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Abstract 

In this study, calcium, phosphorus, and copper co-incorporated titanium oxide (TiO2) layers were 

prepared on titanium substrates using the plasma electrolytic oxidation process. Thereafter, their 

features were studied to be used in dental implants. Surface characterization revealed that the 

addition of calcium and copper ions to the phosphate-based electrolyte led to the development of 

the ternary elements incorporated TiO2 layer with greater surface homogeneity, roughness, 

hydrophobicity, and growth rate. As well, electrochemical impedance spectroscopy proved that 

the placement of the ternary elements caused more compaction of the TiO2 layer by reducing 
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inherent defects. Thus, the corrosion behavior of the TiO2 layer in artificial saliva solution has 

promoted, which consequently enhanced the corrosion potential by 187 mV and diminished the 

corrosion current density by one order of magnitude. Antibacterial assessment against 

Escherichia coli showed that incorporation of copper along with calcium and phosphorus 

significantly restored the bactericidal activity of the TiO2 layer. Furthermore, the integration, 

proliferation, and viability of MG-63 osteoblastic cells have considerably improved in the 

biological response to the calcium, phosphorus, and copper-containing layer. 

Keywords: Ternary elements, plasma electrolytic oxidation, biocorrosion, antibacterial activity, 

cytotoxicity.  

1. Introduction 

The use of titanium alloys in manufacturing dental implants is limited due to insufficient 

osseointegration, inadequate corrosion resistance in saliva medium, and bacterial infection [1]. 

Thus, it is essential to modify the surface features of titanium-based dental implants to achieve 

the desired characteristics [2]. Plasma electrolytic oxidation (PEO) is a cost-effective, 

straightforward surface treatment method that can improve the corrosion resistance and cellular 

response in the biological environment by creating an adhesive rough oxide layer on titanium 

and its alloys [3]. Accordingly, the main advantage of this process is tailoring the biological 

properties of the oxide layer by controlling the chemical composition of the electrolyte to attain 

better functions in the biological medium [3, 4]. 

Various studies have revealed that the incorporation of calcium via phosphate-based 

electrolyte would have some beneficial effects on enhancing the bioactivity of PEO-grown layers 

in the biological environment by inducing osteoconductive compounds [5]. Some reports have 
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also shown that bacterial contamination concomitant with biofilm formation and inflammation of 

surrounding tissue lead to a high failure rate of dental implants [6]. As one of the most common 

oral aerobic bacteria, Escherichia coli (E. coli) has been recognized as the main etiological agent 

for peri-implantitis [7]. Furthermore, it has been found that copper, as an essential trace element, 

plays an influential role in bone metabolism through being involved in enzyme-based processes 

[8]. As well, copper has a bactericidal efficacy, showing superior antibacterial activity and 

cytotoxicity [9]. The interest in copper-enriched PEO coatings on metallic materials has 

considerably increased owing to their excellent antibacterial properties and biocompatibility, 

along with their improved corrosion resistance [10-12]. Recently, Liang et al. [13] fabricated a 

phosphorous and copper dual elements co-incorporated TiO2 layer on the surface of Ti-6Al-4V 

alloy via PEO using EDTA-CuNa2 and phytic acid-containing electrolyte. They demonstrated 

that phosphorous and copper ions in the electrolyte led to a significant decline in the size of 

pores and triggered the bone formation upon immersion in a Hank solution for 14 days. They 

also reported that the PEO-treated surface with larger amounts of incorporated copper could 

modulate a favorable inflammatory microenvironment for osteoblast-like cell differentiation. 

However, the corrosion resistance of the prepared coatings has not been studied. 

In order to shorten the wound healing time after implantation of the dental implant in the 

bone tissue, this study aimed to co-dope calcium and phosphorus as the main elements that 

stimulate bone growth along with copper as an antibacterial agent on the titanium substrate. To 

the best of our knowledge, there are no studies devoted to the ternary co-incorporation of 

calcium, phosphorus, and copper elements into the TiO2 matrix by the PEO method. Moreover, 

limited studies have been performed on the corrosion behavior of multi-elemental PEO coatings 

on titanium-based implants in a saliva medium. In this regard, the simultaneous incorporation of 
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the ternary elements was investigated in the oxide layer created by the PEO process. 

Additionally, their effects on surface properties, corrosion behavior in artificial saliva solution, 

antibacterial function, and cytotoxicity were precisely characterized.  

2. Materials and Methods 

2.1. Layer preparation 

In the current research, some commercially pure titanium (cp-Ti) plates with dimensions of 

20×10×2 mm3 were treated under a constant current density of 100 mA.cm-2 as well as a duty 

cycle of 50% for 6 min. The phosphate solution including 5 g.L-1 Na3PO4 (Merck) and 2 g.L-1 

KOH (Merck) was used as base electrolyte for preparing TiO2 layer, named as T0. Thereafter, T1 

was created by the addition of 1 g.L-1 C4H6CaO4 (Merck) to the base electrolyte and T2 was then 

grown by the addition of 2 g.L-1 C4H6CuO4 (Merck) to the previously-made calcium containing 

solution.  

2.2. Layer characterization 

Morphological observations were characterized using field emission scanning electron 

microscope (FESEM, TESCAN, MIRA III), which was equipped with energy-dispersive X-ray 

spectroscope (EDS, Oxford INCA). The cross-sectional view of samples was examined by 

optical microscopy (Zeiss Axioskop2-MAT). The roughness and thickness of the layers were 

captured using PHYNIX TR-100 and PHYNIX FN testers, respectively. X-ray diffractometer 

(XRD, Philips PW3710) was also used for phase identification. Notably, wettability was 

assessed by measuring the contact angle of a 4 µL droplet of deionized water using a digital 

microscope (Dino-Lit, AM413ZT). 
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2.3. Electrochemical characterization 

Potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) tests 

were performed in artificial saliva solution at 37 °C using a Potentiostat/Galvanostat (EG & G, 

263A) instrument with a three-electrode configuration. A platinum electrode and a saturated 

Ag/AgCl electrode (SCE) were respectively used as the counter and reference electrodes, and 

artificial saliva solution was used as the electrolyte. Before performing the measurements, the 

specimens were left in the open-circuit potential for 1 h to reach stability in artificial saliva 

solution. The polarization curves were then recorded over a potential range of ‐1.0 to +1.0 V 

versus open-circuit potential at a scanning rate of 1 mV.s-1. A perturbation potential of 10 mV 

amplitude was conducted in the frequency range of 10-2 to 105 Hz in the EIS test. Finally, EIS 

analysis and modeling, as well as data extraction, were performed using ZView software. 

2.4. Antibacterial assay 

Antibacterial activity was evaluated by exposing the sterilized samples using E. coli 

bacterial suspension at a concentration of 1.5×106 CFU.mL-1 for 24 h at 37 °C. Thereafter, the 

antibacterial performance was determined from the percentage of the number of the missed 

bacterial colonies to the number of the control colonies after 24 h incubation period.  

2.5. Cytotoxicity test  

Cytotoxicity was assessed by seeding MG-63 osteoblastic cells on the sterilized specimens 

using Dulbecco's modified Eagle standard medium containing a density of 5×105 cell.mL-1 at 37 

°C in a humidified 5% CO2 atmosphere. By passing 24 h from the incubation, cell viability was 

evaluated using (3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay.  
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2.6. Statistical analysis 

The experimental results are expressed as means ± standard deviations. All data were 

analyzed by Student's t-test and one-way analysis of variance (ANOVA). The confidence levels 

were set as 95% (p < 0.05). 

3. Results and discussion 

The FESEM images of the layers' morphology are illustrated in Figure 1a. All the layers 

were observed to have a pancake-like microstructure. As well, by the co-incorporation of 

calcium, phosphorus, and copper (T2), the large pores disappeared and the surface porosity 

became more homogenous, which indicated better stability of electrical micro-discharges [13]. 

As a result of the increased distance between the peaks and valleys of the layers' surface, the 

average surface roughness revealed a rising trend as RT0=0.45±0.08 < RT1=0.53±0.05 < 

RT2=0.68±0.02 µm. As shown in Figure 1b, wettability evaluation revealed that the 

hydrophobicity of the layers enhanced by the incorporation of ternary ions. The average 

thickness for samples T0, T1, and T2 was obtained 4.8±0.5, 5.9±0.2, and 6.2±0.5 µm, 

respectively. The optical microscopic cross-sectional images of samples are shown in Figure S1. 

As it can be seen, the average thickness values of the T0, T1, and T2 were estimated to be 5.1, 

5.8, and 6.4 μm, respectively, which corroborate the data obtained from the modular thickness 

gauge system. Regarding the EDS spectra in Figure 1c, all the layers were composed of titanium, 

oxygen, and phosphorus elements. Titanium was related to the substrate, while oxygen was the 

result of oxidation during the PEO process. The existence of sodium, phosphorus and calcium 

was attributed to Na3PO4 and C4H6CaO4 in the electrolyte composition. Moreover, copper was 

detected in T2 as a result of C4H6CuO4. Examining the elemental distribution in T2 by EDS 

mapping proved that all the added elements of calcium, phosphorus, and copper were 
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incorporated in the structure of the layer and had a uniform distribution similar to titanium and 

oxygen (Figure 1d). Phase identification demonstrated that anatase and rutile had been formed in 

all the layers and no crystalline structure containing calcium, phosphorous, or copper was 

detected (Figure 1e). Obviously, the participation of incorporated ions in electrochemical 

reactions during the layer growth process led to the predominance of anatase over rutile [14]. 

Figure 1 

The potentiodynamic polarization curves of the layers along with the titanium are 

displayed in Figure 2a. In addition, by comparing the corrosion characteristics of titanium 

(icorr=  0.235 μA.cm-2, Ecorr= ‐737 mV) with T0 (icorr=  0.182 μA.cm-2, Ecorr= ‐294 mV), T1 

(icorr=  0.171 μA.cm-2, Ecorr= ‐249 mV) and T2 (icorr=  0.095 μA.cm-2, Ecorr= ‐107 mV), it was 

revealed that the oxide layers prevent the degradation of titanium in artificial saliva solution. It 

was also found that the placement of ternary ions decelerated the kinetics of dissolution reactions 

and the thermodynamic tendency of the layers against corrosion, in which the protective role of 

copper was more significant compared to that of calcium and phosphorus [15, 16]. This 

improvement may be due to the greater thickness of T2 compared to both T0 and T1, which 

prolong the penetration pathways of aggressive agents through the layer. Furthermore, the useful 

effects of copper in reducing the chemical affinity of the layers against destruction can be 

considered as another promoting factor in this regard [17, 18]. For comparison, the icorr values of 

the metallic ions-incorporated coatings which formed on titanium and its alloys via different 

surface treatment methods were listed in Table 1. It could be found that the TiO2 layer produced 

by the present strategy exhibited the lowest value of icorr when compared to others. 

Table 1 
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Nyquist and Bode's plots resulted from EIS analyses are illustrated in Figure 2b-d. It was 

observed that T2 has the capacitive loop with the largest diameter. Correspondingly, this 

specimen also exhibited the highest impedance modulus (~106 Ω.cm2) at low frequencies as well 

as the highest phase angle (~77°) at high frequencies. The appearance of peak position in high-

frequency values suggests the dielectric characteristic of copper on the calcium and phosphorus-

containing layer [25]. These results indicate that embedding ternary ions in the layer structure 

would significantly strengthen its impermeability. The EIS empirical data were modeled using 

the equivalent circuit inserted in Figure 2b, in which Rs is the series resistance, and Ri/o and 

CPEi/o stand for the resistance and the constant phase element of the inner and outer parts of the 

layers, respectively [26]. Comparison of the fitted EIS results presented in Table 2 also revealed 

that the values of Ri/o and CPEi/o in both parts of the layers had ascending and descending trends, 

respectively. So, it can be concluded that the stability of the conditions of the layer formation 

processes reduced its inherent defects due to the co-participation of ternary ions, and as a result, 

the diffusion of corrosive ions towards the titanium substrate became more difficult [26, 27]. 

Figure 2 

Table 2 

Figure 3a exhibits the optical images of the cultured plates after 24 h incubation period, 

showing the antibacterial ability of the layers against E. coli. The number of bacterial colonies 

reflects the capability of the sample to inhibit bacterial growth. Figure 3a shows that the number 

of bacterial colonies on the surface of the PEO coatings is significantly reduced compared with 

cp-Ti as the coating material inhibits the adhesion and growth of E. coli. However, the 

antibacterial activity of T0 and T2 seems to be higher than T1. Moreover, quantitative analysis of 

the bactericidal activity of the layers revealed that the antibacterial performances of T0 and T2 
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are 48% and 58%, respectively. The bactericidal efficacy of T0 may be due to the formation of 

anatase and rutile, because these compounds can disrupt the integrity of the bacterial cell wall by 

generating reactive oxygen species [28, 29]. It was shown that the increased affinity for the 

adsorption of proteins and organic matter to the layer surface due to inducing calcium phosphate 

compounds in a biological medium can consequently lead to the loss of antibacterial ability in T1 

[30]. As well, the incorporation of copper ions into the layer containing calcium ions restored the 

bactericidal effect due to the positive effect of copper ions on the disintegration of bacterial 

cytoplasmic membranes and inactivation of metabolic pathways [31]. Furthermore, the enhanced 

hydrophobicity of the layer is known as another effective factor that may reduce bacterial 

adhesion [32]. The morphology of MG-63 osteoblastic cells grown on the layers after 24 h 

incubation period is shown in the FESEM images of Figure 3b. It was discovered that the 

polygonally matured cells with multiple pseudopodia connections are spreading on the surface of 

all the layers, indicating the provision of suitable conditions for cell growth and proliferation 

processes [33]. It was also observed that the extended pseudopodia anchored into the surface 

pores of the layers and well-conformed, indicating appropriate cell adhesion and integration [34]. 

Viability assessment of the cultured cells after 24 h of incubation is displayed in Figure 3c, 

showing that all the layers have excellent cell viabilities and experienced an improving trend due 

to the placement of ternary ions. This promotion may be due to the morphological changes and 

the predominance of anatase [35]. Furthermore, the ability of the incorporated copper ions to 

cross-link collagen to bone elastin may ultimately boost the biological cell response [36]. 

Figure 3 
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4. Conclusions 

In the present study, calcium, phosphorus, and copper co-incorporated TiO2 layer were 

successfully fabricated on titanium by the PEO process. The corrosion measurements in artificial 

saliva solution signified a corrosion barrier effect for the ternary elements incorporated layer 

owing to its higher thickness and surface features. Finally, combining calcium, phosphorus, and 

copper elements on the surface of titanium substrate greatly improves the antibacterial properties 

and osteoblastic cellular response. Therefore, it will significantly reduce the risk of postoperative 

bacterial infection and cytotoxicity for implant dentistry. 
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Figure 1. (a) FESEM micrographs, (b) contact angle variations, (c) EDS spectra, (d) EDS maps 

of T2, and (e) XRD patterns of the layers. 
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Figure 2. (a) Potentiodynamic polarization, (b) Nyquist plots along with equivalent circuit, (c) 

Bode modulus, and (d) Bode phase plots of the specimens. 
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Figure 3. (a) Optical images of the cultured plates, (b) FESEM micrographs, and (c) viability of 

the grown MG-63 osteoblastic cells on the layers after 24 h incubation period. 
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Table 1. Comparative analysis of icorr as a function of the elements which were incorporated into 

the layers on the titanium and its alloys via different surface treatment techniques. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



20 
 

Table 2. Parameters determined by fitting the EIS plots. 

 

 

 

 


