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To explore the effect of copper content in a copper-doped hydroxyapatite coating (CuHAp) on its antibacterial activity and
biocompatibility, a layer of CuHAp was deposited on the surface of pure Ti using an electrochemical deposition method. An orthogonal
experiment was used to determine the Cu content in the coating by varying the concentration of Cu?* in the electrolyte. The antibacterial
properties and biocompatibility of the CuHAp coatings were also evaluated. The antibacterial effect increased with increasing Cu content in the
sample. When the content of Cu in the coating was 1.57%, the deposited CuHAp coating exhibited excellent biocompatibility, and the number
of living cells after culturing was significantly higher than that for the HAp coating. When the content of Cu increased to 6.85%, the coating
exhibited cytotoxicity. Thus, the CuHAp sample with a Cu content of 1.57% exhibited good antibacterial and biocompatibility, and thus could be

a suitable material for use in biomedical applications.
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1. Introduction

Ti and its alloys are widely used in biomedical fields
because of their excellent mechanical properties and good
biocompatibility.!” However, as clinical implant materials,
Ti and its alloys have some disadvantages, such as poor
antibacterial and biological activity, poor chemical binding
with surrounding tissues, and a tendency to induce
inflammation.>> Therefore, solving these disadvantages
through surface modification is critical. To further enhance
the bone integration abilities and antibacterial properties of
implants, metal implants are usually coated with a layer of
bone-inducing biomaterials such as calcium silicate, carbon
nanotube (CNT)-reinforced chitosan-based ceramics,® and
hydroxyapatite (HAp) bioceramics.

HAp is a hexagonal crystal system with the same chemical
composition as bone.” It is widely used as a coating material
for metal implants because of its excellent bone conductivity
and biocompatibility and because it does not induce
inflammation in organisms.>” HAp can provide biomedical
metal substrates with good mechanical and biological
properties.'” Jose et al. confirmed that HAp coatings on
the surfaces of implants can promote bone formation.'?
However, a single HAp coating lacks antibacterial properties,
which affects its long-term stability and leads to implant
failure,'? greatly limiting its clinical application. Therefore,
improving the antibacterial properties of coatings by adding
metal elements has been widely studied.

*Corresponding authors, E-mail: jxli@tju.edu.cn & ligiang@usst.edu.cn;
mitsuo.niinomi.b6 @tohoku.ac.jp

The antibacterial properties of HAp can be improved by
various chemical modifications, such as cation and anion
doping.!>'¥ Some metal ions have strong antibacterial
capabilities, but they may also lead to poor biocompatibility.
Ag* and Cu®* have been proven to have better antibacterial
activity than other metal ions.'>'® However, the long-term
presence of Ag in the human body can lead to major health
problems.!” In contrast, Cu, in addition to its antibacterial
properties, is an essential trace element for the human
body.'®!” Recently, Cu has been used to improve the
antibacterial properties of HAp coatings, and many studies
have shown that changes in the Cu content significantly affect
the antibacterial properties of the coatings. For example,
Hang et al. prepared Ti—Cu—O nanotubes (NTs) with different
Cu contents using pulsed DC magnetron sputtering.”” It
was found that the cytocompatibility of the NTs was closely
related to the Cu content. When the Cu content was 1%, the
NTs exhibited more normal antibacterial activity and
cytocompatibility. Stranak et al. prepared Ti—Cu thin films
on the surface of a Ti alloy by magnetron sputtering, which
showed good antibacterial properties and no cytotoxicity
to osteoblasts.?’) Wu prepared TiO, antibacterial coatings
with different Cu contents on pre-sputtered CuTi films using
a micro-arc oxidation technology. It was found that the
antibacterial activity increased with increasing Cu content.??)
In addition, it has been proven that the deposition time and
electrolyte temperature have significant effects on the surface
morphology of the coating.?>?* However, in addition to
ensuring the antibacterial properties of the coating, ensuring
the biocompatibility of the coating is also necessary.
Therefore, in this study, we explored the effects of Cu
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content on the antibacterial performance and cell compati-
bility of CuHAp coatings that were prepared on the surface
of pure Ti via electrochemical deposition. The effects of
Cu?* concentration in the electrolyte as well as the deposition
time and temperature on the copper content of the coating
were studied through an orthogonal experiment. The coatings
were characterized using an X-ray diffraction (XRD), a
scanning electron microscopy (SEM), an X-ray photoelectron
spectroscopy (XPS), and an energy dispersive spectroscopy
(EDS). The antibacterial effects of the CuHAp coatings with
different Cu contents were evaluated using Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus). A methyl
thiazolyl tetrazolium (MTT) assay was used to detect the
activity of MC3T3-El cells inoculated on a HAp coating and
CuHADp coatings with different Cu contents.

2. Experimental Method

2.1 Orthogonal experiment

Commercial pure Ti sheets [purity of 99.5%, ZhongNuo
Advanced Material (Beijing) Technology Co., Ltd.] with
dimensions of 10mm x 10 mm were used as the substrates.
The pure Ti sheets were polished with sandpaper and
ultrasonically cleaned. They were then pickled with a mixed
acid of HF and HNOj for 30s. After ultrasonic cleaning in
deionized water, the sheets were dried in an oven at 80°C for
1h. A double-clectrode system was adopted, in which the
anode and cathode were platinum and the pretreated pure Ti
sheets, respectively. The distance between the two electrodes
was 2cm, and the deposition voltage was 3 V. Analytical
grade CaCl,-2H,0, NH4H,PO,, and CuCl,-2H,O were
used as the sources of Ca, P, and Cu, respectively. A NaCl
solution (0.1 mol/L) was added to increase the conductivity
of the electrolyte. The beaker containing the electrolyte
was placed in a constant-temperature water bath for thermal
insulation to ensure a stable temperature during the
deposition process.

The copper content of the coating was controlled by
changing three electrochemical deposition conditions: Cu**
concentration in the electrolyte, deposition time, and
deposition temperature. Table 1 lists the factor levels used
in the orthogonal experiment. The Cu?* content in the
electrolyte was controlled by adjusting the n(Cu)/n(Ca) ratio
with a fixed n(Cu + Ca)/n(P) ratio of 1.68. Table 2 shows
the compositions of the electrolytes with different Cu?*
concentrations corresponding to Table 1.

Table 1 Factor levels of orthogonal experiment.

Factor

Cu®" concentration Deposition

Level Deposition time
in electrolyte (A) / temperature(C) /
(B) / min
mmol /L °C
1 4.200 30 55
2 2.100 225 45
3 1.050 15 35
4 0.525 7.5 25
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Table 2 Compositions of the electrolytes with different n(Cu)/n(Ca) ratios.

CuCl,/ CaCl,/ NH4H,PO, /
Group n(Cu)/n(Ca)
mmol/L mmol/L mol/L
(a) 0.525 41.475 0.025 1/79
(b) 1.05 40.95 0.025 1/39
(c) 2.10 39.9 0.025 1/19
(d) 4.20 37.8 0.025 1/9

Table 3 Results of orthogonal experimental scheme.

Factors Results
cutt
Number  concentration D‘eposition Deposition Copper
in electrolyte time (B)/  temperature content
(A) mmol/L min (©)/°C (mass.%)
1 42 30 55 25.37
2 4.2 22.5 45 15.21
3 42 15 35 9.82
4 42 7.5 25 3.56
5 2.1 30 45 8.43
6 2.1 22.5 55 12.33
7 2.1 15 25 3.68
8 2.1 7.5 35 3.66
9 1.05 30 35 3.99
10 1.05 22.5 25 4.61
11 1.05 15 55 4.92
12 1.05 7.5 45 1.57
13 0.525 30 25 3.57
14 0.525 22.5 35 2.77
15 0.525 15 45 3.98
16 0.525 7.5 55 222

Based on the Cu?* concentrations, deposition times, and
deposition temperatures, an L;4(4°) orthogonal experiment
table (Table 3) was constructed with three factors and four
levels, with the Cu content in the prepared coating taken as
the evaluation index. CuHAp coatings 1-16 were prepared
by electrochemical deposition following the abovementioned
steps according to the three fixed factors (Cu’>* concentration,
deposition time, and deposition temperature) in Table 3. The
influence of the order of three electrochemical deposition
conditions on the Cu content of the coatings was determined.

2.2 Preparation of CuHAp in the electrolytes with
different Cu?* concentrations
According to the results of the orthogonal experiment (see
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Section 3.1), the CuHAp coatings were prepared in electro-
lytes with different Cu>* concentrations, as listed in Table 2.
For comparison, a HAp coating without Cu was prepared
in an electrolyte containing 0.042mol/L CaCl, and 0.025
mol/L  NH4H,PO,4. The deposition voltage, time, and
temperature were 3V, 7.5 min, and 45°C, respectively. Also,
0.1 mol/L NaCl was added to increase the conductivity of the
electrolyte.

2.3 Surface characterization

The surface morphology of the coating was observed and
analyzed using an SEM (FEI Quanta 450FEG) with an
accelerating voltage of 30 kV, and the elements in the coating
were analyzed using an EDS. The phase compositions of the
coatings were tested using an XRD (Bruker D8 Advance,
Germany) with Cu Ko radiation at a voltage of 40kV, a
current of 40mA, and a scanning speed of 6°/min. The
chemical state of Cu in the coating was analyzed by XPS
(AIXS Ultra DLD) with a monochromatic Al Ko (hv =
1486.6 eV) X-ray radiation source.

2.4 Antibacterial test

Gram-negative E. coli (ATCC25922) and gram-positive
S. aureus (ATCC29213) were used as test strains for analysis.
The liquid medium was prepared by mixing 1 g of peptone,
0.5 g of yeast powder, and 1 g of NaCl in 100 mL of distilled
water. The solid medium was prepared by mixing 1g of
peptone, 0.5 g of yeast powder, 1 g of NaCl, and 1.5 g of agar
powder in 100 mL of distilled water. To prepare the bacterial
suspension, single colonies of E. coli and S. aureus were
selected from the solid medium, and each colony was placed
into a tube containing 3mL of liquid medium. A tube
containing 3mL of liquid medium was used as the blank
control. The three tubes were placed in a constant-temper-
ature oscillator at 37°C at a speed of 200 rpm for 15h.

The samples coated with HAp and CuHAp were subjected
to an antibacterial test. All samples were sterilized under a
high temperature of 121°C and high pressure for 15 min and
then put into a 24-well plate. The bacterial solution was first
diluted to 10° CFU/mL in liquid medium, and then 0.2 mL
of the diluted bacterial solution was added to each sample
surface. To prevent volatilization of the liquid bacterial water,
an appropriate amount of sterile normal saline was placed
into each empty hole.

The 24-well plate was then placed in a constant-
temperature incubator at 37°C and co-cultured for 24h.
After that, the co-culture solution was diluted 10° times with
sterile phosphate-buffered saline solution (PBS; Procell Life
Science & Technology Co., Ltd.), and then 100 puL of diluen
was obtained using a pipette gun and evenly coated on the
solid medium in a Petri dish with diameter of 90 mm. After
incubation at 37°C in a constant-temperature incubator for
24 h, the colony number of each Petri dish was recorded. The
antibacterial rate (1) of the coatings was calculated using the
following formula:>>

n= x 100%

where 4 and B are the numbers of the blank control and the
test sample colonies, respectively.

Q. Lietal

2.5 Cytocompatibility test

The mouse pre-osteoblast line MC3T3-El (iCell Bio-
science Inc., Shanghai, China) was used to evaluate the
cytotoxicity of the alloys. The culture medium was «-MEM
(Corning Inc.) supplemented with 10% fetal bovine serum
(FBS; Biological Industries). Pure Ti and the samples
coated with HAp and CuHAp were selected to study their
cytocompatibility. The samples were sterilized at high
temperature and high pressure. Because the samples were
all solid flakes, extraction was carried out at 37°C for 24h
with the surface area to extract a liquid volume ratio of
1.25cm?/mL following the 1SO10993-12 standard. Each
sample extract (100 uL) was placed into a 96-well plate
separately, and three parallel wells were set up for each
sample. The MC3T3-E1l cells were seeded into each well
at 2 x 10° cells/well for 1-day culturing and at 1 x 103
cells/well for 4- and 7-day culturing. As a control, MC3T3-
El cells were seeded directly into the bottom of the wells.
The 96-well plates were placed in a humidified incubator
at 37°C in a 5% CO, atmosphere for 1, 4, or 7 days. After
culturing, each well was rinsed three times with PBS. The
culture medium (100 pL) with 10% MTT was added to each
well and incubated in a humidified incubator at 37°C with a
5% CO, atmosphere for an additional 4h. The supernatant
was aspirated, and 100 pL of dimethyl sulfoxide (DMSO)
was added to each well, followed by gentle shaking for
10 min. The optical density (OD) was measured at 570 nm
using a TECAN SPARK 10M enzyme-labeled instrument.

2.6 Statistical analysis
Statistical analyses were performed using one-way analysis
of variance, followed by the Tukey—Kramer post-hoc test.

3. Results and Discussion

3.1 Orthogonal experimental analysis values

Table 3 presents the results of the orthogonal experimental
scheme. The Cu content given in the table is based on the
content of each element measured by EDS. To conduct a
range analysis of the orthogonal experimental results, we
took the average value of the Cu content measured at each
level for each factor. For example, K, represents the average
value of the four groups of copper content when the Cu?*
concentration was 4.2mmol/L. Then, the minimum value
was subtracted from the maximum average value of each
factor to obtain the range of the three factors.?®) The greater
the range value of a factor, the greater the influence of this
factor on the results. The results of the range analysis are
presented in Table 4. The range value of electrolyte
concentration is 10.36, which is greater than those of 7.59
and 7.35 for the deposition time and temperature,
respectively. Therefore, the order of the influencing factors
in the deposition conditions is Cu’>* concentration (A) >
deposition time (B) > deposition temperature (C). Because
the Cu** concentration in the electrolyte had the greatest
influence on the Cu content in the coating, the Cu content
in the coating was controlled by changing the Cu’*
concentration in the electrolyte in subsequent experiments,
with the deposition time and deposition temperature fixed at
7.5min and 45°C, respectively.
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Table 4 Analysis of Cu content range.

Factors

n - o
Cu*" concentration Deposition

Calculated value

Deposition
in electrolyte(A) / temperature (C)
time(B) / min

mmol/L /°C

K1 13.49 10.34 11.21
K2 7.03 8.73 7.30
K3 3.77 5.60 5.06
K4 3.13 2.75 3.86
Range R 10.36 7.59 7.35

Fig. 1 Surface morphologies of the CuHAp coatings prepared in the
electrolyte with different Cu?* concentrations: (a) 0.525mmol/L, (b)
1.05 mmol/L, (c¢) 2.1 mmol/L, and (d) 4.2 mmol/L.

3.2 Characterization of the coatings

Figure 1 shows the SEM images of the CuHAp coatings
prepared at different electrolyte concentrations at a deposition
time of 7.5 min and a deposition temperature of 45°C. When
the Cu?* concentration was 0.525mmol/L, the CuHAp
coating formed whisker-like crystals on the surface of the
pure Ti sheet, as shown in Fig. 1(a). The Cu®* concentration
in the electrolyte was low, the reaction speed was slow, and
the whisker-like crystals were thin and short. With increasing
Cu?* concentration, the Cu content in the coating gradually
increased. When the Cu®* concentration was 1.05 mmol/L,
the CuHAp coating became dense, uniform, and honey-
combed [Fig. 1(b)]. When the Cu?" concentration was
2.1 mmol/L, rod-like crystals appeared in the CuHAp coating
that were closely distributed on the surface of the pure Ti
sheet, but they were not uniformly distributed [Fig. 1(c)].
When the Cu?" concentration was 4.2 mmol/L, multiple
cracks appeared in the CuHAp coating, which exhibited
irregular blocks [Fig. 1(d)]. The porosity of the coating is
an important factor. If the coating is too dense, it will not
allow new tissue to grow inside its pores. If the coating is too
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Fig. 2 SEM images for the thickness of the CuHAp coatings prepared in
the electrolyte with different Cu?* concentration: (a) 0.525 mmol/L, (b)
1.05mmol/L, (c) 2.1 mmol/L, and (d) 4.2 mmol/L.

porous, the aggressive media will penetrate this layer and the
mechanical integrity of the implant will be compromised.?”)
Thus, when the concentration of Cu®* in the electrolyte was
1.05mmol/L, the surface morphology of the coating was
uniform and dense, and the pore size was suitable for cell
attachment and growth. As shown in Fig. 2, with increasing
Cu”* concentration, the coating thickness increased from
281.7nm to 892 nm. These results suggest that the increased
Cu?* concentration in the electrolyte promoted deposition of
the coating.

Figure 3 shows the XPS spectra of the main elements of
the CuHAp coating under the following conditions: Cu®*
concentration of 1.05mmol/L, deposition time of 7.5 min,
and deposition temperature of 45°C. According to the high-
resolution spectrum of Cu shown in Fig. 3(a), at binding
energy (BE) values of 934.2eV and 932.8 ¢V, the Cu2ps,»
spectrum of the coating was composed of two components,
Cu-OH and Cu-PO,,?® respectively. As shown in the high-
resolution spectrum of P in Fig. 3(b), the peak at 133.0eV
corresponds to the BE value of P 2p, which corresponds to
the BE value of the P-O bond in PO,*>~, indicating that PO,>~
was the main form of P in the CuHAp coating.”” Figure 3(c)
shows the high-resolution spectrum of Ca. The BE value of
the Ca2ps,, peak is 347.0eV and that of the Ca2p,, peak is
350.5 eV, corresponding to the HAp compound. Figure 3(d)
shows that the O 1s spectrum of all the investigated coatings
consists of three components at binding energies of 529.9,
531.3, and 532.6 eV, which can be assigned to oxide species
(0?7), hydroxide and phosphate groups (OH™, PO,>7), and
adsorbed water (H,0O), respectively.>?) The trace oxide may
have formed by the oxidation of the Ti sheet. Because the
oxygen content was relatively low, it can be concluded that
the coating did not contain CuO. The XPS results indicated
that Cu replaced Ca in HAp.

Figure 4 shows the mapping of elements on the surface
of the CuHAp coating formed when the concentration of
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(2) (b)

Cu*2p,,
\\
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Fig. 3 XPS spectra of the CuHAp coating prepared in the electrolyte with Cu>* concentration of 1.05 mmol/L: (a) Cu 2p; 2, (b) P 2p,
(c) Ca 2p, (d) O Is. Characteristic peaks: 1-0>~; 2-POy4, CO; and OH; 3-H,O.

Ti Kal Ca Kal P Kal

Cu Kal

O Kal

100pum 100um

Fig. 4 Surface element distributions of the CuHAp coating prepared in the electrolyte with Cu?>* concentration of 1.05 mmol/L: (a) Ti,
(b) Ca, (c) P, (d) Cu, and (e) O maps.

Cu”* in the electrolyte was 1.05mmol/L. Ti, Ca, P, Cu, and
O were evenly distributed on the structural surface, and no
elemental aggregation was observed.

Table 5 shows the EDS results measured on the surfaces of
the samples prepared in the electrolyte with the four Cu**
concentrations. With increasing Cu?* concentration in the
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Table 5 Compositions of the samples prepared in the electrolyte with different Cu** concentrations.
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cu* Main elements (mass.%)
concentration (CutCa)/P
Group )
in electrolyte  Cu Ca P Ti (0] Cl molar ratio
/ mmol/L
(a) 0.525 1.03 1.06 224 9083 393 0.90 0.59
(b) 1.05 1.57 298 358 8674 474 0.38 0.86
(c) 2.1 356 6.02 674 6832 14.59 0.59 0.95
(d) 4.2 6.85 1233 12.57 55.15 1247 0.62 1.03
< Table 6 Antibacterial rates of HAp coating and CuHAp coatings with
? ~ . V:HAp different Cu contents.
S S g o:Ti - - o
(e) vViv v o ou Antibacterial rate, 7 / %
82 et LWM 1 Group Escherichia coli Staphylococcus aureus
§ HAp 225 162
S @ Y[ ¥ U J (a) 81.9 76.7
~ s = (b) 83.7 79.5
= vl S w e Jw © 95 942
o= w
z © wﬁww LM @ 99.8 99.8
5}
E 3
® (v yw |
% v g ! 5 § ié, 3.3 Antibacterial properties
@ LTI Ys T Y \ Table 6 shows the antibacterial rates of the HAp and
— L L CuHAp coatings in Groups (a)—(d) against E. coli and S.

20 30 40 50 60
Diffraction angle, 26/ ©

Fig. 5 XRD patterns of the HAp coating and CuHAp coatings prepared
in the electrolyte with different Cu®* concentrations: (a) HAp, (b)
0.525 mmol/L, (¢) 1.05mmol/L, (d) 2.1 mmol/L, and (e) 4.2 mmol/L.

electrolyte, the Cu content and (Cu + Ca)/P ratio increased,
but the Ti content decreased, suggesting that the coating
became thicker on the Ti substrate. By removing the Ti
content, the percentages of Cu content in the coatings were
calculated as 11.23%, 11.84%, 11.24%, and 15.27% in
Groups (a)—(d), respectively.

Figure 5 shows the XRD patterns of the HAp coating
and the CuHAp coatings prepared in the electrolyte with
different Cu?>* concentrations. In addition to Ti, only peaks
corresponding to HAp were observed in the patterns. The
(002) diffraction peaks of all the CuHAp coatings shifted to
higher angles compared with those of the HAp coating. It
is known that the ionic radius of Cu®* (72 pm)3" is smaller
than that of Ca** (99pm).* The substitution of Ca’* by
Cu?* in HAp resulted in a decrease in the lattice constant and
caused the diffraction peaks to shift to higher angles.3® The
shift of the XRD peaks indicates that Cu was successfully
doped into the coating.>® The apatite crystallinity decreased
with increasing Cu content, and some amorphous calcium
phosphate (ACP) may have formed.

aureus. The HAp coating absorbs drugs and acts as a carrier
for antibiotics to inhibit bacteria,>> but its antibacterial rate
is low. When Cu was added to the HAp, the antibacterial
rates of the CuHAp coatings in Groups (a)—(d) against £. coli
and S. aureus were all greater than 70%. Coatings with
antibacterial ability are deposited on the implant surface
and can effectively kill the bacteria around the implant and
prevent infection between the implant and bone tissue,
further reducing the possibility of inflammation.>® When the
Cu content was 1.03%, the antibacterial rate of the coating
reached 80%. With increasing Cu content, the antibacterial
rate also increased. When the Cu content exceeded 3.56%,
the antibacterial rate was greater than 90%, thus exhibiting
excellent antibacterial properties.

Compared with HAp, ACP shows higher resorbability.
The incorporation of a small amount of ACP changed the
antibacterial properties of the coating. When the Cu content
was 1.03%, the antibacterial rate was 81.9%, which was
lower than that of a Cu-doped calcium phosphate coating®”
but higher than that of the Cu-doped HAp coating prepared
by Xivaraj et al. (antibacterial rate >75% at Cu content of
0.8%).%® This means that Cu?* in calcium phosphate is easier
to dissolve than Cu?* in HAp, and so the antibacterial
activity is higher. The Cu ions released by CuHAp exhibited
a strong bactericidal effect on these bacteria, and the
antibacterial rate of E. coli was slightly higher than that of
S. aureus, indicating that the CuHAp coating had stronger
antibacterial ability against E. coli. Studies have shown that
Cu’* can destroy the cell wall of E. coli, enter the cell
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Fig. 6 Absorbance of MC3T3-El cells for each samples after 1, 4 and 7
days culture (**denotes a significant difference at P < 0.01 compared to
control).

membrane, inhibit sugar transport and metabolism, destroy
the balance of metal ions and enzyme systems, and kill
E. coli altogether.>”

3.4 Cytocompatibility

Studies have shown that a Cu-containing surface can
provide an antibacterial rate of >99.9%.40 However, the
Cu content in a carbon-based coating required to achieve
this high antibacterial activity is considerable, and a Cu
content that is too high leads to cytotoxicity. Therefore, it
is necessary to determine the Cu content required to balance
the antibacterial activity and biocompatibility.

Studies have also shown that HAp coatings have excellent
cell compatibility and bioactivity.*'*? According to Table 4,
the Cu contents in Groups (a)—~(d) were 1.03%, 1.57%,
3.56%, and 6.85%, respectively. Figure 6 shows the
absorbance of MC3T3-El cells cultured on the surface of
each coating for 1, 4, and 7 days. When the Cu content was
6.85%, the OD of the sample was low. In addition, with
increasing culture time, the number of living cells did not
increase significantly, indicating that cell vitality was very
low. However, the difference was significant compared with
the control group, pure Ti, the HAp coating, and the other
CuHAp coatings (P < 0.01), after 1, 4, and 7 days of
culturing. Other samples showed small differences in OD
after 1 day of culturing, although the difference was not
statistically significant. After 4 days of culturing, the OD
values of the samples increased significantly, indicating that
the number of cells in all samples proliferated with increasing
culture time. Compared to the control, a statistically
significant difference was found in pure Ti, HAp, and Groups
(a) and (b). The OD values of the samples with low Cu
contents of 1.03% and 1.57% [Groups (a) and (b)] were
slightly higher than that of the HAp coating (not significant).
At a Cu content of 3.56% [Group (c)], the OD of the coating
was lower than that of the HAp coating with a statistically
significant difference (P < 0.05). After 7 days of culturing,
the number of cells in each sample further increased

Q. Lietal

compared to that after 4 days. The OD values of pure Ti,
HAp, and Groups (a), (b), and (c) were all significantly
higher than that of the control (P < 0.01). No statistically
significant difference was observed in the OD values between
the CuHAp coatings [Groups (a), (b), and (c)] and the HAp
coating. The results indicated that the CuHAp coatings
containing trace amounts of Cu (1.03% and 1.57%) still
exhibited good cell compatibility. Although the 3.56% Cu in
the CuHAp coating decreased the cell vitality compared with
the HAp coating after 4 days of culturing, the OD value was
not lower than that of the control. Additionally, the OD value
of Group (c) was significantly higher than that of the control
but not lower than that of the HAp coating after 7 days of
culturing. This suggests that the CuHAp coating containing
3.56% Cu also had good cytocompatibility. Studies have
shown that HAp containing Cu releases a small amount of
Cu into the implant, which is beneficial for maintaining cell
proliferation.*® The release of Cu or the presence of Cu in
the CuHAp coating promotes cell growth. Our experiment
also showed that the release of Cu may promote cell survival
and that the presence of Cu may change the surface potential
to enhance cell adhesion.

4. Conclusion

In this study, a layer of copper-containing hydroxyapatite
was successfully deposited on the surface of pure Ti via
electrochemical deposition to obtain a CuHAp coating. The
Cu content in the coating was controlled by changing the
factors that had the greatest effect on the Cu content under
the deposition conditions, and the effects of the Cu content
on the surface morphology, antibacterial properties, and
biocompatibility of the CuHAp coating were examined. The
concentration of Cu’* in the electrolyte had the greatest
influence on the Cu content of the coating. When the
Cu®* concentration was 1.05mmol/L (corresponding to a
Cu content of the sample of 1.57%), the surface morphology
of the coating was dense, uniform, and honeycombed. The
antibacterial ability of the coating was significantly affected
by the Cu content. The antibacterial rate of the CuHAp
coating with low Cu content against E. coli and S. aureus
were all greater than 70%. The antibacterial ability of the
coating improved with increasing Cu content. When the
Cu contents in the sample were 1.03% and 1.57%, good
biocompatibility was achieved. When the Cu content was
increased to 6.85%, cytotoxicity and low cell viability were
observed. Therefore, the CuHAp coating with a Cu content
of 1.57% had good surface morphology, antibacterial
properties, and biocompatibility, and thus it would be a good
candidate material for use in biomedical applications.
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