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ABSTRACT

Objective: Hydroxyapatite (HA) coatings on titanium oxide nanotubes (TNTs) provide osteoconduction and hence promote bone healing and 
apposition, leading to the rapid biological fixation of implants. In the current study, TNT surfaces were formed by electrochemical anodization technique 
and Cu and Zn were simultaneously substituted in HA coating so as to form a coating with antibacterial properties with good osteoconductive surface.

Methods: Ion substituted HA coatings such as Cu-HA and Zn-HA were deposited cathodically on TNT surfaces. This work elucidated the antibacterial 
effect and cytocompatibility of Cu and Zn substituted HA coating on TNT. To improve the antibacterial property of pure HA, Cu and Zn were substituted 
into its structure.

Results: X-ray diffractometer of the coatings showed the formation of Cu-HA and Zn-HA while particle-induced X-ray emission confirmed the coatings 
to be calcium deficient. 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide assay was employed to assess the cell survival rate of Cu-HA 
and Zn-HA coatings with osteoblast-like cells.

Conclusions: While both the coating showed good bioactivity, better cell activities were observed in the case of Zn-HA coating. Better cell activities 
on Zn-HA may be attributed to the cytocompatibility nature of Zn-HA and because of its higher roughness.
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INTRODUCTION

The current gold standard biomaterial for orthopedic and dental 
applications is titanium. Because of their superior biocompatibility 
and better mechanical properties, titanium-based materials are 
preferred over other metals for implant applications. However, due to 
bioinert properties of titanium, its surface needs to be modified so as 
to be acceptable by human bone tissues thereby enhancing the clinical 
success rate [1-3]. It is also understood that this osseointegration 
can be improved at the nanometer scale [4,5] by suitable techniques. 
Titanium oxide (TiO2) nanotubes can improve cell attachment and 
growth due to its large specific area [3]. TiO2 nanotubes (TNTs) can be 
prepared by various techniques, but anodization is a frequently used 
method because of its easy handling and cheap commercially. This 
technique can be used to produce ordered nanostructures and strongly 
adherent TiO2 layers [6]. Living tissues well accept the bone-like apatite 
on the implant surface on which cell adhesion and differentiation can 
occur. The apatite can also promote a strong bond between tissues and 
implant surface [7,8].

Hydroxyapatite (HA) has been extensively used as a coating material 
on titanium because of its similarity with a bone composition having 
better bioactive properties, and it has the potential to directly bond at 
the interface with host bone. However, due to its limitations in using as 
an implant material for its relatively slow rate of biological interaction, 
fragility, and less mechanical strength, it has to be coated on titanium 
surface [9,10]. Implant-associated infections lead to implant failure 
as a result of which the infection rate for implants in the orthopedic 
industry is 4.3% per annum in the USA. Bacteria aggregation occurs 
in a hydrated polymeric matrix forming a film on the implant surface 
as soon as infections take place, and it cannot be destroyed by the 
antibacterial agents coming from outside sources. As a result of 
which, these infections lead to implant failure, revision surgery, and 
even member amputation asking for high medical costs. Therefore, 
it becomes an essential practice to use an antibacterial implant to 

avoid initial adhesion of bacteria [11]. To enhance the bioactivity 
and biocompatibility of HA and retard the risk of bacterial infection, 
the implants are surface modified to control the properties such as 
chemical and biological behavior. The doping of some ions such as Zn2+, 
Sr2+, Mg2+, Cu2+, Na+, and F− constituting human bone can be substituted 
in the HA crystal structure for better biological activities [10,12].

Several studies reported that Cu2+ and Zn2+ in the HA coatings have 
beneficial effects in preventing bacterial adhesion. Cu2+ and Zn2+ in 
trace quantities are necessary for various metabolic processes in living 
organisms, whereas higher quantities are potentially toxic [12]. These 
doped metal ions exhibit antimicrobial activity on implanted materials, 
and they are not cytotoxic at low concentrations. The effects of Cu2+ and 
Zn2+ on microorganisms have been proved to be safe in the literature. 
Cu is an essential trace element necessary for human metabolism, 
and it plays a major role in the cross-linking of collagen and elastin 
of bone [13]. Moreover, Zn has beneficial effects on bone metabolism 
where it stimulates osteoblast proliferation and mineralization and 
promotes osteoblast marker gene expressions as well as calcium 
deposition on mesenchymal stem cells inhibiting bone resorption by 
reducing osteoclast formation and adsorption capability having anti-
inflammatory response [14,15]. In this work, TNTs were fabricated 
by anodization technique and subsequently Cu-Ha and Zn-HA were 
deposited on its surface.

METHODS

Sample preparation
Rectangular samples of Ti with working area 1 cm×2  cm were used 
as the substrate material. The Ti samples were mechanically polished 
using 600 and 1200 grit SiC papers. After polishing, the specimens were 
thoroughly cleaned with distilled water and subjected to ultrasonication 
for about 10  minutes in acetone. Then, the samples were dried and 
etched in an acidic solution containing 1 part 50% hydrofluoric, 4 parts 
1 N HCl, and 5 parts deionized water for 30 seconds. Then, the obtained 
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samples were again washed in deionized water and dried at room 
temperature [16].

TNT formation
TNTs were synthesized on Ti surfaces using the electrochemical 
anodization technique. The electrochemical anodization setup 
consists of two-electrode system. The cleaned Ti plate was used as 
the anode and connected to the positive terminal of the direct current 
power supply while platinum plate was used as the cathode that was 
connected to the negative terminal to complete the electrolytic cell. 
The cathode and anode were maintained at a distance of 3  cm, and 
the electrolyte used in this work contained 1 M Na2SO4+0.5 wt% NaF. 
TNT coatings were obtained at potentiostatic 20 V for 1 hrs at room 
temperature. Subsequent to anodization, the samples were washed in 
deionized water and then dried at room temperature. To achieve the 
desired structure of the sample’s crystallinity, the anodized specimens 
were subjected to heat treatment at 500°C for 2 hrs [17].

prepared using the electrolyte containing Cu(NO3)2, Ca(NO3)24H2O, and 
(NH4)2HPO4, whereas Zn-HA was prepared in electrolyte containing 
Zn(NO3)26H2O, Ca(NO3)24H2O, and (NH4)2HPO4. All these solutions 
were of a molar ratio of (Ca+ respective ion) to P as 1.67 and starting 
pH of solutions were 4.5 having (Ca/respective ion) ratio as 9:1. The 
deposition was carried out by applying the constant potential of 15 V 
for 20 minutes for each sample. During cathodic deposition, the solution 
in the beaker was continuously stirred to obtain a uniform electrolyte 
concentration. Once the coatings were obtained, the specimens 
were immersed in 0.1 M NaOH solution for 2 hrs. Further, the coated 
specimens were rinsed with distilled water and subsequently dried at 
room temperature in air [18,19].

X-ray diffractometer (XRD; X’pert-APD, Philips, Netherlands) was 
carried out to determine the structure of coating using Cu Kα radiation 
(λ=0.154 nm, 40 kV, 20 mA) and scanned in the 2θ range of 15-85° [20]. 
Field emission scanning electron microscopy (FE-SEM; JSM-6700, JEOL, 
Tokyo, Japan) was employed to observe the surface morphology and 
thickness of coating layer and energy dispersive X-ray (EDX) was used 
for the elemental analysis of the coatings. Surface measuring instrument 
(SURFTEST, Mitutoyo, Japan) was used to measure the Roughness (Ra) 
of the coatings. Coating wettability or hydrophilicity was measured 
using a contact angle detection system (OCA15 Plus, Dataphysics, 
Germany), and it was measured using drops of ultrapure distilled water 
(0.6 µl) and by capturing the image with delivery span of 10 seconds. 
Using a universal testing machine (Instron; 4202) under tension mode 
in accordance with ASTM C633-79 tensile pull-off adhesion strength 
was estimated [21]. Titanium (diameter 3  mm) was used as a stub 
and was pasted to the coating side. The stub was secured to a tension 
adaptor with a ball joint to ensure a pure axial alignment during loading 
of the interface. A tensile load at a crosshead speed of 1.5 mm/minutes 
was applied to the coating/substrate interface until failure occurred. 
The adhesion strength was calculated as the load at failure divided by 
the coated area bonded to the stub [22].

RESULTS

Peaks of Cu and Zn are seen in the Cu-HA and Zn-HA samples, 
respectively, as evident from XRD pattern. SEM micrograph of the as 
formed TNT surface is depicted in Fig. 1, and the cross-section of the 
nanotube surface is shown in Fig. 2. The SEM of Cu-HA and Zn-HA are 
shown in Figs. 3 and 4, respectively. SEM shows that the nanotubes 
are present uniformly throughout the Ti substrate. It is evident from 
Figs. 3 and 4 that dense ion substituted HA were coated on TNT surfaces. 
Cu-HA and Zn-HA coatings with bead-like particles conglomerated with 
hexagonal HA crystal structures with 10% Cu and Zn concentration. 
Morphology of both the coatings of HA showed hexagonal structure. 

Fig. 1: Scanning electron microscopy of titanium oxide nanotube 
surface

Fig. 2: Scanning electron microscopy of the cross-section of 
titanium oxide nanotube surface

Fig. 3: Scanning electron microscopy of Cu-HA surface

Uniform distribution of HA was observed on both the TNT surfaces. 
The pores diameter of the nanotubes was observed in the range of 
70-170 nm. Porosity was in the range of 60-80%, and the tube lengths 
were measured to be up to 1.32  µm. The synthesized nanotubes are 
self-organized, and the walls of the tubes had ripples with less Ra. 
Particle-induced X-ray emission (PIXE) spectroscopic technique was 

HA, Cu-HA, and Zn-HA formation on nanoporous titanium
The heat treated TNTs were taken for deposition of HA, Cu-HA, and 
Zn-HA onto it by cathodic deposition. Cathodic deposition of HA 
was conducted at room temperature in an electrolyte containing 
Ca(NO3)24H2O and (NH4)2HPO4 to obtain control HA. Cu-HA was 
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used for the elemental analysis of the coatings. PIXE analyses showed 
the presence of Cu and Zn in the coatings. High surface to volume ratio 
having different morphologies was observed in the Cu-HA and Zn-HA 
coatings.

It is evident that implant surfaces having higher Ra have the better 
bond strength to the coating produced on it. So, in the current coating, 
the HA coatings are supposed to have better bonding strength with 
the TNT surface and subsequently the coated implant has better bond 
strength with the body tissues. The (Ca+Zn)/P and (Ca+Cu)/P ratio of 
the coatings were found to be calcium deficient, and they are 1.51 and 
1.6, respectively, i.e.,  lower than the standard stoichiometry HA value 
of 1.67.

DISCUSSION

Roughened surfaces are more suitable for bone anchoring and 
biomechanical stability [23]. The surface Ra of both the coatings are 
higher than the control HA surface. The Ra of Zn-HA coatings was found 
to be higher than the Cu-HA coating. Since higher surface Ra favors 
better osteoblast activities, the Zn-HA surface has an advantage as far as 
biological properties are concerned. On the other hand, the contact angle 
of Cu-HA and Zn-HA coatings were lower than the control HA surface. 
The contact angle of Zn-HA coating was found to be 51°, i.e.,  lower 
than the Cu-HA coating with a value of 59°. It suggests that the Zn-HA 
coating is more hydrophilic than Cu-HA surface. Hydrophilic surfaces 
enhance the formation of proteins and osseointegration. So, Zn-HA is 
supposed to show better cell activities on its surface as compared to Cu-
HA surface. Zn-HA coating also showed another advantageous property 
in the form of adhesion strength. Adhesion strength is a very important 
characteristic since coatings will exhibit a weight loss when abraded 
against bone. Zn-HA with 8.8 MPa showed better adhesion strength than 
Cu-HA coating with a 7.8 MPa value. Hence, Zn-HA is predicted to have 
higher cell attachment than the Cu-HA coating. It has been specified that 
the adhesion strengths of the HA coatings used as implants should have 
at least 18 MPa [24]. However, coatings obtained by cathodic deposition 
can give less values of adhesion strength that is up to 10 MPa. On the 
other hand, as low as 10 MPa of adhesion strength of HA coatings were 
also obtained using plasma spray technique [25]. The low adhesion 
strength values of our coatings can be attributed to the two layers of 
coatings on Ti substrate. Fig.  5 shows the results of cell proliferation 
of osteoblast-like cells evaluated by 3-(4,5-dimethythiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay on the control, Cu-HA, and 
Zn-HA surfaces. Zn-HA-coated surfaces showed significantly higher cell 
viability than the control.

The favorable effects of Zn on bone growth have motivated researchers 
to incorporate this trace element in HA for better biological coating 
applications [10-12]. The addition of nanoparticles in HA crystal 
structure effectively improves the corrosion resistance of the 
substrate [8,9]. Therefore, the simultaneous incorporation of Zn and 
Cu ions into HA coating is encouraging for the enhancement of the 
bioactivity, corrosion resistance, and antibacterial property of the 
biomedical coating. Cathodic electrodeposition (CED) is attracting 
increasing attention as a superior method for the preparation of 
bioceramic coatings, inorganic composite coatings, and organic 
protective coatings [10]. Therefore, the application of CED would be 
suitable for the preparation of Cu-HA and Zn-HA coating.

Development of bone-implant interfaces depends on the direct 
interactions of bone matrix and osteoblasts with the biomaterials. 
Osteoblast adhesion is, therefore, essential for bone-biomaterial 
interactions. Since Zn-HA coating has higher Ra, hydrophilicity, and 
mechanical strength, it is envisaged that this coating will show better 
protein accumulation and osseointegration in the implanted condition.

CONCLUSIONS

Thin coatings of Cu-HA and Zn-HA were deposited on TNT surfaces. 
Zn-HA showed higher adhesion strength as compared to other coatings. 

Moreover, hydrophilicity and surface Ra of Zn-HA was higher than 
Cu-HA coating. Having better mechanical, surface Ra, hydrophilic and 
biological properties, Zn-HA is most suitable as a bioimplant surface 
as compared to HA or Cu-HA coating that can have better cell activities.
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