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Abstract

:

In this study, ZnHAp layers deposited on a Si substrate were obtained by a sol–gel spin-coating procedure. The ZnHAp solutions used to obtain the ZnHAp coatings were investigated by dynamic light scattering (DLS) analysis, ζ-potential, ultrasound measurements, and flame atomic absorption spectrometry (AAS). The average measured hydrodynamic diameter from the DLS analysis, ζ-potential, and ultrasound measurements were analyzed so as to characterize and estimate the stability of the ZnHAp nanoparticles. The AAS results confirmed the presence of zinc in the gels used in the preparation of the ZnHAp layers. The layers were investigated by X-ray diffraction (XRD) and scanning electron microscopy (SEM). The XRD results revealed the diffraction peaks of the hexagonal hydroxyapatite in all of the investigated samples. The morphology of the ZnHAp coatings annealed at 500 °C (ZnHAp-500) and 700 °C (ZnHAp-700), which evidenced that no fissures or cracks formed on the surface of the coatings. The biocompatibility assays indicated that the ZnHAp coatings did not present any toxicity towards the HeLa cells. Furthermore, the study regarding the cytotoxicity of the ZnHAp layers against microorganisms emphasized that ZnHAp coatings exhibited an inhibitory effect towards S. aureus bacterial cells and also towards C. albicans fungal cells.
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1. Introduction


Nowadays, the constant and rapid progress registered in the area of technology and engineering has created tremendous opportunities for modern medicine, by creating the premise of developing new and enhanced materials with outstanding properties that could greatly contribute to the improvement of a patient’s life quality [1,2,3]. Nonetheless, even with the constant new developments, there are still difficulties to overcome for some issues in the biomedical field, as a result of medical devices, which could lead to post operatory complications [4]. These days, one of the most distressing complications that could appear after surgery is considered the apparition of a post operatory infection [5,6]. In most cases, the infection appears because of the bacterial cells, which adhere either to an implantable medical device (when is the case), either on the tissue surrounding the surface of the implant, or simply on the surface of the wound [7,8]. These types of bacterial adhesions on implantable devices are some of the most frightening problems that can occur in the dentistry, orthopedic, and cardiovascular field, because they usually lead to severe life treating infections due to the development of bacterial biofilms, which have been proven to be resilient to conventional antibiotics [9,10,11,12,13]. In most cases, because of the development of bacterial infections, implantable devices are often removed from patients using many costly procedures, which are uncomfortable and even dangerous for the patient [14]. Considering these factors, there has been an increased effort directed towards the development of new materials capable of mimicking the composition and structure of bone, also exhibiting antimicrobial properties [15,16,17]. Commonly, one of the widely used biomaterials, due to its outstanding biocompatible and osteoconductive properties, is hydroxyapatite (HAp). Synthetic HAp, with the general formula Ca10(PO4)6(OH)2, has been widely studied for bone substitution, bone remodeling applications, controlled drug release, bone tissue engineering, bone regeneration as bone graft materials, coatings for implants, or bone fillers [16,17,18]. Nowadays, HAp is used both in reconstruction and repair surgery, as well as in conservative dentistry, dental implantology, and pharmacy [19,20]. Used as an implant coating, synthetic HAp has been studied because of its excellent biocompatibility and osteoconductivity [20,21]. Despite its great potential, HAp has limitations because of its poor mechanical properties (brittleness, poor tensile strength, and poor fatigue strength) [22,23] and slow biological interaction, and it is because of these factors, which favor the adherence and development of bacterial cells, that the apparition of post operatory infections is caused. Nevertheless, numerous studies have reported that the properties of HAp could be improved by doping with various elements such as Na, Sr, Mg, K, Mn, Ag, Ce, Eu, Cu, Zn, Sm, and so on [24,25,26,27]. The structure of HAp allows for both anionic and cationic substitutions [24,25,26,27]. Zinc is one of the most widespread trace elements, and is usually considered as a potential substituent in HAp because of its biological properties [28]. Taking into account that almost a third of the amount of zinc that is found in the human body is located in bone tissue, and also that zinc contributes to the proliferation of osteoblast cells and enhances the bone formation process [27,28], the use of zinc as a doping element for HAp will create the premise of obtaining a new biomaterial with outstanding biological properties. Recent studies have also reported that zinc possesses antimicrobial properties and could be used in the development of antimicrobial agents [29,30,31,32]. In their study, Radovanović et al. [33] highlighted that zinc exhibited a good antimicrobial activity against Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Candida albicans microbial strains [33].



Over the years, extensive research has been conducted for the development of uniform, reproducible, and reliable layers using various advanced deposition techniques [34,35,36,37]. There are many papers dealing with thin film development, involving several techniques such as vacuum evaporation [38], sputtering [36], laser-assist vacuum evaporation [38], chemical bath deposition [39], electrodepositing [40], dip coating [41], sol–gel [42], the Langmuir Blodgett technique [43], and so on. Among these, the sol–gel spin coating technique is considered to be one of the simplest and most cost-effective techniques for thin film deposition [44]. It has been reported that by using the conventional spin coating technique, the material parameters can be used to determine the final film thickness, which is considered to be a tremendous advantage when developing thin films [45].



The present study is focused on developing ZnHAp coatings based on stable solutions with applications in the biomedical field. Firstly, stable solutions of ZnHAp have been synthesized and characterized. The ZnHAp solutions have been studied using dynamic light scattering (DLS), Zeta potential, and atomic absorption spectroscopy (AAS). On the other hand, studies regarding the stability of the resulting ZnHAp solutions obtained by the sol–gel method were performed using ultrasound measurements. Afterwards, the ZnHAp coatings were deposited on Si discs. The ZnHAp coatings were investigated by X-ray diffraction (XRD) and scanning electron microscopy (SEM). The cytotoxicity of the ZnHAp coatings was studied using a HeLa cell line. Moreover, the antimicrobial activity of the ZnHAp coatings was investigated against Candida albicans ATCC 10231 and Staphylococcus aureus ATCC 25923 microbial strains.




2. Materials and Methods


2.1. Materials


Reagents such as calcium nitrate (Ca(NO3)2∙4H2O, Sigma-Aldrich, St. Louis, MA, USA), ammonium hydrogen phosphate ((NH4)2HPO4), Alfa Aesar, Karlsruhe, Germany; 99.99% purity), silver nitrate (Zn(NO3)2·6H2O, Alfa Aesar, Karlsruhe, Germany; 99.99% purity), triethanolamine (C6H15NO3, Sigma-Aldrich; ≥99.0% (GC) purity), and ethanol were used for obtaining the zinc doped hydroxyapatite (ZnHAp) solutions using the sol–gel method, in order to prepare the ZnHAp coatings on the Si substrate using the spin-coating procedure.




2.2. Thin Layer of Zinc Doped Hydroxyapatite


Calcium nitrate (Ca(NO3)2·4H2O), zinc nitrate (Zn(NO3)2·6H2O), and ammonium hydrogen phosphate ((NH4)2HPO4) were used as the starting materials for the preparation of zinc doped hydroxyapatite (Ca10−xZn(PO4)6(OH)2, xZn = 0.1) thin layers on an Si substrate (ZnHAp), respectively. In order to synthesize the zinc doped hydroxyapatite gel for preparing the thin layers, triethanolamine (C6H15NO3) and ethanol (C2H5OH) were also used. Ca(NO3)2·4H2O was dissolved in ethanol and mixed on a magnetic stirrer for 120 min at 40 °C. Triethanolamine was slowly dripped into the solution containing Ca, and the solution was agitated vigorously for 24 h at 40 °C. At the same time, (NH4)2HPO4 and Zn(NO3)2·6H2O) were dissolved in the ethanol and mixed on a magnetic stirrer for 120 min at 40 °C. Next, the solution containing Ca was slowly added to the solution containing P and Zn. The final solution was constantly agitated on a magnetic stirrer for 6 h at 100 °C. According to the authors of [18], in the ZnHAp (xZn = 0.1) sol, [Ca + Zn]/P, the composition ratio was adjusted to be equal to 1.67. The resulting gel was mixing by ultrasound for 6 h. The resulting sol–gel solution was used to obtain, using the spin-coating procedure, the ZnHAp coatings on the Si substrate. For the centrifugation coating, 0.5 mL of the resulting solution was placed on the top of the substrate using a syringe. The centrifugation was carried out for 60 s at 2000 rpm. The Si substrates were repeatedly coated 30 (ZnHAp) times. The Zn:HAp layers were annealed for 2 h at 500 °C (ZnHAp-500) and 700 °C (ZnHAp-700), in order to remove the solvents and to obtain films with a crystalline structure.




2.3. Characterization Methods


The resulting sol–gel solution that was used to obtained the ZnHAp coatings on the Si substrate by the spin-coating procedure was investigated by dynamic light scattering (DLS) analysis, ζ-potential, and ultrasound measurements. Dynamic light scattering (DLS) and ζ-potential were performed at 25 ± 1 °C using a SZ-100 Nanoparticle Analyzer (Horiba, Ltd., Kyoto, Japan. All of the samples were diluted in ethanol before analysis 10 times before the measurements of the DLS and ζ-potential. Three determinations were recorded for each analyzed sample, and the final value was established by mediating the three measurements.



The sample was stirred for 30 min at room temperature. Then, the ultrasonic tests were effectuated using the setup indicated in Figure 1. There are two coaxial ultrasonic transducers distanced by d = 30 mm, of a 5 MHz central frequency, model H5K (General-Electric, Krautkramer, Hürth, Germany), one (marked R) sending and receiving the echoes, and the other (marked T) just receiving the echoes. These were the general purpose longitudinal non-focusing transducers, which attenuated the received echoes by different amounts at different frequencies. In order to minimize the losses in the transducers, we investigated only the echoes received by the T transducer at 5 s intervals.



Quantitative studies regarding the elemental composition of the new zinc-doped hydroxyapatite solutions were performed by flame atomic absorption spectrometry (AAS). The analysis was performed using a Zeeman HITACHI Z-8100 from Japan Hitachi (Tokyo, Japan), using a cavity cathode lamp, specific to the zinc element. The AAS investigations were done using stable solutions of ZnHAp. The AAS measurements were conducted using a zinc hollow cathode lamp under a constant airflow rate of 10.00 L·min−1, at a wavelength of 213.9 nm, according to the manufacturer’s operational conditions for zinc.



The resulting sol–gel solution that was used to obtained the ZnHAp coatings on the Si substrate by the spin-coating procedure were dried for 72 h at 100 °C, and preseed into pellets in order to be investiagted by laser ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS). The studies were conducted in agreement with the procedure described by Motelica-Heino and Donard [46], using an elemental XR Thermo Specific instrument (Waltham, MA, USA) combined with a UV laser probe laser ablation sampling device (Teledyne CETAC Technologies, Omaha, NE, USA). The calibration was done with certified artificial glass, NIST-610. The measurements were reproduced four times.



The morphology of the samples was investigated by scanning electron microscopy (SEM), using a HITACHI S4500 microscope (Hitachi, Ltd., Tokyo, Japan) equipped with an X-ray energy dispersive spectroscopy (EDX) system. In order to establish the crystal structures of the ZnHAp layers, the XRD patterns were recorded using a Bruker D8 Advance diffractometer (Bruker, Karlsruhe, Germany) with a nickel filtered Cu Kα (λ = 1.5418 Å) radiation in the 2θ ranging from 20° to 55°.




2.4. In Vitro Antifungal Activity


The antimicrobial properties of the ZnHAp-500 and ZnHAp-700 layers were assessed using Candida albicans ATCC 10231 and Staphylococcus aureus ATCC 25923 microbial cells. The evaluation of the antimicrobial activity of the ZnHAp-500 and ZnHAp-700 layers was performed using 1.5 × 108 microbial suspensions of a 0.5 McFarland standard obtained from 15 to 18 h bacterial cultures.



The qualitative antifungal and antibacterial activity of the layers was quantified at 24 and 48 h. For this purpose, microbial suspensions of C. albicans ATCC 10231 and Staphylococcus aureus ATCC 25923 (500 μL) were grown on the samples in culture medium. After 24 and 48 h the layers were removed from the culture medium, washed with sterile saline solution for the removal of the non-adherent microbial cells. The layers were then introduced into sterile saline (1 mL), vortexed for suspending the microbial cells embedded in the biofilm formed on the surface, washed in saline solution, fixed in cold methanol, and prepared for scanning electron microcopy (SEM) visualization.



The quantitative assays of the antimicrobial activity of the ZnHAp-500 and ZnHAp-700 layers were performed using an adapted method derived from the standard test method for determining the antimicrobial activity of antimicrobial agents under dynamic contact conditions (E2149-10; ASTM International) [47,48]. The layers were added in a Luria-Bertani (LB) broth inoculated with microbial suspensions of 1.5 × 108 CFU/mL. The samples were allowed to incubate at 30 °C for four time intervals (8, 24, 32, and 48 h) in order to assess the temporal dynamics of the microbial biofilms developed in the presence of the layers. After the incubation of each time interval, the HAp, ZnHAp-500, and ZnHAp-700 layers were removed from the medium, washed using a sterile saline buffer in order to remove the microbial cells that did not adhere to the substrates, and were then immersed in a sterile saline buffer. The quantitative assessment of the antimicrobial activity of the ZnHAp-500 and ZnHAp-700 layers was determined by measuring the absorbance of the recovered suspensions at 620 nm. The experiments were performed in triplicate.




2.5. Hela Cell Viability Assays


The cell viability assays were performed using the first immortal human cell line, known for being one of the most remarkably durable and prolific cell lines (HeLa cells). HeLa cell growth assays were performed as previously described [49], with the following modifications: HeLa were grown in Dulbecco’s modified Eagle’s medium previously supplemented with fetal calf serum (FCS) 10%, and with 2 mM L-glutamine (GIBCO BRL, Life Technologies, Carlsbad, CA, USA) at a temperature of 37 °C in a humidified atmosphere with 5% CO2. The culture medium was then renewed every 2 to 3 days. Then, the HeLa cells were seeded in six-well plates, at a density of 5 × 105 cells/mL, and incubated on previously UV-sterilized ZnHAp layers. The cell viability was assessed by microscopic evaluation after 24 and 48 h of incubation. Moreover, a quantitative assay regarding the cell viability was performed on the HeLa cells (~104 cells/100 µL) using the conventional 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) reduction assay.




2.6. Statistical Analysis


All of the biological investigations were carried out in triplicate. The statistical analysis was carried out using the t-test and analysis of variance (ANOVA). The difference established between the samples was appreciated to be significant at p < 0.05.





3. Results and Discussions


3.1. Characterization of Suspension


To achieve uniform coatings, the gels obtained should be stable, and the nanoparticles should be well dispersed. In this regard, the nanoparticles in the solution were studied by DLS, ζ-potential, and ultrasound measurements. If in the DLS studies and zeta potential the final gel was diluted 10 times, the ultrasound measurements allowed for the study of ZnHAp nanoparticles in the final concentrated solution obtained from the sol–gel synthesis method. In agreement with previous studies conducted by Egelhaaf et al. [50], DLS can be used to characterize the hydrodynamic diameter distribution in the range of some hundreds of nm. These results provide important information on colloidal agglomeration. The hydrodynamic diameter distribution determined by DLS is shown in Figure 2. As shown in Figure 2A, the size of the particles was in the range of 10–60 nm. The average hydrodynamic diameter estimated from the hydrodynamic diameter distributions obtained by DLS was 45 ± 4 nm. One distinctive curve was visualized and coincided with one population that could indicate the lack of aggregates in the analyzed solution. The absence of agglomerates is also explained by the high potential of the ζ-potential (Figure 2B,C).



The ζ-potential value of the ZnHAp (xZn = 0.1) nanoparticles in the solution (Figure 2B) was −45.8 mV. The value of the average electrophoretic mobility was −0.00034 cm2 V−1 s−1 (Figure 2C). The value obtained for the ζ-potential in the ZnHAp gel was much higher than which has been reported so far [19,31]. This difference may be due to increasing the zinc concentration, and, on the other hand, to the synthesis parameters. In previous studies, Predoi et al. showed that for ZnHAp solutions with 0.01 < xZn < 0.05, the zeta potential increased from −8.19 mV (xZn = 0.01) to −15.84 mV when xZn was 0.05.



Significant information about the Zn:HAp gel used to prepare the ZnHAp layers were achieved from the ultrasound measurements. During the ultrasonic measurements, the recording time was 1000 s, corresponding to 200 records, with each record containing 100k samples (Figure 3).



The three echoes obtained for the ZnHAp sample were each compared with the corresponding echoes in double distilled water in the same setup. This method allows for relative quantitative measurements, which eliminate the influence of the transducers attenuation and frequency spectrum.



Through the intercorrelation of each echo with the corresponding echo in the reference fluid, for which the velocity is c0 = 1489.23 m/s at 22.3 °C, an average velocity in the sample of cs = 1489.1 m/s has been deduced. The velocity of the ultrasonic waves in homogeneous liquids can be calculated with the relation   c =    1  κ ρ      , where the adiabatic compressibility, k, is the inverse of the compression elastic modulus (K = 1/k), and ρ is the averaged mass density. For the biphasic suspensions, the averaged values can be obtained from the following:   κ = Φ  κ 2  +  (  1 − Φ  )   κ 1    and   ρ = Φ  ρ 2  +  (  1 − Φ  )   ρ 1   , in which Φ represents the volumetric fraction of the solid particles in the solvent, which was double distilled water in this case.



Consequently, if the volumetric fraction is known, and the elastic properties of the solvent are known (e.g., for water,   κ = 4.54 ×   10   − 10       Pa   − 1    ), one can determine the pairs (κ2,ρ2) of the particles in the suspension, and if one of the two parameters is known, then the other can be accurately determined.



The first information is the evolution in time of the echo’s amplitudes (Figure 4A). The three recorded signals indicate the stable level of the amplitude, in direct connection with the physical stability of the sample. In our previous studies [24] on bioceramic layers with antifungal properties, we suggested a stability parameter, measured in s−1 and defined as   s =  1   A m     |    d A   d t    |   . The stability coefficient for this sample is s = 0.0152 (1/s), indicating a relatively stable suspension, compared with pure water, for which s = 0.



There was an initial period of approximately 100 s during which the suspension reached a stable configuration. The second and third echoes have weaker amplitudes as a result of the attenuation, which will be discussed in the following. The following analysis concerns only the first echo, which was the least affected by the attenuation characteristics of the transducers.



The amplitudes at higher frequencies diminished, a phenomenon that is typical to ultrasound waves. However, this amplitude reduction vs. frequency is typical for each sample. For each echo, an averaged ratio of amplitudes at each frequency in the spectrum, relative to the reference fluid, were determined. The attenuation vs. frequency for the first echo is plotted in Figure 4B.



The attenuation is defined for two successive echoes of amplitudes, A1 and A2, determined after traveling a distance, d, as follows:   α = −  1 d  ln    A 2     A 1       [    Np  / m   ]   . For the reference fluid, the attenuation is known from the specialized literature and the attenuation of the sample is determined experimentally.



The attenuation in the sample is considerably higher than in the reference fluid, varying from 3.03 Np/m at 2 MHz, up to 7.84 Np/m at 8 MHz. The slope given by the stability parameter is also very important. For this sample, a change in the attenuation slope for frequencies above 3 MHz is clearly visible, a fact related to the size and concentration of the nanoparticles. More details can be obtained by analyzing the evolution in time of the attenuation for each of the frequencies marked on Figure 4B. The results are plotted on Figure 4C.



There was an initial period of about 100 s, during which the attenuation decreased rapidly, possibly due the sedimentation of the larger size particles in the suspension. Between 100 and 900 s, the attenuation at all of the frequencies remained relatively constant, proving the stability of the suspension. As shown on Figure 4B, the attenuation increased with the increasing frequency.



The amount of zinc incorporated in the HAp lattice from the ZnHAp samples was investigated using flame atomic absorption spectrometry (AAS). For this purpose, stable solutions of ZnHAp were measured and the zinc concentration determined. The results of the AAS investigation revealed that the zinc concentration from the measured samples was of 1.785 ± 2.5 wt %.



More than that, ICP-MS investigations were performed on the ZnHAp powders obtained from the sol–gel solution used in the spin-coating procedure. The results of the ICP-MS studies revealed that the amount of zinc from the ZnHAp powders calculated from the ICP measuremets was 1.57 ± 1.8 wt %. These results are both in good agreement with previous studies reported by Predoi et al. [19].




3.2. Structure and Morphology of the Layers


The XRD patterns of the ZnHAp layers deposited on the Si substrates using the sol–gel spin coating method are shown in Figure 5. The XRD analysis was used for determining the phase composition of the layers. The XRD patterns of the ZnHAp layers deposited on the Si substrates using the sol–gel spin coating method are shown in Figure 5.



The influence of the annealing temperature on the coating was clearly seen. The peak broadening of the HAp samples decreased upon increasing the temperature, indicating that the crystallinity increased. The XRD patterns revealed the diffraction peaks of hexagonal HAp (space group P63/m) in all of the layers (A and B) according to a standard card of the HAp (ICDD-PDF #9-0432). The relative 2θ position of the diffraction peaks remained virtually unchanged with respect to the application temperatures, up to 700 °C. No impurity peaks of metallic Zn were detected in the XRD patterns. On the other hand, the peaks at about 31° and 47° (2θ), which are characteristic of an amorphous phase, were not observed [51]. The XRD patterns of the ZnHAp-500 and ZnHAp-700 annealed samples revealed two peaks located at 31.7° and 46.7° 2θ, which correspond to the (211) and (222) reflection plans of the hexagonal hydroxyapatite [52]. The results of the XRD studies of the ZnHAp-500 and ZnHAp-700 layers were in good agreement with the previous studies [52].



In order to determine the surface morphology of the ZnHAp-500 and ZnHAp-700 layers, SEM analysis was used. The SEM images of the ZnHAp-500 and ZnHAp-700 layers are presented in Figure 6A,B. The SEM analysis of the coatings did not reveal the pits and fissures on the surface of the ZnHAp-500 and ZnHAp-700 samples. In order to confirm that there were no cracks on the layers’ surfaces in Figure 6C,D, the lower magnification images for the investigated samples are presented. Moreover, luminous areas corresponding to the surface of the Si substrate have not been observed. Although, in both cases, a dense layer with a homogeneous structure was observed, but the coating morphology of the surface samples was slightly different. This was due to the higher temperature at which the heat treatment was carried out. The SEM analysis of the transversal cross section of the investigated layers indicated a thickness equal to 140.1 nm for ZnHAp-500 (Figure 6E), and 138.6 nm for ZnHAp-700 (Figure 6F).




3.3. Cell Viability


Figure 7A–C shows the morphology of the HeLa cells treated with at 24 h. The morphology of the HeLa cells treated with ZnHAp-500 (Figure 7E) and ZnHAp-700 (Figure 7F) at 48 h are presented in Figure 7E,F. The morphology and size of the HeLa cells did not change after their treatment at 24 and 48 h, relative to the control. The control cells at 24 (Figure 7A) and 48 h (Figure 7D) were represented by HeLa cells grown in the culture medium. MTT assay was used to verify the cell viability of the HeLa cells for incubation times of 24 and 48 h, in presence of ZnHAp-500 and ZnHAp-700 layers. In Figure 8, the percentages of the cell viability are. The cell viability values for the ZnHAp-500 sample were observed to be about 88% and 92% at 24 and 48 h, respectively, relative to the control. The cell viability values for the ZnHAp-700 sample were observed to be about 90% and 95% at 24 and 48 h, respectively. The obtained results for the MTT assay revealed that as the annealing temperature of the layers increased and the incubation time increased, the cell viability gradually increased.




3.4. Antimicrobial Activity


The antimicrobial activity of the HAp and ZnHAp layers was assessed by studying the cell viability of two significant microbial strains in the presence of the layers.



The results of the antimicrobial activity of the Hap, ZnHAp-500, and AnHAp-700 layers against the two most common microorganisms associated with hospital-related infections are presented in Table 1.



The results of the qualitative screening have revealed that all of the tested layers had an inhibitory effect on the tested microbial strains. On the other hand, it was emphasized that the ZnHAp-700 layers were the most efficient in inhibiting both C. albicans and S. aureus bacterial cells.



The microbial strains chosen for the experiments are some of the most common microorganisms responsible for frequent infections in daily life. The effect of HAp coated Si discs, and ZnHAp-500 and ZnHAp-700 layers against the cell development of the C. albicans and S. aureus microbial strains are presented in Figure 9. The results of the cell viability studies revealed that a small effect on C. albicans and S. aureus cells growth was noticed for the HAp coated Si discs. The cell growth of the tested microbial strains in the presence of HAp coated Si discs was comparable with the results obtained for the cell growth of the control, but smaller. Furthermore, the cytotoxicity assay of the ZnHAp layers against the development of the fungal cells of Candida albicans revealed that even after 8 h of incubation, the fungal cell growth was inhibited and diminished with time. The results emphasized that both the ZnHAp-500 and ZnHAp-700 layers considerably inhibited the cell growth of the fungal cells of C. albicans at all of the tested time intervals. Moreover, the results suggested that the ZnHAp-700 layers exhibited a greater cytotoxic effect on the fungal cell viability than the ZnHAp-500 layers. The most significant cell growth inhibition in the case of the C. albicans fungal cells was obtained after 48 h of incubation for both the ZnHap-500 and ZnHAp-700 samples. Furthermore, the cytotoxicity of the ZnHAp layers was also investigated in the case of S. aureus bacterial cells. The results of the antibacterial assay highlighted that both ZnHAp layers presented a strong cytotoxic effect on the S. aureus bacterial cells growth. Studies regarding the cell viability of the S. aureus bacterial cells in the presence of the ZnHAp-500 layers revealed that the samples inhibited cell growth even after a short period of 8 h of incubation. The cytotoxic assays suggested that the inhibition of the cell growth was time depended, and the best cytotoxic effect was registered after 48 h of incubation. Similar results were obtained in the case of the toxicity of the ZnHAp-700 layers against bacterial cell growth. The results emphasized that the ZnHAp-700 layers showed a strong inhibitory effected against the cell growth of the S. aureus bacterial cells, even after 8 h of incubation. Moreover, the cytotoxic effect of ZnHAp-700 on the cell growth of the S. aureus bacterial cells was greater than the cytotoxic effect of the ZnHAp-500 layers. Nevertheless, both samples proved to exhibit strong antimicrobial properties and had a good inhibitory effect on the cell growth of the tested microorganism.



The adherence and development of the C. albicans and S. aureus microbial cells after 24 and 48 h of incubation on the surface of the ZnHAp-500 and ZnHAp-700 layers were investigated using scanning electron microscopy (SEM). Images of the adherence and development of C. albicans fungal cells and S. aureus bacterial cells on the surfaces of the Si substrate and the ZnHAp-500 and ZnHAp-700 layers obtained from the SEM investigations are presented in Figure 10 and Figure 11A–F.



The SEM visualization highlighted that the morphology of the fungal cells was characteristic to the C. albicans fungal strain, with an ovaloid “yeast” shape and sizes ranging from 2.8 to 4.3 µm. More than that, the SEM investigations revealed that the fungal cells had a good adherence on the HAp coated Si discs after 24 and 48 h of incubation. The images also reflect that the ZnHAp-500 and ZnHAp-700 layers presented a good inhibitory effect against the development of C. albicans fungal cells. As it can be seen from the SEM images, a better antifungal activity was observed in the case of the ZnHAp-700 layers for both of the tested intervals (Figure 10C,F).



The number of the adhered Candida albicans fungal cells on the surface of the HAp, ZnHAp-500, and ZnHAp-700 layers was quantified by performing the count of cells on three different areas of 25 µm × 25 µm of the investigated samples. The results revealed that after 24 h of incubation for the HAp sample, an average of 40 ± 4 bacterial cells were found, while for the ZnHAp-500 and ZnHAp-700 layers, an average of 24 ± 4 cells were found. More than that, after 48 h of incubation, the quantitative results of the cell counting emphasized that for the HAp samples, an average of 33 ± 3 bacterial cells were identified on the surface of the samples. In the case of ZnHAp-500, we identified approximately 18 ± 2 fungal cells, while for the ZnHAp-700 layers, the counting had revealed only approximately 15 ± 2 fungal cells on the investigated surfaces.



The SEM observation in the case of the HAp deposited on the Si discs and the ZnHAp layers incubated for 24 and 48 h with Staphylococcus aureus ATCC 25923 microbial suspensions, revealed that on the surface of the investigated samples, round-shaped bacterial cells with sizes between 0.5 and 0.8 µm, typical to S. aureus bacterial cells, were found (Figure 11A–F). SEM images in this case that in this case, the HAp deposited Si discs only slightly affected the adherence and development of the S. aureus bacterial cells (Figure 11A,D), and presented a small inhibitory activity towards the tested strain after both 24 and 48 h of incubation. Moreover, the SEM images indicated that both ZnHAp layers had a significant antibacterial activity against S. aureus ATCC 25923. Even though both of the ZnHAp layers had an inhibitory effect on the development of the bacterial cell, a stronger antibacterial activity was observed in the case of the ZnHAp-700 layers (Figure 11C,F). The SEM images accentuated that for both time intervals, the ZnHAp-700 layer had a strong inhibitory effect on the adherence and development of the S. aureus bacterial cells. Nonetheless, a more substantial antibacterial activity of the ZnHAp-700 layers has been identified after 48 h of incubation.



Quantitative investigations by counting the number of S. aureus bacterial cells adhered on the surface of HAp, and the ZnHAp-500 and ZnHAp-700 layers were performed on three different areas of 5 µm × 5 µm of the investigated samples. The results have highlighted that in the case of the HAp coating on a surface of 5 µm × 5 µm, approximately 30 ± 2 bacterial cells were counted after 24 h of incubation. Moreover, after 24 h of incubation, a drastically reduced number of bacterial cells were obtained in the case of the ZnHAp-700 layers, which had only 12 ± 2 bacterial cells, comparatively with the ZnHAp-500 layers, which allowed for the development of approximately 20 ± 3 bacterial cells. Furthermore, after 48 h of incubation, the results of the cell counting showed a decrease in the number the bacterial cells that adhered on the ZnHAp-500 sample to 15 ± 4. A small decrease after 48 h of incubation was also observed in the case of the ZnHAp-700 layers. The counted cells in this case were 10 ± 2.




3.5. Discussions


This research aimed at creating a new material with effective antimicrobial properties that could lead to a decrease of infections in implants/bone. Zinc-doped hydroxyapatite layers could help in the prevention and treatment of perioperative and intraoperative bone infections. According to previous studies [19,53,54,55], the zinc ion substitution in hydroxyapatite includes different aspects regarding the mechanism of inhibition of microbial growth. By bonding with the functional groups and increasing the permeability of the cells, the zinc ions cause the deterioration of the cell membranes.



In accordance with the existing literature, the most common elements used for hydroxyapatite doping are silver and zinc. It is known that silver is used in HAp doping for its antimicrobial properties, while the zinc content can lead also to increased biocompatible properties of the coating, and may contribute to the wound healing process [17,55,56,57,58,59].



The quality of the coatings is heavily influenced by the method of achieving it. The method of surface coating that we proposed in this study is effective because of its low costs and the fact that the most important parameters in the layers acquisition (such as solution stability) are easy to control. In our present study, the sol–gel method was used to synthesize the gel used to prepare the thin films using the sol–gel spin coating method. According to previous studies [56], the gels consist of a solid skeleton that encloses the liquid phase or solvent. The resulting sol–gel solution was evaluated from the point of view of stability using DLS, ζ-potential, and ultrasound measurements. Our studies regarding the zeta potential value of the ZnHAp nanoparticles in the solution were in good agreement with the previous studies [56]. In previous studies conducted by Fahami et al. [56], it was shown that the ζ-potential of the HAp suspension doped with chlorine and fluorine had a negative value. Moreover, they showed that solutions that have a negative ζ-potential favor osteointegration, apathy nucleation, and bone regeneration. The stability of the ZnHAp undiluted suspension was established using an ultrasound-based technique. The ultrasound measurements gave us clear information about the stability of the suspensions. It is well known that other techniques that allow us to have information on the stability and aggregation of suspended particles require sufficiently diluted suspensions with a solids content of less than 1 vol %. Traditional techniques, despite their popularity, cannot be applied to dense or opaque suspensions. Thus, ultrasound-based technique can provide clear information, regardless of the degree of dispersion or the opacity of the suspensions, as the acoustic fields can serve as an alternative test for the dispersal state. Thus, the ultrasound measurements used to study the ZnHAp solution obtained using the sol–gel method showed a good stability, certified by the calculated stability coefficient. The stability coefficient ZnHAp undiluted suspension showed a relatively stable suspension compared to pure water. The value of the stability coefficient of the ZnHAp solution (undiluted suspension) obtained using the sol–gel method was equal to 0.0152 (1/s) vs. 0 (the coefficient of stability of the pure water).



The results presented in this study are in agreement with previous studies that have shown a good biocompatibility of the ZnHAp on human osteoblast cells MG-63 [59], mesenchymal stem cells derived from human adipose (MSCs) [32], and MRC-5 fibroblast cells [33]. Furthermore, Thian et al. [32], in their studies on “zinc-substituted hydroxyapatite: a biomaterial with enhanced bioactivity and antimicrobial properties”, demonstrated that the presence of Zn2+ ions in the structure of the hydroxyapatite stimulated the bioactivity of HAp. On the other hand, previous research [32,55,56,57,58,59] provides information on the antimicrobial activity of ZnHAp against various pathogens. Radovanović et al. [33] showed that E. coli, S. aureus, P. aeruginosa, and C. albicans were susceptible to Zn–HA, and the degree of reduction was increased when the zinc ion content increased. Moreover, Tank et al. [59] showed that S. aureus was the most sensitive strain. Finally, we can say that the studies developed in this paper revealed that coatings based on ZnHAp have the ability to improve the biocompatibility of medical implants.





4. Conclusions


The bio layers were prepared from ZnHAp stable gels using the sol–gel spin coating method. ZnHAp in gel suspensions were evaluated by DLS, ζ-potential, and ultrasound measurements. The stability of the ZnHAp suspensions was demonstrated by both the ζ-potential and ultrasound measurements. As observed by the SEM analysis, the zinc-doped hydroxyapatite gel deposited on the Si substrate had a good crystallinity after heat treatment. The surface of the two samples (ZnHAp-500 and ZnHAp-700) analyzed was homogeneous, without showing breaks.



The cytotoxicity of the ZnHAp layers obtained using the sol–gel spin coating method were investigated using a HeLa cell line. The biocompatibility assays evidenced that the ZnHAp composite layers did not present any toxicity towards the HeLa cells.



The in vitro antimicrobial studies indicated a significantly reduced number of both S. aures and C. albicans microbial cells on the surface of the ZnHAp layers when compared to the HAp coated Si surface.



The results of this study also emphasized that the annealing temperature of the coatings had a slight influence on the biological properties of the samples. The cytotoxic assays against the microbial cells showed that ZnHAp-700 exhibited a stronger toxicity towards the cells’ development for both S. aures and C. albicans cells. Overall, it was concluded that the ZnHAp layers possess a good biocompatibility and also exhibit strong antimicrobial properties, making them suitable for use in biomedical applications. The results obtained in this study could be extremely useful in the future development of antimicrobial devices with biocompatible properties.
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Figure 1. Experimental setup schematic: transducer, pulser-receiver, and oscilloscope. 
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Figure 2. Colloidal characteristics of the ZnHAp and Ca10−x Znx(PO4)6(OH)2 nanoparticles in the solution (xZn = 0.1): (A) hydrodynamic diameter distribution curves images; (B) ζ-potential distribution curve; and (C) electrophoretic mobility. 
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Figure 3. Recorded T signals for 1000 s. Each signal includes three echoes. 
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Figure 4. Evolution in time of the echoes amplitudes (A), spectral attenuation of echo 1 and reference fluid (B), and spectral attenuation vs. time for echo 1 (C). 
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Figure 5. XRD pattern of the ZnHAp layers annealed at 500 °C (A) and 700 °C (B). 
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Figure 6. SEM images of the ZnHAp-500 (A,C) and ZnHAp-700 (B,D) layers at different magnifications. SEM images of the transversal cross section of ZnHAp-500 (E) and ZnHAp-700 (F) layers. 
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Figure 7. The morphology of the HeLa cells treated with ZnHAp-500 (B) and ZnHAp-700 (C) at 24 h, relative to the control (A). The morphology of the HeLa cells treated with ZnHAp-500 (E) and ZnHAp-700 (F) at 48 h, relative to the control (D). 
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Figure 8. Cell viability of the HeLa cells for incubation times of 24 and 48 h in the presence of ZnHAp-500 and ZnHAp-700 layers. 
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Figure 9. Cell viability assays: (A) Candida albicans ATCC 10231 cell development for 8, 24, 32, and 48 h in the presence of HAp and ZnHAp layers; (B) Staphylococcus aureus ATCC 25923 cell development for 8, 24, 32, and 48 h in the presence of ZnHAp composite layers. 
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Figure 10. SEM images of C. albicans ATCC 10231 cell development on HAp coated Si discs used as the control (A,D), and the ZnHAp-500 and ZnHAp-700 layers after 24 h (B,C) and 48 h (E,F) of incubation. 
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Figure 11. SEM images of Staphylococcus aureus ATCC 25923 cell development on HAp coated the Si discs used as the control (A,D), and the ZnHAp-500 and ZnHAp-700 layers after 24 h (B,C) and 48 h (E,F) of incubation. 
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Table 1. Qualitative screening of the antimicrobial activities of the HAp, ZnHAp-500, and ZnHAp-700 layers against Candida albicans ATCC 10231 and Staphylococcus aureus ATCC 25923.
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Sample

	
Candida albicans ATCC 10231

	
Staphylococcus aureus ATCC 25923




	
8 h

	
24 h

	
32 h

	
48 h

	
8 h

	
24 h

	
32 h

	
48 h






	
HAp

	
±

	
±

	
±

	
+

	
±

	
+

	
+

	
+




	
ZnHAp-500

	
+

	
++

	
+++

	
+++

	
+

	
++

	
+++

	
+++




	
ZnHAp-700

	
++

	
+++

	
+++

	
++++

	
++

	
+++

	
++++

	
++++
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