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Abstract Ti–Cu alloy has potential to be used in plastic

surgery and dental implants due to its strong antibacterial

properties, high strength and good corrosion resistance. In

this paper, Ti–5Cu was anodic-oxidized to enhance the

surface compatibility. The influence of the oxidation on the

corrosion resistance, antibacterial properties and biological

properties was investigated. X-ray diffraction (XRD) and

X-ray photoelectron spectroscopy (XPS) results showed

that a double-layer oxide coating with dense inner layer

and porous outside layer was formed on Ti–Cu sample. The

oxide coating consisted mainly of TiO2, Cu2O and small

amount of CuO, improved the corrosion resistance of Ti–

Cu alloy by one order of magnitude due to the formation of

the dense oxide inner layer, but high Cu ion release was

detected. The plate count results showed that the antibac-

terial activity of Ti–Cu sample was improved to C 99%

due to the comprehensive function of CuO and Cu2O in the

coating and Cu2? release. Cell test results showed that the

coating exhibited good cell compatibility, the porous sur-

face structure improved the adhesion of cells, and Cu ion

release promoted the cell proliferation.

Keywords Titanium–copper alloy; Anodic oxidation;

Corrosion resistance; Antibacterial activity; Cell adhesion;
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1 Introduction

In recent years, titanium (Ti) and its alloys have been

widely used in medical implants due to the excellent bio-

compatibility and mechanical properties [1–8]. However,

titanium alloys as biologically inert material have no

antibacterial properties, and bacteria easily adhere to the

neck of the implant, causing diseases around the implant

[9]. When peri-implantitis occurs, high dose of antibiotics

must be used for treatment, which not only brings huge

pain and economic burden to the patient, but also increases

the risk of bacterial resistance. Therefore, it is of great

significance to make titanium implants have comprehen-

sive long-term antibacterial properties and improve the

ability of early osseointegration [10, 11].

Copper (Cu) promotes the differentiation of osteoblasts

and induces angiogenesis. At the same time, as an essential

trace element for the human body, it plays a role in pre-

venting osteoporosis [12]. Shirai et al. [13] reported for the

first time that a titanium–copper alloy containing 1 wt% or

5 wt% copper prevented needle tract infections. The
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in vitro and in vivo experimental results showed that Ti–1

wt% Cu and Ti–5 wt% Cu alloys both had antibacterial

effects. Zhang et al. [14] prepared the antibacterial Ti–Cu

sintered alloy through powder metallurgy technology, and

Ti–Cu sintered alloy showed an antibacterial rate of[99%

against Escherichia coli (E. coli) and Staphylococcus

aureus (S. aureus). However, the stability of antibacterial

ability is good when the copper content is[ 5 wt%. Liu

et al.’s in vitro and in vivo experiments confirmed that Ti–

5Cu alloy had excellent antibacterial properties, biocom-

patibility and bone formation [5]. It has been shown that

the addition of Cu to Ti alloy formed a certain amount of

Ti2Cu phase, which released Cu2? through corrosion

reaction in contact with the solution medium and had a

strong antibacterial function [15]. However, Ti–Cu alloy is

still a bioinert material to biological system.

Anodic oxidation (AO) can effectively adjust the surface

morphology of titanium and titanium alloy and promote

cell proliferation and adhesion. Studies have shown that a

graded porous morphology on pure titanium improved the

proliferation ability of osteoblasts and had good biological

activity [16]. Botha [17] found that the anodic oxidation

film had high bonding strength, good chemical stability,

high decorative value and no toxic side effects on cells.

The experimental parameters in the anodic oxidation

process significantly affect the characteristics of the oxide

film and further affect the biocompatibility. Nano-modifi-

cation, as one of the good options, had the potential to

induce different degrees of antibacterial effect on the sur-

face of implant materials [18]. Habazaki et al. [19] found

that increasing the anodic oxidation voltage in alkaline

electrolyte could reduce the porosity of the oxide film.

Extending the oxidation time enhanced the crystallization

of titanium oxide film [20–22], the thickness of the oxide

coating [23] as well as the chemical composition. On the

contrary, it was also reported that the time evolution of film

thickness showed a downward trend, which may be due to

dehydration of the oxide film on titanium [24]. So far,

anodic oxidation has been commercially and widely used

in the surface treatment of bone plates and screws.

Studies have shown that the main reason for the

antibacterial ability of Ti–Cu was due to the antibacterial

mechanism of Ti2Cu contact [25]. However, the oxide

coating on titanium alloys after anodic oxidation would

separate Ti–Cu alloy from close contact with bacteria,

which might reduce the antibacterial function of Ti2Cu

phases and the antibacterial properties. Therefore, the

anodic oxidation was applied to Ti–Cu alloy in this study to

reveal the anodic oxidation on the surface biocompatibility

and antibacterial properties. The microstructure, corrosion

resistance, antibacterial ability and cell compatibility were

studied in detail. Primary research showed that the oxide

coating significantly enhanced the corrosion resistance and

the antibacterial properties and improved the cell adhesion

and spreading. All these results show that the anodic oxi-

dation could be used for Ti–Cu for biomedical application.

2 Experimental

2.1 Preparation of Ti–Cu sample

Commercially pure titanium (99.9%) and pure copper

(99.9%) were used to prepare Ti–5 wt%Cu (Ti–5Cu,

hereafter) alloys rods with a diameter of 15 mm in a con-

sumable vacuum arc melting furnace followed by forging

at 800–900 �C. Samples for the following experiment with

thickness of 2 mm were cut from the alloy rod and sealed

in a vacuum quartz tube, solution treated at 900–950 �C for

5 h and quenched, and then aged at 600 �C for 24 h to

obtain the final Ti–5Cu samples.

2.2 Anodic oxidation (AO)

Ti–5Cu sample was polished with 80, 400, 800 and 1200

grit SiC sandpaper in sequence and then washed with 100%

alcohol and dried. After this, the samples were surface

activated in a mixture acid solution of HF:HNO3:H2O =

1:2:50 (in volume ratio) for no more than 15 s, rinsed by

tap water for about 30 s, ultrasonically cleaned in ethanol

for 5 min and dried in air. Anodic oxidation (AO) was

reacted in 0.1 mol�L-1 H3PO4 solution at a voltage value

of 30 V for 1, 3, 5 and 10 min, hereinafter referred to as

AO-1 min, AO-3 min, AO-5 min and AO-10 min samples

in comparison with untreated sample (AO-0 min). Then,

the samples were put into hot water for 30 min to seal the

surface.

2.3 XRD and SEM/EDS

X-ray diffractometer (XRD, Smart Lab) was used to ana-

lyze the phase constitution at a scanning rate of 4 min-1

under following parameters: Cu target, Ka radiation with

k = 0.15405980 nm, tube voltage of 40 kV, tube current of

50 mA, and power of 18 kW. The phase composition was

analyzed by X’Pert High Score software. Surface mor-

phology and elemental composition analysis were con-

ducted on a scanning electron microscope (SEM, JSM

6360LV, JEOL, Japan) equipped with energy-dispersive

X-ray spectroscopy (EDS).

2.4 Surface roughness and water contact angle

The two-dimensional (2D) and three-dimensional (3D)

surface roughness (Ra) was measured by a laser confocal

microscope (OLS4100, OLYMPUS, Japan), and five areas
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with a size of 100 lm 9 100 lm were randomly selected.

The contact angle of the sample surface was measured by a

static contact angle meter (SL200KS, Kino Industry, USA).

During the process, 1.5 ll ultrapure water was dropped on

the surface and the water contact angle was measured by a

software. In order to obtain an average with standard

deviation, at least 3 points should be selected.

2.5 XPS

X-ray photoelectron spectrometer (XPS, JPS-9200) was

used to analyze the valence and composition of the sam-

ples’ oxide film. High-resolution scanning was performed

on Ti, Cu and O. All spectral data were calibrated at a C ls

binding energy of 284.8 eV. XPS peak software was used

to perform peak fitting processing on the original XPS data.

2.6 Corrosion resistance

VersaSTAT 300 electrochemical workstation was used to

measure the electrochemical curves of different samples in

a physiological saline (0.9% NaCl) solution. Power Suite

and ZSimp Win were used to analyze and fit the spectra

data. A three-electrode test system was adopted with the

tested sample as the working electrode, saturated calomel

electrode (SCE) as the reference electrode and platinum

plate as the counter electrode for electrochemical experi-

ments. Electrochemical impedance spectrum (EIS, Ver-

saSTAT 300) was measured at a frequency from 0.01 to

1 9 105 Hz, and then Tafel curve was measured at a

scanning rate of 0.5 mV�s-1.

2.7 Ion release

Samples were immersed in physiological saline (0.9%

NaCl) at 37 �C for 24 h with a ratio of surface area to

solution volume of 1.25 cm2�m-1, and the Cu ion con-

centration in the solution was measured by inductively

coupled plasma mass spectrometer (ICP-MS 2000).

2.8 Antibacterial properties

2.8.1 Plate count method

The antibacterial activity was evaluated according to GB/T

2591 (corresponding to JIS Z2801-2000 and ASTM G21-

96) [26]. Staphylococcus aureus (Saureus ATCC 6538)

was used as the test bacterium. Before the experiment, the

experimental supplies were placed on a clean workbench

for 1 h, and the nutrient broth (NB) and physiological agar

were prepared according to the experimental standards.

Appropriate amount (scrape 1–2 circles) of fresh bacterial

solution to 37 �C liquid medium was used to prepare

100 ll bacterial solution, and 80 ll bacterial suspension

with phosphate buffered saline (PBS, Gibco Oshima). The

sample was placed in a 12-well plate, and 100 ll bacteria

suspension was inoculated on the sample surface and dis-

tributed evenly to ensure that the bacteria suspension

would not drip to the outside of the sample. Then, the plate

containing the sample was placed in an incubator at

(37 ± 1) �C and relative humidity (RH) C 90% for 24 h.

After the incubation, normal saline was added to each well

to ensure that there were no bacteria on the sample; 100 ll

solution was taken out of the well and was evenly dispersed

with a triangular glass rod until there was no obvious liquid

on the surface, and then incubated at (37 ± 1) �C and

RH C 90% for 24 h. According to Chinese National

Standard (GB/T 4789.2–2010), the active bacteria were

counted. The antibacterial rate (R) was calculated by the

following formula:

R ¼ Ncontrol � Nsample

� �
=Ncontrol � 100% ð1Þ

where Ncontrol and Nsample are the colonies number on the

control sample (cp-Ti) and the test sample, respectively.

According to Chinese National Standard (GB/T

4789.2–2010), R C 90% indicates that the sample has

antibacterial properties, and R C 99% indicates that the

sample has strong antibacterial properties.

2.8.2 Dead/live staining

The live/dead BacLightTM kit (Thermo Fisher Scientific

Inc, Waltham, MA, USA) was used to stain the bacteria.

The kit is composed of SYTO-9 and propidium iodide (PI).

The two agents were mixed with sterile distilled water at a

ratio of 1:1, stored at - 20 �C and protected from light.

80 ll bacteria suspension was dropped on the sample in a

dark environment and cultured for 24 h. After being

stained for 10 min, the bacteria were observed under a

fluorescent microscope. The green fluorescence was live

bacteria, and the red fluorescence was dead bacteria.

2.9 Cell compatibility

2.9.1 MTT assay

MC3T3 cells were seeded at a density of 2 9 104

cells�ml-1 per well onto the samples separately placed in

24-well culture plates and allowed to grow for present time

periods. Following cell growth, an methylthia-

zolyldiphenyl-tetrazolium bromide (MTT) solution pre-

pared with PBS was added into each well and incubated for

4 h in the dark. Thereafter, 500 ll dimethyl sulfoxide

(DMSO) was added in each well, and the plate was placed

on a shaker for 10 min, then 100 ll mixed solution was

transferred into 96-well plate, and the optical density (OD)

1 Rare Met. (2022) 41(2):594–609

596 S. Cao et al.



was measured using a microplate reader at 570 nm. The

relative growth rate (RGR) was calculated as follows:

RGR ¼ ðODsample � ODcontrolÞ= ðODnegative � ODcontrolÞ
� 100% ð2Þ

where ODnegative, ODsample and ODcontrol are the optical

density of the negative sample, the control sample and the

test sample, respectively.

2.9.2 Cell morphology

MC3T3 cells were seeded onto samples surfaces as

described in Sect. 2.9.1. After 1-, 4- and 24-h incubation,

the samples were washed with PBS and fixed in 4%

paraformaldehyde (PFA) solution for 20 min at 37 �C.

0.5% Triton X-100 was added to penetrate cell membrane

for 5 min, and then the samples were washed with PBS.

Phantom cyclic peptide was added and incubated for

30 min in a dark environment; then the cells were treated

with DAPI (4,6-diamino-2-phenyl indole) for 2 min.

Finally, the samples with cells were observed and recorded

under a fluorescence microscope.

2.9.3 Statistic

All experiments were performed three times and expressed

as mean ± standard deviation. Quantitative statistical

analysis of representative results, p\ 0.05 was considered

statistically significant.

3 Results and discussion

3.1 Phase identification and microstructure

As shown in XRD patterns of Ti–5Cu samples treated with

AO at different time (Fig. 1a), after being oxidized for

5 min, the oxide layer was mainly composed of a-Ti

phases and Ti2Cu phases, but no titanium and copper oxide

was detected. At the same time, the peak intensity of Ti2Cu

phase decreased with the extension of the oxidation time,

suggesting that the coating became thick with the extension

of the oxidation. Figure 1b–e shows the appearance of AO-

treated samples. After AO treatment, all samples were in

blue color. The film color of Ti–Cu samples became dark

blue gradually with the extension of the oxidation time.

3.2 Surface morphology and EDS

Figure 2a–d shows microscopic morphology of the AO-

treated Ti–5Cu samples. When the oxidation time was

1 min, many scratches on the surface were seen clearly, as

shown in Fig. 2a. White flower bud structures were also

observed. When the oxidation extended to 3 min, flower-

like structures with a small number of petal-like structures

appeared on the surface, and the size of the flower-like

structures increased at high magnification. When the oxi-

dation time was 5 min, nearly all the surface was covered

by the flower-like structure. After being oxidized for

10 min, as shown in Fig. 2d, the surface became smooth

with few shallow scratches, indicating that a thick oxide

coating was formed on the surface. Many flower-like

structures with a size of 1 lm were seen on the surface.

With the extension of the oxidation duration, the size of the

flower-like structure increased.

Figure 2a1–d1 shows cross-sectional microstructures of

the AO-treated Ti–5Cu samples. It can be seen that a

double-layer coating with a thickness of 3–7 lm with a

dense inside and porous outside was formed after

anodization. With the extension of the oxidation time, Cu

content in the coating gradually increased, and the dense

layer had more Ti and Cu, as listed in Table 1. At the

oxidation time of 1 min, the coating consisted of a dense

layer with 1.7 lm in thickness and a porous layer with

about 5.0 lm in thickness, as listed in Table 2. After 3-min

oxidation, the coating thickness decreased slightly, but the

dense layer grew rapidly to about 2.9 lm in thickness

while the porous layer became denser. After 5-min oxi-

dation, the thicknesses of the whole coating, the porous

layer and the dense layer were all continuously reduced.

After 10 min, the thickness of the film was reduced to

about 3 lm, but the dense layer was stabilized at about

2.0 lm. In comparison with the cross-structure of the

coating at 1 min, the coating became much denser and the

surface became smoother with the extension of the oxida-

tion time.

3.3 XPS

As examples, Fig. 3 shows XPS spectra of AO-3 min and

AO-10 min samples. The diffraction peaks of Ti, O and Cu

were detected in all samples. In the spectra of Cu (Fig. 3a,

a1), Cu 2p3/2 peak at 932.92 eV and Cu 2p1/2 peaks at

952.64 and 945.71 eV were detected, which confirms the

existence of Cu2O and CuO in the oxidation coating

[26, 27]. From the diffraction intensity, it can be deduced

that Cu mainly existed as Cu2O with a few CuO. Extension

of the oxidation time did not bring about significant dif-

ference in Cu spectra, suggesting that the existing form of

Cu and the relative content did not change with oxidation

time. In Ti spectra of AO-3 min sample (Fig. 3b), Ti 2p

spectrum can be decomposed into 5 small peaks, Ti 2p1/2 at

464.71 eV and Ti 2p3/2 at 458.85 eV, corresponding to

TiO2 [28, 29]; Ti 2p1/2 peak at 460.71 eV and Ti 2p3/2 peak
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at 457.28 eV, belonging to Ti2O3; Ti 2p1/2 peak at

463.14 eV, belonging to oxide colloid [30]. From the

intensity, Ti mainly existed in TiO2 with small amount of

Ti2O3 oxide colloid. After 10-min oxidation, there was

nearly no difference in the existing form of Ti in com-

parison with AO-3 min sample, as shown in Fig. 3b1. In O

1s spectra in Fig. 3c, O 1s spectrum was consisted of three

diffraction peaks at 530.2, 530.76 and 531.19 eV, corre-

sponding to Ti–O, Cu–O and C–O, respectively [23, 31].

With the extension of the oxidation time to 10 min, no new

peak was detected. With the consideration of Cu and Ti

spectra, O mainly existed in form of TiO2, Cu2O or CuO.

3.4 Wettability, roughness and ion release

Figure 4a shows the result of the roughness of Ti–5Cu

samples with oxidation duration. When the oxidation time

was 1 min, the roughness was larger than that of the

untreated sample. With the extension of the oxidation to

5 min, there was nearly no change in the roughness.

However, after 10-min oxidation, the surface roughness

increased sharply to about 4–6 lm. Figure 4b shows the

water contact angle of Ti–Cu samples before and after

oxidation. Compared with the untreated Ti–5Cu sample,

the contact angle of AO-treated Ti–5Cu samples decreased

with the extension of the oxidation time, indicating that the

hydrophilicity became better. Figure 4c shows the dis-

solved Cu ion concentration after immersing the Ti–5Cu

sample in physiological saline for 24 h. It can be found that

the Cu ion concentration increased obviously as the anodic

oxidation reached the highest value at 5 min and further

oxidation reduced the Cu ion release significantly.

3.5 Electrochemical testing

The electrochemical correlation analysis of Ti–Cu samples

in normal saline before and after anodization is shown in

Fig. 5. It can be found from open current potential (OCP)

curves in Fig. 5a and the self-corrosion open current

potential (Eocp) value in Table 3 that the corrosion potential

of the samples after AO treatment was significantly higher

than that of Ti–5Cu-based alloy, showing that AO treat-

ment can significantly alleviate the corrosion tendency of

Ti–5Cu alloy. Also, the longer the oxidation time was, the

higher the corrosion potential was. The Tafel curve in

Fig. 5b shows that AO treatment moved the curve toward

more positive potential and high current density direction.

The self-corrosion potential (Ecorr) and the self-corrosion

current density (icorr) extrapolated from the Tafel curve are

listed in Table 3. The self-corrosion current density

decreased from 1.85 9 10–7 A�cm-2 for the untreated Ti–

5Cu sample to 1.08 9 10–7, 0.89 9 10–7, 0.54 9 10–7,

0.66 9 10–7 A�cm-2 with the increase in AO treatment

duration, indicating that AO treatment reduced the corro-

sion current density or improved the corrosion resistance.

In Fig. 5c, the capacitive arc radius after AO treatment was

significantly larger than that of the untreated Ti–Cu sam-

ple, showing that AO coating had a good resistance to the

corrosion solution. Figure 5d, e shows Bode curve at dif-

ferent oxidation time. The impedance value of the anodized

Fig. 1 a XRD patterns of Ti–5Cu samples treated with AO at different time; b AO-1 min, c AO-3 min, d AO-5 min, e AO-10 min
surface appearance of Ti–5Cu alloy samples
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sample was higher. As shown in Fig. 5f, g, the equivalent

circuit model was used to simulate the structure of the

passivation film. The calculated electrochemical data are

shown in Table 4. The corrosion resistance of Ti–Cu

sample was improved by AO treatment and increased with

the extension of AO treatment, indicating that the anodic

oxide coating, as an insulator with a thickness of about

4–6 lm, had large corrosion resistance and could protect

Ti–5Cu base alloy from solution attacking.

3.6 Antibacterial properties

3.6.1 Antibacterial rate

Figure 6a–f shows typical bacteria colonies after 24-h

incubation on Ti–Cu samples. On cp-Ti, many bacteria

colonies were found, as shown in Fig. 6a, confirming that

cp-Ti does not have antibacterial effect. There were only a

few colonies on Ti–Cu sample and no colony on the AO-

treated Ti–5Cu samples, indicating that S. aureus were all

dead after 24-h incubation on Ti–Cu samples. The

antibacterial rates curve in Fig. 6g demonstrated that the

antibacterial rate of Ti–Cu sample and AO-treated Ti–Cu

sample was[ 99%.

3.6.2 Live/dead staining

Figure 7 shows live/dead staining of S. aureus co-cultured

on Ti–5Cu samples for 24 h. The fluorescent green on the

surface of cp-Ti was significantly more than red, showing

that S. aureus adhered and proliferated well on cp-Ti. On

the surface of AO-treated samples, only red fluorescence

Fig. 2 Surface and cross-sectional microstructure morphology of AO treated Ti–5Cu samples; a, a1 AO-1 min; b, b1 AO-3 min; c, c1
AO-5 min; d, d1 AO-10 min
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was observed, indicating that S. aureus could not survive

on the AO-treated samples and all bacteria were killed;

these results were consistent with the results of the plate

experiment.

3.7 Cell toxicity

Figure 8a shows optical density of MC3T3-E1 cells mea-

sured by MTT after 1-, 3-, and 5-day incubation on cp-Ti

and Ti–Cu samples. The results showed that with the

extension of culture time, the number of cells on the

samples surface increased. On the first day, no difference

was found between OD values of cp-Ti and Ti–Cu samples

and among the values of Ti–5Cu samples. On the third day,

OD value of Ti–Cu sample was lower significantly than

that of cp-Ti, and OD values of AO-treated Ti–Cu samples

were obviously lower than that of Ti–Cu sample, but no

difference was observed among OD values of AO-treated

Ti–Cu samples. However, on the fifth day, OD values of

Ti–Cu samples were obviously higher than that of cp-Ti

and no difference was found among the OD values of Ti–

Cu samples. Figure 8b shows the calculated RGR of cells.

RGRs of Ti–Cu samples were less than 100% but higher

than 75% on the first day and the third day, corresponding

to cell cytotoxicity of Grade 1. However, RGRs of Ti–Cu

samples were higher than 100% on the fifth day, corre-

sponding to Grade 0. All these results demonstrated that

Ti–Cu samples including the AO-treated samples did have

no cytotoxicity to MC3T3-E1 cells.

Figure 9 shows cell adhesion and spreading activities of

MC3T3-E1 cells co-cultured on the samples for up to 24 h.

After 1-h culture, the cells showed spherical shape on the

samples. With the extension of oxidation time, more actin

filaments were expressed on the surface and the spreading

area increased. After 24-h culture, the cells on the AO-

treated Ti–Cu samples showed stronger actin, filamentous

pseudopodia and lamellar pseudopodia signals compared

with that on cp-Ti. These results show that the anodized

samples could improve the adhesion and spreading effect

of MC3T3-E1 cells. However, the Ti–Cu samples with

different oxidation time showed no difference in cell

morphology.

4 Discussion

4.1 Formation of anodic oxidation coating
and surface physical properties

The AO coating on titanium alloy was formed by elec-

trolytic extraction of O2- and metal element in the base

alloy. Surface appearance in Fig. 1b–e clearly showed that

an oxide coating was formed on the surface with blue

color. SEM results indicated that an oxide coating with a

dense inside and a porous outside was formed on Ti–Cu

sample after anodic oxidation. The coating became denser

and denser with the oxidation time prolonging, as shown in

Fig. 2a1–d1. A ‘‘flower-like’’ structure had shown a con-

nected growth form on the oxide coating when the oxida-

tion time was about 10 min. It was reported that this

structure was actually the performance of the dielectric

breakdown of the coating [32–34]. Figures 1a, 3 show that

the oxide film was mainly composed of TiO2, Cu2O and

small amount of CuO, and the extension of the oxidation

time had limited effect on the chemical composition and

phase constitution.

At the initial stage of the anodization process of Ti–5Cu,

a violent hydrolysis reaction occurred first in the

Table1 EDS results of cross-sectional microstructure of AO
treated Ti–5Cu samples

Oxidation time Position Element w/wt% x/at%

1 min Porous layer Ti 59.86 33.35

Cu 1.86 0.78

Dense layer Ti 67.77 41.21

Cu 5.30 2.43

5 min Porous layer Ti 69.85 47.34

Cu 5.65 2.88

Dense layer Ti 70.99 45.32

Cu 6.47 3.11

3 min Porous layer Ti 43.63 20.83

Cu 4.81 1.73

Dense layer Ti 61.28 35.32

Cu 5.21 2.26

10 min Porous layer Ti 71.78 47.54

Cu 5.00 2.49

Dense layer Ti 76.27 55.58

Cu 7.04 3.87

Table 2 Thickness of oxide coating on AO treated Ti–5Cu
samples (lm)

Samples AO-
1 min

AO-
3 min

AO-
5 min

AO-
10 min

Thickness of
Anodic
oxide
coating

6.7 ± 0.2 5.5 ± 0.1 4.0 ± 0.1 3.0 ± 0.05

Thickness of
porous
layer

5.0 ± 0.2 2.6 ± 0.05 2.0 ± 0.1 1.0 ± 0.2

Thickness of
dense layer

1.7 ± 0.1 2.9 ± 0.1 2.0 ± 0.1 2.0 ± 0.05
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electrolyte, producing a large amount of free OH-

according to following reaction:

2H2O þ 2e� ! H2 " þ 2OH� ð3Þ

Then, the free OH- first reacted with a-Ti in the

preferential dissolving of Ti from the Ti–Cu alloy. As the

surrounding matrix dissolved, Ti2Cu particles were

gradually exposed, separated from the matrix and

released into the solution. Then, the following two

reactions happened on the surface:

Ti2Cu þ 10OH� ! 2Ti OHð Þ4þ Cu OHð Þ2þ10e� ð4Þ

2Ti OHð Þ4þ 3e� ! Ti2O3 þ 2H2O þ 3OH� ð5Þ

Subsequently, Reactions (6–8) occurred on the surface,

a large amount of Cu2? migrated outwards, and the dense

Fig. 3 XPS analysis spectra of AO-3 min and AO-10 min samples: a Cu 2p, b Ti 2p and c O1s spectra of AO-3 min sample; a1 Cu 2p,
b1 Ti 2p and c1 O 1s spectra of AO-10 min sample
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film on the surface was destroyed by continuous

electrolysis, as shown in Fig. 10a. Cu2? began to react

with the appearance of pores outside the dense layer. When

adjacent pores converged, larger pores would be formed.

The outer porous layer changed from a granular structure to

a lamellar structure, resulting in the appearance of a

‘‘flowering’’ structure, as shown in Fig. 10b.

2Ti2O3 þ O2 ! 4TiO2 ð6Þ

Cu2þ þ 2 OHð Þ�! Cu OHð Þ2 ð7Þ

2Cu OHð Þ�2 ! Cu2O þ H2O þ 2OH� ð8Þ

As the oxidation progressed, a film layer would be

formed continuously on the outside. With the generation of

oxygen, the barrier layer was thick enough that O2- could

not penetrate under the electric field applied by the current

voltage. At this time, the formation rate of the oxide film

and the dissolution rate reached a balance. The film

thickness did not change, and the flowering structure grew

to the best state with time. As the oxidation time prolonged,

Fig. 4 a Roughness, b water contact angle and c Cu ion release concentration from different samples after 24-h immersion in
0.9%NaCl

Fig. 5 Electrochemical curves of Ti–5Cu samples: a Open-circuit potential (OCP); b Tafel curves; c Nyquist curves; d, e Bode and
Bode phase curves; f equivalent circuit model of AO-0 min sample; g equivalent circuit model of others samples
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the flowers were connected together, as shown in Fig. 10c.

The dense and porous layers began to hydrolyze according

to Reactions (9–11) and release a small amount of Cu2?.

As a result, CuO and TiO2 were produced oxides on the

coating surface.

Cu2þ þ O2� ! CuO ð9Þ

Ti2O3 þ 2OH� ! 2TiO2 þ H2 þ O2� ð10Þ

TiO2 þ 2OH� ! TiO þ O2� þ H2O ð11Þ

The greater the surface roughness of the titanium alloy

is, the higher the specific surface area is, and the better the

cell proliferation and adhesion effect is, which is conducive

to the stable proliferation of cells on the surface [35]. As

shown in Fig. 4a, the roughness of Ti–Cu sample continued

to increase with the extension of anodization time,

indicating that the flowering structure formed by electron

migration and bonding had a significant impact on cell

proliferation and adhesion significantly. When the surface

contact angle was less than 60�, the greater the roughness

was, and the better the hydrophilicity was [31]. When the

surface contact angle was above 60�, the greater the

roughness was, the better the hydrophobicity was. As

shown in Fig. 4b, the flowering structure (\ 60�) improved

hydrophilicity.

4.2 Corrosion resistance and ion release

Previous studies on Ti–Cu alloys have indicated that the

second phase of Ti2Cu in Ti–Cu alloys slightly improved

the anti-corrosion properties [36]. The electrochemical

results in Fig. 5 clearly demonstrated that the AO coating

improved the open corrosion potential and reduced the

corrosion current density. Also, a high phase angle and

large corrosion resistance were found on the AO-treated

samples, indicating that the coating provided reasonable

protection for Ti–5Cu substrate and effectively improved

the corrosion resistance. As mentioned before, a double-

layer coating was formed on the surface of Ti–Cu alloy.

The dense inner oxide layer could provide good protection

against solution attacking, as indicated by the high phase

angle and high corrosion resistance in Fig. 5d, e. da Fon-

seca et al. [22] found that the film structure existing in the

titanium oxide film was amorphous. Habazaki et al. [37]

reported that when the titanium alloy was first anodized,

subnano-sized oxides were produced on the surface, and

the grain size of these oxides gradually increased over

time.

With the extension of oxidation time up to 5 min, the

corrosion current density decreased and the corrosion

resistance increased significantly, as listed in Tables 3, 4.

However, further extension of oxidation time did not

improve the anti-corrosion properties. Microstructure

observation in Fig. 2a1–d1 indicated that the coating

became denser with the extension of the oxidation time

in the first 5 min, which provided good protection, and

the further extension of the oxidation time to 10 min

resulted in limited improvement in the coating structure.

EIS results in Fig. 5 also confirmed that there was no

significant difference in the phase angle and the corro-

sion resistance between AO-5 min and AO-10 min

samples.

Although the oxide coating could reduce the corrosion

current density significantly, a higher Cu ion was released

from AO-treated sample than Ti–Cu-based alloy, as

reported in Fig. 4c. At the beginning of the oxidation, the

coating was mainly porous and the dense layer was very

thin; at this time, the content of Ti and Cu in the coating

was low, as shown in Fig. 2a1–d1. Therefore, more Cu ions

were released from the porous coating as well as from Ti–

Cu-based alloy. However, after 10-min oxidation, the AO

coating became much dense, which inhibited the

Table 3 Self-corrosion potential and self-corrosion current
density of different samples

Samples Eocp/V
(vs. SCE)

Ecorr/V
(vs. SCE)

icorr/
(10-7A�cm-2)

AO-0 min - 302.72 ± 14.37 - 0.148 ± 0.019 1.85 ± 0.21

AO-1 min - 53.95 ± 32.52 - 0.078 ± 0.012 1.08 ± 0.09

AO-3 min 49.69 ± 23.42 - 0.033 ± 0.013 0.89 ± 0.08

AO-5 min 59.59 ± 15.45 0.031 ± 0.01 0.54 ± 0.07

AO-10 min - 109.8 ± 11.26 - 0.062 ± 0.014 0.66 ± 0.04

Table 4 EIS curve data of Ti–5Cu alloy after AO treatment for different oxidation time

Samples Rs/(X�cm2) Qp/(10
–5

S�cm2�s-n)
Rp/(10

4

X�cm2)
np RCp/(10

5

X�cm2)
Qds/(10

–5

S�cm-2�s-n)
nb

AO-0 min 72.36 ± 0.18 2.53 ± 0.02 7.33 ± 0.39 0.93 ± 0.00 – – –

AO-1 min 89.98 ± 0.48 0.27 ± 0.15 5.38 ± 1.21 0.88 ± 0.01 6.13 ± 0.13 0.51 ± 0.13 0.57 ± 0.01

AO-3 min 68.89 ± 0.41 0.34 ± 0.05 16.55 ± 0.27 0.87 ± 0.00 19.19 ± 0.23 0.29 ± 0.20 0.55 ± 0.04

AO-5 min 69.91 ± 0.59 0.28 ± 0.09 7.60 ± 4.28 0.88 ± 0.00 52.08 ± 56.83 0.37 ± 0.33 0.37 ± 0.06

AO-10 min 72.38 ± 0.51 0.48 ± 0.00 24.53 ± 0.27 0.90 ± 0.00 54.00 ± 2.95 0.56 ± 0.52 0.65 ± 0.05
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dissolution of Cu2?. So, the Cu ion release was signifi-

cantly reduced from AO-10 min sample.

4.3 Antibacterial Properties

Ti–Cu alloy exhibited strong antibacterial properties

against S. aureus [15]. As mentioned earlier, the Ti2Cu

phase in Ti–Cu alloy had antibacterial properties [38–40].

The anodic oxide coating on Ti–5Cu sample separated

Ti2Cu phase from close contact with bacteria and improved

the hydrophilicity, and in turn would accelerate the cell

adhesion including bacteria and reduce the antibacterial

ability as a result. However, the AO-treated Ti–5Cu sam-

ples exhibited high antibacterial rate of C 99.99%, as

shown in Figs. 6, 7, indicating that the AO coating inhib-

ited the growth of bacteria. Microstructure analysis in

above section indicated that the oxide coating on AO

samples mainly consisted of TiO2, Cu2O and a small

amount of CuO. It has been reported that TiO2 exhibited

antibacterial ability under UV light [41]. In this study, the

bacteria were incubated on samples in a dark condition.

Therefore, the antibacterial properties of TiO2 were not

activated in this study.

Many reports have shown that CuO nanoparticles were

effective against methicillin-resistant Staphylococcus aur-

eus (MRSA), E. coli, Pseudomonas aeruginosa, Klebsiella

pneumoniae, Enterococcus faecalis, Shigella flexneri, mice

Salmonella typhi, Proteus vulgaris, S. aureus and fungal

strains Aspergillus niger and Candida albicans [29, 42–44].

It was also reported that Cu2O in the surface coating of

titanium had great antibacterial effect against MRSA

[45–48]. He et al. [49] found that drug-loaded multilayers

could inhibit the growth of bacteria on Ti substrate.

Therefore, it can be easily deduced that CuO and Cu2O in

the oxide coating could inhibit the proliferation of the

bacteria and achieve the antibacterial effects.

Fig. 6 Typical bacterial colonies on different samples: a cp-Ti; b AO-0 min (Ti–5Cu); c AO-1 min; d AO-3 min; e AO-5 min; f AO-
10 min; g antibacterial rate
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High Cu ion release was detected after AO treatment, as

shown in Fig. 4c. When the sample was incubated with

bacteria suspension, Cu ion would be released from the

coating as discussed in the above section. Cu ion concen-

tration would be as high as 50–250 lg�L-1. Although Cu

ion release concentration from AO-treated sample was less

than recommended minimum ion concentration (MIC)

value of Cu ion against S. aureus (300 lmol�L-1) [50], Cu

ions could still bind closely to the surface of negatively

charged bacteria through Coulomb interactions, resulting in

an imbalance of the inner and outer membrane potential

[10], thus causing oxidative stress, producing reactive

oxygen species (ROS), inducing cell wall damage and

protein damage and ultimately leading to the death of

bacteria [51]. In summary, the antibacterial properties of

the AO-treated Ti–Cu sample were mainly attributed to the

mixed function of the presence of Cu2O and CuO, and Cu

ion release.

4.4 Cell toxicity

Good cytocompatibility is a basic requirement for a

biomedical material and surface modification for clinical

application. The results of CCK-8 in Fig. 8 show that the

cell viability of AO-treated Ti–Cu samples was higher than

75% at all intervals, indicating that no cell toxicity was

found in comparison with cp-Ti sample. However, signif-

icantly low cell viability was observed on the anodic oxi-

dized Ti–Cu samples in comparison with Ti–Cu matrix at

the third day while significantly high cell viability was

observed at the fifth day.

As mentioned in above section, the water contact angle

of Ti–Cu sample was reduced after the anodic oxidation

due to the petal-like and small flower-like structures, as

shown in Fig. 2a–d. The smaller the water contact angle

was, the better the hydrophilicity was, and the greater the

surface energy was, which is more conducive to the

Fig. 8 Viability of MC3T3 cells direct contact with different samples for 1 day, 3 days and 5 days (*p\0.05): a OD value; b cell
viability

Fig. 7 Live and dead staining of bacteria on Ti–5Cu samples: a, a1 cp-Ti; b, b1 AO-1 min; c, c1 AO-3 min; d, d1 AO-5 min; e, e1 AO-
10 min
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Fig. 9 Cytoskeletal actin and nuclear staining of MC3T3 cell on different samples after culturing for different time: a, a1, a2 cp-Ti; b,
b1, b2 AO-0 min; c, c1, c2 AO-1 min; d, d1, d2 AO-3 min; e, e1, e2 AO-5 min; f, f1, f2 AO-10 min
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adsorption and initial adhesion of proteins and cells

[52, 53]. As a result, the adhesion and spreading ability of

cells were enhanced on the AO-treated sample in com-

parison with cp-Ti and Ti–Cu samples, as shown in Fig. 9.

At the same time, titanium oxide was formed on Ti–5Cu

sample after oxidation. Studies have shown that both

anatase and rutile had good biological activity and

osteoinductive properties [30, 54]. Therefore, TiO2 or

Ti2O3 on the surface could be conducive to cell adhesion

and proliferation. After the anodic oxidation, more Cu ion

was released in comparison with Ti–Cu base alloy, as

shown in Fig. 4c. Cu ion release concentration from the

AO-treated Ti–Cu sample in 24 h was in a range of

52–239 lg�L-1. Copper is helpful in the formation of

blood vessels and in the formation of new bone. An

appropriate amount of copper ions can promote the release

of growth factors from human cells, which is conducive to

the differentiation of osteoblasts and the deposition of

calcium salts [55]. It has been confirmed that copper could

stimulate the proliferation and differentiation of endothelial

cells by increasing the direct or indirect expression of

VEGF and HIF-1a in mesenchymal stem cells [56, 57].

The high Cu ion release might contribute to the high cell

viability at the fifth day. However, high Cu ion concen-

tration may also cause cell toxicity [58].

In summary, Ti–5Cu alloy modified by anodic oxidation

exhibited better corrosion resistance and antibacterial effect

than Ti–5Cu base alloy. The petal-like and small flower-like

structures morphology on the surface was beneficial to the

cell adhesion and proliferation. In addition, Cu ion release

promoted the cell proliferation. However, further research is

still necessary to reveal the in vivo antibacterial properties

and cell compatibility in future.

5 Conclusion

A double-layer oxide coating with dense inner layer and

porous outside layer was formed on Ti–Cu alloy. The oxide

coating mainly consisted of Ti2O, Cu2O and small amount

of CuO. The coating improved the corrosion resistance of

Ti–Cu alloy by one order of magnitude and improved the

antibacterial properties mainly due to the comprehensive

function of CuO and Cu2O. The porous outside layer

enhanced the adhesion of MC3T3 cell and the release of Cu

ion promoted the cell proliferation.
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