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Abstract: Effective physiological bone integration and absence of bacterial infection are 

essential for a successful orthopaedic or dental implant. This work elucidated the antibacterial 

efficacy and cytocompatibility of electroplated Cu(II) and Zn(II) co-substituted 

hydroxyapatite (HAP) (i.e., ZnCuHAP) coating on commercially pure titanium (Ti-cp). To 

improve the antibacterial property of pure HAP, Cu2+ was substituted into its structure. 

Simultaneously, Zn2+ is co-substituted as secondary material into CuHAP to offset the 

potential cytotoxicity of Cu, because elevated Cu concentration is toxic. The as-deposited 

coatings were characterized by Fourier transform infrared spectroscopy, X-ray diffraction, 

scanning electron microscopy and energy-dispersive X-ray spectroscopy. Co-doping of Zn2+ 

and Cu2+ into HAP reduced the porosity, resulting in a denser coating. The Zn2+ and Cu2+ ions 

were homogenously co-deposited into HAP films. Potentiodynamic polarisation test revealed 

                                                        
* Corresponding author at: Tel: +86 18981736790, Fax: +86 313 4029150 

E-mail address: xfpang@aliyun.com (Y. Huang). 
 

Page 1 of 37 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



2 

that the ZnCuHAP covered coating provided good barrier characteristics and achieved 

superior corrosion protection for Ti substrates. The as-prepared ZnCuHAP coating was found 

to be highly effective against Escherichia coli in vitro. In vitro biocompatibility tests and 

MTT were employed to assess the cytotoxicity of ZnCuHAP coating with osteoblast-like 

MC3T3-E1 cells. No adverse effect or cytotoxicity on osteoblasts by Zn/Cu addition was 

observed, revealing that the co-substitution of Zn in CuHAP efficiently offsets the adverse 

effects of Cu and improves the performance compared with that of pure HAP.  

1. Introduction 

Bacterial colony and biofilm formation on the surface of a medical implant is one of the 

worst possible outcomes of orthopaedic intervention with respect to both patient prognosis 

and healthcare costs [1–3]. Commercially pure titanium (Ti-cp) and its alloys are used 

extensively for oral and orthopaedic medical implants because of their low density, high 

strength, non-toxicity and superior corrosion resistance [4–6]. To enhance bone-bonding 

ability, metallic implants are generally coated with osteoconductive biomaterials, such as 

hydroxyapatite (HAP, Ca10(PO4)6(OH)2) bioceramics [7–9]. Synthetic HAP is extremely 

similar to the inorganic component of hard tissues, such as bone and teeth; HAP is also 

non-toxic within any quantity and osteoconductive [10–12].  

However, the application of pure HAP presents several disadvantages, including lack of 

antibacterial activity that affects its long term stability and engenders implant failures [1, 13]. 

This disadvantage induces an increased risk of bacterial adherence and colonization of 

metallic implants coated with HAP [13, 14]. To solve these problems, multiple strategies have 

been developed to obtain surfaces that are able to reduce the risk of bacterial contamination 

and promote cell proliferation [2, 13]. Introduction of inorganic antibacterial agents into HAP 
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coating has achieved growing attention [2, 14, 15]. In recent years, incorporation of metallic 

antibacterial agents (such as Cu2+, Ag+, Ce4+ and Zn2+) in bioceramics is mainly implemented 

because of their antibacterial property, which aids in inhibiting microbial growth at the 

implant site, and their lack of cytotoxicity at low concentrations [15–18]. Among these ions, 

Cu(II) is an essential trace element for mammals [2, 18] because it stimulates the activity of 

several enzymes and performs a function in cross-linking of collagen and elastin of bones [18, 

19]. Cu demonstrates high antibacterial ability by maintaining a low cytotoxicity [15, 18]. 

However, higher content of Cu in the biomaterials has been shown to provide better 

antibacterial effect, but with increased cytotoxicity [20]. Therefore, incorporating a secondary 

agent is essential to lessen the adverse effects while maintaining the antimicrobial properties 

of Cu [17]. Certain minerals such as Zn, Si and Sr, as well as trace amounts of metallic 

elements, promote bone formation [6, 7, 16, 21]. Among these elements, Zn(II) is one of the 

most essential trace elements in the mammalian body [7, 21,]. Zn performs a stimulatory 

function on osteoblastic proliferation and promotes cell differentiation through the 

Zn-dependent syntheses in various cell division- and promotion-associated hormones and 

enzymes [6, 21,]. Thus, the substitution of Cu in HAP coating could be used to prevent 

bacterial adherence. In addition, Zn is co-substituted into CuHAP to offset the cytotoxicity of 

Cu, as well as to provide superior bone bonding capacity [17, 18]. However, to the best of our 

knowledge, reports concerning the deposition of Cu2+ and Zn2+ (Cu/Zn) co-substituted HAP 

coating on metallic substrate are scarce. 

Numerous papers have reported different HAP coating approaches on metal substrates [6, 9, 

22], including electrochemical deposition, biomimetic coating, hot isostatic pressing, pulsed 

laser ablation, sputter coating, dynamic mixing, ion-beam-assisted deposition, sol–gel, 
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thermal spraying, dip coating and plasma spraying process. Amongst these methods, plasma 

spraying is the only technique that is approved by the Food and Drug Administration  [21, 

22]. However, this approach poses several defects [9, 22]: (1) it requires excessively high 

temperature and costly equipment; (2) it fails to elicit carefully organized growth, so the 

mineral initiates in non-specific sites; (3) it cannot coat porous surfaces or include bioactive 

agents; and (4) it has poor substrate-coating bond, which constantly results in many clinical 

problems. In this sense, electrolytic deposition (ED) has proven to be among the most 

versatile methods for the synthesis of ion-substituted HAP composite coatings [6, 7], with 

characteristics that are superior to conventional deposition techniques (e.g., low process 

temperature, low-cost equipment, probability of fabricating onto porous substrates of 

complicated shapes and simple control of coating properties). Several studies have reported 

on the individual substitution of several ions such as Cu, Na, Sr, Mg, Mn, Ag, Zn and F into 

HAP coating [6, 7, 23–30]; meanwhile, simultaneous incorporation of Zn and Cu into HAP 

coating by ED has not been reported. Hence, the present work is designed to fabricate Ti-cp 

coated with ZnCuHAP to improve antibacterial efficacy, corrosion resistance and 

cell–biomaterial interactions. 

In this study, synthesis of HAP coating substituted with Cu is reported along with the 

co-substitution of Zn to enhance the antibacterial and biocompatible properties of HAP. An 

electrolytic deposition technique was adapted to develop Cu/Zn co-substituted HAP coating 

on Ti-cp [25–30]. The crystallinity, phase purity, level of ionic substitution, and coating 

morphology of the ZnCuHAP coating was studied. The in vitro antibacterial effect of the 

ZnCuHAP coating was evaluated using Escherichia coli. Furthermore, MTT assay was 

employed to assess the viability of cultured MC3T3-E1 osteoblast precursor cells seeded on 
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pure HAP and ZnCuHAP coatings.  

2. Materials and methods 

2.1. Preparation of Cu(II)/Zn(II) co-substituted HAP coating 

Ti-cp plates (99.9% purity, Non-Ferrous Metals, Ltd., Baoji, China) with dimensions of 10 

mm×10 mm×0.9 mm were prepared as substrates. The edges of the Ti-cp substrates were 

rounded to prevent edge effect during ED. Firstly, Ti-cp substrates (100 mm2 surface) were 

subjected to fine polishing using SiC paper of different grit sizes (280, 400, 600, 800, 1000 

and 2000). Secondly, the samples were etched in a mixed acid (HNO3/HCl/H2O = 1:1:10, 

volume ratio) at 25 °C for 15 s to eliminate inherent oxide layers and increase surface 

roughness. Thirdly, the samples were treated with alkali to enhance hydrophilicity by soaking 

in 50 mL of 5 M NaOH aqueous solution at 65 °C for 6 h. 

In the ED apparatus, saturated calomel electrode, Ti-cp plate, and platinum sheets were 

designated as the reference, working and auxiliary electrodes, respectively. Analytical-grade 

calcium nitrate tetrahydrate (Ca(NO3)2·4H2O), cupric nitrate (Cu(NO3)2·3H2O), zinc nitrate 

(Zn(NO3)2·6H2O), and ammonium dihydrogen phosphate (NH4H2PO4) were adopted as the 

sources for Ca, Cu, Zn and P, respectively. The electrolyte was prepared with a theoretical 

Ca/P ratio of 1.67 for apatite. The electrolyte solution for deposition, which was composed of 

analytical-grade 5×10−2 M of Ca(NO3)2·4H2O, 3×10−2 M of NH4H2PO4, 2×10−3 M of 

Zn(NO3)2·6H2O, and 2×10−3 M of Cu(NO3)2·3H2O, was maintained at (65±1) °C, and the pH 

was maintained at 4.3. The coating process was conducted galvanostatically using an 

electrochemistry workstation (LK2005A, China) at a constant current density of 2 mA/cm2 for 

25 min [25, 26]. After deposition, the ZnCuHAP-coated specimens were carefully rinsed with 

deionised water. The samples were then immersed in 0.1 M NaOH solution at 65 °C for 
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approximately 4 h, gently rinsed with distilled water, and dried in 65 °C oven for 2 h. The 

dried films were sintered at 200 °C for 2 h in air. The specimens were cooled down gradually 

in the oven to decrease stress. For comparison, pure HAP coating was designated as a control. 

2.2. Sample characterisation 

Topographical features and elemental analysis of the as deposited coatings (HAP and 

ZnCuHAP) were identified by means of Field Emission Scanning Electron Microscopy 

(FESEM, JEOL JSM-7500F, Japan) equipped with Energy Dispersive Spectroscopy (EDS). 

The crystalline phase structure of the coatings were tested by X-ray diffraction (XRD, 

DX-1000, Dandong Fangyuan Instrument CO., LTD.). Cu Kα incident radiation, a tube 

voltage of 35 kV and a current of 35 mA was used and the scanning angle is ranged from 20 

to 60°, with a scan rate of (2θ) 0.06° s−1. The functional groups present in the as-synthesized 

coatings were analyzed by Nicolet 670 FTIR Spectrometer (USA) over the range from 400 

cm−1 to 4000 cm−1 with a number of scans 64 and resolution 4 cm−1. The specimens were 

prepared by mixing 0.001 g of the deposit powder (scraped off from the Ti surface) together 

with 0.1 g of KBr to make a pellet.  

To measure the quantity of copper/zinc precisely by inductively coupled plasma atomic 

emission spectrometer (ICP-AES; ICPS-100IV, SHIMADZU, Japan), the ZnCuHAP coatings 

were immersed in 200 g/L of chromium trioxide and 10 g/L of silver nitrate solution for 20 s. 

The samples was completely dissolved, the concentration of Ca2+, Cu2+, Zn2+ and PO4
3– 

dissolved from the coatings in the solution was detected with an ICP. An average of three 

measurements was taken for each sample. 

The bond strength (BS) between the as-electrodeposited CuZnHAP coating and the Ti 

substrate was evaluated using an electronic universal testing machine, in accordance with the 
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ASTM international standard F1044-05 [26, 27]. Three replicate tests were conducted. The 

counter Ti substrate was attached to the surface of the CuZnHAP coating using epoxy. After 

heating in an oven at 120 °C for 2 h, the samples were tested for tensile strength at a constant 

speed of 1 mm/min until fracture. Adhesive BS was calculated as failure load/sample area 

(0.785 cm2). 

2.3 Potentiodynamic polarisation assay 

A simulated body fluid (SBF) solution was prepared according to ISO 23317:2007 using 

the procedure proposed by Kokubo et al. [31]. The corrosion properties of the coatings in SBF 

were detected by potentiodynamic polarization tests at (37±0.5) °C by employing an 

electrochemistry workstation controlled via a personal computer and software. The tests were 

conducted by adopting an initial delay time at the equilibrium state of 1 h to maintain the 

Ti-cp surface at open circuit potential. Electrochemical experiments were conducted for the 

Ti-cp, HAP-coated Ti-cp and ZnCuHAP-coated Ti-cp at a scan rate of 10 mV/s. All 

experimental potentials were associated with SCE, and all polarization parameters were 

normalised considering the working electrode area (100 mm2). Each test was repeated for 

three times to evaluate reproducibility. 

2.4 Antimicrobial activity test 

E. coli was employed to analyse antimicrobial activity. Antimicrobial activity of the 

ZnCuHAP coating against E. coli was determined using plate-counting method. Before the 

test, all samples were sterilized at 121 °C for 20 min in an autoclave. The concentration of the 

bacterial solution was adjusted to 105 colony-forming unit (CFU)/mL with sterilized 

phosphate-buffered saline (PBS). Then, 30 µL of bacterial solutions were dripped separately 

on the surface of samples, and the samples were covered with an aseptic polyethylene film. 
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After the samples were incubated with E. coli at 37 °C for 24 h, each sample was placed into 

a tube with 10 mL sterilized PBS (pH = 7.2), followed by shaking at 200 rpm for 5 min. A 100 

µL portion of each shaken bacterial solution was respectively spread evenly on Luria–Bertani 

medium agar plates. The incubation period was conducted in a thermostat at 37 °C for 24 h, 

and then the visible cells of each plate were counted by quantifying the CFUs. Each test was 

performed in triplicate, and a witness test was also applied as a control group. Hence, the 

antimicrobial ratio (K) of the coatings was calculated using the formula [32]: 

A B
K 100

A

−
= ×  

where A is the average number of colonies in the control and B is the average number of 

bacteria colonies in the ZnCuHAP or HAP coating. 

2.5 Cytotoxicity test 

MC3T3-E1 osteoblast-like cells from mouse skull (West China School of Medicine) were 

cultured at 37 °C in a humidified 5% CO2 atmosphere in standard culture medium. The 

standard culture medium was Dulbecco’s Modified Eagle Medium (DMEM, GIBCO), which 

consisted of α-minimal essential medium (Hyclone) supplemented with 10% foetal bovine 

serum (HyClone) and 1% penicillin/streptomycin (GIBCO). Upon reaching 85% to 90% 

confluence, the cells were separated by trypsin (Sigma–Aldrich), gathered and employed for 

cytotoxicity experiment. To evaluate the cytotoxicity of the ZnCuHAP coating, 2×104 

cells/mL densities of MC3T3-E1 cells were seeded onto the samples. Cell adhesion test and 

MTT assay were performed according to previously described procedures [25–30], which 

were based on previously established tests [24, 33]. 

2.6 Cu and Zn release rate tests 

To examine Cu and Zn release, CuZnHAP coatings were statically incubated in a 24-well 
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plate in 1 mL PBS at 37 °C and at varying time periods (1, 2, 4, and 7 days) in a humidified 

atmosphere. Three parallel samples were used for the ion release test. At each time interval, 

the solution was collected and replaced with 1 mL of fresh PBS. The Cu and Zn concentration 

of the collected solution was measured with an ICP. 

2.7 Statistical analysis 

  Statistical analysis was performed using SPSS 19.0 software by one-way analysis ANOVA 

followed by Tukey–Kramer post hoc test. Statistical significance was considered at p < 0.05. 

3. Results and discussion 

3.1 Structural characterizations of the as-deposited coatings 

XRD patterns of the as-deposited pure HAP and ZnCuHAP coatings are shown in Fig. 1A. 

XRD results confirmed the hexagonal HAP (space group P63/m; ICDD file: 00-009-0432) to 

be the main crystal phase in both coatings. The most intense diffraction peaks of the patterns 

were ascribed to the titanium peaks of the substrate (ICDD file: 00-044-1294). No other 

unwanted peaks were found in the as-synthesized specimens. In the case of as-deposited 

coatings, the broad and shallow ZnCuHAP peaks denote reduced crystallinity as well as 

particle size, owing to the incorporation of Cu/Zn in ZnCuHAP coating [16, 17]. The 

diffraction peak at (0 0 2) plane was selected for local comparison because the plane was 

separated from other peaks [25]. Notably, for ZnCuHAP (Fig. 1B), the diffraction peak 

positions shifted towards higher angles from the standard XRD patterns for HAP. Both of the 

ionic radius (Cu2+, 73 pm; Zn2+, 74 pm) are smaller than that of Ca2+ ions, which is 100 pm. 

Therefore, co-substitution of Ca2+ by Cu/Zn ions leads to a contraction of the cell parameters 

of HAP [34]. The cell parameters have been calculated by XRD refinement method using Jade 

5.0 software, as is shown in table 1. So that both Zn and Cu ions will decrease the size of the 
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10 

unit cell of HA (528.80 Å3→526.12 Å3). 

Table 1 Lattice constant of HAP and ZnCuHAP 

 a=b (Å) c (Å) Vol (Å3) 

ZnCuHAP 9.391 6.879 526.12 

HAP 9.418 6.884 528.80 

  The shift of XRD peaks with respect to Cu/Zn-free HAP served as evidence of Cu/Zn 

co-substitution in the obtained coatings [35]. 

The unit cell of HAP contains 10 Ca2+ in two different locations: the Ca(I) site, in which 4 

cations are connected with 9 oxygen atoms (Ca(I)–O distances: 0.241, 0.245 and 0.281 nm), 

and the Ca(II) site, in which 6 cations are connected with 7 oxygen atoms (Ca(II)–O distances: 

0.236, 0.239 and 0.251 nm) [11]. With a higher concentration of dopants, incorporation of 

Ca2+ in the Ca(II) site is mostly preferred, as represented by the substitution with Zn2+, Sr2+, 

Pb2+ and Cd2+. However, with a lower concentration of dopants, incorporation of Ca2+ in the 

Ca(I) site is more favourable [10]. In the present study, the concentrations of the dopants 

Cu2+/Zn2+ were low, and we supposed that substitution of Ca2+ in the Ca(I) site was 

favourable. 

Figure 1. 

Figure 1C shows the representative FTIR spectra of (a) HAP and (b) ZnCuHAP coatings 

deposited on Ti. Characteristic peaks [Fig. 1C(b)] appeared at 1110 and 1037 cm−1 (υ3), 602 

and 562 cm−1
 (υ4), as well as the band observed at 957 cm−1 (υ1) assigned to the phosphate 

groups [16, 17]. The υ4 and υ3 (PO4)
3− vibration bands are considered to be the IR fingerprint 

of a HAP structure. The absorption peaks observed at 3561 cm−1 are assigned to the stretching 

vibration of OH− (hydroxyl) groups. Moreover, the broad stretching band at 3432 cm−1 and a 

bending peak at 1642 cm−1 are attributed to the H2O molecule of ZnCuHAP coating, 

respectively. In particular, the peaks at 1459 (υ2), 1412 (υ2) and 874 (υ3) cm−1 could be 
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attributed to CO3
2− replacing the PO4

3− in HAP, thus forming the B-type carbonated HAP 

(CHAP) [25]. The CO3
2− originated from CO2 in air, which dissolved in the electrolyte 

solution, and the B-type CHAP can normally be obtained from precipitation reaction [36]. 

Numerous studies have consistently revealed that CHAP typically shows superior bioactivity, 

cytocompatibility and, if porous, osteoconduction in vivo [36]. The FTIR spectrum of 

ZnCuHAP coating [Fig. 1C(b)] shows a similar structure as that of pure HAP [Fig. 1C(a)] [25, 

26, 28]. Slight changes in the shapes and intensities of the peaks were detected for ZnCuHAP 

coating, which suggest the lack of structural modification of HAP because the substitution of 

Cu/Zn was observed. This result is in accordance with the results reported by Shanmugam et 

al. [15] and Ding et al. [25] in 2014, in which FTIR examination of the CuHAP or ZnHAP did 

not provide confirmation of considerable change in the structure of pure HAP. 

Figure 2. 

The typical surface morphologies of the HAP and ZnCuHAP coatings are investigated by 

FESEM, and the images are described in Fig. 2. FESEM images provide direct information on 

the size and shape of the deposited coatings. The HAP layer formed uniformly, with 

needle-like or flower cluster crystal morphology. These crystals fused together to form a 

microporous structure with pore diameter of approximately 2 µm to 4 µm. By contrast, the 

coatings obtained from Cu/Zn containing electrolytes showed a comparatively more compact 

appearance with smaller crystals (Fig. 2d), the dominant shape of which was flake-like (Fig. 

2e). The co-substitution of (Cu/Zn) minerals in HAP increased the density, resulting in a 

relatively lower porosity (pore diameter, ≤ 1 µm) than the HAP coating. The decreased crystal 

size observed for depositions from Cu2+/Zn2+ including electrolytes are possibly caused by a 

restricted growth of HAP crystals because of the positions of Cu and Zn species [23, 25]. As 
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shown in Figs. 2c and 2f, no apparent cracks or flaws that may induce fracture and shedding 

of the coating layer can be seen in the HAP and ZnCuHAP coatings, thus implying that both 

coatings were tightly bonded to the Ti-cp substrate. The thickness of the coatings was 

approximately 10 µm, which was suggested to be predominantly preferred for bone deposition 

[26].  

Figure 3. 

From a qualitative point of view, the EDS spectra of the HAP-based coatings (data not 

shown) revealed the existence of typical apatite elements only (Ca, P, O and C). As shown in 

Fig. 3 and in the case of ZnCuHAP coating, the presence of Cu and Zn was also emphasized, 

besides the characteristic HAP elements. The absence of other cations affirms the coating 

purity. EDS quantitative data were collected (inset in Fig. 3). A slight decrease of Ca/P atomic 

ratio in the HAP coatings (Ca/P = 1.41, data not shown) with respect to the theoretical HAP 

stoichiometry (Ca/P = 1.67), can be observed. Meanwhile, the Ca/P, Cu/P and Zn/P molar 

ratios of the ZnCuHAP coating were 1.30, 0.025 and 0.020, respectively. The decrease in Ca/P 

atomic ratio from 1.41 in HAP coating to 1.30 in ZnCuHAP coating confirms the replacement 

of a part of Ca ions by Cu/Zn ions [25, 30]. These results suggest that the ZnCuHAP coating 

was Ca-deficient with a few Cu (~1.22 wt.%) and Zn (~1.02 wt.%) co-substitution (Figs. 4). 

Thus, 3.49 at.% of Ca ions have been substituted. 

The determination of Cu/Zn quantity by EDS is insufficient, considering that EDS is only a 

semi-quantitative method. Precise measurement of Cu/Zn quantity is necessary because of 

their crucial antibacterial/cytotoxicity properties. Methods such as ICP would be useful for the 

precise measurement of Cu/Zn quantity. The results of ICP showed that the Ca/P, Cu/P and 

Zn/P atomic ratios of ZnCuHAP coating were 1.35, 0.019 and 0.018, respectively. These 
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results suggest that ZnCuHAP coating was Ca-deficient with a low degree of Cu (~1.01 wt.%) 

and Zn (~0.92 wt.%) co-substitution. The Cu/Zn quantities are nearly consistent with the EDS 

results. 

Figure 4 demonstrates the lateral distribution of the elements Zn, Cu, Ca, P and O in 

comparison with the surface topography that exemplifies ZnCuHAP coating. The distribution 

patterns of all elements extremely correlates with the surface morphology, as the X-ray quanta 

originating from exposed surface sites are detected to a higher percentage than those from 

deeper structures, which are scattered to a larger degree. Given that the electrodeposited layer 

was quite uniform (Figs. 2d and 2e), a homogenous deposition of Cu and Zn species within 

the coating can be deduced. However, locating the precise position of Cu and Zn species in 

relation to the HAP flakes via EDS is impossible, as the lateral resolution ranges between 1 

and 2 µm [23]. 

The adhesion of the CuZnHAP coating to the Ti substrate is significant for the implant to 

function suitably in physiological conditions. In this study, the adhesion strength of the HAP 

and CuZnHAP coatings on Ti substrate was evaluated. The BS measured for the CuZnHAP 

film was 9.4±2.7 MPa, with is slightly higher than 8.1±2.1 MPa for pure HAP film. This BS 

value of the composite coating was consistent with previous reports regarding SrHAP coating 

prepared by a traditional electrolytic deposition process (9.3±0.7 MPa) [7]. Evidently, the 

adhesive BS was not affected by the co-substitution of Zn2+ and Cu2+ ions. This adhesion 

strength of the as-formed composite coating will make the material suitable for orthopaedic 

applications. 

Figure 4. 

3.2 Corrosion behaviour 
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Figure 5 shows the potentiodynamic scan of the uncoated, HAP-coated and 

ZnCuHAP-coated Ti-cp in SBF. For comparison, corrosion current density (icorr) and 

corrosion potential (Ecorr) calculated from potentiodynamic curves using Tafel extrapolation 

method [8] are listed as an inset in Fig. 5. The curves of the specimens shifted to a nobler Ecorr 

and a lower icorr. The corrosion rate of a material proportional to the icorr at a given potential, 

and materials with higher value of icorr material is more prone to corrosion [6, 7]. 

Compared with the uncoated specimen, the HAP coating enhanced the corrosion potential 

by 208 mV, and the icorr was decreased by one order of magnitude. For the ZnCuHAP-coated 

specimen, the polarization curve moved to the right (lower icorr, 1.66 µA/cm2) and downward 

(higher Ecorr, −0.443 V), revealing that the corrosion resistance of Ti-cp substrate was further 

enhanced by ZnCuHAP coating. The films restricted penetration of the solution into the bulk 

substrate, thereby blocking the infiltration of chloride ions to the Ti-cp substrate. Earlier 

corrosion studies on ionic-doped HAP coatings show the same results [6, 7]. In the present 

study, the ZnCuHAP coating was prepared on Ti-cp substrate, consequently decreasing the 

specific surface because of the formation of a denser coating, as proven by the FESEM 

micrograph in Fig. 2. The reduced grain size has a distinguishing feature in elevating electron 

activity at the grain boundaries [26], thus decreasing icorr, which translates to improved 

corrosion protection.  

Figure 5. 

3.3 Antimicrobial assessment 

The results of the quantitative antibacterial tests are presented in Fig. 6. Antimicrobial ratio 

(K) was calculated from the number of colonies after 24 h incubation periods and listed as an 

inset in Fig. 6. The ZnCuHAP coating showed the highest activity against E. coli in 
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comparison with the HAP coating and the control. Antimicrobial results revealed that Cu ions 

released from ZnCuHAP present a strong bactericidal effect against these organisms 

(antimicrobial ratio > 95%). This enhancement may be due to the high release of copper in 

ZnCuHAP in the PBS medium after 24 h incubation (based on the ICP-AES analysis). 

The antibacterial tests results revealed that pure HAP coating has no antibacterial property. 

The pure HAP plate showed more colonies than the control sample (Fig. 6). This finding 

showed that proteins, amino acids, and other organic matter are readily adsorbed on the HAP 

surface, which could favour adsorption and replication of bacteria on the coating, usually 

causing implant-related infections [37]. Therefore, endowing antimicrobial properties to HAP 

is necessary. Several recent studies have introduced antimicrobial activity of materials that 

involve Cu(II) ions. Du et al. [38] have suggested that chitosan nanoparticles loaded with 

Cu(II) ions interact with bacterial cell membranes of E. coli, causing structural changes and, 

eventually, cell death. Nan et al. [39] also suggested that structure of the outer cell membrane 

responsible for cell permeability is significantly altered for E. coli after contact with 

antimicrobial stainless steel with Cu(II) ions. This finding indicates that cell walls were badly 

undermined, and numerous cellular contents are released. Notably, Zn ions released from 

ZnCuHAP may also exhibit antimicrobial activity, thus preventing and minimizing initial 

bacterial adhesion [16, 17]. Kai Li et al. [40] showed that Zn-doped HAP could inhibit surface 

growth of bacteria, such as Staphylococcus aureus and E. coli, and discussed the antibacterial 

mechanism. It has been reported that Zn released within 0.26 µg/ml (0.26 ppm) in the culture 

medium is antimicrobic [1]. In this work, the released Zn ions were measured by ICP-AES, 

and the highest accumulated Zn ion concentration within 7 days immersion is 0.77 µg/cm2 

(Fig. 9), which is a little more than 0.26 µg/ml. Apparently, the concentration of Zn ions can 
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reach to the antimicrobial level. 

Figure 6. 

Figure 7. 

3.4 In vitro cytotoxicity studies with MC3T3-E1 cells 

The SEM images (Fig. 7) indicated differences in cell density and spreading patterns 

among the MC3T3-E1 cells grown on the apatite-coated and non-coated Ti-cp substrates after 

24 h. The results demonstrated that cells spread well onto all surfaces and exhibited active 

cytoskeletal extension. In Figs. 7c to 7f, the osteoblasts on ZnCuHAP notably appeared even 

more flattened and evenly spread across the coating surface than on HAP, which reveals the 

absence of a toxic nature. Interestingly, on the Ti-cp surface (Figs. 7a and 7b), cell density 

was similar to that on the apatite-coated specimens, indicating that all three specimens 

demonstrated sufficiently high cell viability after 24 h of incubation. 

Figure 8. 

The cytotoxicity of ZnCuHAP coating was evaluated by MTT test (Fig. 8). After one day 

culture, the cell number did not significantly differ between the Ti-cp and the coated 

specimens (ZnCuHAP and HAP coatings), which was in agreement with cell adhesion results 

(Fig. 7). During the next two periods (4 and 7 d), the cell numbers on Ti-cp were significantly 

lower (p<0.05) than those on the coated specimens, revealing that the ZnCuHAP and HAP 

coatings had higher cytocompatibility than the Ti-cp. No remarkable difference (p > 0.05) was 

found between ZnCuHAP and HAP coatings after 4 d of culture. In addition, after 7 d, the cell 

numbers on the ZnCuHAP coating were significantly higher (p < 0.05) than those on the HAP 

coating. These results showed that the obtained HAP coating doped with lower Cu2+ (1.22 

wt.%) and Zn2+ (1.02 wt.%) contents showed good cytocompatibility, presented no 
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cytotoxicity towards osteoblast cells, and was favourable for implant applications. However, 

such concentration of Cu must also exert an antibacterial effect by restraining bacterial growth 

to prevent microbial infections when used as in vivo implants. 

The target coating surface does not release any toxic ions that could injure the cells 

involved in osteogenesis. Gbureck et al. [41] revealed that Cu(II) improves cell activity and 

proliferation of osteoblasts on calcium phosphate cements and affects the expression of 

several special osteogenic proteins, such as bone sialo protein or osteocalcin. Therefore, the 

modification of calcium phosphate cements with Cu may provide a likely alternative to 

protein-based modification to promote cell viability for superior bone healing. Although Cu is 

known to be a preferred antibacterial agent, high concentrations of copper ions cause 

cytotoxicity [20]. Li et al. [42] fabricated CuHAP using ionic exchange process; this material 

exhibited high antibacterial potency against E. coli but was proved to be cytotoxic to human 

fetus osteoblasts. Thus, to achieve a good balance between cell biomaterial interaction and 

antimicrobial properties, a biomaterial with better bone bonding capacity (i.e., Zn) is 

co-substituted in CuHAP to offset the cytotoxicity of higher Cu concentration and stimulate 

osteogenic growth [17]. 

  Furthermore, numerous studies have shown that Zn-substituted HAP coating could release 

trace Zn2+ in the degradation process, which was advantageous in stimulating cell 

proliferation [21, 25, 43–45]. Ito et al. [46] showed that doping with Zn in certain amounts 

(between 0.6 and 1.2 wt.%) in a tricalcium phosphate/HAP composite ceramic improved the 

proliferation of murine osteoblasts; even extremely low amounts of Zn (0.012 wt.% to 0.025 

wt.% in human bone) present a stimulating effect in the formation of bone in vitro and in vivo 

[47–49]. Wang et al. [50] fabricated ZnHAP coating on Ti-cp rods, which remarkably 
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increased fibroblast proliferation.  

  Zinc is important for cell proliferation, and can stimulate osteogenesis, inhibit 

osteoclastogenesis and induce bone formation. The ICP-AES results indicate that the released 

Zn concentration increases with implantation time (Fig. 9), and the highest accumulated Zn 

ion concentration within 7 days immersion is 0.77 µg/cm2. Previous studies have shown that 

osteoblasts are the major organization forming cells in the process of osseointegration, and 

osteoblasts are widely used in tissue engineering bone. In this work, the ZnCuHAP surfaces 

are favorable for the proliferation of MC3T3-E1 cells, the numbers of cells on the ZnCuHAP 

surfaces are obviously higher than HAP, while the cell morphologies show that cells grow 

well on the ZnCuHAP surfaces. As stated above, Zn is beneficial to biological performance. 

Considering the similar microstructure, surface roughness and wettability of CuHAP and 

ZnCuHAP [51], the implantation of Zn is considered to be the main reason for the increased 

proliferation of MC3T3-E1 cells. Moreover, the released Zn ions within 7 days’ immersion 

shows that Zn concentration increases with implantation time, which is consistent with the 

proliferation of MC3T3-E1 cells, suggesting that the released Zn ions is the main factor that 

influence the proliferation of MC3T3-E1 cells.  

  It is believed that Zn ions at an appropriate concentration is a factor to promote osteoblast 

functions, bone formation, and has partly antibacterial effect on bacteria  without introducing 

undesired side effect. Form an overall perspective, it can be concluded that the enhanced 

proliferation of MC3T3-E1, initial adhesion and spreading activity, and partly antibacterial 

effect of the ZnCuHAP coating are due to the released Zn ions. All of the above results 

suggested that the as-deposited ZnCuHAP coating has the potential to decrease bacterial 

adhesion to the surface of Ti implants while maintaining healthy osteoblast cellular activity.  
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Figure 9. 

3.5 Investigation on the release behaviour of Cu/Zn 

After confirming the formation of Cu/Zn ions co-substituted HAP coating, we measured the 

time course release of Cu/Zn ions (Fig. 9). The release of Cu and Zn ions from CuZnHAP 

coatings exhibits sustained release kinetics without burst release. The total quantity of 

released Cu species ranged from 0.12 µg to 0.61 µg per cm2 of sample surface, and the total 

quantity of released Zn species ranged from 0.09 µg to 0.77 µg per cm2 (Fig. 9). Notably, the 

release kinetics of Cu/Zn was nearly linear. The coatings showed a high release rate within the 

first week, suggesting that Cu/Zn-containing coatings can provide a continuous Cu and Zn ion 

release platform. The subsequent release of Cu ions improves the antibacterial ability of the 

HAP coating, and this concentration of Cu ions that were released from the coatings exhibits 

no toxicity towards osteoblasts. Meanwhile, this sustained high Zn ion release into the 

microenvironment around the implant/tissue interface generally regulates the cell behaviour in 

a positive manner. Results from MTT assay show that CuZnHAP coatings are more 

favourable for osteoblast proliferation compared with pure HAP coatings. 

4. Conclusions 

In summary, novel antibacterial and biocompatible ZnCuHAP coatings were synthesized by 

electrodeposition method. The non-cytotoxic coatings showed good antibacterial efficacy and 

corrosion resistance. The co-doping of Cu2+ and Zn2+ into HAP slightly reduced the porosity, 

and the coating became denser. Potentiodynamic polarisation studies showed that the 

ZnCuHAP coating on Ti-cp possesses superior corrosion resistance in SBF. The substitution 

of Cu in HAP significantly enhanced the antibacterial activity of HAP. Simultaneously, 

co-substitution of Zn in CuHAP coating offsets the possible toxic nature of Cu, thereby 
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promoting the cell viability. Thus, a good balance between MC3T3-E1 cell material 

interaction and antibacterial property was achieved in ZnCuHAP. Given the antibacterial 

property and biocompatibility of the as-prepared ZnCuHAP coating, it is a potential candidate 

for biomedical applications. 
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Figure Captions: 

Figure 1. (A) XRD patterns of HAP coating and ZnCuHAP coating on Ti-cp; (B) partial 

magnification of the XRD patterns; (C) FTIR spectra of the deposits scraped from 

the Ti-cp substrate. 

Figure 2. SEM images of the (a and b) HAP coating and the (d and e) ZnCuHAP coating; 

Cross-section morphology of the (c) HAP coating and the (f) ZnCuHAP coating. 

Figure 3. EDS elemental spectrum of the ZnCuHAP coating. 

Figure 4. EDS mapping of the lateral distribution of Zn, Cu, Ca, P, and O compared to the 

SEM image of the same area for ZnCuHAP coating. 

Figure 5. The polarisation curves of the bare Ti and the Ti coated with coatings in SBF. 

Figure 6. Antimicrobial activity of the HAP and ZnCuHAP coating. 

Figure 7. SEM morphologies of the MC3T3-E1 cells grown on bare Ti substrate (a), HAP 

coating (c) and ZnCuHAP coating (e); The higher magnification images of the 

surface of the MC3T3-E1 cells grown on bare Ti substrate (b), HAP coating (d) and 

ZnCuHAP coating (f). 

Figure 8. OD measurements illustrating MC3T3-E1 cell proliferation on the ceramic coatings 

and bare Ti substrate after culturing for 1, 4 and 7 d (one-way ANOVA, ★, p < 

0.05). 

Figure 9. Amount of delivered copper/zinc species per surface area, static incubation, 37 °C 

in PBS. 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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