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Abstract

:

Medicine is looking for solutions to help implant patients recover more smoothly. The porous implants promote osteointegration, thereby providing better stabilization. Introducing porosity into metallic implants enhances their biocompatibility and facilitates osteointegration. The introduction of porosity is also associated with a reduction in Young’s modulus, which reduces the risk of tissue outgrowth around the implant. However, the risk of chronic inflammation remains a concern, necessitating the development of coatings to mitigate adverse reactions. An interesting biomaterial for such modifications is chitosan, which has antimicrobial, antifungal, and osteointegration properties. In the present work, a porous titanium biomaterial was obtained by powder metallurgy, and electrophoretic deposition of chitosan coatings was used to modify its surface. This study investigated the influence of ethanol content in the deposition solution on the quality of chitosan coatings. The EPD process facilitates the control of coating thickness and morphology, with higher voltages resulting in thicker coatings and increased pore formation. Ethanol concentration in the solution affects coating quality, with higher concentrations leading to cracking and peeling. Optimal coating conditions (30 min/10 V) yield high-quality coatings, demonstrating excellent cell viability and negligible cytotoxicity. The GIXD and ATR-FTIR analysis confirmed the presence of deposited chitosan coatings on Ti substrates. The microstructure of the chitosan coatings was examined by scanning electron microscopy. Biological tests showed no cytotoxicity of the obtained materials, which allows for further research and the possibility of their use in medicine. In conclusion, EPD offers a viable method for producing chitosan-based coatings with controlled properties for biomedical applications, ensuring enhanced patient outcomes and implant performance.
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1. Introduction


Biomaterials have been an important part of medicine for years. Metal-based biomaterials are very popular due to their unique properties [1]. Metallic biomaterials are also eagerly used in medicine due to the possibility of modifying their properties and surfaces [2]. This enables the continuous development of implantology and improves the quality and comfort of a patient’s life undergoing implant procedures. Metallic implants are used mainly in bone surgery [3]. Introducing porosity into the metallic implant reduces Young’s modulus and brings its value closer to the typical bone. This reduces the risk of tissue stiffness and resorption around the implant. In addition, the presence of pores on the surface promotes the ingrowth of bone tissue into the implant and its permanent connection to the bone, which results in the process of osteointegration and healing being more efficient [4,5]. In the case of dental implants, this is especially important for patient comfort. It should be noted that the placement of dental implants carries the risk of developing chronic inflammation. The risk stems from the relatively easy penetration of bacteria into the peri-implant tissues caused by inadequate oral hygiene [6]. A solution to the problem of bone tissue integration being disrupted with the implant and the possibility of corrosion development and acute inflammation is covering the implant surface with biopolymer coatings [7].



Such coating could also act as a carrier for analgesics or anti-inflammatory medications. An attractive natural polymer is chitosan, distinguished by its antibacterial, antifungal, and antiviral properties. These characteristics are unparalleled among other medical biopolymers, such as alginate or hyaluronate [8,9]. Chitosan is a biomaterial; therefore, it meets the basic requirements of biocompatibility and non-toxicity and does not cause harmful or undesirable reactions in the body [10,11,12,13]. Chitosan shows biodegradability and accelerates the process of wound healing due to its hemostatic properties, bioactivity, and cell proliferation. It is worth mentioning that this material is susceptible to all kinds of structural modifications, so new derivatives with different properties can be created [14]. In addition, chitosan has better solubility than chitin, which is particularly desirable in the process of applying coatings [15]. In vitro studies have also shown that chitosan is more cytocompatible than chitin [16]. Chitosan is a biopolymer with the necessary qualities to be used in medicine and unique qualities that can realistically improve patients’ health.



Among the array of techniques utilized for applying biopolymer coatings onto metallic substrates, such as dip coating or sol-gel methods, one prominent method stands out: the electrophoretic deposition (EPD) technique. This versatile technique allows coatings to be applied to all sorts of complex product surfaces. In addition, the surface of large parts with any irregularities, pores, or roughness can be modified using this method [17]. It is faster than dip coating or sol-gel methods and allows for the morphology of the coatings to be tailored with process parameter changes. A significant advantage of the EPD process is the simplicity of its execution and the low cost associated with the required equipment, unlike chemical vapor deposition (CVD) and physical vapor deposition (PVD), which require expensive and complex equipment [18]. Additionally, CVD often requires high temperatures, which may not be suitable for all materials. The low cost associated with the required tooling can lead to increased production inputs and product diffusion [19]. The electrophoretic deposition of coatings is carried out with a direct current. Particles of a determined charge in the suspension move towards the counter-electrode and form a deposit on its conductive surface. Under the influence of an electric field, the polymer macromolecules or particles presented in the solution migrate towards the electrode, where the coagulation process occurs, and the coatings are formed [20]. EPD is a process tightly controlled by parameters such as time and voltage and the deposition solution [21]. Modifying the parameters makes it possible to influence the thickness and morphology of the resulting coatings. Many types of coatings can be obtained using this method, including gradient, multilayer, and homogeneous coatings. The coatings produced are also environmentally safe [19]. The great advantage of the EPD method, which distinguishes it from other coating deposition methods, especially those for medical applications, is that the process can be carried out at low temperatures. The ability to carry out the process at low temperatures is particularly important when the coatings produced act as controlled drug delivery since pharmaceuticals are sensitive to high temperatures [22].



Due to its nature, chitosan dissolves in acidic solutions such as acetic acid, malonic acid, or citric acid, where it undergoes protonation and acquires a positive charge. The literature shows that increasing the deposition voltage in the EPD process increases the amount of deposited polymer. However, this also raises the likelihood of obtaining a porous coating due to the rapid release of gases at the electrodes [23]. Studies by Mahmoodi et al., Cordero-Arias et al., or Błoniarz et al. indicate that organic liquids, especially alcohols, can mitigate the adverse effects of aqueous solutions on gas generation at the cathode and anode surfaces, leading to coatings with fewer pores and thus better adhesion to the substrate. Furthermore, various particles can be deposited in the EPD process along with chitosan, which generally disperse better in ethanol than in water. Therefore, this study investigated the impact of ethanol content in the deposition solution on the quality of the obtained coatings [23,24,25,26].




2. Materials and Methods


2.1. Material Preparation


The substrate of the samples was produced from titanium (Atlantic Equipment Engineers (AEE), New York, NY, USA; purity 99.5%,) which was agglomerated in a planetary ball mill (process parameters: 200 rpm for 10 h). The cylindrical samples were pressed by isostatic uniaxial cold pressing (FACOM W.415WBA Stanley Black & Decker, Limonest, France) at 250 MPa. They were then sintered in a furnace for 24 h at 1000 °C and cooled with the furnace. The samples were cut into discs 3 mm high and mechanically polished using a sequence of abrasive papers with increasing grit sizes, specifically #600, #800, #1200, and #2000 gradation, until a smooth surface finish was obtained. The samples were cleaned in an ultrasonic cleaner using distilled water and ethanol. The samples prepared in this way served as the base material for the electrophoretic deposition process of chitosan coatings.



A commercial chitosan powder (Sigma-Aldrich, Steinheim, Germany) with an average molecular weight of 80 kDa and a 75–85% deacetylation degree, citric acid (Acros Organic, Geel, Antwerpen, Belgium; 99.6%), distilled water and ethyl alcohol (anhydrous 99.8%) were used to prepare solutions for electrophoretic deposition. The electrophoretic coating deposition process was carried out with four different solutions:




	
starting solution: 2% citric acid solution containing 1 g/dm3 of chitosan,



	
solution 1: 2% citric acid solution in 25% ethanol containing 1 g/dm3 of chitosan,



	
solution 2: 2% citric acid solution in 50% ethanol containing 1 g/dm3 of chitosan,



	
solution 3: 2% citric acid solution in 75% ethanol containing 1 g/dm3 of chitosan








At deposition voltage of U = 2.5–20 V for time of deposition of t = 2.5–30 min at 25 °C. An electrochemical cell with two parallel electrodes spaced 1.5 cm apart was utilized for the EPD process. The titanium sample served as the working electrode, while a platinum foil acted as the counter electrode. Chitosan coatings were deposited using a KIKUSUI PWR800H high-current power supply (KIKUSUI, Yokohama, Japan). After deposition, the chitosan coatings were thoroughly rinsed with distilled water and dried at room temperature for 24 h.




2.2. Material Characterization


The X-ray diffraction (XRD) measurements were performed on the X’Pert Philips PW 3040/60 diffractometer operating (Panalytical B.V., Almelo, Holland) at I = 30 mA and U = 40 kV. The wavelength of radiation (λCu Kα) was 1.54178 Å. The grazing incidence X-ray diffraction (GIXD) patterns were registered in the 2θ range from 5 to 100° 2θ with step scanning at 0.05° 2θ steps and the angle of incidence α = 0.50°. Qualitative phase analysis was performed using the ICDD PDF 5+ database.



Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy (Shimadzu IR Prestige-21, Kyoto, Japan) was employed to identify the functional groups present in the produced chitosan coatings.



The microstructure of the Ti substrate and chitosan coatings was examined using an IX81 inverted Olympus microscope (Olympus, Tokyo, Japan) and a JEOL JSM-6480 scanning electron microscope (JEOL Ltd., Tokyo, Japan) (SEM), which was equipped with an energy-dispersive X-ray spectroscopy (EDS) IXRF detector (IXRF, Austin, TX, USA).



The surface roughness of the examined biomaterials was determined using a Surftest SJ-500/P profilometer (Mitutoyo, Kawasaki, Japan). Surface profile variations were measured with a step size of 0.1 μm and a speed of 200 μm/s over a length of approximately 7 mm. The recorded parameters were processed and analyzed using the FORMTRACEPAK 5.303 software.



Micromechanical testing (microindentation) was conducted using a Micro Combi Tester—MCT3 (Anton Paar, Corcelles-Cormondrèche, Switzerland). A Vickers diamond indenter (V-M 86) was used with a maximum load of 100 mN. Loading and unloading were performed over a period of 30 s (at a rate of 200 mN/min), with a dwell time at maximum load of 10 s. Seven indents were made for each sample. Measurements were performed in accordance with the ISO 14577 standard [27]. Hardness HIT and elastic modulus EIT were determined using the Oliver–Pharr method [28].



The cytotoxicity of the obtained biomaterials was evaluated through indirect contact tests. Before testing, the samples were sterilized with ethylene oxide. The samples were placed in the extraction medium, which was a complete culture medium. 10 mL of extraction medium was used for 1 g of sample. Extraction was performed under constant shaking at 37 °C for 24 h. Cytotoxicity tests were performed based on the ISO 10993-5 standard [29]. The fibroblast line, clone L 929—American Type Culture Collection (ATCC), was used in biological studies, sixth passage, viability 94.65%. 250,000 living cells were seeded into 25 cm2 dishes, and 100,000 cells were seeded into the wells of 6-well plates. Cells were cultured for 24 h in Medium 199 supplemented with 10% FBS under standard conditions. Fresh medium, supplemented with extraction medium by adding 1 mL of extraction medium to 9 mL of culture medium, was administered to all cultures after incubation. Incubation of cells in such conditions lasted 24 h. In the study assaying metabolic activity, each set of 5 repetitions with cells in 6-well plates included one control without cells. To each well containing 1 mL of culture medium, 200 μL of sterile resazurin solution was added in PBS at a concentration of 0.15 mg/mL. These prepared plates were then incubated for 2 h under conditions identical to the culture conditions. After incubation, the absorbance of the culture medium was measured at a wavelength of 605 nm using an Infinite M Nano (Tecan) and the Magellan 7.2 software (Tecan Group Ltd., Männedorf, Switzerland). Complete reduction of resazurin to resorufin was achieved by autoclaving a portion of the culture medium with resazurin solution. The absorbance of this solution was treated as the background absorbance. This background absorbance was subtracted from the absorbance measured for each sample. The absorbance value for each repetition was subtracted from the value obtained for the corresponding control without cells, and the resulting value was then divided by the absorbance value of the control without cells. This determined the proportion of resazurin added to the culture converted to the product. A higher percentage indicated higher metabolic activity and, consequently, a greater number of cells.





3. Results and Discussion


3.1. Porous Ti Substrate Characterization


The stereological analysis of the pore structures of the Ti substrate (Figure 1) shows that the relative porosity of the obtained material is 14%. Further investigation reveals that the average Feret’s diameter is 315 μm, and the circularity coefficient of pores is 0.238.




3.2. Chitosan Coatings Characterization


SEM analysis allows the assessment of the quality of the obtained biopolymer coatings and shows that variations in deposition parameters and solutions influence the morphology of the formed coatings (Figure 2, Figure 3, Figure 4 and Figure 5). The results show that an increase in time and voltage positively affects the thickness and quality of the formed coatings. Additionally, with increasing the deposition voltage, the pores in chitosan coatings start to appear, leading to discontinuity of the coating where the pores occur. This phenomenon correlates with the kinetics of coating deposition and the magnitude of hydrogen evolution at the cathode stemming from the electrolytic decomposition of water. Increasing the coating deposition time to 30 min and decreasing the applied voltage to 10 V manifested less rapid hydrogen evolution, which decreased the number of pores in the obtained biopolymer coatings. The thickest and homogeneously distributed coating was formed by subjecting the samples to deposition for 30 min at 10 V, utilizing both the starting solution and solution 1. It should be noted that at the highest set parameters, i.e., 30 min/10 V, the chitosan coating covered the pores in the titanium substrate. The chitosan layer did not cover these pores at lower coating deposition parameters (5 min/10 V). SEM images also indicate a negative impact of the ethanol content in the solution on the quality and thickness of the obtained coatings. Figure 4 and Figure 5 show that increased ethanol content results in a cracked and peeling coating. Comparing the images of the coatings deposited from solution 3 relative to the coatings applied in the previous solution, one can see a significant change in the morphology of the sample surface (Figure 5). The bio-coatings deposited from this solution are thinner. Moreover, the coatings are homogeneous without visible pores, indicating that no hydrogen was released during the EPD process. The deposition of such thin coatings may be due to the high concentration of ethanol in the solution, which may have affected the solubility of chitosan in the solution and thus, adversely affected the EPD process.



EDS analysis of selected fragments of the test sample revealed the presence of chitosan coatings on the titanium substrate in marked areas 1 and 3 (Figure 6). In these areas, there is a strong signal attributed to carbon. In the pores in area 2, only a strong signal from the Ti substrate is visible, indicating a coating discontinuity.



The EDS analysis also confirmed the presence of chitosan coatings in the pores of the titanium substrate (Figure 7). In selected samples, we observe complete coverage for the starting solution, solution 1, and solution 2 at deposition parameters of 10 min/10 V, 15 min/10 V, and 20 min/10 V, respectively (Figure 7a–c). Here, we detect a very weak signal from the Ti substrate and a strong signal from carbon, which is the main component of the coating. For solution 3 (Figure 7d), we observe partial coverage of the pore interior with the chitosan coating. A distinct peak from the Ti substrate and a weak signal from carbon is visible, which may indicate the presence of a thin biopolymer coating.



The X-ray phase analysis identified two inorganic phases: α-Ti (ICDD PDF 00-044-1294) with space group P63/mmc, and titanium oxide TiO with space group   Fm  3 ¯  m   (Figure 8). In addition, the presence of organic chitosan is evidenced by the characteristic reflections, visible at 2θ = 11.7°, 18.9°, and 22.9° [30,31]. Examination of the XRD pattern suggests variations in the thickness of the chitosan coatings on the titanium substrate, influenced by the EPD parameters. Based on Figure 8, the sample deposited for 30 min at 10 V from solution 1 with 25% ethanol has the highest thickness. The XRD pattern of the sample deposited from the starting solution at 2.5 V for 5 min does not show reflection from chitosan. This may indicate the absence of a chitosan coating or the formed coating is too thin to be detected.



ATR-FTIR investigations identified characteristic functional groups within the chitosan structure (Figure 9). The peaks observed at 2924 cm−1, 1456 cm−1, and 1317 cm−1 correspond to the stretching vibrations of the methylene group (-CH2), commonly found in saccharide pyranose rings. The band observed at 1646 cm−1 is associated with the stretching vibrations of the C=O bond within the amide group. The peak at 1560 cm−1 comes from N-H bending vibrations. The 1377 cm−1 band resulted from symmetric vibrations of the CH3 groups. The bands at 1153 cm−1 and 894 cm−1 attest to the presence of a C-O-C bond. The absorption bands at 1068 cm−1 and 1024 cm−1 correspond to C-O stretching vibrations. In the ATR-FTIR spectra for a sample deposited for 30 min at 10 V from solution 3 (75% ethanol), an additional broad band of ~3356 cm−1 attributed to the O-H group is observed, which may indicate the presence of water molecules in the spatial network of chitosan [25,32,33,34,35].




3.3. Mechanical Study


The effect of ethanol content in the deposition solution on the roughness of the chitosan coating was determined and summarized in Table 1 and Figure 10. The analysis compared the results for coatings deposited under the same process parameters: 10 V and 30 min. Based on the obtained results, it can be concluded that the coatings deposited from the starting solution and solution 1 exhibit the highest roughness, with similar arithmetical mean deviation, Ra, values of 3.32 μm. The lowest roughness was observed for coatings deposited from solutions 2 and 3, with the roughness profile being similar to that of the clean titanium substrate. The difference in roughness may be attributed to the amount of deposited polymer and the number of bubbles formed during the deposition process due to the release of hydrogen at the electrode. Moreover, the highest surface roughness could enhance the tissue integration and initial stabilization of the implant [36].



Figure 11 presents the dependence of the microhardness and Young’s modulus of the chitosan coating on the ethanol content in the deposition solution. The analysis compares samples that were deposited under identical conditions of 10 V for 30 min.



Based on the obtained results, there is an observable trend in increasing both microhardness and Young’s modulus for coatings deposited from solutions with higher ethanol concentrations. A significant increase in these values is particularly evident for the coating deposited from a solution containing 75% ethanol. The increased coating microhardness and stiffness may be associated with increased brittleness and susceptibility to cracking, as observed in the SEM images.




3.4. Biological Study


The results of the cytotoxicity assay study, presented in Table 2, show very high cell survival rates. The coatings deposited from the chitosan starting solution and the solution with ethanol addition are similar to the control sample. Based on the results, it could be concluded that the tested materials have no cytotoxic effect on fibroblasts. Figure 12 shows the results obtained in the cytotoxicity test. Few necrotic cells are visible for the control sample and the chitosan-coated materials, which can be observed because of their red coloration. The remaining cells show green fluorescence and indicate the presence of living cells.



Table 3 summarizes data on cell metabolic activity. The values for the control sample and the other tested samples with applied chitosan coatings, both in solution with and without ethanol, differ by small values. This indicates good metabolic activity of the cells in contact with the obtained biomaterials. Statistical analysis was carried out on this basis. The Shapiro–Wilk test showed that the distribution of the data is normal. This made it possible to carry out further statistical analysis (Table 4). The one-way ANOVA test results allow us to conclude that there were no statistically significant differences between the values of reassuring consumption in the cells of the control sample and the samples with the chitosan coating applied (Table 4). In the Levene test performed, no significant statistical differences were found between the variance values of the control sample and those with biopolymer coatings applied (Table 4).



After statistical tests, there is no cytotoxic effect of the produced chitosan coatings due to the lack of significant impact of its presence on the metabolic activity of cells. The result was also confirmed by vital staining, which showed a high cell survival rate of 99.71% for both study coatings.





4. Conclusions


	
The EPD method makes it possible to obtain chitosan-based biopolymer coatings on porous titanium substrates.



	
This study showed that this method allows the penetration of the coating material into the substrate’s pores.



	
It was also shown that it is possible to control the thickness and morphology of coatings by selecting deposition conditions. The deposition time and voltage increase, resulting in thicker coatings.



	
Moreover, the voltage increase in the electrophoretic deposition process promotes the formation of pores in chitosan.



	
The negative influence of ethanol content in the deposition solution was observed during this study. The increase in ethanol concentration increases the likelihood of cracking and peeling of the coating.



	
The deposition of coatings at 10 V for 30 min from the solutions resulted in coatings of good quality and effective coverage of the interior pores of the Ti substrate. Furthermore, these coatings exhibited the highest roughness, which may enhance the integration of the implant with the surrounding tissue.



	
Vital staining showed a high cell survival rate of 99.71%. The conducted tests show the absence of a cytotoxic effect of the produced biomaterial on fibroblast cells.










Author Contributions


Conceptualization, J.F., M.S. and G.D.; formal analysis, J.F., M.S., I.M., M.G., P.K., B.I. and G.D.; investigation, J.F., M.S., I.M., A.B., S.G., M.G., P.K. and G.D.; resources, M.S. and G.D.; writing—original draft preparation, J.F. and M.S.; writing—review and editing, M.S., A.B., S.G., G.D., B.I., P.K. and J.Z.; supervision, M.S. and G.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding authors.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Mahapatro, A. Bio-functional nano-coatings on metallic biomaterials. Mater. Sci. Eng. C 2015, 55, 227–251. [Google Scholar] [CrossRef] [PubMed]

	



Dinglingge, C.; Ding, J. Recent advances in regenerative biomaterials. Regen. Biomater. 2022, 9, rbac098. [Google Scholar]

	



Yang, K.; Zhou, C.; Fan, H.; Fan, Y.; Jiang, Q.; Song, P.; Fan, H.; Chen, Y.; Zhang, X. Bio-Functional Design, Application and Trends in Metallic Biomaterials. Int. J. Mol. Sci. 2017, 19, 24. [Google Scholar] [CrossRef]

	



Zhang, Y.; Sun, N.; Zhu, M.; Qiu, Q.; Zhao, P.; Zheng, C.; Bai, Q.; Zeng, Q.; Lu, T. The contribution of pore size and porosity of 3D printed porous titanium scaffolds to osteogenesis. Biomater. Adv. 2022, 133, 112651. [Google Scholar] [CrossRef] [PubMed]

	



Torres-Sanchez, C.; Al Mushref, F.R.A.; Norrito, M.; Yendall, K.; Liu, Y.; Conway, P.P. The effect of pore size and porosity on mechanical properties and biological response of porous titanium scaffolds. Mater. Sci. Eng. C 2017, 77, 219–228. [Google Scholar] [CrossRef] [PubMed]

	



Akhtar, M.A.; Ilyas, K.; Dlouhý, I.; Siska, F.; Boccaccini, A.R. Electrophoretic Deposition of Copper(II)-Chitosan Complexes for Antibacterial Coatings. Int. J. Mol. Sci. 2020, 21, 2637. [Google Scholar] [CrossRef]

	



Eliaz, N. Corrosion of Metallic Biomaterials: A Review. Materials 2019, 12, 407. [Google Scholar] [CrossRef] [PubMed]

	



Alginates, R.S.G. A Seaweed Product: Its Properties and Applications. In Properties and Applications of Alginates; Deniz, I., Imamoglu, E., Keskin-Gundogdu, T., Eds.; IntechOpen: Rijeka, Croatia, 2022. [Google Scholar]

	



Abdel-Rahman, R.M.; Abdel-Mohsen, A.M. Marine Biomaterials: Hyaluronan. Mar. Drugs 2023, 21, 426. [Google Scholar] [CrossRef]

	



El-Hack, M.E.A.; El-Saadony, M.T.; Shafi, M.E.; Zabermawi, N.M.; Arif, M.; Batiha, G.E.; Khafaga, A.F.; El-Hakim, Y.M.A.; Al-Sagheer, A.A. Antimicrobial and antioxidant properties of chitosan and its derivatives and their applications. A review. Int. J. Biol. Macromol. 2020, 164, 2726–2744. [Google Scholar] [CrossRef]

	



Cohen, E.; Poverenov, E. Hydrophilic Chitosan Derivatives: Synthesis and Applications. Chemistry 2022, 28, 202202156. [Google Scholar] [CrossRef]

	



Kankariya, Y.; Chatterjee, B. Biomedical Application of Chitosan and Chitosan Derivatives: A Comprehensive Review. Curr. Pharm. Des. 2023, 29, 1311–1325. [Google Scholar] [CrossRef] [PubMed]

	



Mahlooji, E.; Atapour, M.; Labbaf, S.A. Electrophoretic deposition of Bioactive glass—Chitosan nanocomposite coatings on Ti-6Al-4V for orthopedic applications. Carbohydr. Polym. 2019, 226, 115299. [Google Scholar] [CrossRef] [PubMed]

	



Jiménez-Gómez, C.P.; Cecilia, J.A. Chitosan: A Natural Biopolymer with a Wide and Varied Range of Applications. Molecules 2020, 25, 3981. [Google Scholar] [CrossRef] [PubMed]

	



Confederat, L.G.; Tuchilus, C.G.; Dragan, M.; Sha, M.; Dragostin, O.M. Preparation and Antimicrobial Activity of Chitosan and Its Derivatives: A Concise Review. Molecules 2021, 26, 3694. [Google Scholar] [CrossRef] [PubMed]

	



Sivanesan, I.; Hasan, N.; Muthu, M.; Blessing, G.; Gopal, J.; Chun, S.; Shin, J.; Oh, J.W. Exploring the Impact of Chitosan Composites as Artificial Organs. Polymers 2022, 14, 1587. [Google Scholar] [CrossRef] [PubMed]

	



Sikkema, R.; Baker, K.; Zhitomirsky, I. Electrophoretic deposition of polymers and proteins for biomedical applications. Adv. Colloid Interface Sci. 2020, 284, 102272. [Google Scholar] [CrossRef]

	



Obregón, S.; Amor, G.; Vázquez, A. Electrophoretic deposition of photocatalytic materials. Adv. Colloid Interface Sci. 2019, 269, 236–255. [Google Scholar] [CrossRef] [PubMed]

	



Boccaccini, A.R.; Keim, S.; Ma, R.; Li, Y.; Zhitomirsky, I. Electrophoretic deposition of biomaterials. J. R. Soc. Interface. 2010, 7, 581–613. [Google Scholar] [CrossRef] [PubMed]

	



Shapagina, N.A.; Dushik, V.V. Application of Electrophoretic Deposition as an Advanced Technique of Inhibited Polymer Films Formation on Metals from Environmentally Safe Aqueous Solutions of Inhibited Formulations. Materials 2022, 16, 19. [Google Scholar] [CrossRef] [PubMed]

	



Deen, I.; Selopal, G.S.; Wang, Z.M.; Rosei, F. Electrophoretic deposition of collagen/chitosan films with copper-doped phosphate glasses for orthopaedic implants. J. Colloid. Interface Sci. 2022, 607, 869–880. [Google Scholar] [CrossRef] [PubMed]

	



Stevanović, M.; Djošić, M.; Janković, A.; Nešović, K.; Kojić, V.; Stojanović, J.; Grujić, S.; Bujagić, I.M.; Rhee, K.Y.; Mišković-Stanković, V. Assessing the Bioactivity of Gentamicin-Preloaded Hydroxyapatite/Chitosan Composite Coating on Titanium Substrate. ACS Omega 2020, 5, 15433–15445. [Google Scholar] [CrossRef] [PubMed]

	



Błoniarz, A.; Marchewka, J.; Sitarz, M.; Drożdż, K.; Gosiewski, T.; Brzychczy-Włoch, M.; Moskalewicz, T. Effect of adding selected carboxylic acids to the solution on electrophoretic deposition, adhesion strength, morphology and antibacterial properties of chitosan coatings on titanium. Prog. Org. Coat. 2024, 189, 108258. [Google Scholar] [CrossRef]

	



Mahmoodi, S.; Sorkhi, L.; Farrokhi-Rad, M.; Shahrabi, T. Electrophoretic deposition of hydroxyapatite–chitosan nanocomposite coatings in different alcohols. Surf. Coat. Technol. 2013, 216, 106–114. [Google Scholar] [CrossRef]

	



Cordero-Arias, L.; Cabanas-Polo, S.; Gao, H.; Gilabert, J.; Sanchez, E.; Roether, J.A.; Schubert, D.W.; Virtanen, S.; Boccaccini, A.R. Electrophoretic deposition of nanostructured-TiO2/chitosan composite coatings on stainless steel. RSC Adv. 2013, 28, 11247. [Google Scholar] [CrossRef]

	



Sorkhi, L.; Farrokhi-Rad, M.; Shahrabi, T. Electrophoretic deposition of chitosan in different alcohols. J. Coat. Technol. Res. 2014, 11, 739–746. [Google Scholar] [CrossRef]

	



ISO 14577-4; Metallic Materials—Instrumented Indentation Test for Hardness and Materials Parameters—Part 4: Test Method for Metallic and Non-Metallic Coatings. ISO: Geneva, Switzerland, 2016.

	



Oliver, W.C.; Pharr, G.M. An improved technique for determining hardness and elastic modulus using load and displacement sensing indentation experiments. J. Mater. Res. 1992, 7, 1564–1583. [Google Scholar] [CrossRef]

	



ISO10993-5; Biological Evaluation of Medical Devices. Part 5. ISO: Geneva, Switzerland, 1999.

	



Morsy, M.; Khaled, M.; Amyn, H.; El Ebissy, A.; Salah, A.; Youssef, M. Synthesis and Characterization of Freeze Dryer Chitosan Nano particles as Multi functional Eco-Friendly Finish for Fabricating Easy Care and Antibacterial Cotton Textiles. Egypt. J. Chem. 2019, 62, 1277–1293. [Google Scholar] [CrossRef]

	



Badawy, M.E.I.; Lotfy, T.M.R.; Shawir, S.M.S. Preparation and antibacterial activity of chitosan-silver nanoparticles for application in preservation of minced meat. Bull. Natl. Res. Cent. 2019, 43, 83. [Google Scholar] [CrossRef]

	



Pishbin, F.; Mouriño, V.; Gilchrist, J.B.; McComb, D.W.; Kreppel, S.; Salih, V.; Ryan, M.P.; Boccaccini, A.R. Single-step electrochemical deposition of antimicrobial orthopaedic coatings based on a bioactive glass/chitosan/nano-silver composite system. Acta Biomater. 2013, 9, 7469. [Google Scholar] [CrossRef] [PubMed]

	



Ordikhani, F.; Tamjid, E.; Simchi, A. Characterization and antibacterial performance of electrodeposited chitosan-vancomycin composite coatings for prevention of implant-associated infections. Mater. Sci. Eng. C. 2014, 41, 240. [Google Scholar] [CrossRef]

	



Gebhardt, F.; Seuss, S.; Turhan, M.C.; Hornberger, H.; Virtanen, S.; Boccaccini, A.R. Characterization of electrophoretic chitosan coatings on stainless steel. Mater. Lett. 2012, 66, 302. [Google Scholar] [CrossRef]

	



Li, P.; Zhang, X.; Xu, R.; Wang, W.; Liu, X.; Yeung, K.W.K.; Chu, P.K. Electrochemically deposited chitosan/Ag complex coatings on biomedical NiTi alloy for antibacterial application. Surf. Coat. Technol. 2013, 232, 370. [Google Scholar] [CrossRef]

	



Pawłowski, Ł.; Bartmański, M.; Strugała, G.; Mielewczyk-Gryń, A.; Jażdżewska, M.; Zieliński, A. Electrophoretic Deposition and Characterization of Chitosan/Eudragit E 100 Coatings on Titanium Substrate. Coatings 2020, 10, 607. [Google Scholar] [CrossRef]








[image: Jfb 15 00190 g001] 





Figure 1. Microscopic image of the studied Ti sample surface. 
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Figure 2. SEM images of the chitosan coatings deposited from the starting solution: (a,b) (5 min/2.5 V); (c–e) (5 min/10 V); (f–h) (5 min/20 V); (i–k) (30 min/10 V). 
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Figure 3. SEM images of the chitosan coatings deposited from solution 1 (25% ethanol): (a,b) (5 min/2.5 V); (c–e) (5 min/10 V); (f–h) (5 min/20 V); (i–k) (30 min/10 V). 
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Figure 4. SEM images of the chitosan coatings deposited from solution 2 (50% ethanol): (a,b) (5 min/2.5 V); (c–e) (5 min/10 V); (f–h) (5 min/20 V); (i–k) (30 min/10 V). 
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Figure 5. SEM images of the chitosan coatings deposited from solution 3 (75% ethanol): (a,b) (5 min/2.5 V); (c–e) (5 min/10 V); (f–h) (5 min/20 V); (i–k) (30 min/10 V). 






Figure 5. SEM images of the chitosan coatings deposited from solution 3 (75% ethanol): (a,b) (5 min/2.5 V); (c–e) (5 min/10 V); (f–h) (5 min/20 V); (i–k) (30 min/10 V).
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Figure 6. SEM images of the chitosan coatings deposited from the starting solution at 5 min/20 V, and the EDS analysis of the marked areas. 
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Figure 7. Result of EDS analysis of chitosan coatings on Ti substrate obtained from: (a) starting solution at 10 min/10 V, (b) solution 1 at 15 min/10 V, (c) solution 2 at 20 min/10 V, and (d) solution 3 at 10 min/10 V. 
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Figure 8. GIXD patterns for the angle of incidence α = 0.50° of chitosan coatings on Ti substrate. 
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Figure 9. ATR-FTIR spectrum of the chitosan coatings deposited on the Ti substrate. 
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Figure 10. The roughness profile of porous Ti and chitosan coatings obtained at 10 V for 30 min from different solutions. 
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Figure 11. Chitosan coatings microhardness (a) and Young’s modulus (b) vs. ethanol content in deposition solution. 
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Figure 12. Cell viability: for control sample images (a–c), for samples deposited from solution 1 (2% citric acid solution in 25% ethanol containing 1 g/dm3 of chitosan) at 10 V for 30 min: images (d–f), for samples deposited from starting solution (2% citric acid solution containing 1 g/dm3 of chitosan) at 10 V for 30 min: images (g–i). 
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Table 1. The surface roughness parameters of the chitosan coatings on porous Ti substrate.
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	Without Layer
	Starting

Solution
	Solution 1
	Solution 2
	Solution 3





	Ra/μm
	2.83
	3.32
	3.32
	1.51
	2.06



	Rp/μm
	5.64
	7.26
	6.67
	3.16
	4.41



	Rz/μm
	16.36
	15.93
	17.07
	6.72
	11.77










 





Table 2. Cell viability in the cytotoxicity assay.
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	Control Test
	Starting Solution

2% Citric Acid Solution Containing 1 g/dm3 of Chitosan (30 min/10 V)
	Solution 1

2% Citric Acid Solution in 25% Ethanol Containing 1 g/dm3 of Chitosan (30 min/10 V)





	99.80%
	99.71%
	99.71%










 





Table 3. Metabolic activity expressed as a percentage of used substrate.
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Control Sample

	
Sample 1 (Solution 1 *)

30 min/10 V

	
Sample 2 (Solution 1 *)

30 min/10 V

	
Sample 1 (Starting Solution **)

30 min/10 V

	
Sample 2 (Starting Solution **)

30 min/10 V




	
70.90%

	
65.79%

	
68.56%

	
63.73%

	
65.79%




	
71.25%

	
68.35%

	
70.45%

	
68.75%

	
66.52%




	
68.54%

	
65.89%

	
67.20%

	
64.89%

	
67.12%




	
64.03%

	
59.78%

	
62.21%

	
54.89%

	
60.11%




	
65.11%

	
60.42%

	
63.62%

	
59.26%

	
63.99%




	
Average

	
68%

	
64%

	
66%

	
62%

	
65%




	
STD

	
3%

	
4%

	
3%

	
5%

	
3%








* 2% citric acid solution in 25% ethanol containing 1 g/dm3 of chitosan, ** 2% citric acid solution containing 1 g/dm3 of chitosan.













 





Table 4. Statistical test results for samples deposited from starting solution and solution 1 at 30 min/10 V.
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One-way ANOVA

	
F

	
df1

	
df2

	
P




	
2.28

	
2

	
22

	
0.126




	
No sufficiently strong evidence exists to reject the null hypothesis of equality of mean values between groups.




	
Levene test

	
F

	
df1

	
df2

	
P




	
0.123

	
2

	
22

	
0.885




	
No sufficiently strong evidence exists to reject the null hypothesis of equality of variance values between groups.




	
Shapiro–Wilk test

	
W

	
P




	
0.938

	
0.131




	
No sufficiently strong evidence exists to reject the null hypothesis of normality of the data distribution.
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