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Abstract

:

Calcium phosphate based bioactive ceramics (CPCs) can be successfully applied as implant coatings since they are chemically similar to the inorganic constituent of hard tissues (bones, teeth). Nowadays, in orthopedic surgeries, it is still common to use metallic implants. However, the biological response of the human body to these foreign materials can be adverse, causing the failure of implant materials. This disadvantage can be avoided by bioactive coatings on the surface of implants. CPCs can be prepared by different routes that provide coatings of different quality and properties. In our paper, we compared the morphological, chemical, and biological properties of CPC coatings prepared by the pulse current electrochemical method. The size and thickness of the pulse current deposited platelets largely depended on the applied parameters such as the length of ton and the current density. The decrease in the ton/toff ratio resulted in thinner, more oriented platelets, while the increase in current density caused a significant decrease in grain size. The higher pH value and the heat treatment favored the phase transformation of CPCs from monetite to hydroxyapatite. The contact angle measurements showed increased hydrophilicity of the CPC sample as well as better biocompatibility compared to the uncoated implant material.
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1. Introduction


In orthopedic surgeries, the key issues are medical implant materials. The main demands for these materials are mechanical and chemical stability as well as high strength and toughness [1] Moreover, metallic implants need to be non-toxic, non-immunogenic, non-thrombogenic, and non-carcinogenic [2]. In this respect, titanium and its alloys are the preferred materials due to their optimal load-bearing properties [3]. The metallic bone implants are recognized by human tissues as a foreign body [4,5]. For this reason, these implants might be rejected by the human body even if they are considered to be bioinert [6]. Another problem with metallic implants is that they might release toxic metal ions (Cr3+, Al3+, Mo2+, Co2+) after long-term contact with body fluids. It has been confirmed that the degradation of the implants due to corrosion or mechanical stress increases the amount of dissolved metals and particles that might lead to the failure of implants [7]. Atapour et al. [8] investigated the corrosion behavior and ion release of selective laser melted (SLM) AISI (American Iron and Steel Industry) 316L stainless steel samples in a protein-rich artificial body fluid at pH 7.3 and in diluted hydrochloric acid (HCl) at pH 1.5. Their research work revealed that the SLM 316L sample released slightly less Fe, Cr, and Ni ions compared to the wrought 316L sample and the heat treatment also decreased the released metallic ions. The dissolved metallic ions and the dissoluble metallic oxide particles can also cause metallosis, when these particles agglomerate or accumulate in a specific organ. This might result in adverse medical conditions and can cause several diseases such as allergy, inflammation, carcinogenicity, and hypersensitivity [8]. Metal ions affect the osteoblast proliferation, cell viability, and collagen-I expression in a different rate and way. These ions can be ranked (from the lowest to the highest toxicity) as follows: Na < Cr < Mg < Mo < Al < Ta < Co < Ni < Fe < Cu < Mn < V [9,10]. Therefore, there are still enormous efforts to develop appropriate coatings in order to decrease the possibility of the rejection of implant materials by the human body. For biomedical applications, the ceramic layers and ceramic oxides can be obtained by several techniques. The most commonly applied methods are sol–gel [11,12], glow-arc discharge [13], dip-coating [14], plasma spraying [15,16,17], chemical vapor deposition (CVD) [18], pulsed laser deposition (PLD) [19], and electrochemical deposition [20,21]. The main advantages of applying electrochemical deposition over the physical deposition methods are that it is cost effective, the working temperature is low, the preparation parameters can be easily controlled and altered, and a homogenous layer can be deposited on 3D materials with complex geometry [22]. The most intensively and widely investigated bioactive coatings that are able to enhance bone cell growth are calcium phosphate based bioactive ceramics (CPCs) [23,24,25]. A material can be regarded as bioactive if it induces specific biological activity [26]. The CPCs are exceptionally biocompatible and bioactive due to the formation of a strong bond between the hard tissue and implant material due to its chemical similarity to the biological calcified tissue. Moreover, CPCs have been shown to stimulate osteo-conduction and can be integrated into bone without triggering any immune reaction [27]. The biological response to CPC coated implants is strongly affected by its properties [28,29,30,31]. CPCs have a wide range of potential applications such as in drug delivery systems [32], in bone tissue engineering [19,33,34], in orthopedic and dental implantation [9,11,35], and. This paper aims to summarize and compare the characteristics of the coating prepared by pulsed electrochemical deposition (ED).




2. Materials and Methods


The electrochemical deposition process was performed by pulse current. The electrolyte used for the electrodeposition process of calcium phosphate based bioactive ceramic (CPCs) consisted of 0.49 M Ca(NO3)2·4H2O, 0.29 M NH4H2PO4, and 10 mL/l H2O2. The pH of the solution was kept between 4.0 and 4.5. The schematic illustration of the applied square wave form can be seen in Figure 1.



In all of our experiments, the pulse current deposition was performed in a two-electrode cell set-up where the anode was a platinum sheet and the cathode was the metallic implant disc. During the deposition, the temperature was kept at 70 °C and the deposition time was 10 min. The deposition parameters varied with regard to the applied ton and toff times as well as the peak current densities and surface post-treatment as indicated in Table 1. Titanium alloy (Ti6Al4V) discs (19 mm in diameter, and 1 mm in thickness) were used as substrates. One side of each substrate was sandblasted by applying a standard commercial procedure.



Scanning Electron Microscopy/Energy-dispersive X-ray spectroscopy (SEM/EDX, Hitachi SU8230, Jeol 8230, Hitachi Group, Tokyo, Japan) and Transmission Electron Microscopy (TEM, FEI Tecnai TF2, Thermo Fisher Scientific, Waltham, MA, USA) devices were used for morphological investigation of the layers.



Fourier-transform infrared spectroscopy (FTIR) spectra were recorded with a Bruker Vertex 70 FTIR spectrometer coupled with Hyperion 2000 IR microscope (Bruker, Wien, Austria) by the specular reflection technique, over the 4000–400 cm−1 wave number range at room temperature. Number of scans: 128 scans; resolution: 2 cm−1.



X-ray diffraction measurements were performed to analyze the crystal structures of the samples. The diffractograms were recorded with a Bruker AXSD8 Discover diffractometer (Cu Kα radiation source, with Göbel mirror and GADDS 2D detector system at 40 kV and 40 mA). The diffraction patterns were collected over a 2θ range from 10° to 80° with a 1°/min rate.



Zahner IM6e electrochemical equipment (Zahner, Kronach, Germany) was applied for potentiodynamic polarization studies. For electrochemical characterizations, a conventional three-electrode cell set-up was used. The working electrode was a metallic implant disc with and without coatings, the counter electrode was platinum net, and a Ag/AgCl/KClsat electrode was used as the reference electrode. The curves were recorded at a scanning rate of 1 mV/s. Conventional Ringer’s solution and simulated body fluid (SBF) were used as electrolytes. Their composition is shown in Table 2. The requisite pH was adjusted by 1 M HCl and (CH2OH)3CNH2 (TRIS) or 1 M NaOH solutions.



Cell viability measurements were performed as follows. The samples were put in a 24-well microtiter plate (MTP) then 1 mL of cell suspension was seeded onto the surface of each sample at a concentration of 10,000 cells/mL. The same amount of cells in culture medium was used as the control without samples. The culture media was removed from the 24-well culture plate after seven and 14 days of cultivation period and the cells were washed with sterile phosphate-buffered saline (PBS). Then, 1 mL of DMEM (Dulbecco’s Modified Eagle Medium, containing 1% WST-8 tetrazolium salt (2,3,5-triphenyl-2H-tetrazolium chloride) reagent was added to the wells and were incubated for 3.5 h. During the incubation period, viable cells converted WST-8 to a water soluble, yellow-colored formazan dye. After incubation, spectrophotometric measurements were done on the colored products. The specific absorbance of formazan dye (at 450 nm) in the MTP was measured with an ELISA plate reader (PHomo Autobio Anthos Mykrosystem GMbh, Friesoythe, Germany). The absorbance values directly correlate with the live cell number.



The hydrophobicity of the CPC samples was evaluated by measuring their contact DSA30 analyzer (KRUSS GmbH, Hamburg, Germany). The volume of drop of water used was 3 μL.




3. Results and Discussion


3.1. Morphological Characterization of CPC Coatings Prepared by ED with Different Deposition Parameters


Figure 2 demonstrates the morphological characteristics of coatings deposited with different parameters. It is visible that the particles in the S1 sample had mainly large, thick, rectangular plate-like morphology with length of 4–6 µm and width of 0.5–2 µm (Figure 2a). The corresponding EDX measurement confirmed the Ca/P ratio as 1.03 (Figure 2f), which is the elemental ratio in monetite (CaHPO4). Similar results have been found in many research works [36,37,38,39,40]. In Figure 2b, a remarkably thinner and relatively well-oriented, uniform platelets are visible. The average size of the platelets was 3–4 µm in length and 0.1–0.3 µm in width. The higher current density resulted in smaller and thinner platelets. In the case of the S3 sample (Figure 2c), the shapes of the deposited particles were mainly a mixture of non-uniform small needle-like particles at a nanometer size and larger thin, laminated plate-like particles at a micrometer size. In addition, flake-like aggregates were also formed. The Ca/P ratio in the CPC layer varied from 1.01 to 1.73 depending on the investigated site on the surface, which confirmed the different calcium phosphate phases present in the layer. It was visible that the morphology of the CPC layers significantly changed when the ratio of ton/toff decreased.



The calcium phosphate crystals were larger when larger ton was applied (higher duty cycle). According to Suchanek et al. [36], in an acidic calcium-phosphate solution (pH = 4.0), the obtained crystals had a plate-like morphology with a smooth surface. The average width of particles was 4 μm, while their length was 7 μm. The particles formed large, irregular flakes with an average width of 2 μm and length of 9 μm at pH = 6.0, while at pH = 7.5, the size of the flakes decreased slightly to around 1 μm in width and 5 μm in length. At pH values of 9.0 and 10.0, bundles of rods also appeared with a similar morphology of crystals. While at pH = 11.0, the shape of the crystals were mainly nanofibers with a width of 100 nm and length of 1.5 μm. Among the calcium phosphate phases, monetite is the most stable phase under acidic conditions below pH 2.7 [37]. Macha et al. [40] reported monetite with a rectangular block morphology that could transform to hydroxyapatite (HAp) with a morphology of mesh-like thin platelets. It is highly dependent on pH condition, and forms a CaP phase, preferably monetite or HAp. As pH increased, monetite became unstable and converted to HAp [41,42]. Monasterio et al. [43] have also proven that the as-deposited CPCs had plate-like morphology at all examined current densities and the size of plates decreased by increasing the current density.



HAp coating with a flower-like structure was also successfully developed by pulsed electrochemical deposition (PED) with average current density of 1 mA/cm2. Evenly sized flower-like apatite crystals could be deposited onto a titanium substrate when a longer pulse off time was applied [44]. In the work of Seyedraoufi et al. [34], the increasing duty cycle led to changes in crystal structure of the coatings and smaller particles were deposited at higher duty cycles. However, this finding does not correlate with our experiments, when the higher duty cycle (50%) resulted in larger CPC blocks while at a lower duty cycle (9%), we obtained smaller, thin plate-like particles. Chakraborty et al. [45] reported that electrodeposition with higher current density elevated the rate of phase transformation between calcium hydrogen phosphate and hydroxyapatite compared to deposition with lower current density and thus increased the Ca/P ratio accordingly. Low current density (5 mA/cm2) produced surface with nano-roughness (400 to 500 nm), which is the best condition for bone tissue growth. However, deposition with high current density might cause crack formation. By increasing the current density, the coating was found to be more porous with a lower crystallite size (nano-range) and the amount of hydroxyapatite phase in the coating increased.



The pulse current can enhance the crystallinity of CaP films deposited on a metallic substrate compared to layers deposited by the direct current method. Furthermore, the toff time of the cycle in the pulsed electrodeposition method gives Ca2+ and PO43− ions in the bulk solution sufficient time to diffuse to the vicinity of the cathode thus maintaining favorable conditions for HAp deposition. The HAp coating prepared by the pulsed method was more compact and uniform when the deposition was performed with low current density of 0.5 mA/cm2 with longer toff time. Increasing the peak current density or decreasing pulse off time led to a less uniform, flake-like microstructure and rougher, porous coatings [46]. Moreover, the coatings deposited by the pulsed current also had better adhesion and they were more uniform than those made by the DC current [47]. Figure 2d revealed the morphology of the S3 sample after treatment in an alkali solution for 2 h (S4). It can be seen that the layer consisted of small needle- or thorn-like, disoriented particles in the size of about 100–300 nm in length and 10–50 nm in width. A high pH value above 11 favors the phase transformation from monetite to hydroxyapatite [48,49,50,51,52,53]. The Ca/P elemental ratio in this case was 1.78, which can indicate that mainly hydroxyapatite crystals are present in the coating. It can be seen in Figure 2e, that the heat treatment at 900 °C also caused considerable change in the morphology of the S3 sample (S5). In this case, the layer consists of small, needle-like particles and agglomerated flakes in nanometer size, with an average Ca/P ratio of 1.69. This can also imply the layer to be mainly hydroxyapatite with a small amount of other CaP phases such as tricalcium phosphate (TCP) as contamination.



Figure 3 shows the TEM image of the S4 sample. This also confirmed the small needle-like character of the coating particles. This shape is characteristic of hydroxyapatite crystals [54]. In the corresponding EDX analysis, the Ca/P elemental ratio was 1.73.




3.2. Structural Analysis of CPC Coatings


3.2.1. FTIR Measurements


As Figure 4 demonstrates, the FTIR spectra were very similar for all coatings. In the spectra, peaks at around 627, 960, 990, and 1130 cm−1 were connected to the PO43− anionic group. The broad absorption peak in the 1400–1500 cm−1 region can be attributed to the absorbed CO32− content of the calcium phosphate phases [55]. Weaker overlapped peaks at 875 cm−1 can be related to HPO42− content. The vibrations at around 1390 and 863 cm−1 suggest the presence of carbonate anions in coatings. The former peak is the asymmetric stretching of the C–O group while the latter can be attributed to the out-of-plane bending vibration of the C–O group [56]. The absorption peak of the OH− groups (OH− stretch vibration) was present at 3700 cm−1. In addition, slight peaks related to adsorbed water also appeared on the spectra from 3600 cm−1 to around 2600 cm−1 and at 3570 cm−1.




3.2.2. X-Ray Diffraction XRD Measurements


XRD patterns of the CPC coatings are shown in Figure 5. The straight baseline and sharp peaks on the diffractograms of the S1, S2, S3, and S5 samples indicate that the layers are partially crystallized. However, the diffractogram of sample S4 showed significantly broadened characteristic peaks with lower intensity that can be attributed to its mainly amorphous characteristics with smaller, nano-sized particles or its nano-crystallinity.



The phase of samples S1, S2, and S3 was mainly monetite or dicalcium phosphate (CaHPO4, DCP, JCPDS89-5969), however, a small amount of α-Tricalcium phosphate phase (Ca3(PO4)2, TCP, JCPDS file number 09-0348) could also be identified. It is visible that the relative intensity and width of the characteristic peaks varied in the S1–S3 samples, depending on the preparation parameters, which also indicates different phase ratios. On the other hand, samples S4 and S5 only exhibited the characteristic peaks of hydroxyapatite (HAp, JCPDS76-0694). The main characteristic diffraction peaks were found at 2θ = 31.770°, 32.190°, and 32.905° and indexed as (211), (112), (300) planes, respectively, which corresponded to Bragg’s reflection of HAp. The surface treatment in alkaline solution and the heat treatment caused phase transformation from monetite/TCP to pure hydroxyapatite.



The heat treated CPC (S5) exhibited well crystallized sharp peaks of HAp. The better crystallization of sample S5 was proven by narrower and sharper peaks (thinner Bragg peaks) compared to the wider and smaller peaks of S4, which is probably due to the poor crystallinity of the material [57].




3.2.3. Electrochemical Evaluation of the Coatings


The long-term corrosion properties of the substrate material and CPC coating (S5 sample) were compared in our experiments. As Figure 6 shows, the shapes of the potentiodynamic curves recorded after different immersion times were similar. In all cases, large anodic passive regions were visible on the anodic branch of the potentiodynamic curves and the measured passive current densities (jp) were small. The range of the passive region was from around +350 mV vs. Ag/AgCl to +900 mV–+1.15 V vs. Ag/AgCl (passive film breakdown potential).



In Ringer’s solution, the passive current values for the implant material decreased more significantly over time from 50 to 20 nAcm−2, compared to the jp values of the CPC coating, where the passive currents hardly changed over immersion time. In this case, there were two distinctive plateaus in the anodic region, one with a jp of 21.3 nAcm−2 from the 80 to 290 mV electrode potential range and the other with a jp of 30.6 nAcm−2 from the 80 to 290 mV electrode potential range. The layer breakdown and re-passivation occurred at the 425 mV electrode potential. The curves recorded in SBF solution showed similar forms with a large anodic passive region. However, in this case, the passive current densities were higher by almost two orders of magnitude, and decreased from 1.96 to 1 µAcm−2 and from 4.67 to 1.1 µAcm−2 for the substrate implant and CPC coating, respectively. In addition, the shifting of Ecorr values to more negative potentials over time was more apparent. This may indicate that the possibility of dissolution processes taking place at the electrode surface is higher in the SBF electrolyte and for the CPC coating due to the higher ionic activity and slightly lower pH of the electrolyte.



A similar tendency was observed for the corrosion current (jcorr) values. The jcorr values were higher by more than one order of magnitude for both the implant material and the CPC coating in SBF solution than in Ringer’s solution (Figure 7b). The jcorr values showed a slight decreasing tendency with time, while for the implant, they reached a quasi-steady state. This also proves the surface passivation of the uncoated implant and the gradual and slow precipitation/dissolution of corrosion products in the case of the coated sample during immersion. The lowest corrosion currents were measured on the uncoated implant, indicating its highest corrosion resistance.



The corrosion potentials demonstrated more negative values in SBF solution than in Ringer’s solution, which are also proof of its higher activity. Moreover, the Ecorr of the CPC coating was more negative than that of the uncoated implant.




3.2.4. Contact Angle Measurements on CPC Coatings


The hydrophilic characteristic of CPCs is highly important since surface energy has a key role in osteogenesis. The surface of the hydrophilic implant is positively charged and has high surface energy, thus proteins that are essential for cell interaction can easily adhere to the surface [58]. The wettability of CPCs can be altered by an innovative post-treatment of exposing the surface to low energy electron irradiation [59]. The surface energy of the implant can also affect the bone cell proliferation and differentiation as well as the osteointegration [60,61]. The cellular reaction can be different for hydrophilic and hydrophobic implants, especially in the early stage of wound healing. Surfaces with higher surface energy possess more rapid cell activity and differentiation than those with lower surface energy [62]. The bone cells can more easily adhere to and proliferate on hydrophilic substrates [63].



As Figure 8 demonstrates, the implant material (TiAl6V4) had a contact angle of 23.2°. Applying CPC coatings on the surface improved their wettability and hydrophilicity. The contact angle measured on the CPC coating (S5) decreased by around 45%. This result is in good correlation with the research works of Nerantzaki et al. [33] and Fan et al. [64].




3.2.5. Cell Viability Measurements


Figure 9 shows the viability percentages of cells seeded on the substrate material and CPC coating (S5) compared to the control samples. We investigated the biocompatibility properties of sample S5 because this coating was pure hydroxyapatite, which is the main component of human bone. It was clear that in all culture periods, the CPC coating possessed the highest cell viability values; after seven days, it was above 84%, while after two weeks, it had increased to around 89% compared to the positive control. These measurements proved that the CPC coating, especially the hydroxyapatite phase, promotes the attachment and growth of osteoblastic cells due to its high hydrophilic property and advantageous morphology [65,66].






4. Conclusions


The effects of pulse current deposition parameters on the morphology, structure, and thus the biocompatibility properties of CPC coatings were investigated. The experiments demonstrated that the CPC coatings after electrodeposition consisted of mainly large, plate-like grains in the monetite phase. The size, thickness, and orientation of these platelets were largely dependent on the applied parameters such as the length of ton and the current density. The decrease in the ton/toff ratio resulted in thinner, more oriented platelets, while the increase in current density caused a significant decrease in grain size. After applying an alkali treatment (at pH value above 11), the layer consisted of small needle or thorn-like disoriented particles in the size range of about 100–300 nm in length and 10–50 nm in width. The higher pH value favored the phase transformation from monetite to hydroxyapatite. The heat treatment at 900 °C for 30 min also resulted in phase transformation to the hydroxyapatite phase with higher crystallinity than in the case of alkali treatment. This fact was also proven by XRD measurements, where the better crystallization of the heat treated sample was demonstrated by thinner and larger Bragg peaks compared to the wider and smaller peaks of the alkali-treated sample. The corrosion measurements confirmed that the CPC coating had slightly lower corrosion resistance, which can be attributed to the dissolution/precipitation processes of calcium phosphates, while the surface of the implant material was covered with a compact and stable oxide layer. The contact angle measurements showed increased hydrophilicity, and accordingly, the cell viability measurements clearly showed better biocompatibility for the CPC coating than for the uncoated implant material.
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Figure 1. Cathodic square wave current impulses. 
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Figure 2. SEM images on CPC coatings prepared by different parameters. (a) ton: 5 ms, toff: 5 ms, ip: 0.4 A·cm−2, S1 sample. (b) ton: 5 ms, toff: 5 ms, ip: 1 A·cm−2, S2 sample. (c) ton: 1 ms, toff: 10 ms, ip: 5 A·cm−2, S3 sample. (d) S4: S3 sample after treatment in 1 M NaOH solution, (e) S5: S3 sample after heat treatment at 900 °C and (f) the corresponding EDX spectra and elemental composition of S1. 
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Figure 3. TEM image and EDX elemental analysis of the S4 sample. 
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Figure 4. FTIR measurements on CPC layers prepared by the pulse current with different parameters. 
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Figure 5. XRD patterns of CPC layers prepared by the pulse current with different parameters. 
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Figure 6. Potentiodynamic polarization curves of the uncoated Ti6Al4V alloy (a) and CPC coating (S5) (b) in Ringer’s solution as well as Ti6Al4V alloy (c) and CPC coating (d) in SBF solution recorded several times over a two-week immersion period at 37 °C. The potential scanning rate was 1 mV s−1 in each case. 
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Figure 7. Potentiodynamic polarization curves after two weeks of immersion (a) and the measured corrosion current densities over time (b) of the CPC coating (S5) and substrate material in different physiological solutions. 






Figure 7. Potentiodynamic polarization curves after two weeks of immersion (a) and the measured corrosion current densities over time (b) of the CPC coating (S5) and substrate material in different physiological solutions.



[image: Coatings 10 00823 g007]







[image: Coatings 10 00823 g008 550] 





Figure 8. Contact angle measurements (a) on titanium alloy substrate; (b) on CPC coating (S5). 
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Figure 9. Cell viability values (in percentage) of the substrate material and CPC sample (S5) compared to the positive control. MG-63 cells were grown in well plates without samples as the positive control. 
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Table 1. Preparation parameters of the electrodeposited CPC coatings.
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Deposition Parameters

	
Samples




	
S1

	
S2

	
S3

	
S4

	
S5






	
ton/ms

	
5

	
5

	
1

	
1

	
1




	
toff/ms

	
5

	
5

	
10

	
10

	
10




	
ip/A·cm−2

	
0.4

	
1

	
5

	
5

	
5




	
Surface treatment after deposition

	
-

	
-

	
-

	
1 M NaOH solution,

70 °C for 2 h

	
Heat treatment at 900 °C

for 30 min
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Table 2. Reagents for SBF (pH: 7.40) and Ringer’s solutions (pH: 7.95).
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Reagent

	
Concentration/gL




	
SBF

	
Ringer’s






	
NaCl

	
7.996

	
9.00




	
NaHCO3

	
0.350

	
0.20




	
KCl

	
0.224

	
0.43




	
CaCl2

	
0.278

	
0.24




	
K2HPO4·3H2O

	
0.228

	
-




	
MgCl2·6H2O

	
0.305

	
-




	
Na2SO4

	
0.071

	
-




	
(CH2OH)3CNH2 (TRIS)

	
6.057

	
-




	
1M-HCl

	
40.80

	
-
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