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Abstract

:

This study investigated the electrophoretic deposition (EPD) of the natural polymer zein combined with bioactive glass (BG) particles. Through the deposition of various BG compositions, namely 45S5 BG and Cu-doped BG, this work sought to demonstrate the ability of the films to potentiate the formation of hydroxyapatite (HA) in contact with simulated body fluid (SBF). Following incubation in SBF, the physical and chemical surface properties of the EPD films were evaluated using different characterization techniques. The formation of HA at the surface of the coatings following immersion in SBF was confirmed using Fourier transform infrared spectroscopy (FTIR). The results demonstrated HA formation in all coatings after seven days of immersion in SBF. Coating morphology and degradation of the zein films were characterized using environmental scanning electron microscopy (ESEM). The results confirmed EPD as a very convenient room temperature technique for production of ion releasing, bioactive, and antibacterial coatings for potential application in orthopedics.
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1. Introduction


The demand for bioactive metallic implants that promote biological adhesion to bone tissue continues to rise, driving the development of new bio-responsive surfaces for stainless steel and titanium alloy orthopedic prostheses [1,2,3]. Bioactive glass (BG) coatings exhibit significant osteoinductive (stimulation of bone cells) and osteoconductive (surface suitable for bone growth) properties, interacting with the surrounding tissue at a cellular level through the release of biologically active ions [4,5,6,7]. In order to mimic the composite structure of natural bone, biodegradable polymer/BG composite coatings are increasingly being investigated for orthopedic purposes [8]. This approach not only combines the ideal bulk mechanical properties of the metallic implants (i.e., tensile strength and toughness) with the desired surface properties offered by BG, but it also eliminates the need for high temperature processing required for pure BG coatings. The use of high temperatures is not desired because they can lead to BG crystallization and microstructural changes resulting in possible substrate damage. Moreover, resorbable biopolymers acting as BG support coatings can accelerate the bonding process between new tissue and the surface of metallic implants by exploiting the polymer gradual degradation. This caters for the growth of new tissue into the implant interface [9]. In addition, the level of ion release from BG particles can be controlled by the degradable biopolymer matrix, which can also act as a vehicle for conventional drug release facilitating bone growth [10]. Therefore, inorganic/organic composite coatings offer great potential, enabling surface functionalization, chemical bioactivity, and drug delivery capacity for different purposes, e.g., antibacterial effect, growth factor release, or even analgesic functions [8,10,11,12].



Due to their biocompatibility and biodegradability, natural polymers have gained huge interest for biomedical application [13]. Zein is one of the natural polymers that has found its way into medical and pharmaceutical applications due to its attractive features of being biodegradable, bioadhesive, and potentially antibacterial [14,15]. The protein zein belongs to the alcohol soluble protein class known as prolamine proteins that are separated from maize endosperm [16]. Zein can be classified in four distinct fractions; namely, α-, β-, γ-, and δ-zein [17,18]. The structure of zein is composed of homologous α-helices [19], containing high levels of hydrophobic amino acids such as leucine, proline, and alanine that account for more than half of the protein [20]. Zein also contains high levels of hydrophilic residues, such as glutamine, that gives rise to its zwitterionic nature. The structure of α-zein is composed of homologous repeat units, which comprise a helical wheel (α-helix) conformation. This three-dimensional network as seen in Figure 1 is aligned in two different arrangements; cylindrical and ribbon-like models, where the hydrophobic helices are ranked edgewise while the hydrophilic glutamine bridges link the upper and lower surfaces of the repeat units.



These biochemical properties make this natural polymer an interesting candidate for a variety of deposition techniques that can be translated to surface functionalization of metal implants. Zein has been also combined with inorganic phases to form composites for several biomedical applications [21].



Different techniques, such as aerosol deposition [9], dip coating [22], and layer by layer (LBL) deposition [23,24] have been used to fabricate inorganic/organic composite coatings on metallic substrates. Electrophoretic deposition (EPD) has recently gained attention as a simple and economic manufacturing process, offering the ability to fabricate uniform coatings on complex-shaped substrates at room temperature [4,8,12,25,26]. During EPD, charged particles or molecules in suspension migrate to the oppositely charged electrode (substrate) where they are then deposited. There is very limited previous work reporting the EPD of zein [27,28,29], and there has been no previous investigation with regards to EPD of a zein/BG composite. This work presents for the first time the fabrication of zein/BG composite coatings formed through EPD. By utilizing a range of characterization techniques, this investigation seeks to evaluate zein/BG composites considering both copper-doped and non-doped bioactive glasses for orthopedic applications.




2. Experimental Procedure


2.1. Materials


BG powder of 45S5 composition (45.0 wt.% SiO2, 24.5 wt.% Na2O, 6.0 wt.% P2O5, 24.5 wt.% CaO) with particle size in range of 5.0–25.0 µm and 45S5 BG doped with 2.5 wt.% CuO [30] with an average particle size of 5.0 µm were used. Zein powder (Z3625-500 g) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Commercial stainless steel AISI 316L (ThyssenKrupp AG, Essen, Germany) plates of 0.2 mm thickness were used as substrates (both as deposition and counter electrodes). Glycerol (Sigma-Aldrich) and ethanol (Merk KGaA, Darmstadt, Germany) with 99% purity were used for EPD.




2.2. EPD of Zein/45S5 BG Composite Coatings


A mixture of ethanol (90 vol.%) and water (10 vol.%) with added glycerol (3 vol.%) was used to solubilize zein powder (15 wt.%) whilst stirring. BG particles (8 wt.%) were added to the solution, and the final suspensions were sonicated for 30 min prior to EPD. The substrates were prepared by cutting stainless steel plates of dimensions: 15 mm width and 30 mm length, which were cleaned in successive ultrasonic baths of acetone, ethanol, and water for 10 min each. The distance between the electrodes in the EPD cell (deposition and counter electrode) was fixed (10 mm) for the entire experiment. The deposition area was kept constant at 20 × 15 mm2.



In order to control the coating thickness and to reduce the formation of surface cracks, both deposition time (in the range of 0.5–10 min) and voltage (in the range of 3–10 V) were varied. During the EPD process, the suspension was stirred and sonicated for each sample. The optimized coating conditions for each zein/BG film are shown in Table 1. Following EPD, samples were air dried for at least 24 h before film characterization was conducted.



The in vitro investigation to assess bioactivity, characterized by the formation of hydroxyapatite, was carried out by immersing the EPD films in simulated body fluid (SBF). Both the preparation of SBF and the amount of SBF used per experiment were obtained following Kokubo’s protocol [31]. Each film was soaked in 40 mL of SBF for predetermined immersion times of 1, 3, 7, and 14 days at 37 °C. At each time point, coatings were removed and sequentially washed with deionized water and acetone to arrest the reaction before being left to dry at room temperature for at least 24 h.




2.3. Coating Characterization


2.3.1. Scanning Electron Microscopy


The characterization of the coating’s surface morphology was carried out by scanning electron microscopy (SEM) (IntouchScope/JSM 6010, JEOL Inc., Peabody, MA, USA). Samples were first plasma cleaned under nitrogen and oxygen for 30 s before the sample was sputtered with gold (30 s, 20 mA).




2.3.2. Environmental Scanning Electron Microscopy


Characterization of the coating surface microstructure was carried out using the Quanta 650 (FEI, Hillsboro, OR, USA) environmental SEM (ESEM), which enables the user to image under humidified and/or low vacuum conditions, avoiding or reducing the formation of surface cracks.




2.3.3. Energy Dispersive Spectroscopy (EDS)


Energy dispersive X-ray spectroscopy was performed to analyze the chemical distribution of the ESEM images using the detector XFlash 6|60 part of Quanta 650 (FEI).




2.3.4. Thermogravimetric Analysis (TGA)


TGA was carried out in order to determine the relative fraction of organic and inorganic components of the coatings using STA 449 C Jupiter (Netzsch-Gerätebau GmbH, Selb, Germany). The coatings were heated from room temperature to 800 °C with a fixed heating rate of 10 °C/min in an atmosphere of air.




2.3.5. Zeta (ζ)-Potential Measurements


ζ-potential measurements were carried out using Laser Doppler electrophoresis with a Zetasizer Nano ZS Malvern Instruments (Malvern, UK) equipment.




2.3.6. Fourier Transform Infrared Spectroscopy (FTIR)


In order to evaluate the chemical composition of the EPD films, FTIR was utilized using a Nicolet iS 10 instrument (Thermo Fisher Scientific Inc., Waltham, MA, USA) in transmission mode.




2.3.7. X-ray Diffraction (XRD)


XRD was applied to determine the formation of hydroxyapatite on the surface of coatings following immersion in SBF, using a D2 PHASER device (Bruker, Coventry, UK). XRD measurements were performed with a step size of 0.03° for the 2θ range of 4°–80°.






3. Results and Discussion


3.1. Suspension Stability


The colloidal stability of the zein/BG suspensions was investigated by measuring the zeta-potential. The ζ-potential value in zein suspensions containing 45S5 BG particles was −13.0 ± 1.0 mV at pH of 9.2; and for copper-doped 45S5 BG, it was −8.5 ± 0.5 mV at pH of 8.9. Negative zeta-potential values indicate an anodic deposition, i.e., negatively charged particles or molecules deposit on the positively charged electrode. The measured relatively low values of zeta-potential indicate a relatively low stability of the suspensions. The 45S5 BG particles have a more negative zeta potential in suspension compared to the suspension containing Cu-doped 45S5 BG. However, both systems contain relatively large particles which may sediment due to gravity and this will also affect the deposition [26].




3.2. Deposition Mechanism


The ζ-potential values of both suspensions suggest that the particles would deposit anodically, however, composite coatings were produced on the cathode. This phenomenon is possibly related to the complexity of zein and its behavior in aqueous solution depending on the various functional groups of amino acids, such as amides, amines, hydroxyls, carboxyls, and phenols. However, hydroxyls, carboxyls, and phenols occur mostly as deprotonated groups and are negatively charged, whereas the protonated amines and amides are responsible for the positively charged ions of the amino acid. Zein molecules containing both groups are likely to associate with BG particles in suspension forming BG/polymer composite entities.



We hypothesize that during EPD, as the electric field is applied, the hydrophilic parts of zein molecules bond with the bioactive glass particles and then migrate together to the negative electrode. It is possible also that zein molecules migrate to the anode due to their negative charge. Thus, both anodic and cathodic depositions could in theory occur simultaneously depending on the state of the secondary protein structure [32] which will dominate the deposition process in weakly charged systems.



The cathodic deposition of zein is assumed to be similar to that of chitosan [27,33] and it may take place as described next. The protonation of amine groups of zein occurs in the presence of hydronium ions and, according to reaction (1), it results in ammonium ions and water:


    [  Zein −  NH 2   ]  +  H 3   O +  →  [  Zein −  NH 3 +   ]  +  H 2  O   



(1)







Furthermore, as the EPD process continues, water in the suspension electrolyzes and the local pH at the cathode increases which causes alkaline conditions on the cathode surface as     OH −     ions are produced:


   2  H 2  O + 2  e −  →  H 2  + 2  OH −    



(2)







Hence, electrophoresis of ammonium ions of zein towards the cathode takes place, the protonated amine groups of zein (ammonium ions) lose their charge and build an insoluble deposit:


    [  Zein −  NH 3 +   ]  +  OH −  →  [  Zein −  NH 2   ]  ↓ +  H 2  O   



(3)







The BG particle surface charge, which is due to surface-bound hydroxyl groups, depends on the suspension’s pH [34]. Based on the pH of the suspension and considering the measured zeta-potential of BG particles, it was found that the surface charge of bioactive glass particles exhibits a negative value. This negative charge of the BG particles can bind with the positive charges of zein forming BG/zein composite particles and also leading to motion of the particles towards the cathode.




3.3. Thermogravimetric Analysis


TGA measurements were performed to assess the change in mass of the EPD films as a function of temperature, comparing the TGA behavior of the control (pure zein) coating with that of BG/zein composite coating. Figure 2 displays an initial reduction in mass of approximately 5% (shown in green) which is likely attributable to the loss of volatiles from the zein coating. The next reduction in mass (~5%) was observed between 180 and 220 °C which is likely caused by evaporation of glycerol that has a boiling point of 198 °C [34]. The changes in mass at 230, 480, and 650 °C, leading to a mass reduction of approximately 50%, 30%, and 10% respectively, are the result of the degradation of the zein primary protein structure and subsequent combustion of the amino acids/peptides formed [35].




3.4. Fourier Transform Infrared Spectroscopy


In order to confirm the presence of zein and bioactive glass and to analyze the chemical characteristics of the films regarding their bioactivity, FTIR of the coatings was performed. Furthermore, the investigation was extended to coatings that had been immersed in SBF to analyze the coating’s behavior in a relevant environment, i.e., to determine bioactivity following Kokubo’s protocol [31].



Figure 3 confirms the presence of zein molecules in all coatings indicated by three characteristic vibrational bands, namely: amid I (1650 cm−1); amid II (1510 cm−1); and amid III (1236 cm−1), which correspond to C=O stretching, C–N stretching, and N–H in plane deformation, respectively [36,37]. Further characteristic peaks of zein at 3340 cm−1 and 2930 cm−1 appear and are attributable to O–H stretching and C–H stretching, respectively.



The transmission bands corresponding to the chemical functional groups of BG were also detected. The observed peak ascertained from the control coating that was not immersed in SBF (seen at 1043 cm−1) is attributed to the Si–O–Si asymmetric stretching [38]. In addition, the vibration mode of the silica ring structure was observed at 910 cm−1 [39]. The peaks at 1427, 500, and 650 cm−1 correspond to the stretching and bending vibrational mode of P–O [39]. Furthermore, both coatings show, upon increasing time of immersion in SBF, more pronounced peaks at 560 cm−1 and 1043 cm−1. This is attributed to the bending vibration of P–O and indicates formation of hydroxyapatite on the coating surface [40]. The dual peak at 560 cm−1 and 602 cm−1 that only appears on coatings with 45S5 BG after 14 days of immersion in SBF indicates the formation of carbonated hydroxyapatite (P–O mode) [40].



The unchanged intensity of characteristic peaks of zein at 3340 cm−1 and 2930 cm−1 for Cu-doped 45S5 BG suggests that during electrophoresis, Cu2+ ions are able to bind to carboxyl groups of amino acid side chains contained in zein and, therefore, the degradation of the polymer is reduced [41,42]. The protein break-down is not taking place as it was observed for Cu-free BG containing coatings (this is also confirmed by the results of ESEM and XRD, as shown below).




3.5. X-ray Diffraction Analysis


The possible formation of hydroxyapatite (HA) on the coating, upon immersion in SBF, was investigated by XRD analysis. Figure 4 shows the XRD patterns of 45S5 BG and Cu-doped 45S5 BG coatings. As it can be noticed, there is a broad crystallization peak in all the coatings (1–14 days of soaking in SBF) at about 2θ = 10°, corresponding to the semi-crystalline nature of zein [43]. Upon increasing immersion time in SBF, the peak related to crystallization of zein becomes slightly flattened, which is likely due to the degradation of the polymer with increased immersion time. Furthermore, the coatings based on Cu-doped 45S5 BG first show semi-crystallization peaks at 2θ = 26° and 2θ = 32° after 7 days of immersion, whereas the films containing non-doped 45S5 BG already show such peaks at day 3. The crystalline structure of the new phase depicted by XRD peaks seems to match that of hydroxyapatite crystals (JCPDS file number 9-432). In general, the relative intensity of peaks corresponding to hydroxyapatite formation in all coatings increases with increasing immersion time in SBF.




3.6. SEM Observation


In order to evaluate the coating homogeneity, uniformity, and surface morphology, SEM micrographs were obtained and are shown in Figure 5 at two magnifications. The surfaces of both coatings look fairly homogeneous with BG particles spreading across the surface of the zein film. During imaging in conventional ultra high vacuum (UHV) SEM mode, coating cracking was observed: environmental SEM was subsequently used for further investigations.




3.7. ESEM Observation


Figure 6 shows micrographs of the surface of the produced EPD films. The images show coatings immersed in SBF for 1 day (Figure 6a,b) and 14 days (Figure 6c,d). The ESEM images of the films obtained at shorter immersion times reveal a porous structure with an abundance of zein covering the surface. The zein molecules interact with the aqueous mixture of SBF. The degradation of zein seems to have started after just 1 day of immersion in SBF as some pores on the surface of the coatings have already been formed. Continuing to the maximum time of immersion, almost all zein surface layers had degraded leading to the formation of a porous structure covering the stainless steel substrate. Moreover, the bright areas on the surface of the coatings, especially on those immersed for 14 days in SBF, could be an indication of the formation of hydroxyapatite as confirmed by FTIR and XRD.



The surface morphology of the coatings produced with Cu-doped 45S5 BG immersed in SBF is shown in Figure 7. These micrographs show evidence of zein degradation on day 1 following immersion in SBF, leading to the appearance of holes on the surface of the films (Figure 7a,b). After 14 days of soaking, the Cu-doped 45S5 BG/zein coating exhibits further degradation whilst maintaining sufficient material to cover the steel substrate (Figure 7c,d), in contrast to that of the Cu-free BG system. Moreover, the small number of bioactive glass particles observed on both types of coatings indicates that some particles may have been released in the SBF solution after degradation of zein or have dissolved to form HA.




3.8. EDS Results


In order to determine the elemental composition of the samples, EDS was utilized to compare coatings containing both forms of bioactive glass, in particular with respect to the elemental confirmation of hydroxyapatite formation, a key marker of coating bioactivity. EDS was only performed on coatings that had been immersed for 14 days in SBF.



Figure 8 shows the elemental composition of 45S5 BG/zein films after 14 days of soaking in SBF. The EDS spectrum shows a Ca/P ratio of 2.29 which could be attributed to the presence of unreacted BG particles in the selected area while for pure HA the Ca/P ratio is 1.67. The fact that the mass percentage of silicon is low when compared to that of phosphorus and calcium (characteristic elements of bioactive glass), suggests the formation of hydroxyapatite. Additionally, the residual presence of zein after a 14-day immersion period was supported by a high mass percentage of carbon. Figure 9 shows the EDS spectrum of the Cu-doped 45S5 BG/zein coatings. The Ca/P ratio of almost 2.0 suggests the formation of hydroxyapatite and the relatively high mass percentage of carbon (27.81%) indicates the presence of zein within the surveyed region. In general, the results of EDS are in line with the previous results obtained through XRD and FTIR. The presence of zein was confirmed in all samples, although the degradation of this polymer in Cu-doped BG based coatings was less pronounced, which is presumably due to binding forces between copper and zein molecules during the EPD process that retard the degradation steps during immersion in SBF.





4. Discussion


Orthopedic implants are used to restore the skeletal structure after fractures or abnormal growth of bone. Most orthopedic implants are made of metallic alloys that are in general not ideal for this application because of possible release of metallic ions in the human body and encapsulation by fibrous tissue. Electrophoretic deposition of organic/inorganic composites on metallic alloys is being considered in order to modify the surface of metallic implants, both stainless steel and titanium alloys [6,8,10,12]. These composite coatings can induce osseointegration with host tissue and enhance the bulk and surface properties of the implants. For this approach, EPD has been used successfully to manufacture coatings of a variety of compositions [6,8,10,12,25,33].



In this study, after an optimization step of the EPD process using different zein/BG concentrations, voltage, and time of deposition, coatings exhibiting a homogeneous surface without cracks were produced (Figure 2a,b). Comparing the produced coatings with other coatings reported in the literature [6], it seems that they present low BG concentration, possibly because of lower mobility of BG particles in contact with zein molecules during the deposition process. The weak suspension stability (low ζ potential values) leads to deposition on both electrodes (anodic and cathodic) because of the characteristics of the zein structure, as discussed above.



Formation of HA was observed on the coatings with a relatively high amount of BG, which means that increasing the amount of bioactive glass will enhance the ability of the coating to bond to bone. However, films with 8 wt.% BG concentration were able to build hydroxyapatite after 3 days of immersion in SBF. According to the results of the TGA measurements, a higher content of BG reduces the content of zein resulting in less polymer to be degraded. The polymer degradation can thus be controlled by the relation between the bioactive glass particles and biopolymer content; in this way, achieving relatively fast or slow dissolution of BG particles in the medium is possible.




5. Conclusions


We have shown the effective electrophoretic deposition of organic/inorganic composites on stainless steel, forming two coatings of zein containing 45S5 BG and Cu-doped 45S5 BG fillers. The coatings showed homogeneous and near crack-free surfaces with BG particles distributed in the entire film. In terms of bioactive behavior, the results demonstrated hydroxyapatite formation in all composite coatings after seven days of immersion in SBF. FTIR results not only indicated the hydroxyapatite formation on the coatings, which was in line with the XRD and ESEM results, but also confirmed the existence of zein and BG particles. FTIR results showed that upon increasing the SBF immersion time, the degradation process of zein in coatings containing 45S5 BG increased. Coatings produced with Cu-doped 45S5 BG appeared to slow down the degradation process of zein, likely due to the cross-linking effect of released Cu ions. The results confirm EPD as a convenient technique to fabricate BG-zein composite coatings of suitable bioactivity which can be considered for orthopedic applications.
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Figure 1. Two proposed three-dimensional structures of α-zein: (a) cylindrical model; (b) ribbon-like model [20]. (Reproduced from [20] with permission; Copyright 2015 Elsevier.) 
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Figure 2. TGA results on coatings produced with 45S5 BG/zein, Cu-doped 45S5 BG/zein, and pure zein. 
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Figure 3. FTIR results on coatings before and after immersion in SBF for up to 14 days: (a) 45S5 BG/zein coatings; (b) copper-doped 45S5 BG/zein coatings. The main vibration bands of zein (blue dashed line) and BG (black dashed line) are depicted. 
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Figure 4. XRD results on coatings soaked in SBF for different immersion times, from 1 to 14 days: (a) 45S5 BG/zein coatings; (b) copper-doped 45S5 BG/zein coatings. 
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Figure 5. SEM images showing the microstructure of EPD films produced with (a) Cu-doped 45S5 BG/zein and (b) 45S5 BG/zein at two magnifications, showing BG particles (red arrow) embedded in zein (blue arrow) on the surface of the coatings. 






Figure 5. SEM images showing the microstructure of EPD films produced with (a) Cu-doped 45S5 BG/zein and (b) 45S5 BG/zein at two magnifications, showing BG particles (red arrow) embedded in zein (blue arrow) on the surface of the coatings.



[image: Coatings 08 00027 g005]







[image: Coatings 08 00027 g006 550] 





Figure 6. Environmental SEM (ESEM) images showing the microstructure of 45S5 BG/zein coating surfaces produced by EPD and immersed in SBF for: (a,b) 1 day and (c,d) 14 days. BG particles (red arrow) are embedded in zein (blue arrow) which undergoes a degradation process (magenta arrow) indicated by the holes that appear on the coating surface. Formation of hydroxyapatite (HA) (yellow arrow) is visible on some of the coatings. 
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Figure 7. ESEM images showing the morphology of Cu-doped 45S5 BG/zein coating surfaces produced by EPD and immersed in SBF for: (a,b) 1 day and (c,d) 14 days. BG particles (red arrow) are embedded in zein (blue arrow) which undergoes degradation (magenta arrow) visualized by holes that appear on the coating surface. Formation of hydroxyapatite (yellow arrow) is visible on some of the coatings. 
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Figure 8. Energy dispersive spectroscopy (EDS)-spectrum (a) and the corresponding ESEM image (b) of a selected area of 45S5 BG/zein coating surface. 
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Figure 9. EDS-spectrum (a) and the corresponding ESEM image (b) of a selected area of Cu-doped 45S5 BG/zein coating surface. 
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Table 1. Produced coatings showing optimized EPD conditions. BG = bioactive glass.
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Produced EPD Coatings




	
Deposited Coatings

	
Deposition Time

	
Voltage






	
Zein/45S5 BG

	
2 min

	
10 V




	
Zein/45S5 BG Cu-doped

	
5 min

	
3 V
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