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Abstract

:

In the present work, the effectiveness of vacuum deposition technique for obtaining composite thin films based on chitosan-coated magnesium-doped hydroxyapatite Ca10−xMgx(PO4)6 (OH)2 with xMg = 0.025 (MgHApCh) was proved for the first time. The prepared samples were exposed to three doses (0, 3, and 6 Gy) of gamma irradiation. The MgHApCh composite thin films nonirradiated and irradiated were evaluated by scanning electron microscopy (SEM), atomic force microscopy (AFM), and X-ray photoelectron spectroscopy (XPS) studies. The biological evaluation of the samples was also presented. All the results obtained from this study showed that the vacuum deposition method allowed for obtaining uniform and homogeneous layers. Fine cracks were observed on the MgHApCh composite thin films’ surface after exposure to a 6 Gy irradiation dose. Additionally, after gamma irradiation, a decrease in Ca, P, and Mg content was noticed. The MgHApCh composite thin films with doses of 0 and 3 Gy of gamma irradiation showed a cellular viability similar to that of the control. Samples with 6 Gy doses of gamma irradiation did not cause significantly higher fibroblast cell death than the control (p > 0.05). On the other hand, the homogeneous distribution of pores that appeared on the surface of coatings after 6 Gy doses of gamma irradiation did not prevent the adhesion of fibroblast cells and their spread on the coatings. In conclusion, we could say that the thin films could be suitable both for use in bone implants and for other orthopedic and dentistry applications.
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1. Introduction


Nowadays, the interest of the scientific community to develop new nanocomposite materials with potential applications in the biomedical field is increasing due to the unique properties of these compounds [1,2,3,4,5,6,7,8]. Recent studies conducted by Mousavi and collaborators [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15] propose various types of nanocomposite materials for uses in domains such as anticancer and antibacterial applications, tissue engineering, gene therapy and drug delivery, and bioimaging. In the last decade, hydroxyapatite (HAp) has been one of the most studied biomaterials by researchers worldwide. The chemical formula of HAp is Ca10(PO4)6(OH)2, and the molar ratio Ca/P is equal to 1.67. Moreover, hydroxyapatite is the main inorganic part that is found in bone and teeth tissues of humans and animals [16]. Previous studies reported interesting results regarding HAp’s biological properties, such as biocompatibility, bioactivity, nontoxicity, and osteoconductivity [17,18]. Due to these good biological properties, HAp has been used in many applications from the biomedical domain, as well as other domains. On the other hand, one of the most studied natural polymers (polysaccharide) is represented by chitosan and its derivatives. The areas of application of chitosan include domains of interest for researchers around the world, such as pharmaceutical and biomedical domains [19,20]. The use of chitosan in these domains is mainly due to its good biological activity (e.g., biocompatibility, biodegradability, antimicrobial activity) [21]. Due to its weak mechanical strength and solubility, the applicability of HAp is limited. A solution to overcome this weakness is represented by the doping of hydroxyapatite with various ions, such as silver, magnesium, zinc, strontium, europium, and cerium [22,23,24,25,26]. Magnesium (Mg2+) is one of the most abundant chemical elements that can be found in mammalians and has the ability to easily substitute calcium from the HAp structure due to its high affinity [27]. Furthermore, it has been highlighted that magnesium ions can play an important role in various bone processes, such as crystallization, formation, and metabolism [28]. Suboptimal levels of magnesium in the human body could lead to decreased bone density [22]. Moreover, previous studies have shown that by doping hydroxyapatite with magnesium ions (MgHAp), biomaterials with a positive impact on bone mineralization [29] could be obtained. An important role in the biological and antimicrobial activity of magnesium-doped hydroxyapatite compounds is played by the concentration of magnesium in the samples. Thus, it is extremely important to find the optimal concentration of magnesium that will produce maximum positive biological effects [29,30]. Given these unique properties of magnesium ions, we chose to dope hydroxyapatite with a low concentration of Mg2+. More than that, it has been proved that high amounts of magnesium can cause unwanted biological effects [29]. The use of chitosan as a matrix for doped hydroxyapatite may represent a valuable solution in order to obtain new biomaterials with improved biological activity and solubility [31]. Therefore, the new compounds obtained by the development of MgHAp in a chitosan matrix could own enhanced biological and antimicrobial properties [30]. For the deposition of hydroxyapatite composite thin films, various techniques, such as spin coating [32,33], vacuum deposition [34], PLD (pulsed laser deposition) [35], and RF magnetron sputtering [36], are currently available. Among these techniques, vacuum deposition spin coating produces uniform thin films [37]. In a study conducted by Teng and collaborators [38], it was highlighted that the presence of chitosan, in a three-layered membrane based on collagen/HAp/chitosan, has a major contribution to the improvement of the physicochemical properties of the studied materials. The biological activity of hydroxyapatite/chitosan composite biomaterials was evaluated by in vitro assays using various cell lines. For example, chitosan/hydroxyapatite/magnetite composite showed an enhanced bioactivity by supporting osteoblast cell adhesion and proliferation [39]. Furthermore, cytotoxicity studies conducted by Sutha et al. [33] on a fibroblast cell line showed that magnesium-doped hydroxyapatite/chitosan composite exhibited less toxicity compared with hydroxyapatite/chitosan composite. In previous studies, it has been proved that the doping ions and the chitosan matrix’s stiffness and roughness influence the proliferative capacity of ME3T3-E1 cells [22]. Additionally, an enhanced biocompatibility of chitosan coatings was noticed in the case of human lung fibroblast cells [40]. Before being used in various applications, biomaterials require sterilization, and a common method is to use ionizing radiation. Exposure to γ-irradiation of an inorganic/organic mixture may lead to some effects that need to be carefully studied (such as improved crystallization, surface modification) [41]. Thus, it is highlighted that the adhesions and proliferation rate of osteoblast cell were highly improved by exposure to γ-irradiation of carbon-dot-decorated polyethylene-gold@ hydroxyapatite biocomposite on titanium [42]. In our previous papers, we presented results obtained on hydroxyapatite-polydimethylsiloxane layers exposed at 2 Gy (X-ray radiation dose) [43]. Our previous results highlight both compositional and morphological changes in the analyzed samples [30,43]. Furthermore, similar effects were noticed after exposure to UV radiation of silver-doped hydroxyapatite thin films [34].



In this paper, we report for the first time the development of chitosan-coated magnesium-doped hydroxyapatite thin films (MgHApCh) by vacuum deposition method. The obtained samples were γ-irradiated, and we studied the physicochemical and biological properties before and after γ-irradiation. The structure of MgHApCh thin films was studied by X-ray diffraction (XRD). Furthermore, the vibrational bands presented in MgHApCh composite thin films were analyzed using Fourier-transform infrared spectroscopy (FTIR). The surface morphology of MgHApCh thin films was studied by scanning electron microscopy (SEM), atomic force microscopy (AFM), and X-ray photoelectron spectroscopy (XPS). Additionally, the biocompatibility of the unirradiated and irradiated composite thin films was achieved using fibroblast cells. Based on our results, we could say that the thin films could be suitable both for use in bone implants and for other orthopedic and dentistry applications.




2. Materials and Methods


2.1. Materials


The powders of chitosan-coated magnesium-doped hydroxyapatite Ca10−xMgx(PO4)6(OH)2 with xMg = 0.025 (MgHApCh) were obtained using calcium nitrate tetrahydrate (Ca(NO3)2∙4H2O; Sigma-Aldrich, St. Louis, MO, USA, ≥99.0%), magnesium nitrate hexahydrate (Mg(NO3)2·6H2O; Alfa Aesar, Germany, 99.97% purity), (NH4)2HPO4 (Sigma-Aldrich, St. Louis, MO, USA, ≥99.0%); ammonium hydroxide (NH4OH; Sigma-Aldrich, St. Louis, MO, USA, 25% NH3 in H2O (T)), chitosan (C6H11NO4), ethanol absolute (C2H5OH), and double-distilled water.




2.2. Chitosan-Coated Magnesium-Doped Hydroxyapatite (MgHApCh)


The powders of chitosan-coated magnesium-doped hydroxyapatite Ca10−xMgx(PO4)6(OH)2 with xMg = 0.025 (MgHApCh) were achieved in accord with precedent studies [44,45,46]. The molar ratio for this experiment was 1.67. The pH was kept at 11 during the synthesis. The coprecipitation of Ca(NO3)2∙4H2O and Mg(NO3)2∙6H2O solution in (NH4)2∙HPO4 and C6H11NO4 was performed under continuous stirring at 100 °C. The final suspensions obtained after 4 h were centrifuged and redispersed in deionized water under continuous stirring at 100 °C. The final precipitate obtained was dried in an oven at 100 °C in the air. The MgHApCh powder was used in order to obtain the MgHApCh composite coatings.




2.3. Preparation of Chitosan-Coated Magnesium-Doped Hydroxyapatite Layers


The MgHApCh composite thin films were deposited on silicium substrates. Before the deposition process, the silicium substrates were cleaned by rinsing with acetone several times. The silicium substrates were dried at 40 °C. The MgHApCh nanopowder was used to achieve the MgHApCh thin films by vacuum deposition. The conditions for obtaining the coatings were a medium pressure of p~6.5 × 10−5 torr, a maximum current intensity of I = 150 A, and an evaporation time of around 150 s. The MgHApCh composite thin films were exposed to doses of 0 (MgHApCh-0), 3 Gy (MgHApCh-3), and 6 Gy (MgHApCh-6) of gamma irradiation.




2.4. Physicochemical Characterizations


The MgHApCh composite thin films (before and after exposure to gamma irradiation) were examined by X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer (Billerica, MA, USA) equipped with nickel-filtered Cu Kα (λ = 1.5418 Å) radiation.



Scanning electron microscopy (SEM) investigations of MgHApCh composite thin films nonirradiated and irradiated were performed using a Hitachi S4500 scanning electron microscope (Hitachi, Tokyo, Japan). The elemental composition of the films by energy dispersive X-ray spectroscopy (EDX) was effectuated using an energy dispersive X-ray (EDX) detection system attached to the microscope. The surfaces of MgHApCH composite thin films were analyzed without spraying them with vacuum silver or gold. Moreover, with the aid of ImageJ software [47], the 3D representation of the SEM images was achieved.



Additional information concerning the morphology and roughness of MgHApCh composite thin films was achieved using an NT-MDT Ntegra Probe Nano Laboratory instrument (NT-MDT, Moscow, Russia) atomic force microscope. The atomic force microscope that was used operated in semicontact mode (using a silicon NT-MDT NSG01 cantilever (NT-MDT, Moscow, Russia) coated with a 35 nm gold layer). The atomic force microscopy (AFM) images of MgHApCh composite thin films were acquired for a surface area of 2.5 × 2.5 µm2. The acquired data were processed with Gwyddion 2.59 software (Department of Nanometrology, Czech Metrology Institute, Brno, Czech Republic) [48].



The X-ray photoelectron spectroscopy (XPS) investigation was realized with a SES 2002 instrument (Scienta Omicron) using a monochromatic Al K(alpha) (hν = 1486.6 eV) X-ray source (Scienta Omicron, 18.7 mA, 13.02 kV). Scan analyses were carried out in agreement with previous studies [49,50]. The experiments were performed in accordance with the last studies [49,50]. The CasaXPS 2.3.14 software (Shirley background type) [51] was used in order to analyze the XPS data. The XPS tables [52,53] were used too. All the binding energy (BE) values presented in this study were charge-corrected to C 1s at 284.8 eV.



Fourier-transform infrared (FTIR) spectroscopy was used in order to investigate functional groups present in the MgHApCh composite thin films. The FTIR studies were conducted with a PerkinElmer Spectrum BX II spectrometer equipped with a Pike MIRacle ATR (attenuated total reflectance) head. The FTIR spectra were recorded in the spectral domain 450–1800 cm−1 with a resolution of 4 cm−1.



The adhesion of the studied samples (unirradiated and irradiated) to the silicium substrate was studied using tape-pull test with the aid of a 3M Performance Flatback Tape 2525 tape. The peel adhesion was 7.5 N/cm.




2.5. Biological Evaluation


The biological activity of the unirradiated and irradiated MgHApCh composite thin films (with 3 and 6 Gy irradiation doses) was assessed using a human fibroblast cell line. For this purpose, the MgHApCh composite thin films were incubated for a period of 24 h with a human fibroblast cell line. The fibroblast cells having a density of 5 × 104 cells per well were seeded in an atmosphere containing 5% CO2 at 37 °C. The procedure is described in details in our previous work [54]. The human fibroblast cell viability after being incubated for 24 h with the MgHApCh composite thin films was evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. After 24 h of incubation with the MgHApCh composite thin films, the environment was removed by aspiration, and afterwards, the cultured human fibroblasts were incubated for 2 h with 1 mg/mL MTT solution. A solution containing 2-propanol was used in order to dissolve the purple formazan crystals. The absorbance at 595 nm was obtained with the aid of a GENiosTecan microplate reader (GENiosTecan, Salzburg, Austria) [54]. Furthermore, the fibroblast cell morphology and their adherence and proliferation on the surface of MgHApCh composite thin films were studied using AFM. For this purpose, the cells were fixed with 4% paraformaldehyde for 20 min and permeabilized with 0.1% Triton X-100—2% bovine serum albumin for 1 h. The experiments were performed in triplicate, and all the results were expressed as mean value ± SD. Statistical analysis was performed using the standard t-test. Values of p < 0.05 were considered statistically significant.





3. Results


In Figure 1 are presented the standard card of the HAp (ICDD-PDF #9-0432) and XRD patterns of the unirradiated (Figure 1b) and 6 Gy irradiated (Figure 1c) MgHApCh composite layers. The peaks identified from XRD patterns of the unirradiated (Figure 1b) and 6 Gy irradiated (Figure 1c) MgHApCh composite layers were in good agreement with the standard card of HAp (Figure 1a). The peak broadening of the MgHApCh-6 layers increased compared with the unirradiated sample (Figure 1b). The XRD analysis revealed that the crystallinity of the irradiated samples decreased. The XRD results were in agreement with the SEM and FTIR studies.



The surface morphology of the MgHApCh composite coatings, namely, MgHApCh-0, MgHApCh-3, and MgHApCh-6, was studied by scanning electron microscopy technique. The 2D and 3D representations of the obtained SEM micrographs are presented in Figure 2.



In Figure 2, it can be observed that the surface morphology of the studied sample is slightly influenced after the irradiation with higher doses (6 Gy). More than that, the sample roughness increases with the increase in radiation dose to which the coatings were exposed. The surface of the composite thin films obtained by vacuum deposition method seems to be nanostructured (Figure 2a). The exposure of MgHApCh composite coatings at various irradiation doses (as can be seen in Figure 2c,e) induces an increase in surface nanostructuration. The presence of fine cracks could be observed in the case of the MgHApCh-6 sample.



Moreover, the surface uniformity and homogeneity seem to be preserved for all the samples. Using the ImageJ software (ImageJ 1.51j8, National Institutes of Health, Bethesda, MD, USA), the 3D representation of 2D SEM micrographs (Figure 2b,d,f) was obtained for a better observation of the surface characteristics. Our results are in good agreement with the ones reported in a study conducted by Bita and collaborators [30].



The quantitative and qualitative chemical compositions along with the elemental distribution of the constituent elements in the MgHApCh-0 composite coatings were studied with the aid of energy dispersive X-ray spectroscopy (EDX). The results of the EDX studies are also shown in Figure 3.



The results of EDX studies reveal the presence of the main constituent elements (calcium, phosphorus, oxygen, magnesium, carbon, and nitrogen) in the investigated coatings. The presence of carbon and nitrogen lines in the EDX spectra is specific to chitosan. Additionally, the line of silicium from the EDX spectra arises from the substrate on which the composite layers were deposited by vacuum deposition technique. Elemental mapping revealed the homogenous and uniform distribution of calcium, phosphorus, oxygen, magnesium, carbon, and nitrogen in the MgHApCh-0 composite thin films.



The SEM micrographs of the transversal cross section of MgHApCh layers, presented in Figure 4, indicated the layer thickness. It could be noticed that the thickness of MgHApCh-0 layers was around 105 nm, and in the case of the MgHApCh-3 sample, a layer thickness of around 104 nm was obtained. Meanwhile, the thickness of MgHApCh-6 coatings was around 103 nm.



The adherence strength of the unirradiated and irradiated MgHApCh thin films to the Si substrate was studied with the aid of a common tape-pull test. Therefore, for all the studied samples, the Scotch tape came off relatively clean. Moreover, the substrate surface analysis indicated that MgHApCh thin films were unbroken. Our results highlight that MgHApCh thin films (unirradiated and irradiated) have a good adherence to the Si substrate.



Supplementary information about the surface topography of the MgHApCh-0, MgHApCh-3, and MgHApCh-6 composite thin films was obtained by conducting atomic force microscopy (AFM) studies. The results of AFM studies are reported in Figure 5a,c,e (2D AFM images). Additionally, the 3D representation of the 2D AFM images is presented in Figure 5b,d,f.



The AFM studies revealed similar surface topographies as those obtained from SEM studies. Thus, the presence of a continuous, homogenous, and structured surface was noticed. An increase in surface porosity was pointed out after exposure at higher irradiation doses (6 Gy) of MgHApCh. Moreover, in the case of MgHApCh-0 and MgHApCh-3, samples highlighted the absence of fissures and cracks on the coating surfaces. Meanwhile, after an irradiation with 6 Gy of MgHApCh coatings, the appearance of fine cracks could be distinguished. No other surface defects were noticed on the studied coating surface.



The modification of surface roughness with the increase in γ-irradiation doses was highlighted also by the root mean square (RRMS) parameter values determined for the studied samples. Therefore, for the unirradiated sample MgHApCh-0, the value of the RRMS parameter was equal to 38.86 nm. For the MgHApCh-3 composite coatings was obtained a RRMS value equal to 42.37 nm, while for the MgHApCh-6 sample, an RRMS value equal to 49.31 nm was obtained. Thus, it was observed that with the increase of irradiation dose, the surface roughness also increases. Thus, it could be observed that the results regarding the surface topography/morphology obtained by AFM studies are in good agreement with the one obtained by SEM studies.



The XPS investigations of MgHApCh composite thin film nonirradiated and irradiated with irradiation doses of 0, 3, and 6 Gy of gamma irradiation were effectuated in order to evaluate the doping of hydroxyapatite with magnesium ions and the effect of the irradiation process. As a result of these studies, the presence of the magnesium ions in the surface was highlighted in all the analyzed samples. The survey results before and after argon etching for examined samples are presented in Figure 6 and Figure 7. In the general XPS spectrum of the MgHApCh composite thin film nonirradiated and irradiated recorded before etching (Figure 6), the constituent elements of the analyzed sample (Ca, P, O, Mg (1s), and Mg (KLL)) were identified. The signal registered for C1s was due to the reference carbon at a binding energy (BE) of 289.5 eV before etching. The XPS results for Ca 2p, P2p, O 1s, Mg 1s, and Mg KLL spectra before argon etching for MgHApCh–0, MgHApCh-3, and MgHApCh-6 composite thin films are presented in Figure 8 and Figure 9.



The XPS results suggest that the top layer of the MgHApCh composite thin film nonirradiated (MgHApCh-0) contains magnesium (Mg2+) and calcium (Ca2+) from hydroxyapatite. For the MgHApCh-0 composite thin film, the BE of Ca 2p, P2p, and O 1s signal is in good accord with the value presented for hydroxyapatite (HAp) in previously reported studies [55,56,57]. The main peak of the O 1s XPS spectra before argon etching was located at 531.2 eV and is assigned to HAp [55,56,57]. On the other hand, the BE of P 2p signal (133.2 eV) and the peak located at BE at about 347.3 eV that was assigned to Ca 2p are in good accordance with the value previously reported for HAp [55,56,57]. The Mg 1s and Mg KLL peak positions for the MgHApCh-0 sample were located at BEs of 1302 and 304.3 eV.



The XPS results for Ca 2p, P2p, O 1s spectra before argon etching for MgHApCh-3 and MgHApCh-6 composite thin films presented in Figure 8 show a slight peak shift with the increase in irradiation dose. The XPS results for MgHApCh composite thin film irradiated with irradiation doses of 3 and 6 Gy suggest that the top layer contains magnesium (Mg2+) and calcium (Ca2+) from hydroxyapatite and tricalcium phosphate (TCP; Ca3(PO4)2). The peak position of Ca 2p was at around 347.50 eV for MgHApCh-3 composite thin films, while the BE of Ca 2p for MgHApCh-6 composite thin films was located at 347.71 eV. The binding energies for P2p for MgHApCh-3 and MgHApCh-6 composite thin films were located at around 133.4 and 133.64 eV, respectively. The peak positions of O 1s for MgHApCh-3 and MgHApCh-6 composite thin films were 531.28 and 531.34 eV. The Mg 1s and Mg KLL peak positions for the MgHApCh-3 sample were observed at about 1302.93 and 305.1 eV. For MgHApCh-6, the Mg 1s and Mg KLL peak positions were located at BEs of 1304 and 306 eV. The XPS results for MgHApCh-6 composite thin film suggested an increase in the amount of TCP in the top layer. The tendency of the binding energies’ changes is in good agreement with the irradiation process of the coating, suggesting an increase in the amount of TCP in the upper layer of the MgHApCh-3 and MgHApCh-6 samples [58,59,60].



The results of the ATR–FTIR studies conducted on unirradiated and irradiated MgHApCh coatings are shown in Figure 10.



Therefore, in the FTIR spectra could be noticed the presence of vibrational bands characteristic P-O vibration in phosphate groups and C-H/C-O vibration in the chitosan structure. The main vibration bands associated with phosphate groups due to symmetric stretching (ν1) are at around 940–980 cm−1 [61]. The bands associated with the triple-degenerate asymmetric stretching of P-O vibration in phosphate groups (ν3) are between 1000 and 1100 cm−1 [61]. The maxima that belong to double-degenerate bending (ν2) are between 400 and 500 cm−1, and those of triple-degenerate (ν4) of P-O vibration in phosphate groups could be found in the 550–600 cm−1 spectral domain [61]. The vibrational bands that are found in the 1300–1800 cm−1 spectral domain are mainly attributed to N–H, C–H, C–O, and C=O vibration in chitosan structure [34]. Moreover, the FTIR results suggest that with the increase in radiation dose from 3 to 6 Gy, the maxima are slightly displaced and become more broadened.



The biological properties of the MgHApCh composite thin films (MgHApCh-0, MgHApCh-3, MgHApCh-6) were investigated through in vitro studies with the aid of a human fibroblast cell line. The in vitro assays were performed in triplicate, and the cell viability of the fibroblast cells incubated with the MgHApCh composite thin films was assessed after 24 h of incubation. The results of the MTT tests are depicted in Figure 11. A human fibroblast cell culture was grown without being incubated with MgHApCh composite thin films and used as control. The MTT assay results emphasized that MgHApCh composite thin films exhibited good biocompatibility compared with the control cell culture after a period of 24 h of incubation. Moreover, the results of the MTT assay highlighted that after 24 h of incubation, the fibroblast cell viability was above 98% and had an increasing tendency correlated with the gamma irradiation dose, reaching a viability of approximately 102 ± 7.56% for the sample irradiated with a dose of 3 Gy and 104 ± 8.58% for the sample irradiated with a dose of 6 Gy. The results of the in vitro cell viability assay depicted that all the tested MgHApCh composite thin films exhibited good viability against human fibroblast cells after a period of 24 h of incubation. Moreover, the data also suggested that the irradiation dose prior applied to the composite thin films had a positive influence on the fibroblast cell viability. Considering these results, we can conclude that the MgHApCh composite thin films exhibited good biocompatibility and could further be considered for the development of biomedical devices.



Supplementary information regarding the adherence, proliferation, and biocompatibility of human fibroblast cells on the surface of MgHApCh composite thin films after 24 h of incubation was obtained using AFM technique. The AFM topographies were recorded on MgHApCh composite thin films’ surface of 40 × 40 µm2 at room temperature in normal atmospheric conditions. The AFM topographies of the fibroblast cells adhered to the surfaces of MgHApCh composite thin films unirradiated and irradiated after 24 h of incubation are presented in Figure 12a–f. The 2D topographies of the fibroblast cells adhered to the surface of unirradiated MgHApCh composite thin films after 24 h of incubation and their 3D representation are depicted in Figure 12a,b. The adherence and proliferation of the fibroblast cells on the surface of the MgHApCh composite thin films irradiated with a dose of 3 Gy of gamma radiation are depicted in the 2D AFM topography and its 3D representation from Figure 12c,d, and the 2D topography and corresponding 3D representation of the fibroblast cells adhered to the surface of MgHApCh composite thin films irradiated with a dose of 3 Gy of gamma radiation are presented in Figure 12e,f.



The AFM 2D topographies suggested that on the surface of the MgHApCh composite thin films could be found the typical patterns of the cellular morphology of fibroblast cells presenting morphologies of flattened cells varying from spindle-like to tile-like [62,63,64,65,66,67]. In addition, both the 2D AFM topographies and their 3D representations highlighted that after an incubation period of 24 h, the fibroblast cells had a very good adherence to the studied MgHApCh composite thin film surfaces. Moreover, the 2D AFM topographies emphasized that the cells adhered and spread on the surface of the investigated MgHApCh composite thin films. The fibroblast cells measure several hundreds of micrometers, which exceed the normal range of an AFM scan. For this reason, the topographies presented in Figure 12a–f only depict parts of the cells that are attached to the surface of the MgHApCh composite thin films. Nonetheless, the AFM images demonstrated that the fibroblast cells adhered to the surface of the thin films. Moreover, the AFM 2D topographies suggested that the fibroblast cell adhesion and proliferation onto the MgHApCh composite thin films was influenced by the dose of gamma irradiation applied to the thin film. The AFM results highlighted that in the case of MgHApCh composite thin films irradiated with a dose of 6 Gy gamma radiation, the fibroblast cells spread on the surface and formed a monolayer of cells having the typical characteristic of an elongated fibroblastic morphology [68,69,70,71,72,73,74,75,76,77,78,79]. The results obtained by AFM investigation are in good agreement with the MTT cell viability assays and suggest that MgHApCh composite thin films do not have any cytotoxic effect against fibroblast cells after a period of incubation of 24 h, rendering them suitable for being employed in the development of biomedical devices.



Hydroxyapatite (HAp) is recognized as one of the best candidates that can be used to cover biomedical metal implants in order to improve the interaction between the implant and the host tissue. Because pure HAp coatings have relatively high in vivo solubility, attempts have been made to replace calcium in the crystal lattice of HAp with different ions to reduce long-term stability problems [80,81]. In this study, calcium ions in the crystal lattice were replaced with magnesium ions. Through this study, we tried to provide as much information as possible regarding the effect of irradiation on the surface of the MgHApCh thin layers obtained by vacuum deposition. Previous studies [82,83] have shown that techniques such as FTIR and XRD cannot provide the information needed to see the difference between the composition of the outer layer and the bulk. On the other hand, this study provides information on the influence of gamma irradiation on the biological properties of MgHApCh thin layers. The synthesis process for obtaining the necessary powders for the preparation of thin layers plays an important role [84]. Since the influence of surface impurities on the bioceramic plays an important role in biomedical implants, the surface composition of MgHApCh thin layers at the nanoscale was evaluated using XPS analysis. The peak of Ca 2p (for MgHApCh-6 composite thin films) at a BE of 347.50–347.80 eV associated for Ca–O was in good accordance with anterior studies [58,59,60]. A P 2p BE of 133.64 eV (for MgHApCh-6 composite thin films) corresponds to (–P=O) in PO43− in agreement with previous results reported in the literature [60]. These results show that the substitution of calcium with magnesium atoms influences the Ca–O bond lengths and P–O bond lengths. An XPS study for the Mg 1s region showed a single peak at a position of 1304 eV, which fits well with the MgO structure [85]. The position of Mg 1s peak centered at a BE of 1302–1304 eV indicates the presence of MgO. In addition, we evaluated the chemical nature of Mg through the analysis of the principal Mg KLL Auger peak, which has a large chemical shift and is useful for chemical state analysis. Thus, Figure 9 shows the spectra of the Mg KLL Auger peak in the first 20 levels (up to 200 s of etching). We observed the peak centered at ~304–306 eV, corresponding to MgO. Moreover, in the peak centered at a BE of ~301 eV corresponding to the elementary Mg, no statistically significant signal was detected [86]. The presence of TCP was observed in gamma-irradiated samples. The amount of TCP was higher in the case of the MgHApCh-6 sample. The results obtained from the XPS analysis were in good agreement with those obtained from the EDS studies. SEM and AFM studies have also shown that porosity increases with increasing gamma radiation dose from 3 at 6 Gy.



The in vitro cell viability evaluation results showed that thin films composed of nonirradiated and irradiated MgHApCh (MgHApCh-3 and MgHApCh-6) have a very good viability in the presence of human fibroblast cells after a 24 h incubation period. This behavior was also demonstrated by the 2D AFM topographies, as well as their 3D representations. AFM studies have shown that human fibroblast cells have a very good adhesion to the surface of all samples studied. Both studies showed that the radiation dose previously applied to thin composite films had a positive influence on the viability of fibroblast cells. If in the case of the MgHApCh-0 sample the fibroblast cells show flattened cell morphologies ranging from spindle-like to tile-like in the case of thin layers previously irradiated with a dose of gamma radiation of 6 Gy (MgHApCh-6), the fibroblast cells have an elongated morphology. Moreover, in the case of the MgHApCh-6 sample, the fibroblast cells spread on the surface, forming a monolayer of cells. This behavior is due to the presence of TCP in the top layer of the irradiated samples. As previously observed [26,54], the hydroxyapatite doped with different ions remained nontoxic even after the addition of these ions (Ag, Zn, Mg, Sm, etc.). In the case of MgHApCh thin films, the biocompatibility of chitosan-coated magnesium-doped hydroxyapatite is improved after irradiation due to the presence of TCP.



The development of chitosan-coated magnesium-doped hydroxyapatite thin films (MgHApCh) by the vacuum deposition method allowed us to study their surface before and after γ-irradiation. The incorporation of MgHAp in chitosan has led to changes in the surface of obtained thin films after irradiation as a result of chitosan-induced interactions upon irradiation. In agreement with the previous studies [87], the surface structure of the thin films plays a significant role in increasing the biocompatibility and the corrosion resistance of the implants. Moreover, the coating technique plays a very important role in terms of surface properties. In our previous studies [30], the MgHApCh layers obtained using magnetron sputtering technique showed a different behavior after irradiation. After irradiation with electron beams, the surface of layers became nanosized structured, and the peak broadening of the MgHApCh layers decreased with the increase in irradiation dose [30]. The irradiation of MgHApCh layers may improve the biological properties, and presence of Mg also provides considerable reinforcement to HAp. Studies conducted by Elayaraja et al. [88] on the enhancement of wettability and antibiotic loading/release of hydroxyapatite thin film modified by 100 MeV Ag7+ ion irradiation showed that the irradiation of Ag7+ ion on HAp thin film increased the biological performance. The chitosan-coated magnesium-doped hydroxyapatite thin films (MgHApCh) obtained by vacuum deposition method highlighted the presence of TCP in gamma-irradiated samples. The XPS and EDS studies showed that the presence of TCP was higher in the case of the MgHApCh-6 sample. On the other hand, an increase in porosity was observed when the samples were irradiated. Even if a significant variation of the Ca/P ratio was not observed after irradiation, a slight displacement of the peaks in the FTIR and XPS spectra and a peak broadening of the XRD were highlighted, which shows that after irradiation, the HAp unit cell was affected. Thus, MgHApCh thin films became amorphous after irradiation in agreement with previous research [88]. Due to the decreased crystallinity of the MgHApCh film after irradiation, it was observed that the adhesion of fibroblast cells increased. In the presence of irradiated MgHApCh thin films with a dose of gamma radiation of 6 Gy, the fibroblast cells formed a monolayer with a characteristic elongated shape.



The presence of TCP on the top layer of the irradiated samples favored the attachment of fibroblast cells to the surface of MgHApCh thin films, which offers the possibility of developing new generations of implantable materials with improved biological properties. Compared with previous research, this study approached a new method for obtaining biocompatible coatings based on magnesium-doped hydroxyapatite coated with chitosan. As a conclusion of the results obtained, the materials analyzed in this study could be implanted for bone repair.




4. Conclusions


In the present study, for the first time, the effectiveness of vacuum deposition method for the preparation of chitosan-coated magnesium-doped hydroxyapatite Ca10−xMgx(PO4)6(OH)2 with xMg = 0.025 (MgHApCh) composite thin films was demonstrated. The obtained samples were exposed to three irradiation doses (0, 3, and 6 Gy) of gamma irradiation. The MgHApCh composite thin films nonirradiated and irradiated were evaluated by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), atomic force microscopy (AFM), and X-ray photoelectron spectroscopy (XPS) in studies. Furthermore, the biological evaluations of these samples were conducted. The results of this study indicated that the vacuum deposition method allowed for obtaining uniform and homogeneous layers. The MgHApCh composite thin films with doses of 3 Gy of gamma irradiation remain uniform and homogeneous. Fine cracks appear on the MgHApCh composite thin films with doses of 6 Gy of gamma irradiation. A cellular viability similar to that of the control was observed for MgHApCh composite thin films with doses of 0 and 3 Gy of gamma irradiation. Moreover, the samples with doses of 6 Gy of gamma irradiation did not cause significantly higher cell death than the control (p > 0.05). The homogeneous distribution of the pores that appeared on the surface of the thin film with doses of 6 Gy of gamma irradiation did not prevent the adhesion of the fibroblast cells and their spread on the coating. Our results suggest that by vacuum deposition method could be obtained thin films that may be suitable for use in bone implant and other orthopedic surgery interventions. Future studies will focus on obtaining biocompatible composite coatings with superior properties (such as surface with no defects after exposure to gamma irradiation) in order to increase their range of applicability.
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Figure 1. XRD patterns of MgHApCh-0 (b) and MgHApCh-6 (c) composite coatings along with the standard card of the HAp (ICDD-PDF #9-0432) (a). 
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Figure 2. SEM characteristic micrographs of MgHApCh-0 (a), MgHApCh-3 (c), and MgHApCh-6 (e) composite coatings. The 3D representation of SEM micrographs obtained for MgHApCh-0 (b), MgHApCh-3 (d), and MgHApCh-6 (f) composite coatings. 
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Figure 3. Elemental mapping of constituent elements and EDX spectra of MgHApCh-0 composite coatings. 
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Figure 4. SEM micrographs of the transversal cross section of MgHApCh-0 (a), MgHApCh-3 (b), and MgHApCh-6 (c) composite coatings. 
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Figure 5. Two-dimensional AFM images of MgHApCh-0 (a), MgHApCh-3 (c), and MgHApCh-6 (e) composite coatings. Three-dimensional AFM images obtained for MgHApCh-0 (b), MgHApCh-3 (d), and MgHApCh-6 (f) composite coatings. 
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Figure 6. XPS survey results before argon etching for MgHApCh-0 (a), MgHApCh-3 (b), and MgHApCh-6 (c). 
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Figure 7. XPS survey results after argon etching for MgHApCh-0 (a), MgHApCh-3 (b), and MgHApCh-6 (c) composite thin films. 
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Figure 8. XPS results for Ca 2p, P2p, and O 1s spectra before argon etching for MgHApCh-0 (a), MgHApCh-3 (b), and MgHApCh-6 (c) composite thin films. 
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Figure 9. XPS results for Mg 1s and Mg KLL spectra before argon etching for MgHApCh-0 (a), MgHApCh-3 (b), and MgHApCh-6 (c) composite thin films. 
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Figure 10. ATR–FTIR spectra of MgHApCh-0, MgHApCh-3, and MgHApCh-6 composite thin films. 
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Figure 11. Cell viability of human fibroblast cells after 24 h of incubation with MgHApCh composite thin films. Results are presented as mean ± standard deviation (SD) and quantified in relation to control (100%, untreated cells). 
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Figure 12. Two-dimensional AFM topography of fibroblast cells after 24 h of incubation with MgHApCh-0 (a), MgHApCh-3 composite thin film (c), and MgHApCh-6 composite thin film (e) and their 3D representation (b,d,f). 
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