochemical Studies


All electrochemical studies were carried out using an electrochemical cell with platinum as counter electrode, Ag/AgCl 3M as reference electrode and coated and uncoated TiZr samples as working electrodes. Electrochemical tests were performed to study the stability and performance of the coatings on a Voltalab 40 potentiostat/ galvanostat equipment (Radiometer Analytical SAS, Lyon, France) with Voltamaster 4 software.



The test environment was simulated body fluid (SBF) solution with the composition shown in Table 1:




2.8. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)


The evolution of calcium and titanium ions release from coatings in time was measured with an Inductively Coupled Plasma Mass Spectrometry (ICP-MS) equipment Perkin Elmer ELAN DRC-e (Perkin Elmer, Waltham, MA, USA) in the working conditions presented elsewhere [34]. The equipment was working with liquid sample introduction by a micro-nebulizer and calibration was performed using aqueous multielement solutions for internal standardization.




2.9. In vitro Mineralization


The mineralization activity of the samples was tested by immersion in 10 mL of 5× SBF solution, which was refreshed every 24 h and kept at 37 °C. After 7 days, the samples were taken out, rinsed in deionized water and left to dry in atmosphere. After the immersion test, the surface morphology of the sample was characterized by SEM and EDS.




2.10. Antimicrobial Studies


In vitro antimicrobial properties for the coatings of the samples were studied using agar disc diffusion method for two bacterial strains—S. aureus (ATCC 25923) and E. coli (ATCC 25922).



The preparation of the inoculi was performed from broth cultures (Tryptic soy broth with 0.6% m/v yeast extract) incubated overnight at 37 °C. The diffusion technique used Muller-Hinton agar and was performed by coating the Petri dishes with a layer of agar 4 mm thick. The two strains of bacteria inoculua where then added in the Petri dishes and left 10 min in laminar airflow. Then, the clean and coated TiZr samples were placed in the dish at equal distances and incubated for 72 h at 37 °C. The width of the inhibition zone (mm) was measured in order to evaluate the antibacterial effect of the TiZr samples on the selected strains.



In order to determine the percentage inhibition of growth for both bacterial strains (S. aureus and E. coli), the bacteria cultures were grown in tubes containing Luria-Bertani (LB) medium at 37 °C. The sterile medium of 50 mL was inoculated with 0.5 mL of suspension of bacterial cells. The samples were covered with 10 mL of culture. Incubation was performed in a Laboshake incubator (Gerhardt, Wiesbaden, Germany). After 18 h of incubation optical density was measured for four samples and control specimen (E. coli and S. Aureus culture without sample) using an UV–VIS Jenway Spectrophotometer (Cole-Pharmer, Stone, UK) at 600 nm.



Knowing the optical densities (OD) the percentage inhibition of growth was determined, using Equation (1) [17]:


  I % =      C  18   −  C 0    −    T  18   −  T 0         C  18   −  C 0      · 100 ,  



(1)




where I% is the percentage inhibition of growth, C18 is the blank-compensated optical density at 600 nm (OD600) of the positive control of the organism at 18 h, C0 is the blank-compensated OD600 of the positive control of the organism at 0 h, T18 is the negative control-compensated OD600 of the organism in the presence of test sample at 18 h and T0 is the negative control-compensated OD600 of the organism in the presence of test sample at 0 h.




2.11. Cell Viability Tests


Preosteoblast cells (MC3T3-E1 - Merck KGaA – Darmstadt, Germany) were cultured in α-MEM with added 10% foetal bovine serum, 100 U/mL penicillin and 100 μg/mL streptomycin in humidified atmosphere at 37 °C. Osteoblast cells were obtained in α-MEM containing 50 mg/L ascorbic acid, 10 mM β-glycerophosphate and 50 ng/mL BMP2. All samples were sterilized with 2% penicillin and streptomycin solutions 1 h and incubated in growth medium for 3 h at 37 °C.



The cell morphology was visualized via fluorescence imaging using 20 µg/mL phalloidin conjugated with fluorescein isothiocyanate (FITC) (Sigma-Aldrich, St. Louis, MO, USA) to stain the actin and 2 µg/mL 4′,6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Life Technologies, Eugene, OR, USA) to stain the nuclei of the cells. Micrographies were performed using an Olympus IX 71 fluorescence microscope (Olympus, Shinjuku, Japan).



The fluorescence was quantified using a fluorimeter (FP-750 Spectrofluorometer, Jasco, Hachiōji, Japan) with an excitation wavelength of 488 nm and emission wavelength of 515 nm.





3. Results and Discussion


3.1. Surface Morphology


In Figure 1 are presented the surface morphology for all the samples. The TiZr sample (Figure 1a) exhibits oxide formations on the surface and small grooves resulted from the polishing procedure. On the sample surface covered with PLA (Figure 1b) there are present some pores with diameters between 0.5–1 µm. In Figure 1c, well defined PCL nanofibers with diameters between 150–600 nm appear parallel to the metal. In Figure 1d, a highly defined PCL nanofibers network is formed on the surface of the PLA layer deposited on the TiZr alloy. In this case the diameters of the nanofibers range between 180 and 700 nm. The nodes where the nanofibers intersect having diameters in the range of 0.7–1.3 µm. In the inset of Figure 1d, at higher magnification, silver nanoparticles with diameters of 30–40 nm are visible on the PCL nanofibers, appearing as bright spots.




3.2. FT-IR Analysis


For the samples coated with PLA (Figure 2a) the peaks located at 2998 and 1751 cm−1 were attributed to the stretching of CH3 bonds and C=O bonds respectively. For the samples coated only with PCL (Figure 2b) the peaks for the stretching vibration of CH3 and C=O bonds was located at 2940 and 1720 cm−1. In the FT-IR spectra of TiZr coated with PLA/PCL+Ag-NPs the identified peaks at 2950 and 1750 cm−1 were attributed to the stretching and bending of CH3 bonds (Figure 2c). In the dual coating, PLA/PCL+Ag-NPs the C-O-C (1794 cm−1) and C-H (2944 cm−1) signals were shifted compared with pristine polymer. The shifting between the positions of the peaks are attributed to the stronger bonds formed between PLA and PCL [35] due probably to the polar interactions resulted from the solvent used in the PCL/PLA+Ag-NPs deposition. Alkaline hydrolysis will produce hydroxyl (–OH) through cleaving the ester bond in polymeric coating. Theoretically, the appearance of (–OH) groups was observed at wavenumbers ranging from 3300 to 3610 cm−1.




3.3. Contact Angle Measurements


In order to characterize the surface of the samples we used liquid drop contact angle measurement. In our study, the Owen–Went model was used to calculate the polar and nonpolar components of surface. In this model, surface energy dissociates liquid (L, the media which is used to perform contact angle measurements) and solid (s, the surface under investigation) surface energy into its polar and nonpolar components, as shown in Equation (2):


  ( 1 + cos θ )   γ  L  = 2 (     γ  L d    γ  S d    +     γ  L p    γ  S p    ) .  



(2)







γL is the liquid surface free energy and γlp and γld are the liquid surface energy polar and non-polar components, respectively. Similarly, γs is the solid surface free energy and γsp and γsd are the solid surface energy polar and non-polar components, respectively. −θ is the surface contact angle. The liquid polar and non-polar components of the liquids are listed in Table 2.



Wettability of the coatings surface and their surface free energy (SFE) were estimated using two different liquids, that is, water as a polar liquid and diiodomethane as a dispersive one. Our contact angle measurements showed that the coating of the TiZr surfaces confers a hydrophobic character of the surface as can be seen in Table 3.



For surface energy, values higher than 30 mN/m indicate bioadhesion and a positive cell response [36].



The enrichment of our samples with Ag nanoparticles lead to the wettability decrease (increase of hydrophobic properties) and surface free energy decrease.



The surface properties of PLA are hydrophobic which is not favourable for cell growth on the surface [37]. PLA has no functional groups that can cleave to the active molecules. These considerations lead to limitations of the use of PLA in bone tissue engineering.



In order to improve cell affinity to polymers and to promote bone growth, some surface modification techniques have been developed [38,39].



Among them, treatment with alkaline hydrolysis is a feasible and convenient method. After surface hydrolysis of the aliphatic polyester, the hydrophilic carboxyl and the hydroxyl can be produced by cleavage of the ester bonds.



After NaOH treatment, the contact angle values became significantly lower, from hydrophobic to hydrophilic (Table 4), which is beneficial for cell adhesion and increased biocompatibility.




3.4. Adhesion Tests


The adhesion strength values of the films on TiZr are presented in Table 5.



In order to be able to draw a conclusion regarding the adhesion strength of the dual coating, it is necessary to refer to one-component coatings (TiZr/PLA and TiZr/PCL). For this purpose, a TiZr/PCL sample was prepared. It was found that PCL has much lower adhesion strength than PLA. One possible explanation can be the molecular structure of PCL. Polymers with higher oxygen quantities in their structures can provide more electrostatic interactions on metallic surfaces [40]. PCL has less oxygen than PLA and exhibits lower adhesion to the surface. Poor adhesion between coatings and substrates can lead to the failing of the implant. However, PCL has better elastic properties than PLA. A compromise solution was chosen by reinforcing the PLA layer with networks composed of PCL nanofibers.



The results have shown that PLA-PCL dual layer tends to exhibit higher adhesion strengths than those of PCL layer on TiZr substrates. This can be attributed to the bonding interaction between PLA and PCL layers. The adhesion strength of PLA-PCL+Ag-NPs coating is not much different than the adhesion strength of the PLA-PCL coating. The Ag-NPs are present only on the PCL nanofibers. The adhesion strength represents the detachment of the coating from the TiZr substrate, thus the Ag-NPs have no real effect on adhesion at TiZr substrate.




3.5. Electrochemical Characterization


The corrosion behaviour of the TiZr samples with and without coatings in SBF solutions are presented in Figure 3. The corrosion potential (Ecorr), corrosion current density (Icorr) and passive current densities (ipass) from the polarization curves are listed in Table 6. The corrosion resistance of the coated samples have been improved compared to that of the uncoated TiZr. The coating presence on TiZr surface led to the displacement of the corrosion potential towards more electropositive values than those of the uncoated samples. The highest corrosion resistance was recorded for TiZr/PLA-PCL. The presence of silver in the polymeric coating lead to insignificant changes in the corrosion parameters, not influencing the corrosion behaviour of the samples.




3.6. ICP-MS Measurements


The evaluation of Ag ions release was performed by ICP-MS technique by diffusion method. These studies were conducted in SBF. A specific volume (2 mL) of the sample was collected from the release medium at regular intervals, their ions release content being determined using ICP-MS to evaluate ions released from the sample containing silver nanoparticles.



ICP-MS data revealed that 3 h after immersion of TiZr/PLA-PCL+Ag-NPs system in the SBF solution, the concentration of Ag+ ions was 0.18 ppm and after 24 and 48 h, it was 0.40 and 0.86 ppm, respectively. The release of Ag ions in SBF solution from the coatings was investigated during 10 days in order to evaluate the suitability of such coatings for use as antibacterial coatings for a long period. The concentration of released silver ions increased substantially in the first 48 h. The release of silver ions starts to diminish after 66 h, reaching a plateau after approximately 120 h, hinting to a depletion of silver ions present on the sample. A logarithmic function y = a – b × ln(x + c) was used to approximate the experimental data (and the fitted equations are shown in Figure 4).



The silver ions releasing in time from the sample TiZr/PLA-PCL+Ag-NPs is in agreement with the previous reports revealing a significant increase of the amount of silver ions at the initial stage [41] due to water diffusion on the surface, that is, easy water diffusion on the surface of the sample can result in a high rate release of silver ions at the initial stage.



According to Akhavan et al. [42], the time of 120 h for the sharp release of Ag ions represents a steady state, corresponding to a plateau behaviour (the time required for the amount of silver ions to reach approximately 80% of the total amount in the solution). After achieving the plateau shape the process of ions release is much slower.



The considerable reduction in the release rate of silver ions after reaching the saturation time, can be attributed to the slow diffusion of water in the sample.



Even so, during these 10 days of immersion tests, the silver concentration released coatings remained in the ppb range. As literature shows, even silver concentrations as low as 0.1 ppb have a bactericidal effect in water [43,44].




3.7. In Vitro Mineralization


Apatite formation is usually the first step involved in modifying an implant surface in order to improve the bone-bonding ability of materials.



After 7 days of immersion in 5× SBF the morphologies of samples are presented in Figure 5.



The TiZr sample (Figure 5a) was found covered in calcium phosphate (ortho-calcium phosphate). The shapes of the phosphate structures were flake-like and irregular. The sizes of the flakes vary around 5 and 10 µm.



Some differences were noticed for the TiZr/PLA sample (Figure 5b). The calcium phosphate formed porous structures around 2 µm. The dispersed pores were around 1 µm.



The SEM micrographies for TiZr/PLA-PCL+Ag-NPs (Figure 5c) show the nanofibers surface almost completely covered with calcium phosphate. The immersion in SBF and covering with calcium phosphate led to the increase in the thickness of the fibres from 180–700 nm to 0.5–1.5 µm. Some fibres were found tangled, also some spherical calcium phosphate particles were found on some fibres. The morphology of TiZr /PLA-PCL sample was similar with TiZr /PLA-PCL+AgNP sample.



The rapid nucleation of calcium phosphate on coated TiZr plates was attributed to the general negative surface charge of the polymers, probably given after the alkali treatment. The negative charge favours the absorption of the positive calcium ions from the SBF [45].



EDS analysis were performed after the immersion in SBF in order to estimate the chemical composition of coatings. The results are shown in Table 7.



For the bare TiZr sample the ratio between Ca and P was 1.22 specific for ortho-calcium phosphate. The TiZr samples covered with PLA and PLA-PCL+Ag-NPs led to the formation of hydroxyapatite, in both cases the ratios between Ca and P were approximately 1.62.




3.8. Antibacterial Activity


Figure 6a shows the antibacterial effect of all tested samples against S. aureus and E. coli. The measurements were repeated 5 times. The TiZr samples produced only a negligible area of bacterial inhibition. The coated TiZr samples produced clear regions of inhibition against both bacterial strains around the disc. The PLA coating on TiZr inhibited the growth of both S. aureus and E. coli. When the PCL nanofibers were deposited on top of the PLA layer, the antibacterial effect of the samples was reduced. This reduced effect can be attributed to the density of the PCL fibres that form a network through which the lactic acid from the polylactic acid must travel by diffusion processes. To overcome this effect, Ag nanoparticles were deposited on the PCL nanofibers, giving both coatings an antibacterial effect. The antibacterial activity observed for the PLA coatings can be attributed to the acidic pH in the culture medium, which is not favourable to bacteria growth, caused by residual lactic acid content from the samples [46,47].



Figure 6b shows the percentage inhibition of growth. For antibacterial activity evaluation were used following samples—TiZr, TiZr/PLA, TiZr/PLA-PCL and TiZr/PLA-PCL+Ag-NPs. We observed bacteria attached to a surface are able to duplicate, move and form colonies beyond the biofilm. The data presented are averaged over five replicates.



E. coli were 15.29% inhibited by the TiZr, 55.05% by the TiZr/PLA, 48.14% by TiZr/PLA-PCL and 74.27% inhibited by the TiZr/PLA-PCL+Ag-NPs. S.aureus were 11.24% inhibited by the TiZr, 44.82% by the TiZr/PLA, 36.64% by TiZr/PLA-PCL and 66.02% inhibited by the TiZr/PLA-PCL+Ag-NPs.



The silver released from the TiZr/PLA-PCL+Ag-NPs sample behaved the best in inhibiting growth of E. coli and S. aureus bacteria. Also, these results are in good agreement with the results obtain using agar disc diffusion method depicted in Figure 6a.




3.9. Cell Viability Analysis


The cell activity on the TiZr coated samples was measured at days 2 and 7 and compared with a control sample (bare TiZr). The results presented in Figure 7 show that all the coated samples have a good effect on cell proliferation, a slight decrease being present on the sample containing Ag-NPs. Consistent with these results, the cells adhered and spread out on the surface of all types of TiZr samples as can be seen in the fluorescence micrographies (Figure 8). It was observed that the cells maintained their normal aspect and proliferated on all the sample substrate. The modified samples produced no harm to the cells, suggesting that both the PLA and PCL/PLA coatings can promote cell growth and that the composites with Ag-NPs do not present high cytotoxicity.





4. Conclusions


In this study we investigated the synthesis of a new dual material TiZr/PLA-PCL+Ag-NPs and we compared it with TiZr/PLA-PCL, TiZr/PLA obtained by electrodeposition and bare TiZr. The morphology of TiZr/PLA-PCL+Ag-NPs have showed that the sample was covered with a network of PCL nanofibers on which Ag-NPs were present. From the corrosion tests in SBF solution and ICP-MS investigations we observed that TiZr/PLA-PCL material has the best corrosion resistance and barrier properties for ions release. The silver nanoparticles addition presented high inhibition zone against gram negative bacteria like E. coli. However, even if the antimicrobial effect was well established in in-vitro experiments, the need for extensive in-vivo evaluation remains. From the clinical point of view the implants using TiZr/PLA-PCL+Ag-NPs coating will be safer and easier accommodated into the repaired bone structure. These results show that the composites using TiZr/PLA-PCL have promoted cell adhesion and proliferation that can develop new strategies for bone scaffolds. The hydrophilic character of the coating is a prognosis for good cell response and recommends such coating for new bioapplications.
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Figure 1. Morphologies of samples: (a) TiZr; (b) TiZr/PLA; (c) TiZr/PLA-PCL; (d) TiZr/PLA-PCL+Ag-NPs; inset - higher magnification of TiZr/PLA-PCL+Ag-NPs surface. 
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Figure 2. Fourier transform-infra red (FT-IR) spectra of samples: (a) TiZr/PLA; (b) TiZr/PCL; (c) TiZr/PLA-PCL+Ag-NPs. 
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Figure 3. Polarization curves for (a) TiZr; (b) TiZr/PLA;.(c) TiZr/PLA-PCL; (d) TiZr/PLA-PCL+Ag-NPs in SBF solution. 
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Figure 4. Ag ions release by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) method. 
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Figure 5. Morphologies of samples: (a) TiZr; (b) TiZr/PLA; (c) TiZr/PLA-PCL+Ag-NPs. 
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Figure 6. Schematic diagram of: (a) inhibition zone (mm) and (b) percentage inhibition of growth recorded for bare TiZr and coated samples. 
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Figure 7. MC3T3-E1 cells proliferation on TiZr and coated samples. 
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Figure 8. Effect of MC3T3-E1 cells adhesion and spreading (nuclei – blue colour, actin cytoskeleton – green colour) on bare TiZr and coated TiZr samples after 2 and 7 days. 
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Table 1. SBF chemical composition (g/L).
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	NaCl
	KCl
	CaCl2
	NaHCO3
	Na2HPO2·2H2O
	MgCl2·6H2O
	KH2PO4
	MgSO4·7H2O
	C6H12O6





	8
	0.4
	0.18
	0.35
	0.48
	0.1
	0.06
	0.1
	1
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Table 2. Physical characteristics of liquids samples.
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	Liquids
	γl (mJ/m2)
	γld (mJ/m2)
	γlp (mJ/m2)





	Water
	72.6
	21.6
	51.0



	Diiodomethane
	50.8
	48.5
	2.3
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Table 3. Angle values and surface energy for samples.
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Sample

	
Contact Angle Values

	
Surface Energy (mJ/m2)




	
Water

	
Diiodomethane






	
TiZr

	
108.35 ± 0.09

	
37 ± 0.16

	
45.37 ± 0.05




	
TiZr/PLA

	
131.92 ± 0.12

	
89.61 ± 0.50

	
15.09 ± 0.09




	
TiZr/PLA-PCL

	
120.56 ± 0.18

	
67.33 ± 0.96

	
28.46 ± 0.23




	
TiZr/PLA-PCL+Ag-NPs

	
124.28 ± 0.06

	
41.96 ± 0.47

	
51.97 ± 0.15
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Table 4. Contact angle values and surface energy for samples after NaOH treatment.
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Sample

	
Contact Angle Values

	
Surface Energy (mJ/m2)




	
Water

	
Diiodomethane






	
TiZr

	
58.22 ± 0.02

	
67.7 ± 2.18

	
42.42 ± 1.1




	
TiZr/PLA

	
55.55 ± 0.06

	
36.18 ± 6.82

	
50.86 ± 0.8




	
TiZr/PLA-PCL

	
48.46 ± 0.01

	
32.32 ± 2.75

	
58.30 ± 0.25




	
TiZr/PLA-PCL+Ag-NPs

	
52.45± 0.19

	
38.37 ± 0.73

	
53.7 ± 0.05
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Table 5. Adhesion strengths of the coatings on TiZr.
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	Sample
	Adhesion Strength (MPa)





	TiZr/PLA
	4.1 ± 0.8



	TiZr/PCL
	1.7 ± 0.3



	TiZr/PLA-PCL
	2.8 ± 0.7



	TiZr/PLA-PCL+Ag-NPs
	2.7 ± 0.5
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Table 6. Electrochemical parameters for the analysed samples.
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	Sample
	Ecorr vs SCE (mV)
	icorr (µA/cm2)
	ipass (µA/cm2)





	TiZr
	−552.8
	68
	885



	TiZr/PLA
	−420.8
	35
	205



	TiZr/PLA-PCL
	−203
	4.6
	40



	TiZr/PLA-PCL+Ag-NPs
	−275.6
	6.5
	28
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Table 7. Chemical composition of coatings.
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Sample

	
Element (at.%)




	
C

	
O

	
Ca

	
P

	
Ti

	
Zr

	
Ag






	
TiZr

	
–

	
47.92

	
18.34

	
14.99

	
10.25

	
8.50

	
–




	
TiZr/PLA

	
40.65

	
23.66

	
8.28

	
5.12

	
11.89

	
9.80

	
–




	
TiZr/PLA-PCL+Ag-NPs

	
45.55

	
25.79

	
5.62

	
3.46

	
10.10

	
8.70

	
0.78
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