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Dear Editors,

  We thank you very much for giving us an opportunity to revise our manuscript. We 

appreciate editors and reviewers for their positive and constructive comments and 

suggestions on our manuscript.

  We have studied reviewers’ comments carefully, and tried our best to revise our 

manuscript according to the comments. For English, the manuscript is finally revised 

and polished by a native speaker from an institution named “Editage”. Two versions 

with and without revising trace are both submitted to the journal. Please find our 

responses to the comments, which we sincerely hope will be up to the satisfaction of 

the reviewers.

  Thank you and best regards!

Yours sincerely,

Qiang Li
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Responses to reviewers' comments

We would like to express great appreciation to reviewers for the comments on the 

manuscript. The main corrections in the manuscript and the responds to the reviewer’s 

comments are as following:

Reviewer(s)' Comments to Author:

Based on our research experience in the field of electrodeposited HA coatings, we 

may want to recommend the editor to REJECT this paper. The authors prepared 

CuHA/TiO2 composite coatings on Ti alloy, but the related characterization does 

not fully prove the successful synthesis of HA coatings.

Response: Thank you very much for your comment. We know that many studies have 

been carried out on preparing HA coatings. In this manuscript, we focus on Cu-doping, 

adhesion, antibacterial property and cytotoxicity. Our results suggest that the Cu-doped 

composite coatings show enhance adhesion, good antibacterial properties and non-

cytotoxicity. Additionally, we will do further study on the better synthesis of Cu-doped 

HA coatings for biomedical appliations.

Specific comments are as follows:

This work reported the preparation and characterizations of TiO2/ZrO2 

composite PEO coatings on Titanium. The comments on the paper are given as 

follows.

Response: Thank you very much for your comment. We have revised the manuscript 

carefully. We hope current revision can satisfy the requirement of publication.

1. Several characteristic peaks of HA from XRD pattern Figure 5 do not prove the 

formation of HA, and the synthesis may also be other phases of calcium phosphate. 

This conclusion is easily obtained by comparing with the diffraction file #09-0432 

of HA. Thus, we suspect that the authors did not succeed in the electrodeposition 

synthesis of high purity HA, which may require the authors to optimize the 
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parameters of electrodeposition to obtain. This still needs a lot of work.

Response: Thank you very much for your comment. According to our previous 

research (https://doi.org/10.2320/matertrans.MT-M2021005), The Cu-doped HA 

coatings are calcium phosphate coatings based on HA. This manuscript is the 

preliminary result of our preparation of Cu-doped HA coatings, the purpose is to 

improve the adhesion of the coatings. We will continue to optimize the parameters and 

improve the purity of HA in the future. The fabricated CuHA/TiO2 coatings exhibited 

high biocompatibility, and promoted the proliferation of MC3T3-E1 cells.

2. Page3 Line44, the authors point out that the disadvantage of HA coatings 

prepared by electrodeposition is their weak crystallinity. However, this is actually 

inaccurate. It has been shown that the addition of a certain concentration of 

hydrogen peroxide to the electrodeposition solution increases the crystallinity of 

the coating (Doi: 10.1016/j.matlet.2019.126989). The authors should also calculate 

the crystallinity of HA using Jade software in the subsequent XRD analysis and 

discussion. The authors need to explain whether titanium dioxide nanopores have 

any effect on enhancing the crystallinity of HA electrodeposition, which requires 

additional relevant XRD analysis.

Response: Thank you very much for your comment. The corresponding content has 

been added. Please see the revised manuscript.

3. Page6 Line10, please add more details of the electrodeposition experiment, such 

as the distance between cathodes and anodes, the type of electrodeposition 

equipment

Response: Thank you very much for your comment. The corresponding content has 

been added. Please see the revised manuscript.

4. The amount of copper doping has a significant effect on the antimicrobial and 

cytotoxic properties of the coating, and the authors should test the rate and 

amount of copper ions released in the SBF using ICP to prove “In this study, the 
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Cu content is maintained at a relatively low level by adjusting the deposition time 

(Page13 Line50)”.
Response: Thank you very much for your comment. Due to COVID-19, We are 
currently unable to perform ion release tests. According to our previous research, the 
quantity of Cu2+ release is 0.157 mg/L, which is significantly lower than 9 m g/L 
(https://doi.org/10.1002/adhm.202000681). This finding indicated no cytotoxic effect 
on MC3T3-E1 cells. We apply for further modification if ion release test is required.

Other minor questions:

1. Page6 Line8, the increase in solution conductivity is mainly attributed to sodium 

chloride, and the authors' expression is easily misunderstood.

Response: Thank you very much for your comment. The sentence has been modified, 

please see the revised manuscript.

2. Page8 Line44, are→were, the author wrote the paper in a confusing tense in the 

analysis and discussion section.

Response: Thank you very much for your comment. The tense has been modified, 

please see the revised manuscript.

3. “dope” and “substitute” are used to describe the combination of copper and HA 

in a very different way, and the authors' expression in this paper is confusing. 

Please strictly distinguish the meaning of these two verbs.

Response: Thank you very much for your comment. The expression has been unified, 

please see the revised manuscript.
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Abstract

Cu-doped hydroxyapatite (HA)/TiO2 (CuHA/TiO2) bioactive ceramic composite coatings were 

prepared on Ti surfaces using an electrochemical method to enhance their adhesion and antibacterial 

properties. The obtained coatings were characterized by scanning electron microscopy, X-ray 

diffraction, and X-ray photoelectron spectroscopy, while their adhesion was measured using a scratch 

test. The maximum adhesion between the TiO2 layer and the substrate was 39.8  2.6 N at an 

anodizing voltage of 180 V. Subsequently, the CuHA coatings were successfully deposited on the 

TiO2 layers and grown outward along TiO2 pores (during this process, Cu atoms are doped into the 

HA structure in the form of Cu2+ ions). The CuHA adhesion to the TiO2 layer was 26.3  1.9 N, 

indicating that the TiO2 interlayer significantly enhanced the bonding of CuHA to the substrate. 

Furthermore, the fabricated CuHA/TiO2 coatings produced a strong antibacterial effect on 

Escherichia coli and Staphylococcus aureus species, exhibited high biocompatibility, and promoted 

the proliferation of MC3T3-E1 cells.

Keywords: TiO2 nanopore, electrochemical deposition, Cu-doped hydroxyapatite coating, adhesion, 

antibacterial properties
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1. Introduction

Ti and its alloys are widely used in biomedical implants, such as bone nails and artificial joints, 

because of their low density, excellent mechanical properties, and high biocompatibility (Ref 1, 2, 3, 

4). However, Ti and its alloys are also biologically inert materials that, on account of their lack of 

biological activity, cannot promote the growth of bone tissues (Ref 5) and do not exhibit antibacterial 

properties, although bacterial infection and inflammation may occur after the long-term implantation 

of Ti-based materials into the human body (Ref 6). Therefore, the implant surface must be 

appropriately modified to enhance its osteogenic activity, adhesion, and antibacterial characteristics.

Hydroxyapatite (HA) is a main inorganic component of human bones that induces the growth of 

new bones (Ref 7, 8). However, HA does not possess antibacterial properties, and its adhesion to Ti 

substrates is relatively weak (Ref 9, 10), which limits its clinical applications (Ref 11, 12). Good 

adhesion between an HA coating and a Ti substrate is important but is often ignored in clinical 

practice. Electrochemical deposition (ED) is an effective method for preparing HA coatings due to 

the easy control over the coating composition, low fabrication cost, high processing speed, and high 

coating purity (Ref 13). However, because this method covers the substrate surface with a different 

material, the adhesion between the two components is relatively small. Say et al. (Ref 14) have found 

that the addition of SiO2 to coatings produces a porous and crack-free surface morphology, which 

increases adhesion and corrosion resistance while reducing the pore density. Yigit et al. (Ref 15, 16) 

have prepared nano-hydroxyapatite-matrix coatings doped with different fractions of graphene 

nanosheets (GNS) on Ti–6Al–7Nb and Ti–6Al–4V alloy surfaces by plasma electrolytic oxidation 

and a hydrothermal method. They found that both the coating porosity and HA crystallinity increased 

with an increase in the GNS content. TiO2 has attracted widespread attention owing to its high 
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corrosion resistance and ability to increase the bonding force between HA and the substrate (Ref 17, 

18). In particular, TiO2 nanopores can considerably improve the adhesion properties of the substrate 

and provide a suitable environment for cell growth (Ref 19, 20, 21). Dikici et al. (Ref 22) investigated 

the effects of rutile TiO2 on a biphasic calcium phosphate (BCP) coating deposited on a -type 

titanium alloy surface by a sol-gel method. They observed that this coating increased the scratch and 

corrosion resistances of the alloy. Anodic oxidization (AO) is a traditional surface modification 

method that can modify the chemical properties and structure of anodic films by varying parameters 

such as applied voltage, electrolyte composition and concentration, and temperature (Ref 23, 24). 

Therefore, it has become an attractive method for depositing oxide films on pure Ti surfaces. Multiple 

studies have revealed that an anatase or rutile TiO2 film prepared by AO promoted apatite formation 

in a simulated body fluid (Ref 25, 26, 27). Recently, some metallic ions have been added to HA 

coatings to improve their antibacterial properties. A Zn-doped HA coating prepared by sol-gel and 

dip-coating methods was noncytotoxic. It produced strong antibacterial effects on Escherichia coli 

(E. coli) and Staphylococcus aureus (S. aureus), but its antibacterial activity was very limited (Ref 

28). Ag-doped calcium TiO2 coatings prepared by the thermochemical treatment of Ti surfaces 

demonstrated high antibacterial activity (Ref 29). However, Ag is an expensive metal that exhibits 

some cytotoxicity: Ag atoms may diffuse into cells through the “Trojan horse” mechanism and then 

release Ag+ ions that negatively affect intracellular functions (Ref 30, 31). In contrast, Cu is an 

inexpensive metal with excellent antibacterial ability. It is an essential trace element for maintaining 

the function of mammalian cells and produces anabolic effects on bone metabolism (Ref 32, 33, 34, 

35). Furthermore, the continuous release of trace amounts of Cu2+ ions can induce the formation of 

new bones (Ref 36). 
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In a previous study, Cu-doped coatings with good antibacterial properties were prepared on Ti 

surfaces by ED (Ref 37). In the present study, to increase the adhesion between the coating and the 

substrate, an intermediate nanoporous TiO2 layer was first deposited by AO, after which Cu-doped 

HA (CuHA) coatings were produced by ED. Finally, the surface properties, adhesion, antibacterial 

properties, and cytotoxicity of the fabricated composite coatings were determined by various 

techniques. 

2. Experimental section

2.1. Sample preparation

Prior to electrochemical treatment, commercially pure Ti sheets (CP-Ti, purity: 99.5%) with sizes 

of 10 × 10 × 1 mm3 were polished using 120–1200# SiC sandpaper and then ultrasonically cleaned 

with acetone, absolute ethanol, and distilled water for 15 min each. Subsequently, the Ti sheets were 

etched in a mixture of hydrofluoric and nitric acids with an HF:HNO3:H2O volume ratio of 1:3:10 for 

30 s. Finally, the sheets were ultrasonically cleaned in deionized water for 15 min and dried in a 

vacuum drying oven at 60 C.

To prepare a TiO2 layer, two-electrode AO was carried out using direct current (Beijing Han Sheng 

Pu Yuan Technology Co., Ltd., HSPY-200-02) at constant voltages of 120, 150, and 180 V. This was 

performed in a water bath at a temperature of 25 C for 1 min using a Ti sheet as the anode, a platinum 

plate as the cathode, and a 2 mol/L H2SO4 solution as the electrolyte. The distance between cathodes 

and anodes was 2 cm. The obtained samples were termed as TiO2–120V, TiO2–150V, and TiO2–

180V, respectively.

After the AO process, a Cu-containing HA coating was deposited by ED in a water bath set at 45 
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C using a platinum sheet as the anode and the anodized sample as the cathode. The electrolyte 

consisted of 0.040 mol/L CaCl2·2H2O, 0.025 mol/L NH4H2PO4, and 0.001 mol/L CuCl2·2H2O. 

Additionally, 0.1 mol/L NaCl was added to increase the solution conductivity. Samples were prepared 

at a constant voltage of 3 V for 7.5 and 15 min, after which they were ultrasonically cleaned with 

deionized water and dried in an oven at 60 C. For convenience, the sample deposited for 7.5 min 

was termed as CuHA/TiO2–7.5min, and the sample deposited for 15 min was labeled as CuHA/TiO2–

15min. For comparison, CuHA coatings without TiO2 were deposited on CP-Ti at a voltage of 3 V 

and deposition times of 7.5 min and 15 min, which were termed as CuHA–7.5min and CuHA–15min, 

respectively.

2.2. Characterization techniques

Phase compositions and crystallinity were determined by X-ray diffraction (XRD, Bruker D8 

Advance) with Cu Kα radiation at a tube voltage of 40 kV, tube current of 40 mA, and scanning 

angles (2θ) of 20–80. Surface morphologies were observed by scanning electron microscopy (SEM, 

FEI Quanta 450) at an accelerating voltage of 30 kV. Chemical compositions and elemental contents 

were analyzed by X-ray photoelectron spectroscopy (XPS, AIXS Ultra DLD) using a monochromatic 

Al Kα (hν = 1486.6 eV) radiation source.

2.3. Adhesion test

The adhesion between the coating and the substrate was evaluated using an automatic scratch tester 

(Lanzhou Zhongke Kaihua Technology Development Co., Ltd., WS-2005), which contained a 

diamond indenter with a tip radius of 0.2 mm. Measurements were performed at an antenna angle of 
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120, a load of 50 N, a load rate of 30 N/min, and a scratch length of 3 mm. Each sample was tested 

three times.

2.4. Evaluation of antibacterial properties

The antibacterial properties of the fabricated coatings were evaluated using S. aureus ATCC 29213 

and E. coli ATCC 25922 cells. The number of colonies was measured by a plate counting method. 

TiO2–180V, CuHA/TiO2–7.5min, and CuHA/TiO2–15min were subjected to antibacterial tests using 

CP-Ti as the control group.After sterilization in a high-temperature, high-pressure steam sterilizer for 

20 min, the samples were added to a 24-well plate. The bacterial solution was diluted to 106 CFU/mL 

with Luria–Bertani (LB) liquid medium, and 0.2 mL of the diluted bacterial solution was added to 

the surface of a studied sample. Sterile normal saline was added to the empty wells to prevent water 

evaporation from the bacterial solution. The 24-well plate was placed in a constant-temperature 

incubator at 37 °C for 18 h. After the co-cultivation was complete, the co-culture solution was diluted 

to 106 CFU/mL with a sterile phosphate-buffered saline (PBS) solution. Afterward, 100 μL of each 

diluted solution was evenly applied to the LB solid medium, which was then placed in a constant-

temperature incubator at 37 °C for 18 h for static culture. At the end of this process, the number of 

colonies was recorded. The antibacterial rate was calculated via the following formula: antibacterial 

rate (%) = (CFU of the control sample – CFU of the tested sample) / CFU of the control sample × 

100%.

2.5. Cytotoxicity test

MC3T3-E1 cells (iCell Bioscience Inc.) were used to evaluate the cytotoxicity of the produced 
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coatings. The culture medium was α-MEM (Corning Inc.) supplemented with 10% fetal bovine serum 

(Biological Industries). CP-Ti, CuHA/TiO2–7.5min, and CuHA/TiO2–15min were selected for the 

cytocompatibility studies. The samples were first sterilized at high temperature and pressure. As the 

samples contained solid flakes, extraction was conducted at 37 °C for 24 h at a surface area/liquid 

volume ratio of 1.25 cm2/mL following the ISO10993-12 standard. Each sample extract (100 μL) was 

placed into separate 96-well plates, and three parallel wells were set up for each sample. The MC3T3-

E1 cells were inoculated into each well at densities of 2 × 103 cells/well for 1-d culturing and 1×103 

cells/mL for 4-d and 7-d culturing. The 96-well plates were placed in a humidified incubator with a 

5% CO2 atmosphere for 1, 4, and 7 d at 37 °C. After culturing, each well was rinsed three times with 

PBS. The culture medium (100 μL) with 10% MTT assay was added to each well and then incubated 

in a humidified incubator with a 5% CO2 atmosphere for an additional 4 h at 37 °C. The supernatant 

was aspirated, and 100 μL of dimethyl sulfoxide was added to each well, followed by gentle shaking 

for 10 min. Optical density (OD) was measured at a wavelength of 570 nm using a TECAN SPARK 

10M enzyme-labeled instrument. As a control, MC3T3-E1 cells were directly seeded onto the 

bottoms of the wells without extracts.

3. Results and discussion

3.1. Adhesion properties of TiO2 nanopores

SEM images of the TiO2 nanopores prepared at 120, 150, and 180 V are shown in Fig. 1. During 

the AO process, gas evolution and spark discharge occurred. After AO, a TiO2 layer with a three-

dimensional oxidation structure composed of numerous open pores was formed on the CP-Ti surface. 

Uniformly distributed nanopores with average sizes of approximately 100 nm were produced on the 
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TiO2–120V surface (Fig. 1a). The pores increased in size and became non-uniform as the voltage 

increased from 120 to 150 V (Fig. 1b). For TiO2–180V, an alternating sequence of large and small 

holes was observed (Fig. 1c). The obtained XRD patterns (Fig. 2) showed that the TiO2–120V sample 

mainly consisted of Ti and anatase species, while TiO2–150V contained Ti, anatase, and rutile 

components. The main phases of TiO2–180V were Ti and rutile, and only a small peak corresponding 

to anatase was observed at 25.8. It has been previously reported that a mixed structure of rutile and 

anatase TiO2 exhibited high chemical stability and good mechanical properties (Ref 38). Yang et al. 

have demonstrated that TiO2 with specific anatase and rutile structures could induce apatite formation 

in vitro (Ref 39). Additionally, rutile TiO2 has been reported to promote apatite deposition because 

of lattice matching between the rutile and apatite phases (Ref 40).

The scratch method was used to determine the adhesion between the TiO2 layer and the substrate. 

The friction and acoustic signal curves of the samples prepared at different voltages are shown in Fig. 

3. A sudden increase in the acoustic signal accompanied by a significant change in the friction, which 

occurs when the coating is completely peeled off. The corresponding load is called a critical load. 

The adhesions of TiO2–120V, TiO2–150V, and TiO2–180V were equal to 32.2  2.1, 34.7  2.5, and 

39.8  2.6 N, respectively. Thus, the adhesion of the TiO2 layer increased with increasing voltage, 

which was likely due to the alternating sequence of large and small holes. Such a multilevel structure 

facilitates mechanical interlocking and enhances coating adhesion. As the TiO2-180V sample mainly 

consisted of rutile and exhibited the highest adhesion, the Cu-containing HA coatings were 

subsequently prepared on its surface.

3.2. Coating structure
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The SEM images of the composite coatings are displayed in Fig. 4. Specifically, Fig. 4a shows that 

the nanopores are completely covered by dense flocculent crystals. After increasing the deposition 

time from 7.5 to 15 min, the crystals continued to aggregate and cluster together, producing a 

“community” distribution on the coating surface (Fig. 4b). Fig. 5 reveals the XRD patterns of Cu-

doped HA coatings. In the figure, the diffraction peaks of HA are observed at the 2θ values of 25.9°, 

28.1°, 32.2°, and 35.4° (JCPDS No. 09-0432) (Ref 37, 41). The characteristic diffraction peaks of Ti 

are also observed in all samples. For CuHA/TiO2–7.5min and CuHA/TiO2–15min, the rutile TiO2 

peaks appeared. The crystallinity of Cu-doped HA coatings is listed in Table 1. The crystallinity of 

the CuHA–7.5min and CuHA–15min coatings was 81.26  4.67% and 80.12  4.27%, respectively. 

The addition of titanium dioxide reduced the crystallinity of CuHA/TiO2–7.5min and CuHA/TiO2–

15min to 67.01  3.59% and 64.82  3.55%, respectively. This is because TiO2 is a semiconductor 

with lower electrical conductivity than that of pure titanium, which hinders the electrochemical 

deposition process to a certain extent and inhibits the crystallization of HA.

The chemical compositions of the obtained samples measured by XPS are listed in Table 2. The 

Cu content in the coatings increased from 1.44 to 2.53% as deposition time increased from 7.5 to 15 

min. The full XPS profiles (Figs. 6a and c) indicate that the coatings mainly consisted of the elements 

Ca, P, Cu, O, C, and N. The observed C peak is likely caused by the dissolved carbon dioxide in the 

electrolyte (Ref 33). The high-resolution Cu spectra (Figs. 6b and d) contain peaks with binding 

energies of 934.2 and 936.8 eV, corresponding to Cu–OH and Cu–PO4 bonds, respectively (Ref 37, 

42), as well as Cu2+ satellite peaks suggesting the presence of Cu atoms in the HA structure in the 

form of Cu2+ ions, which react with OH− and PO4
3− ions. Thus, it can be concluded that Cu atoms are 

doped into the HA lattice as Cu2+ ions.
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3.3. Adhesion of composite coatings

The results of scratch testing demonstrated a relationship between the load, acoustic signal, and 

friction. Friction fluctuations are strongly related to the coating microstructure (Ref 43), which can 

be observed in Fig. 7. The coating starts peeling off at high loads, as indicated by the observed scratch 

morphology. As illustrated in Fig. 7a, the entire process, from the contact of the diamond indenter 

with the coating to the peeling of the coating, can be divided into three stages. In the first stage, the 

load is low; cracks begin to form inside the coating, and slight plastic deformation is observed on the 

coating surface. As a result, the scratches on the coating surface are relatively narrow; further, the 

surface friction is low, and the acoustic emission signal value is stable. During the second stage, the 

coating continues to plastically deform as the load further increases. After the diamond indenter 

scratches the coating, the rebound of the metal substrate produces transverse cracks on the coating 

surface, which extend in different directions. When the load reaches a certain value, the friction factor 

between the substrate and the coating changes. Simultaneously, the noise generated when the coating 

is peeled off causes a sudden change in the acoustic emission signal (the corresponding load is called 

a critical load). After the coating is peeled off, the diamond indenter directly touches the substrate, 

and the friction increases with increasing load. During the third stage, when the load is equal to 

approximately 33 N, the friction reaches a maximum and then remains constant.

As seen in Figs. 7a–c, the friction of the CuHA/TiO2–7.5min composite coating was observed to 

suddenly decrease along with a rapid change in the acoustic emission signal at a load of approximately 

26 N because the coating completely peeled off. The adhesion of the CuHA/TiO2–7.5min composite 

determined from the results of three different scratch tests was 26.3   N. Similarly, the adhesion 
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of the CuHA coating was equal to 11.2  1.4 N. Our findings compare favorably to those of Surmenev 

et al.; they prepared an HA coating by radio-frequency magnetron sputtering, which began to fall off 

at 5.5 N and was completely detached at a load of approximately 13.5 N (Ref 44). The adhesion of a 

coating prepared by radio-frequency magnetron sputtering is usually higher than that of a coating 

prepared via ED. However, in our work, the adhesion between HA and the substrate is relatively high 

owing to the presence of TiO2 nanopores in the CuHA/TiO2 composite coating. Possible reasons for 

this phenomenon can be summarized as follows. (a) The Ti oxide particles present on the surface of 

the TiO2 porous layer increase the coating roughness and adhesion (Ref 45). (b) The OH− ions on the 

surface of TiO2 nanopores react to produce Ti(OH)2·H2O species, which form chemical bonds with 

the CuHA coating. The obtained Ti–TiO2–HA structure strengthens the bonds between the coating 

and the substrate (Ref 46). (c) The thermodynamic expansion coefficients of the CP-Ti and CuHA 

coatings are equal to 10.8×10−6 /K and 15×10−6 /K, respectively. Their difference generates residual 

thermal stress and instantaneous thermal stress. The thermodynamic expansion coefficient of TiO2 is 

10.2×10−6 /K, which is close to that of CP-Ti. Thus, the residual stress generated by the mismatch 

between the thermodynamic expansion coefficients of the CuHA coating and CP-Ti substrate is 

buffered, inhibiting the formation of microcracks and effectively reducing the coating shedding 

probability (Ref 9, 47,48). (d) The CuHA coating begins to grow on the nanopore and forms a 

compact CuHA/TiO2 layer with improved adhesion properties (Ref 45).

3.4. Antibacterial properties

Figure 8 depicts the colonies of E. coli and S. aureus after culturing at 37 °C for 24 h. For CP-Ti, 

numerous colonies are observed on the agar plate, which is consistent with the poor antibacterial 
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property of Ti and its alloys (Ref 49). For TiO2–180V, the number of colonies is slightly reduced due 

to the limited antibacterial properties of this sample (its antibacterial rates for E. coli and S. aureus 

are only 26.8% and 23.1%, respectively). For the CuHA/TiO2 composite coatings, the number of 

colonies on the corresponding plates were sharply reduced. The antibacterial rates of CuHA/TiO2–

7.5min for E. coli and S. aureus were equal to 87% and 85%, respectively. Moreover, the antibacterial 

rates of CuHA/TiO2–15min for the same cultures were 96.1% and 95.8%, respectively. Therefore, 

both CuHA/TiO2 composite coatings exhibit strong antibacterial properties. Note that the 

antibacterial properties of all coatings against S. aureus were not as good as those against E. coli 

because the cell walls of S. aureus are thicker than the cell walls of E. coli (Ref 33,50). With an 

increase in the Cu content, the antibacterial rate increased significantly, which is consistent with the 

conclusions of Liu et al. (Ref 51). The results clearly demonstrated that the Cu-doped composite 

coatings possessed good antibacterial properties.

3.5. Cytotoxicity 

The cytotoxicity of the CuHA/TiO2 coatings was evaluated by conducting MTT tests using 

MC3T3-E1 as a cell model. As shown in Fig. 9, after 1 day of culture, the OD values of each group 

remained similar, and their differences were not statistically significant. After 4 d, the OD values of 

all samples increased, indicating that the cells proliferate with increasing culture time. The OD values 

of the CP-Ti and CuHA/TiO2 coatings were significantly higher than that of the control group (P < 

0.01). However, the difference between these two samples was not statistically significant. After 7 d 

of culture, the OD values of all groups further increased, and no statistically significant difference 

between CP-Ti and CuHA/TiO2–7.5min was observed. The OD value of CuHA/TiO2–15min was 
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much lower than those of CP-Ti and CuHA/TiO2–7.5min, although it was significantly higher than 

the OD of the control group, suggesting that CuHA/TiO2–15min exhibits good cytocompatibility. 

The results indicate that the Cu-doped HA/TiO2 composite coatings demonstrate no cytotoxicity 

against osteoblast cells. However, excessive Cu amounts are known to increase their cytotoxicity 

considerably (Ref 52). In this study, the Cu content was maintained at a relatively low level by 

adjusting the deposition time. The fabricated composite coatings possessed enhanced adhesion and 

antibacterial properties without cytotoxicity; therefore, the proposed method is suitable for preparing 

antibacterial coatings.

4. Conclusion

In summary, novel antibacterial and biocompatible CuHA/TiO2 composite coatings were prepared 

by AO combined with ED. The TiO2 nanopores fabricated by AO at 180 V exhibited good adhesion 

properties and increased the adhesion of composite coatings when used as intermediate layers. During 

deposition, Cu atoms were doped into the HA structure in the form of Cu2+ ions. The Cu content 

increased from 1.44 to 2.53 at.% with an increase in deposition time from 7.5 to 15 min, while the 

Cu doping of HA significantly enhanced its antibacterial properties without exhibiting cytotoxicity. 

Thus, the proposed two-step ED method can be used to improve the adhesion and antibacterial 

properties of coated implants.
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Table 1. Crystallinity of Cu-doped HA coatings.

Sample CuHA–7.5min CuHA–15min CuHA/TiO2–7.5min CuHA/TiO2–15min

Crystallinity 81.26  4.67% 80.12  4.27% 67.01  3.59% 64.82  3.55%

Table 2. Chemical compositions (at.%) of the samples measured by XPS.

Sample Ti O Cu P Ca
CuHA/TiO2–7.5min 0.02  0.17 66.25  0.46 1.44  0.27 15.05  0.39 17.33  0.26
CuHA/TiO2–15min 0.01  0.10 66.19  0.43 2.53  0.27 15.11  0.33 16.16  0.25
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Fig. 1. SEM images of (a) TiO2–120V, (b) TiO2–150V, and (c) TiO2–180V. 
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Fig. 2. XRD patterns of (a) TiO2–120V, (b) TiO2–150V, and (c) TiO2–180V. 
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Fig. 3. Friction and acoustic signal curves of (a)–(c) TiO2–120V, (d)–(f) TiO2–150V, and (e)–(i) 

TiO2–180V.
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Fig. 4. SEM images of (a) CuHA/TiO2–7.5min and (b) CuHA/TiO2–15min.
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Fig. 5. (a) HA pattern ICCD 09-0432 and XRD patterns of (b) CuHA–7.5min, (c) CuHA–15min, (d) 

CuHA/TiO2–7.5min, and (e) CuHA/TiO2–15min.
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Fig. 6. XPS survey spectra (a, c) and Cu 2p high-resolution spectra (b, d) of (a) (b) CuHA/TiO2–

7.5min and (c) (d) CuHA/TiO2–15min.
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Fig. 7. Friction and acoustic signal curves of (a)–(c) CuHA/TiO2–7.5min and (d)–(f) CuHA.
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Fig. 8. Antibacterial properties of the samples against E. coli and S. aureus.
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Fig. 9. Optical density values of MC3T3-E1 cells for the samples after culture for 1, 4, and 7 days. 

(** denotes a significant difference at P < 0.01 compared to the control)
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Abstract

Cu-doped hydroxyapatite (HA)/TiO2 (CuHA/TiO2) bioactive ceramic composite coatings were 

prepared on Ti surfaces using an electrochemical method to enhance their adhesion and antibacterial 

properties. The obtained coatings were characterized by scanning electron microscopy, X-ray 

diffraction, and X-ray photoelectron spectroscopy, while their adhesion was measured using a scratch 

methodtest. The maximum adhesion between the TiO2 layer and the substrate was 39.8  2.6 N at an 

anodizing voltage of 180 V. Subsequently, the CuHA coatings were successfully deposited on the 

TiO2 layers and grown outward along TiO2 pores (during this process, Cu atoms substituted Ca atoms 

inare doped into the HA structure in the form of Cu2+ ions). The CuHA adhesion to the TiO2 layer 

was 26.3  1.9 N, indicating that the TiO2 interlayer significantly enhanced the bonding of CuHA to 

the substrate. Furthermore, the fabricated CuHA/TiO2 coatings produced a strong antibacterial effect 

on Escherichia coli and Staphylococcus aureus species, exhibited high biocompatibility, and 

promoted the proliferation of MC3T3-E1 cells.

Keywords: TiO2 nanopore, electrochemical deposition, Cu-doped hydroxyapatite coating, adhesion, 

antibacterial properties
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1. Introduction

Ti and its alloys are widely used in biomedical implants, such as bone nails and artificial joints, 

because of their low density, excellent mechanical properties, and high biocompatibility (Ref 1, 2, 3, 

4). However, Ti and its alloys are also biologically inert materials, which that, on account of their 

lack of biological activity, cannot promote the growth of bone tissues (Ref 5),) and do not exhibit 

antibacterial properties, although bacterial infection and inflammation may occur after the long-term 

implantation of Ti-based materials into the human body (Ref 6). Therefore, the implant surface must 

be appropriately modified to enhance its osteogenic activity, adhesion, and antibacterial 

characteristics.

Hydroxyapatite (HA) is thea main inorganic component of human bones that can induceinduces 

the growth of new bones (Ref 7, 8). However, HA does not possess antibacterial properties, and its 

adhesion to Ti substrates is relatively weak (Ref 9, 10), which limits its clinical applications (Ref 11, 

12). In general, the goodGood adhesion between an HA coating and a Ti substrate is important but is 

often ignored in the clinical practice. Electrochemical deposition (ED) is an effective method for 

preparing HA coatings due to the easy control over the coating composition, low fabrication cost, 

high processing speed, and high coating purity (Ref 13). However, because this method covers the 

substrate surface with a newdifferent material, the adhesion between the two components is relatively 

small. Moreover, the crystallinity of HA coatings is very low (Ref 14), which results in their partial 

dissolution after implantation, decreasing the adhesion and ultimately causing a coating fall-off in 

vivo (Ref 15). Say et al. (Ref 1614) have found that the addition of SiO2 to the coatingcoatings 

produces a porous and crack-free surface morphology, which increases its adhesion and corrosion 

resistance while reducing the pore density. Yigit et al. (Ref 17, 1815, 16) have prepared nano-
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hydroxyapatite -matrix coatings doped with different fractions of graphene nanosheets (GNS) on the 

Ti–6Al–7Nb and Ti–6Al–4V alloy surfaces by plasma electrolytic oxidation and a hydrothermal 

method. They found that both the coating porosity and HA crystallinity increased with an increase in 

the GNS content. TiO2 has attracted widespread attention owing to its high corrosion resistance and 

ability to increase the bonding force between HA and the substrate (Ref 19, 2017, 18). In particular, 

TiO2 nanopores can considerably improve the adhesion properties of the substrate and provide a 

suitable living environment for cell growth (Ref 19, 20, 21, 22, 23). Dikici et al. (Ref 2422) 

investigated the effects of rutile TiO2 on a biphasic calcium phosphate (BCP) coating deposited on 

thea -type titanium alloy surface by a sol-gel method and. They observed that this coating increased 

the alloy scratch and corrosion resistances. of the alloy. Anodic oxidization (AO) is a traditional 

surface modification method, which that can modify the chemical properties and structure of anodic 

films by varying different parameters such as applied voltage, electrolyte composition and 

concentration, and temperature (Ref 25, 2623, 24). Therefore, it has become an attractive method for 

depositing oxide films on pure Ti surfaces. The results of multipleMultiple studies have revealed that 

an anatase or rutile TiO2 film prepared by AO promoted the apatite formation in a simulated body 

fluid (Ref 27, 28, 29). In recent years25, 26, 27). Recently, some metallic ions have been added to 

HA coatings to improve their antibacterial properties. A Zn-doped HA coating prepared by sol-gel 

and dip-coating methods was noncytotoxic and. It produced strong antibacterial effects on 

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus), but its antibacterial activity was 

very limited (Ref 30). The28). Ag-doped calcium TiO2 coatings prepared by the thermochemical 

treatment of Ti surfaces demonstrated high antibacterial activity (Ref 3129). However, Ag is an 

expensive metal that exhibits some cytotoxicity, while: Ag atoms may diffuse into cells through the 
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“Trojan horse” mechanism and then release Ag+ ions that negatively affect intracellular functions 

(Ref 32, 3330, 31). In contrast, Cu is an inexpensive metal with strongexcellent antibacterial ability. 

It representsis an essential trace element for maintaining the function of mammalian cells and 

produces anabolic effects on bone metabolism (Ref 32, 33, 34, 35, 36, 37). Furthermore, the 

continuous release of trace amounts of Cu2+ ions can induce the formation of new bones (Ref 3836). 

In a previous study, Cu-doped coatings with good antibacterial properties were prepared on Ti 

surfaces by ED (Ref 3937). In this workthe present study, to increase the adhesion between the coating 

and the substrate, an intermediate nanoporous TiO2 layer was first deposited by AO, after which Cu-

doped HA (CuHA) coatings were produced by ED. Finally, the surface properties, adhesion, 

antibacterial properties, and cytotoxicity of the fabricated composite coatings were determined by 

various techniques. 

2. Experimental section

2.1. Sample preparation

Prior to electrochemical treatment, commercially pure Ti sheets (CP-Ti, purity: 99.5%) with sizes 

of 10 × 10 × 1 mm3 were polished using 120–1200# SiC sandpaper and then ultrasonically cleaned 

with acetone, absolute ethanol, and distilled water for 15 min each. Subsequently, the Ti sheets were 

etched in a mixture of hydrofluoric and nitric acids with an HF:HNO3:H2O volume ratio of 1:3:10 for 

30 s. Finally, the sheets were ultrasonically cleaned in deionized water for 15 min and dried in a 

vacuum drying oven at 60 C.

To prepare a TiO2 layer, two-electrode AO was carried out using direct current (Beijing Han Sheng 

Pu Yuan Technology Co., Ltd., HSPY-200-02) at constant voltages of 120, 150, and 180 V. This was 
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performed in a water bath at a temperature of 25 C and voltages of 120, 150, and 180 Vfor 1 min 

using a Ti sheet as the anode, a platinum plate as the cathode, and a 2 mol/L H2SO4 solution as the 

electrolyte. The distance between cathodes and anodes was 2 cm. The obtained samples were 

abbreviatedtermed as TiO2–120V, TiO2–150V, and TiO2–180V, respectively.

After the AO process, a Cu-containing HA coating was deposited by ED in a water bath set at a 

temperature of 45 C using a platinum sheet as the anode and the anodized sample as the cathode. 

The utilized electrolyte consisted of 0.040 mol/L CaCl2·2H2O, 0.025 mol/L NH4H2PO4, and 0.001 

mol/L CuCl2·2H2O, and. Additionally, 0.1 mol/L NaCl, which was added to increase the solution 

conductivity. Samples were prepared at a constant voltage of 3 V for 7.5 and 15 min, after which they 

were ultrasonically cleaned with deionized water and dried in an oven at 60 C. For convenience, the 

sample deposited for 7.5 min was abbreviatedtermed as CuHA/TiO2–7.5min, and the sample 

deposited for 15 min was abbreviatedlabeled as CuHA/TiO2–15min. For comparison, a CuHA 

coatingcoatings without TiO2 was obtainedwere deposited on CP-Ti at a voltage of 3 V and deposition 

timetimes of 7.5 min and 15 min, which were termed as CuHA–7.5min and CuHA–15min, 

respectively.

2.2. Characterization techniques

Phase compositions and crystallinity were determined by X-ray diffraction (XRD, Bruker D8 

Advance) with Cu Kα radiation at a tube voltage of 40 kV, tube current of 40 mA, and scanning 

angles (2θ) of 20–80. Surface morphologies were observed by scanning electron microscopy (SEM, 

FEI Quanta 450) at an accelerating voltage of 30 kV. Chemical compositions and elemental contents 

were analyzed by X-ray photoelectron spectroscopy (XPS, AIXS Ultra DLD) using a monochromatic 
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Al Kα (hν = 1486.6 eV) radiation source.

2.3. Adhesion test

The adhesion between the coating and the substrate was evaluated using an automatic scratch tester 

(Lanzhou Zhongke Kaihua Technology Development Co., Ltd., WS-2005), which contained a 

diamond indenter with a tip radius of 0.2 mm. Measurements were performed at an antenna angle of 

120, a load of 50 N, a load rate of 30 N/min, and a scratch length of 3 mm. Each sample was tested 

three times.

2.4. Evaluation of antibacterial properties

The antibacterial properties of the fabricated coatings were evaluated using S. aureus ATCC 29213 

and E. coli ATCC 25922 cells. The number of colonies was measured by a plate counting method. 

TiO2–180V, CuHA/TiO2–7.5min, and CuHA/TiO2–15min were subjected to antibacterial tests using 

CP-Ti as the control group. After sterilization in a high-temperature, high-pressure steam sterilizer 

for 20 min, the samples were added to a 24-well plate. The bacterial solution was diluted to 106 

CFU/mL with the Luria–Bertani (LB) liquid medium, and 0.2 mL of the diluted bacterial solution 

was added to the surface of a studied sample. Sterile normal saline was added to the empty holeswells 

to prevent water evaporation from the bacterial solution. The 24-well plate was placed in a constant-

temperature incubator at 37 °C for 18 h. After the co-cultivation was complete, the co-culture solution 

was diluted to 106 CFU/mL with a sterile phosphate-buffered saline (PBS) solution. 

AfterwardsAfterward, 100 μL of each diluted solution was evenly applied to the LB solid medium, 

which was then placed in a constant-temperature incubator at 37 °C for 18 h for static culture. At the 
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end of this process, the number of colonies was recorded. AntibacterialThe antibacterial rate was 

calculated via the following formula: antibacterial rate (%) = (CFU of the control sample – CFU of 

the tested sample) / CFU of the control sample × 100%.

2.5. Cytotoxicity test

MC3T3-E1 cells (iCell Bioscience Inc.) were used to evaluate the cytotoxicity of the produced 

coatings. The culture medium was α-MEM (Corning Inc.) supplemented with 10% fetal bovine serum 

(Biological Industries). CP-Ti, CuHA/TiO2–7.5min, and CuHA/TiO2–15min were selected for the 

cytocompatibility studies. First, theThe samples were first sterilized at high temperature and pressure. 

Because theyAs the samples contained solid flakes, extraction was conducted at 37 °C for 24 h at a 

surface area/liquid volume ratio of 1.25 cm2/mL following the ISO10993-12 standard. Each sample 

extract (100 μL) was placed into separate 96-well plates, and three parallel wells were set up for each 

sample. The MC3T3-E1 cells were inoculated into each well at densities of 2 × 103 cells/well for 1-

d culturing and 1×103 cells/mL for 4-d and 7-d culturing. The 96-well plates were placed in a 

humidified incubator with a 5% CO2 atmosphere for 1, 4, and 7 d at 37 °C. After culturing, each well 

was rinsed three times with PBS. The culture medium (100 μL) with 10% MTT assay was added to 

each well and then incubated in a humidified incubator with a 5% CO2 atmosphere for an additional 

4 h at 37 °C. The supernatant was aspirated, and 100 μL of dimethyl sulfoxide was added to each 

well, followed by gentle shaking for 10 min. Optical density (OD) was measured at a wavelength of 

570 nm using a TECAN SPARK 10M enzyme-labeled instrument. As a control, MC3T3-E1 cells 

were directly seeded onto the bottoms of the wells without extracts.
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3. Results and discussion

3.1. Adhesion properties of TiO2 nanopores

The SEM images of the TiO2 nanopores prepared at 120, 150, and 180 V are shown in Fig. 1. 

During the AO process, gas evolution and spark discharge occurred. After AO, a TiO2 layer with a 

three-dimensional oxidation structure composed of numerous open pores was formed on the CP-Ti 

surface. Uniformly distributed nanopores with average sizes of approximately 100 nm were produced 

on the TiO2–120V surface (Fig. 1a). The pores increased in size and became non-uniform as the 

voltage increased from 120 to 150 V (Fig. 1b). For TiO2–180V, an alternating sequence of large and 

small holes was observed (Fig. 1c). The obtained XRD patterns (Fig. 2) showshowed that the TiO2–

120V sample mainly consistsconsisted of Ti and anatase species, while TiO2–150V contains 

thecontained Ti, anatase, and rutile components. The main phases of TiO2–180V are thewere Ti and 

rutile ones, and only a small peak corresponding to anatase iswas observed at 25.8. It was reportedhas 

been previously reported that a mixed structure of rutile and anatase TiO2 exhibited high chemical 

stability and good mechanical properties (Ref 4038). Yang et al. have demonstrated that TiO2 with 

specific anatase and rutile structures could induce apatite formation in vitro (Ref 4139). Additionally, 

rutile TiO2 promoted the has been reported to promote apatite deposition of apatite because of the 

lattice matching between the rutile and apatite phases (Ref 1540).

The scratch method was used to determine the adhesion between the TiO2 layer and the substrate. 

The friction and acoustic signal curves of the samples prepared at different voltages are shown in Fig. 

3. WhenA sudden increase in the acoustic signal suddenly increases,accompanied by a significant 

change in the friction is changed significantly. At this point,, which occurs when the coating is 

completely peeled off, and the. The corresponding load is called a critical load. The adhesions of 
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TiO2–120V, TiO2–150V, and TiO2–180V arewere equal to 32.2  2.1, 34.7  2.5, and 39.8  2.6 N, 

respectively. Thus, the adhesion of the TiO2 layer increasesincreased with increasing voltage, which 

iswas likely due to the alternating sequence of the large and small holes. Such a multilevel structure 

facilitates mechanical interlocking and enhances coating adhesion. As the TiO2-180V sample mainly 

consisted of rutile and exhibited the highest adhesion, the Cu-containing HA coatings were 

subsequently prepared on its surface.

3.2. Coating structure

The SEM images of the composite coatings are displayed in Fig. 4. Specifically, Fig. 4a shows that 

the nanopores are completely covered by dense flocculent crystals. After increasing the deposition 

time from 7.5 to 15 min, the crystals continued to aggregate and cluster together, producing a 

“community” distribution on the coating surface (Fig. 4b). The corresponding XRD patterns (Fig. 5) 

contain typical HA peaks (JCPDS No. 72-1243) with a sharp peak at 2θ ≈ 26 and the characteristic 

diffraction peaks of rutile TiO2 and Ti. No other peaks were present in the XRD patternsFig. 5 reveals 

the XRD patterns of Cu-doped HA coatings. In the figure, the diffraction peaks of HA are observed 

at the 2θ values of 25.9°, 28.1°, 32.2°, and 35.4° (JCPDS No. 09-0432) (Ref 37, 41). The characteristic 

diffraction peaks of Ti are also observed in all samples. For CuHA/TiO2–7.5min and CuHA/TiO2–

15min, the rutile TiO2 peaks appeared. The crystallinity of Cu-doped HA coatings is listed in Table 

1. The crystallinity of the CuHA–7.5min and CuHA–15min coatings was 81.26  4.67% and 80.12  

4.27%, respectively. The addition of titanium dioxide reduced the crystallinity of CuHA/TiO2–7.5min 

and CuHA/TiO2–15min to 67.01  3.59% and 64.82  3.55%, respectively. This is because TiO2 is a 

semiconductor with lower electrical conductivity than that of pure titanium, which hinders the 
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electrochemical deposition process to a certain extent and inhibits the crystallization of HA.

The chemical compositions of the obtained samples measured by XPS are listed in Table 12. The 

Cu content in the coatings increasesincreased from 1.44 to 2.53 at.% with increasing% as deposition 

time increased from 7.5 to 15 min. The full XPS profiles (Figs. 6a and c) indicate that the coatings 

mainly consisted of the elements Ca, P, Cu, O, C, and N elements. The observed C peak is likely 

caused by the dissolved carbon dioxide in the electrolyte (Ref 3533). The high-resolution Cu spectra 

(Figs. 6b and d) contain the peaks with binding energies of 934.2 and 936.8 eV, corresponding to Cu–

OH and Cu–PO4 bonds, respectively (Ref 3937, 42)), as well as the Cu2+ satellite peaks suggesting 

the presence of Cu atoms in the HA structure in the form of Cu2+ ions, which react with OH− and 

PO4
3− ions. Thus, it can be concluded that Cu atoms substituted Ca atoms inare doped into the HA 

lattice in the form ofas Cu2+ ions.

3.3. Adhesion of composite coatings

The results of scratch testing demonstrated the existence of a relationship between the load, 

acoustic signal, and friction. As shown in Fig. 7, frictionFriction fluctuations are strongly related to 

the coating microstructure (Ref 43). At high loads, the), which can be observed in Fig. 7. The coating 

starts to peelpeeling off at high loads, as indicated by the observed scratch morphology. According 

toAs illustrated in Fig. 7a, the entire process, from the contact of the diamond indenter with the 

coating to the peeling of the coating, can be divided into three stages. AtIn the first stage, the load is 

low; cracks begin to form inside the coating, and slight plastic deformation is observed on the coating 

surface. As a result, the width of the scratches on the coating surface isare relatively narrow; further, 

the surface friction is low;, and the acoustic emission signal value is stable. During the second stage, 

Page 48 of 70Journal of Materials Engineering and Performance

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

12

the coating continues to plastically deform as the load further increases. After the diamond indenter 

scratches the coating, the rebound of the metal substrate produces transverse cracks on the coating 

surface, which spanextend in different directions. When the load reaches a certain value, the friction 

factor between the substrate and the coating changes. Simultaneously, the noise generated when the 

coating is peeled off causes a sudden change in the acoustic emission signal (the corresponding load 

is called a critical load). After the coating is peeled off, the diamond indenter directly touches the 

substrate, and the friction increases with increasing load. During the third stage, when the load is 

equal to approximately 33 N, the friction reaches a maximum and then remains constant.

TheAs seen in Figs. 7a–c, the friction of the CuHA/TiO2–7.5min composite coating was observed 

to suddenly decreases, and the strong noise leads to decrease along with a suddenrapid change in the 

acoustic emission signal at a load of approximately 26 N because the coating becomes completely 

peeled off (the corresponding load is considered a critical load).. The adhesion of the CuHA/TiO2–

7.5min composite determined from the results of three different scratch tests amounts towas 26.3 

  N. Similarly, the adhesion of the CuHA coating iswas equal to 11.2  1.4 N. Our findings 

compare favorably to those of Surmenev et al..; they prepared an HA coating by radio-frequency 

magnetron sputtering, which began to fall off at 5.5 N and was completely detached at a load of 

approximately 13.5 N (Ref 44). The adhesion of thea coating prepared by radio-frequency magnetron 

sputtering is usually higher than that of thea coating prepared via ED. However, in our work, the 

adhesion between HA and the substrate is relatively high owing to the presence of TiO2 nanopores in 

the CuHA/TiO2 composite coating, the adhesion between HA and the substrate is relatively high. 

Possible reasons for this phenomenon can be summarized as follows. (a) The Ti oxide particles 

present on the surface of the TiO2 porous layer increase the coating roughness and adhesion (Ref 45). 
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(b) The OH− ions on the surface of TiO2 nanopores react to produce Ti(OH)2·H2O species, which 

form chemical bonds with the CuHA coating. The obtained Ti–TiO2–HA structure strengthens the 

bonds between the coating and the substrate (Ref 46). (c) The thermodynamic expansion coefficients 

of the CP-Ti and CuHA coatings are equal to 10.8×10−6 /K, and 15×10−6 /K, respectively. Their 

difference generates residual thermal stress and instantaneous thermal stress. The thermodynamic 

expansion coefficient of TiO2 is 10.2×10−6 /K, which is close to that of CP-Ti. Thus, the residual 

stress generated by the mismatch between the thermodynamic expansion coefficients of the CuHA 

coating and CP-Ti substrate is buffered, which inhibitsinhibiting the formation of microcracks and 

effectively reducesreducing the coating shedding probability (Ref 9, 47,48). (d) The CuHA coating 

begins to grow on the nanopore and forms ana compact CuHA/TiO2 compact layer with improved 

adhesion properties (Ref 45).

3.4. Antibacterial properties

Figure 8 depicts the colonies of E. coli and S. aureus after culturing at 37 °C for 24 h. For CP-Ti, 

numerous colonies are observed on the agar plate, which is consistent with the poor antibacterial 

property of Ti and its alloys (Ref 49). For TiO2–180V, the number of colonies is slightly reduced due 

to the limited antibacterial properties of this sample (its antibacterial rates for E. coli and S. aureus 

are only 26.8% and 23.1%, respectively). For the CuHA/TiO2 composite coatings, the number of 

colonies on the corresponding plates arewere sharply reduced. The antibacterial rates of CuHA/TiO2–

7.5min for E. coli and S. aureus arewere equal to 87% and 85%, respectively. Moreover, the 

antibacterial rates of CuHA/TiO2–15min for the same cultures amount towere 96.1% and 95.8%, 

respectively. Therefore, both CuHA/TiO2 composite coatings exhibit strong antibacterial properties. 
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Note that the antibacterial properties of all coatings against S. aureus arewere not as good as those 

against E. coli because the cell walls of S. aureus are thicker than the cell walls of E. coli (Ref 

3533,50). With an increase in the Cu content, the antibacterial rate increased significantly increases, 

which is consistent with the conclusions of Liu et al. (Ref 51). The obtained results clearly 

demonstratedemonstrated that the Cu-doped composite coatings possesspossessed good antibacterial 

properties.

3.5. Cytotoxicity 

The cytotoxicity of the CuHA/TiO2 coatings was evaluated by conducting MTT tests using 

MC3T3-E1 as a cell model. As shown in Fig. 9, after 1 day of culture, the OD values of each group 

remainremained similar, and their differences arewere not statistically significant. After 4 d, the OD 

values of all samples increaseincreased, indicating that theirthe cells proliferate with increasing 

culture time. The OD values of the CP-Ti and CuHA/TiO2 coatings arewere significantly higher than 

that of the control group with a statistically significant difference (P < 0.01). However, the difference 

between these two samples iswas not statistically significant. After 7 d of culture, the OD values of 

all groups further increaseincreased, and no statistically significant difference between CP-Ti and 

CuHA/TiO2–7.5min arewas observed. The OD value of CuHA/TiO2–15min iswas much lower than 

those of CP-Ti and CuHA/TiO2–7.5min, although it iswas significantly higher than the OD of the 

control group, suggesting that CuHA/TiO2–15min exhibits good cytocompatibility. The obtained 

results indicate that the Cu-doped HA/TiO2 composite coatings demonstrate no cytotoxicity against 

osteoblast cells. However, excessive Cu amounts considerablyare known to increase their 

cytotoxicity considerably (Ref 52). In this study, the Cu content iswas maintained at a relatively low 
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level by adjusting the deposition time. The fabricated composite coatings possesspossessed enhanced 

adhesion and antibacterial properties without cytotoxicity; therefore, the proposed method is suitable 

for preparing antibacterial coatings.

4. Conclusion

In summary, novel antibacterial and biocompatible CuHA/TiO2 composite coatings were prepared 

by AO combined with ED. The TiO2 nanopores fabricated by AO at 180 V exhibitexhibited good 

adhesion properties and increaseincreased the adhesion of composite coatings when used as 

intermediate layers. During deposition, Cu atoms substitute Ca atoms inwere doped into the HA 

structure in the form of Cu2+ ions. The Cu content increasesincreased from 1.44 to 2.53 at.% with 

increasingan increase in deposition time from 7.5 to 15 min, while the Cu doping of HA significantly 

enhancesenhanced its antibacterial properties without exhibiting cytotoxicity. Thus, the proposed 

two-step ED method can be used for improvingto improve the adhesion and antibacterial properties 

of coated implants.
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Table 1. Crystallinity of Cu-doped HA coatings.

Sample CuHA–7.5min CuHA–15min CuHA/TiO2–7.5min CuHA/TiO2–15min

Crystallinity 81.26  4.67% 80.12  4.27% 67.01  3.59% 64.82  3.55%

Table 2. Chemical compositions (at.%) of the samples measured by XPS.

Sample Ti O Cu P Ca
CuHA/TiO2–7.5min 0.02  0.17 66.25  0.46 1.44  0.27 15.05  0.39 17.33  0.26
CuHA/TiO2–15min 0.01  0.10 66.19  0.43 2.53  0.27 15.11  0.33 16.16  0.25

Page 61 of 70 Journal of Materials Engineering and Performance

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

25

Fig. 1. SEM images of (a) TiO2–120V, (b) TiO2–150V, and (c) TiO2–180V. 
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Fig. 2. XRD patterns of (a) TiO2–120V, (b) TiO2–150V, and (c) TiO2–180V. 
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Fig. 3. Friction and acoustic signal curves of (a)–(c) TiO2–120V, (d)-()–(f) TiO2–150V, and (e)–(i) 

TiO2–180V.
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Fig. 4. SEM images of (a) CuHA/TiO2–7.5min and (b) CuHA/TiO2–15min.
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Fig. 5. (a) HA pattern ICCD 09-0432 and XRD patterns of (a) b) CuHA–7.5min, (c) CuHA–15min, 

(d) CuHA/TiO2–7.5min, and (be) CuHA/TiO2–15min.
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Fig. 6. XPS survey spectra (a, c) and Cu 2p high-resolution spectra (b, d) of (a) (b) CuHA/TiO2–

7.5min and (c) (d) CuHA/TiO2–15min.
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Fig. 7. Friction and acoustic signal curves of (a)–(c) CuHA/TiO2–7.5min and (d)–(f) CuHA.
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Fig. 8. Antibacterial properties of the samples against E. coli and S. aureus.
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Fig. 9. Optical density values of MC3T3-E1 cells for the samples after culture for 1, 4, and 7 days 

culture. (** denotes a significant difference at P < 0.01 compared to the control)
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