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Cu-doped amorphous calcium phosphate (ACP) coatings were fabricated on the surface of pure titanium (Ti) by electrochemical deposition
at initial electrolyte temperatures of 35, 45, and 55°C. The antibacterial activities of the coatings were then evaluated by the plate counting
method using Escherichia coli as the indicator. The Cu concentrations on the surfaces of samples are increased from 6.90 to 15.05mass% as
initial electrolyte temperature is increased from 35 to 55°C. The Cu-doped ACP coatings show that they can fully inhibit the growth of E. coli.
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(Received January 18, 2021; Accepted April 14, 2021; Published June 25, 2021)

Keywords: biomaterials, hydroxyapatite, antibacterial coating, electrochemical deposition

1. Introduction

Pure titanium (Ti) and Ti alloys are widely used as
biomedical implant materials, and an increasing number of
studies have focused on preparing calcium phosphate
coatings on the surfaces of Ti implants. Many studies
indicate that calcium phosphate coatings have good
osseointegration and biocompatibility, which enables the
implant to integrate well with natural bone.1) Some metallic
ions are doped in calcium phosphate coatings to allow better
coating functionality. Sr2+ can promote the synthesis of new
osteoblasts by promoting the production of collagen and
alkaline phosphatase, and inhibit bone resorption by reducing
osteoclast activity.2) Mg2+ can regulate bone mineralization
and promote bone growth and remodeling.3) Ag, Zn, and
Cu-doped hydroxyapatites show antibacterial effects, which
can reduce the possibility of implant loosening or implant
failures caused by bacterial infections.4) However, Ag+ is
expensive and shows high cytotoxicity. Meanwhile, Cu2+

shows the best antibacterial effect compared with Zn2+ and
Ag+ and shows low cytotoxicity.5) Many studies focus on
Cu-doped hydroxyapatite (HA) coatings rather than Cu-
doped amorphous calcium phosphate (ACP) coatings.

Although HA is the main inorganic component of human
hard tissue, the amorphous nature of ACP is very important
for the realization of specific physiological functions.6)

Compared with HA, ACP particles can also destroy the
stability of bacterial cell membrane and inhibit the growth of
bacteria.7)

In this study, Cu-doped antibacterial amorphous coatings
were electrochemically deposited on Ti substrates via Cu-
containing Ca­P solutions at different initial temperatures.

The Cu content, morphologies, and antibacterial properties of
the coatings were also evaluated.

2. Materials and Methods

Ti plates (99.9% purity; hereafter, % means mass%) with
dimensions 10mm © 10mm © 1mm were polished using
120­5000 grade sandpaper. Then, calcium phosphate coat-
ings were prepared by a double electrode system using Ti as
the cathode and Pt as the anode. The electrolyte consisted
of 0.025M NH4H2PO4 and 0.042M CaCl2·2H2O, and was
maintained in a 45°C water bath during the entire deposition
process. To dope the coating with Cu, 10% of the Ca2+ were
replaced by Cu2+ in the electrolyte. Thus, the electrolyte for
the Cu-doped coating consisted of 0.025M NH4H2PO4,
0.0378M CaCl2·2H2O, and 0.0042M CuCl2·2H2O. During
deposition of the Cu-doped coatings, the water bath
temperatures were set to three values, namely 35, 45, and
55°C. All the electrochemical depositions were performed at
a voltage of 3.2V and deposition time of 30min. Thereafter,
the samples were cleaned with deionized water and dried at
ambient temperature.

The surface morphologies of the samples were observed
by scanning electron microscope (SEM) and energy
dispersive spectroscopy (EDS) to characterize the elemental
composition. The coating phases were detected by X-ray
diffraction (XRD), and the chemical state of Cu in the coating
was analyzed by AIXS Ultra DLD X-ray photoelectron
spectroscopy (XPS) with monochromatic Al K¡ (h¯ =
1486.6 eV) X-ray as the radiation source. The sample was
pasted on the sample table, put into the instrument, and then
tested under vacuum. Electron flood gun was used for charge
compensation. The binding energy scale was calibrated from
the hydrocarbon contamination using the C 1s peak at
248.8 eV.
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The antibacterial properties of the coatings were evaluated
by the plate counting method using E. coli (ATCC25922)
as indicator. Before the test, all samples were sterilized at
121°C for 30min by autoclave. The concentration of E. coli
suspension was adjusted to 109CFU/L by using sterilized
muller-hinton (MH) liquid medium, and 2 © 10¹4 L of the
suspension was dripped on the surface of each sample. The
samples with suspension were incubated at 37°C for 18 h,
and then eluted by 1.8 © 10¹3 L sterile phosphate buffer
solution (PBS) to remove the bacteria solution on the surface.
The eluent was finally diluted 104 times by serial dilution.
10¹4 L of the diluted eluent was spread evenly on a MH
medium agar plate and then put in a thermostat at 37°C for
18 h. After that, the visible cells of each plate were counted
by quantifying the CFU. Each test was performed in
triplicate.

The Cu-doped ACP with the lowest Cu content was
subjected to Cu ion release test. It was placed in a bottle
contained 0.02 L PBS at 37°C for 24 h, and then the
concentration of Cu2+ in the solution was tested by
inductively coupled plasma mass spectrometer (ICP-MS).

3. Results and Discussion

3.1 XRD results
Figure 1 shows the XRD patterns of the coatings prepared

at different electrolyte temperatures. The diffraction peaks
of ¡-Ti at 35.0°, 38.3° and 40.1° are detected in all samples.
A typical diffraction peak of HA at 21.7°, 22.8° and 26.0° is
observed in Fig. 1(a), indicating that the calcium phosphate

coating mainly comprises HA. No obvious peaks correspond-
ing to calcium phosphates are detected by XRD in the Cu-
doped coatings, and a broad peak was seen at approximately
30° (Fig. 1(b), 1(c), and 1(d)), indicating that the coating
mainly comprises ACP.8) The Cu diffraction peaks are found
at 43.3° in Fig. 1(b), 1(c), and 1(d).

When the Ca2+ is replaced by other metal ions, the apatite
crystallinity is reduced, and nucleation and growth of the
apatite crystals are inhibited.9) In this study, the appearance
of ACP is attributed to the inhibition of HA crystal growth
by Cu2+.

3.2 Characterization
Figure 2 shows the SEM images of the surfaces of the

coatings. The calcium phosphate coating without Cu shows
dense and uniform needle-like structures on the surface
(Fig. 2(a)). When Cu2+ ions are added and the electrolyte
is maintained at 45°C, flocculent white particles appear on
the surface (Fig. 2(c)). As temperature is decreased to 35°C,
only primary spherical particles are seen on the substrate
(Fig. 2(b)). When the temperature is increased to 55°C, the
substrate is completely covered by the dense flocculent
particles (Fig. 2(d)). Cu mapping shows that Cu is uniformly
deposited on the coating surface. The thickness of the coating
is increased from 0.56 to 1.10 µm with the increase of
deposition temperature (Fig. 3).

Table 1 lists the main chemical compositions of the
samples measured by EDS. The proportions of Cu and Ca
in the samples are increased with increasing temperatures,
but the Ti content is decreased. The deposition of calcium
phosphate is controlled by charge transfer kinetics, and the
deposition speed is improved by increasing the temper-
ature.10,11) The Ti surface is more extensively covered by the
calcium phosphate coating at higher temperatures; thus, Ti
content is decreased with increasing Cu and Ca contents at
higher temperatures. By removing the Ti content, the
percentages of Cu content in the coatings deposited at

Fig. 1 XRD patterns of calcium phosphate coatings prepared at different
electrolyte temperatures: (a) pure calcium phosphate coating prepared at
45°C; Cu-doped calcium phosphate coatings prepared at (b) 35, (c) 45,
and (d) 55°C.

Fig. 2 SEM images and Cu mapping images of different calcium
phosphate coatings: (a) pure calcium phosphate coating; Cu-doped
calcium phosphate prepared at (b) 35, (c) 45, and (d) 55°C.
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temperatures of 35, 45, and 55°C are recalculated to 17.61%,
20.82% and 23.18%, respectively. Additionally, the Ca/P
molar ratio are increased, because more PO4

3¹ ions are
produced with increasing electrolyte temperatures,11) and
HPO4

3¹ is replaced in ACP.12) In this study, Cu2+ ions are
used to partly replace Ca2+; thus, the (Ca + Cu)/P molar
ratio is also increased with temperature. Moreover, Cu2+ is
more easily bound to PO4

3¹ and OH¹ than Ca2+. Therefore,
the Cu content in the coating is evidently increased. When
the doping amount of Cu2+ in HA reaches saturation,13)

Cu2+ can directly obtain electrons at the cathode to generate
Cu through a reduction reaction. This explains why a Cu
diffraction peak is detected in the XRD pattern. With the
increase of deposition temperature, the peek intensity of
Cu becomes stronger indicating an increase of the metallic
Cu content.

3.3 XPS results
Figure 4 shows the Cu 2p3/2 spectrums and Cu LMM

auger spectrums of the coatings. There are strong satellite
peaks in the range 940­950 eV, indicating the existing of
Cu2+ in the coatings.14­16) The peaks of Cu (II) 2p3/2
spectrum are located at approximately 934.6 eV and 936.3
eV, which can be assigned to Cu(OH)2 and CuHPO4.14,17)

The peak located at about 932.9 eV attributed to the presence
of Cu (0) or Cu (I).14,16) Because of their similar binding
energies, it is difficult to identify the chemical state of Cu
only by analyzing Cu 2p3/2 spectrums. Auger electron
spectroscopy has been generally used to further confirm it.
The peak of Cu LMM Auger spectrum located at about
918.5 eV is very close to that of Cu metal,14) indicating that
Cu metal exists in the coating. This is consistent with the
result in XRD.

3.4 Antibacterial activity
The apatite coating without Cu does not show antibacterial

Fig. 3 SEM images for the thickness of the Cu-doped calcium phosphate coatings prepared at (a) 35, (b) 45, and (c) 55°C.

Table 1 Main elemental compositions of the sample surfaces after calcium phosphate coating at different electrolyte temperatures.

Binding Energy (eV)

(d)

(b)

948 946 944 942 940 938 936 934 932 930

905 910 915 920 925

Kinetic Energy (eV)

Cu (0)
Cu(OH)2

CuHPO4
Cu(OH)

2
Cu (0) 

(c)

(a)

Sat.Cu
2+

Cu (0) 2p
3/2

Cu (II) 2p
3/2

Fig. 4 Cu 2p3/2 XPS core peak of Cu-doped calcium phosphate coatings
prepared at (a) 35, (b) 45, (c) 55°C, and (d) Cu LMM Auger spectrum of
the coating prepared at 55°C.
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effects. A large number of E. coli colonies can be observed
in the agar plate (Fig. 5(a)), and the E. coli number is 6.63 «
0.57 © 103CFU (Table 2). However, such E. coli colonies
are not observed in Fig. 5(b), 5(c), and 5(d), and the E. coli
number is 0 (Table 2), indicating that the antimicrobial ratio
is higher than 99%. According to the XPS results, the main
compounds in the coating are Cu(OH)2 and CuHPO4, which
have low solubility. The results show that the quantity of
Cu2+ release is 0.157mg/L, which is higher than that of
the HA coatings prepared by D. Sivaraj et al. (0.042mg/L),7)

but lower than that of the HA powders prepared by S. Gomes
et al. (at least 0.4mg/L).15) It has been reported that Cu2+

can destroy the cell wall of E. coli, enter the cell membrane,
inhibit the transport and metabolism of sugar, lead to the
destruction of metal ion homeostasis and enzyme system,
and finally kill E. coli.18) The prepared Cu-doped coatings,
having higher Cu content, show better antibacterial effects
than previously reported Cu-HA coatings with low Cu
content of 0.80%, which have an antimicrobial ratio of only
>75%.4) S. Gomes et al. also point out that favored
proliferation for cells is still maintained although the release

of Cu2+ reaches 0.4mg/L.15) Thus, the currently used
electrochemical deposition parameters can be applied to
prepare antibacterial coatings on Ti implants.

4. Conclusion

Cu-doped amorphous calcium phosphate coatings were
electrochemically deposited on Ti surfaces using an electro-
lyte consisting of NH4H2PO4, CaCl2·2H2O, and CuCl2·
2H2O. The Cu content in the coatings was increased from
6.90 to 15.05% as the electrolyte temperatures were increased
from 35 to 55°C. The Cu-doped coatings are shown to
completely inhibit the growth of E. coli, thereby proving
their excellent antibacterial properties. The proposed elec-
trochemical deposition method is thus feasible for improving
the antibacterial behaviors of coated implants.
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Fig. 5 Antibacterial activities of calcium phosphate coatings against
E. coli: (a) pure calcium phosphate coating; Cu-doped calcium phosphate
coatings prepared at (b) 35, (c) 45, and (d) 55°C.

Table 2 E. coli colony counts on the sample surfaces after calcium
phosphate coating at different electrolyte temperatures by antibacterial
tests.
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