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Abstract: Titanium-copper (Ti-Cu) alloy is an advanced antibacterial material with excellent mechan-
ical properties, thermodynamic stability, corrosion resistance and biocompatibility. Sandblasting
and acid-etching was applied to the Ti-3Cu alloy to construct a rough surface with TiCu phase on
the surface in order to improve the antibacterial properties and the osseointegration. The phase
constitutes and the physical properties were characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM) and confocal laser scanning microscope (CLSM), and the surface chemical
properties were analyzed by X-ray photoelectron spectroscopy (XPS) and electrochemical testing.
The antibacterial property was assessed by the plate-count method and the cell compatibility was
evaluated by the CCK-8 test in order to reveal the effect of surface characteristics on the antibacterial
ability and bioactivity. The results demonstrated a rough and lamellar surface structure with many
submicron TipCu particles on the surface of Ti-3Cu, which could enhance the antibacterial ability and
promote the cell proliferation and the initial adhesion of osteoblasts. However, the surface treatment
also reduced the corrosion resistance and accelerated the Cu ion release.

Keywords: titanium-copper alloy; sandblasting and etching; antibacterial titanium alloy; biocompatibility

1. Introduction

Biomedical material is an important branch of materials science as well as an advanced
field with rapid development [1,2]. Antibacterial titanium alloys have excellent corrosion
resistance, biocompatibility, high specific strength and antimicrobial properties, so they
have a good development prospect [3-5]. However, antibacterial titanium alloys are
still a bioinert material without cellular activity. An ideal biomedical material should
possess good bioactivity, thus, it is necessary to improve the surface biological activity of
antibacterial titanium [6].

Previous studies have shown that there were many ways to improve osteoconduction
such as calcium phosphate ceramics coating, chemical or physical treatment and topogra-
phy regulation [2]. Numerous surface modifications have been reported to enhance their
bio-functions, including growth factors, enzymes, extracellular matrix, etc. Hydroxyap-
atite (HA) has been widely applied as a bioactive implant coating owing to its excellent
bioactivity [7]. However, some deficiencies, e.g., high costs, short-term stability and high
dosage requirements, significantly limited its clinical applications. Another way to improve
biocompatibility was to get a rough surface, which improved the bonding strength between
bone and the implant. Sandblasting large-grit acid-etching (SLA) was one of the most
prevalent surface modification methods. Experiments had shown that sandblasting could
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increase the shear strength of bone and implant by up to five times. After SLA treatment,
a multi-hierarchical structure was established on the surface, meanwhile, the roughness
increased significantly [8]. Studies affirmed that SLA treated samples possessed excel-
lent biocompatibility, which promoted the proliferation and differentiation of osteoblasts
near the implant, thus producing more chemical media and growth factors [9]. Nedir
et al. reported that SLA treated surface was more conducive to the adhesion of osteoblasts
compared with the acid-etched one [10,11]. Kaluderovic et al. performed sandblasting
acid etching on the surface of titanium and titanium alloys, and the results of in vitro
experiments showed that Ti-SLA and TiZr-SLA had better osteogenic differentiation ability,
significantly promoted the formation of bone nodules and cell mineralization, and accel-
erated the process of bone integration [12]. De Tullio et al. implanted sandblasted and
acid-etched titanium implants in sheep, and the results showed that the sandblasted and
acid-etched titanium implants had higher binding strength with bone in a shorter healing
time than mechanical titanium implants [13].

However, it is necessary to reduce the bacterial infection while improving the surface
activity of implants. Shirai et al. first reported the antibacterial ability of the Ti-Cu alloy,
displaying that 2wt% Cu addition provided the titanium with certain antibacterial proper-
ties [14]. Yang and his team developed Ti-xCu and Ti-6Al-4V-xCu antibacterial titanium
alloy series, indicating that the antibacterial properties were improved as the Cu content
increased [15-18]. As for the antibacterial mechanism of Ti-Cu alloy, it was believed that
the close contact with Ti;Cu precipitates played a key role and the Cu ion release benefited
the antibacterial properties to some extent [1,19,20].

Based on the above considerations, sandblasting was used in this research to produce
a rough surface and acid-etching was applied to make more TiCu particles appear on
the surface in order to improve the surface biocompatibility and enhance the antibacterial
performance simultaneously. The primary results demonstrated that Ti-3Cu treated with
sandblasting and acid etching could reach 99.9% antibacterial rate and accelerated the
growth and differentiation of MC3T3-E1 cells.

2. Experimental
2.1. Preparation of Samples

Ti-3Cu samples were sliced from a Ti-3Cu bar and heat treated at 900 °C/5 h (KSL-
1200X, Hefei Kojing Material Technology Co., LTD, Hefei, China), sand blasted (LZBP-VI,
Wuhan Golden Light Medical Technology Co. LTD, Wuhan, China) first at 6.0 MPa by
120 mesh Al,Oj3 particle to produce their rough surface, and then aged at 600 °C/24 h and
acid etched by a mixture acid of HCI:HpSO4:H,O = 1:1:20, named Ti-3Cu-M sample. Mean-
while, Ti-3Cu samples were heat treated at 900 °C/5 h and 600 °C/24 h for comparison,
named Ti-3Cu.

2.2. Surface Characteristics

Phase identification was conducted on a D/MAX-RB Rigaku X-ray diffraction with
Cu K« radiation (Shimazu-Kratos Analytical, Manchester, UK). Surface microstructure was
observed on a JSM6360LV scanning electron microscope (SEM) (ULTRA PLUS, Zeiss group,
Oberkochen, Germany) with an energy dispersive X-ray spectrometer (EDS). The chemical
states of Ti and Cu elements were investigated by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific Escalab 250Xi, Shimazu-Kratos Analytical, Manchester, UK). The surface
roughness (Ra) was assayed by a confocal laser scanning microscope (CLSM, OLS4100,
OLYMPUS, Tokyo, Japan) and the hydrophilicity was examined with a contact angle
goniometer (SL200KS, Shanghai, China) with distilled water. Three samples were measured
to get the mean value and standard deviation.

2.3. Biocorrosion Property

The biocorrosion properties were tested on a Versa STAT V3-400 electrochemical work-
station(Ametek Group, DE, USA) in PBS solution at 37 °C. In a standard three-electrode
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configuration, saturated calomel was used as a reference electrode, platinum as a coun-
terelectrode and the sample as a working electrode. According to ISO standard 10271: in
2001 [21], the potentiodynamic polarization curve (Tafel) was tested at a scanning rate of
0.5 mV/s in the range of —0.15 V to 0.75 V. To ensure the reliability, at least three parallel
samples were measured.

2.4. Antibacterial Properties

The antibacterial activity of Ti-3Cu, Ti-3Cu-M samples and the negative control sample
(cp-Ti) was assessed by the plate count method. The samples were washed with acetone
and ethanol for 10 min before the experiment and sterilized with an alcohol lamp. Gram-
positive (S. aureus, ATCC 6538) bacteria were used in the test. During the test, 100 uL of a
bacterial suspension with 10° CFU/mL was dropped on the sample surface and incubated
under a humidity of 90% at 37 °C for 24 h. After the incubation, the sample was washed
with 2 mL 0.9% NaCl saline to make sure that all adhered bacteria were removed from
the surface, and 100 pL of the washing solution was spread on a solid agar plate and
cultured for 24 h to count the colony forming units (CFUs). The antibacterial rate (AR) was
determined by the following formula:

AR = (CFUcontrol — CFUsample)/ CFUcontrol X 100% 1)

where, CFUgample and CFUcongrol are the colony forming units on the sample and the
negative control sample, respectively.

For SEM morphology observation, the samples with adhered bacteria were immersed
in 2.5% glutaraldehyde over 2 h and dehydrated with gradient alcohol (30%, 50%, 70%, 90%
and 100%) for 10 min each, and then vacuum dried and treated by gold plasma sputtering
finally. The morphology of the bacteria was observed on SEM.

For live/dead fluorescent staining, the sample with bacteria was rinsed twice with
0.9% NaCl saline and stained in darkness for 15 min with LIVE/DEAD® BacLightTM
Bacterial Activity Kit (L7007, Invitrogen, Walthanm, MA, USA). Then the excess dye was
washed out with 0.9% NaCl saline, and the sample was observed under a fluorescence
microscope (BX53, Olympus, Tokio, Japan) with 480/500 nm as the excitation/emission
wavelength of green fluorescence and 490/635 nm as the excitation/emission wavelength
of red fluorescence.

2.5. Cell Compatibility

MC3T3-E1 cells (Shanghai Institutes of Biological Science, Shanghai, China) with a
cell suspension of 2 x 10* cells/mL were seeded onto the sample surface and co-cultured
in 5% CO; humidified atmosphere for 1, 3 and 5 days, respectively. A total of 50 puL Cell
Counting Kit-8 (CCK-8) assay was added to each well and incubated at 37 °C for 3 h to
assess the cell viability. Then, 100 pL of the culture medium was transferred to a 96-well
plate and the optical density (OD) value was determined on a reader (Imar) at a wavelength
of 450 nm.

For cytoskeleton observation, the cells were rinsed with PBS twice, fixed with
4% paraformaldehyde, permeabilized with 0.2% Triton X-100 (Sigma, Shanghai, China),
stained with phalloidin fluorescein isothiocyanate (Beyotime, Shanghai, China) for 60 min,
and then stained with 40,6-diamidino-2-phenylindole (DAPI, Beyotime, Shanghai, China)
for 5 min. The sample was observed on a fluorescence microscope with 488 nm /520 nm
and 358 nm /461 nm being the excitation/emission wavelengths for green and blue fluores-
cence, respectively.

2.6. Statistical Analysis

The data were repeated at least 3 times and the results are shown as mean =+ stand
deviation (SD). A value of p < 0.05 was considered to be significant statistically.
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3. Results
3.1. Phase Constitution and Surface Characterization

Figure la shows the phase identification results of Ti-3Cu and Ti-3Cu-M samples.
«-Ti phase and Ti;Cu phase were detected in Ti-3Cu and Ti-3Cu-M samples. After the
surface treatment, a rough and lamellar surface structure with white particles was formed
on the surface, shown in Figure 1c,d. Figure 1b shows the water contact angle and the
roughness of the samples. The water contact angle of Ti-3Cu and Ti-3Cu-M is 46.3 & 5.0°
and 14.5 + 2.2°, respectively, suggesting that the surface treatment significantly improved
the hydrophilicity of the Ti-Cu sample. The roughness of Ti-3Cu and Ti-3Cu-M is 0.3 pm
and 2.0 um, respectively, indicating that the surface treatment significantly increased the
surface roughness.
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Figure 1. Physical properties of the Ti-3Cu sample and Ti-3Cu-M sample. (a) XRD pattern of Ti-3Cu
and Ti-3Cu-M samples, (b) the water contact angle and the roughness, (c¢) low magnification and
(d) high magnification surface morphology of the Ti-3Cu-M sample.

3.2. Chemical Properties

Figure 2a—c shows XPS spectra of the Ti-3Cu-M sample. The diffraction peaks of Ti,
O and Cu were detected, indicating that the surface mainly composed of Ti, O and Cu
elements. Figure 2b shows the high-resolution Ti 2p spectra of the Ti-3Cu-M sample. There
were three peaks of Ti at the positions of 464.5 eV, 458.6 eV and 454.2 eV, respectively.
After fitting, the first two peaks were the peaks of Ti**, representing Ti 2p1/2 and Ti
2p3/2 respectively, and the third peak was the peak Ti’, indicating that part of Ti on the
sample surface was oxidized to TiO, after the surface modification. Figure 2c shows the
high-resolution Cu 2p spectra on the Ti-3Cu-M sample surface. There were two peaks of
Cu 2p1/2 and Cu 2p3/2 at 952.6eV and 932.6eV, respectively. After fitting, these two peaks
were confirmed as the peak of Cu’. This indicates that no Cu oxide was formed on the
surface after the surface modification.
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Figure 2. Surface Chemical properties of Ti-3Cu-M samples. (a) XPS full spectra, (b) high-resolution
spectra of Ti 2p, (c) high-resolution spectra of Cu 2p.

Figure 3a,b shows the OCP and Tafel curves of Ti-3Cu and Ti-3Cu-M samples in
0.9% NaCl. The self-corrosion potential (Ecoyr) and the self-corrosion current density (icorr)
were obtained by extrapolation from Figure 3a,b, as listed in Table 1. Compared with
the Ti-3Cu sample, the surface modification moved Tafel curve toward a more negative
potential direction and high current density direction. Egy+ and icr in Table 1 clearly
displays that the modified samples exhibited a more negative Eo, about —0.404V in com-
parison with -0.217V of Ti-3Cu and a higher ic,r, about 4.38 x 107A/cm? in comparison
with 5.44 x 1078A /em? of Ti-3Cu, suggesting that the surface modification apparently
accelerated the corrosion.
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Figure 3. Electrochemical biocorrosion properties of the Ti-3Cu sample and Ti-3Cu-M samples.
(a) Open-circuit potential curves, (b) Tafel curves, (c) Nyqiust diagrams, the insert shows the Equiva-
lent circuit, (d,e) Bode phase plots.
Table 1. Electrochemical data of Ti-Cu samples obtained from OCP and Tafel curves.
Sample Eocp/Vscg (V) EcoriVsce (V) icorr) % 10~8 (A/cm?) Developed Area Ratio icorr] % 10~8 (A/cm?)
Ti-3Cu —0.444 £+ 0.003 —0.474 £ 0.007 3.873 + 0.544 - -
Ti-3Cu-M —0.217 £ 0.019 —0.285 £+ 0.023 43.789 + 12.764 9.12 4.801 £+ 1.400
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Figure 3¢ shows Nyquist curves of the Ti-3Cu and Ti-3Cu-M samples. The diameter of
the semicircle is considered as the polarization resistance of the passivative film. Figure 3d
shows Bode and Bode-phase plots obtained in the 0.9%NaCl solution. In the high fre-
quency region, the impedance coefficient | Z| tended to be a constant value independent
of frequency in the range of 10° to 10 Hz, which indicates that the impedance was mainly
determined by the solution resistance (resistance zone). In the low and medium frequency
region, the curves showed a linear portion of the slope approaching, which is generally the
characteristic response to the capacitive behavior of the passivated film. The inserted in
Figure 3c shows the simple equivalent circuit models, where Rs is the solution resistance,
Rp and Rb are the inner dense layer and the outer rough layer resistance, respectively, and
Qb and Qp are the constant phase angle elements, respectively. Table 2 lists calculated
electrochemical data. The corrosion resistance of Ti-3Cu-M was lower than that of the

Ti-3Cu matrix, suggesting that the surface modification reduced the corrosion resistance of
the Ti-3Cu sample.

Table 2. Electrochemical data of Ti-Cu samples obtained from EIS.

R R/ x 10% Qc/ x 10° Ry x 10% Qqi/ x 10°
Sample (ohm-cm?) (ohm-cm?) (S-sec™-cm—2) Tl (ohm-cm?) (S-sec™-cm—2) Nal
Ti-3Cu 45.25 +0.19 71.30 £+ 2.42 3.94 + 0.02 0.90 4+ 0.00 - - -
Ti-3Cu-M 4414 +0.14 33.43 +1.80 9.24 +0.20 0.91 £+ 0.01 0.50 + 0.04 8.17 £ 0.21 0.93 + 0.01

Figure 4 shows the Cu ion accumulated release concentration of Ti-3Cu-M with the
immersion time. The Cu ion release concentration increased with the extension of immer-
sion. For example, the concentration was about 0.120 mg/L at the first day and 0.25 mg/L

at the 22nd day. On the other hand, Cu ion was released continuously and slowly for the
modified sample.
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Figure 4. Cu ion accumulative concentration with immersion time of the Ti-3Cu-M sample.

3.3. Antibacterial Property

Figure 5(al-a3) shows the S.aureus colonies on cp-Ti, Ti-3Cu and Ti-3Cu-M, respec-
tively. As shown in Figure 5(b1), the colonies on the surface of Ti-3Cu were less than that
on cp-Ti, indicating that Ti-3Cu had a very good antibacterial property (antibacterial rate
74.9%). There was almost no colony on the surface of Ti-3Cu-M samples, as shown in
Figure 5(c1), demonstrating that the surface modification treatment significantly improved
the antibacterial property of the Ti-3Cu alloy (antibacterial rate 99.9%).
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Figure 5. Typical bacteria colony, Live/dead staining and SEM morphology on different sam-
ples. (al-a4) cp-Ti, (b1-b4) Ti-3Cu, (c1-c4) Ti-3Cu-M. (al,b1,c1) Typical bacteria colony, the insert
number shows the calculated antibacterial rate, (a2,b2,c2) Live staining, (a3,b3,c3) Dead staining,
(a4,b4,c4) SEM morphology of bacteria, the insert shows the high magnification morphology.

The live/dead staining images of S. aureus co-cultured on the samples for 24 h are
shown in Figure 5(a2-c2,a3—c3). There were a large amount of live bacteria (green fluo-
rescence) and a few dead bacteria (red fluorescence) on the surface of cp-Ti, as shown in
Figure 5(a2,a3). There were fewer live bacteria but lots of dead bacteria on the surface
of Ti-3Cu samples as shown in Figure 5(b2,b3), confirming the improved antibacterial
property of Ti-3Cu. Only several live bacteria and a large amount of dead bacteria were
found on the surface of Ti-3Cu-M samples, as shown in Figure 5(c2,c3), demonstrating the
strong antibacterial property of the Ti-3Cu-M sample.

The morphology of S. aureus on the samples’ surfaces after 24 h incubation are shown
in Figure 5(a4—c4). From Figure 5(a4), there were a great quantity of bacteria on the surface
of cp-Ti and the bacteria accumulated and some of them stacked together. At a high
magnification, the bacteria were in a spherical shape, the cell walls were intact and some of
them were in the state of dichotomy, revealing the good health condition of the bacteria. On
the surface of Ti-3Cu, as shown in Figure 5(b4), fewer bacteria were observed. However, no



Metals 2022, 12, 1008

8of 13

Ti-3Cu-M
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obvious change in bacterial morphology was found. On the surface of the Ti-3Cu-M sample,
Figure 5(c4), nearly no bacteria was found on the surface. At a high magnification, the
bacteria atrophied and deformed, the membrane was dissolved and cytoplasm leakage was
observed, which all certificated the strong antibacterial properties of the Ti-3Cu-M samples.

Figure 6 shows the S. aureus colonies on Ti-3Cu-M samples which have been im-
mersed in 0.9%NaCl solution for different durations. There were almost no colonies on
the surfaces of Ti-3Cu-M samples and the antibacterial rates were more than 99.0% even
after 21 days immersion, demonstrating the strong long-term antibacterial property of the
Ti-3Cu-M sample.

7 days

Figure 6. Bacteria colonies on Ti-3Cu-M samples after long-term immersion.

3.4. Cell Biocompatibility

Figure 7a shows the OD values of MC3T3-E1 cells co-incubated on the samples for
different duration. From Figure 7a, the OD values of all groups increased with the extension
of culture time, indicating the good growth condition of MC3T3 cells on samples. On the
first day, the OD value on Ti-3Cu-M was significantly higher than that on cp-Ti sample
while there was no significant difference between cp-Ti and Ti-3Cu sample. On the third day,
the OD value on Ti-3Cu-M was still higher than the values on the other two samples but
there was no significant difference among different samples. A similar situation was also
found on the seventh day. The calculated relative growth rates (RGR) of cells in Figure 7b
also show that the cell viability on the Ti-3Cu and Ti-3Cu-M samples was higher than 100%.
All these results demonstrate that both the Ti-3Cu and Ti-3Cu-M sample exhibited no cell
toxicity (Grade 0 in comparison with cp-Ti) to MC3T3 cell line and the surface modification
could promote the early proliferation of MC3T3 cells to some extent.

The cell staining morphology after 4 h and 24 h incubation on the surface of cp-Ti,
Ti-3Cu and Ti-3Cu-M is shown in Figure 8. After 4 h incubation, there was no significant
difference in the spreading cells number among all tested samples. At a high magnification,
the cell morphology on cp-Ti and Ti-3Cu was polygonal in shape, while the cells on the
surface of Ti-3Cu-M spread over larger area with the extension of filamentous pseudopods.
After 24 h incubation, much more cells were observed on the surfaces of all samples.
At a high magnification, the cell morphology on cp-Ti and Ti-3Cu was spindle in shape
with uniform spreading area and clear actin fibers. On the surface of Ti-3Cu-M, the
cells spread well with a large amount of filamentous pseudopods but without clear actin
fibers. In general, Ti-3Cu-M samples were not considered to be cytotoxic from the point of
cell cytoskeleton.
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Figure 8. Cytoskeleton staining of MC3T3 on cp-Ti, the i-3Cu sample and Ti-3Cu-M samples.

4. Discussion
4.1. Surface Morphology

XRD results indicated that Ti;Cu phase was formed in the Ti-3Cu matrix sample
during the preparation, but no other phase was detected in Ti-3Cu-M. XPS results showed
that TiO, was also formed on the surface of Ti-3Cu-M but no copper oxide was detected
after the surface modification. It can be seen from SEM surface morphology in Figure 1c
and d that there were many white particles with a diameter of 0.2-0.5 pm on the rough
surface of the Ti-3Cu-M sample after the treatment. Combined with the composition
analysis, it can be determined that the white particles should be Ti;Cu phase. After the
sandblasting treatment, the surface presented rough and flake-like structure, and the acid
etching treatment produced the pores between the lamellar and a large number of Ti,Cu
particles on the surface.

4.2. Hydrophilicity and Roughness

During the sandblasting process, the hard Al,Os particles hit the surface fast. As a
result, a rough surface with many flake-like structures and holes were clearly observed on
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the Ti-3Cu-M sample, as shown in Figure 1c. The mixture acid of HCl:H,SO4:H,0 = 1:1:20
etched the titanium matrix and made many TiCu particles appear on the surface, as shown
in Figure 1d. The water contact angle and the roughness results in Figure 1b showed that
the Ti-3Cu-M sample exhibited a rougher surface with lower water contact angle than the
Ti-3Cu sample, displaying that the surface modification produced a rough and hydrophilic
surface with many submicron Ti,Cu particles on the surface.

In vivo studies on SLA dental implants have shown that the rough surface could
enhance the interface bonding strength between bone tissue and implant [8,22]. Lots of
research has demonstrated that the high hydrophilicity would promote the proliferation
and differentiation of osteoblasts near the implant, thus producing more chemical media
and growth factors [9,23].

4.3. Corrosion Property

The corrosion resistance to body fluids of a candidate titanium alloy should be very
good for the potential clinical application. According to the Tafel curve and related data,
the self-corrosion current density of the Ti-3Cu-M sample was about an order of magnitude
higher than that of the Ti-3Cu matrix. EIS data also indicated that the corrosion resistance of
the Ti-3Cu-M sample was about one half lower than that of the Ti-3Cu matrix, which strongly
suggested that the surface modification significantly reduced the corrosion resistance.

The surface morphology in Figure 1d clearly shows that a large amount of Ti,Cu
particles presented on the surface after the treatment due to the etching function. Ti,Cu
is the Cu-rich phase and has a different corrosion potential to the titanium matrix, and
will form galvanic corrosion coupled with the titanium matrix, which accelerates the
surface corrosion.

The surface morphology in Figure 1c also indicates that a rough surface was formed
after the surface modification. Thus, the specific surface area of the Ti-3Cu-M sample greatly
increased in comparison with Ti-Cu and the contact area during the electrochemical test
also greatly increased, which would result in the increasing of the corrosion current density.
If we calculate the real surface area of Ti-3Cu-M by using confocal laser microscopy, the
developed area ratio of the sample can be obtained, as shown in Table 1, the re-calculated
corrosion density would be 4.8 x 1078 A /cm?, which is at the same level to that of the
Ti-3Cu matrix. This result confirmed that the increasing of the corrosion current density of
Ti-3Cu-M was mainly caused by the increasing specific surface area.

The previous study [24] showed that the Cu ion dissolution concentration of Ti-
3Cu alloy on the first, the third and the seventh days was 0.012 mg/L, 0.027 mg/L and
0.040 mg/L, respectively. Our experimental results showed that the Cu ion concentration
of Ti-3Cu-M on the first, the third and the seventh days was 0.120 mg/L, 0.175 mg/L and
0.190 mg/L, displaying that the Cu ion dissolution concentration of Ti-3Cu-M was one
order of magnitude higher than that of Ti-3Cu. Therefore, it can be concluded that the
increase of relative surface area caused by the surface treatment reduced the corrosion
resistance and accelerated the release of the Cu ion.

4.4. Antibacterial Properties

According to previous research, there are two main antibacterial mechanisms of Cu
containing antibacterial titanium alloy [25,26]: the sterilization function of free Cu ions
released from titanium alloy and the micro-area potential difference (MAPD) antibacterial
mechanism. Luethen [27] proved that Cu ion effectively sterilized when the concentration
was within (0.3-1.75) ppm. In this experiment, the release concentration of Cu ion from
Ti-3Cu-M after 24 days immersion was lower than 0.10 ppm, which was lower than the
crucial concentration of (0.3-1.75ppm). However, the antibacterial rate of Ti-3Cu-M was as
high as 99.9%, indicating that Cu ion was not the main antibacterial factor.

According to the MAPD mechanism, the MAPD between the second phases and the
matrix of titanium alloys accelerated the electrons transfer from titanium to bacteria when
the bacteria contacted with material surfaces, which interfered with the electron transfer
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chain within bacteria, produced oxidative stress and strong oxidative -OH, leading to the
death of bacteria [21,28]. The surface morphology in Figure 1d has clearly shown that many
submicron-scale TiCu phases were exposed on the surface, which would form MAPD due
to the difference in the electrode potential and contributed mainly to the strong antibacterial
ability of the Ti-3Cu-M sample.

4.5. Cell Biocompatibility

Cell biocompatibility assess results have demonstrated that Ti-3Cu and Ti-3Cu-M
samples had no cytotoxicity to the MC3T3 cell line, while the Ti-3Cu-M sample promoted
the cell proliferation at the first 24 h, as shown in Figure 7a,b. Staining image also confirmed
that some cells on the Ti-3Cu-M sample at 4 h began to have filament-like pseudofoot
protrusions, showing good adhesion and spreading ability. The number and spreading
area ontheTi-3Cu-M sample was larger than the value on the cp-Ti control group. However,
the staining image at 24 h showed that there were more cells on the Ti-3Cu-M sample than
cp-Ti and the Ti-3Cu sample, but the spread condition of individual cells, including the cell
shape, the pseudopodia and the spread area was not significantly changed in comparison
with cp-Ti and the Ti-3Cu sample.

Researchers [29] have suggested that microtopography can promote bone/implant
bonding strength via mechanical interlocking, the behavior of osteoblasts can also be
regulated. The nanotopography with various specific types had been demonstrated to
favor osteogenic differentiation of mesenchymal stem cells and osteoblasts. Thus, it was
expected the hybrid micro/nano-textured structure can combine the advantages from both
the microtopography and nanotopography, which had been verified in some studies. For
example, acid etching followed by anodization had been used to prepare a hierarchical
hybrid structure on Ti substrate, and results revealed the synergistic role of the micro- and
nanotopography on osteogenic activities [30]. The experimental results in Figure 8 showed
that the cell volume on the surface of Ti-3Cu-M was larger at 4 h, indicating that the hybrid
micro/nano-textured structure can promote cell differentiation in a short period of cell
culture. When the time was extended to 24 h, Ti-3Cu-M had more cells on the surface,
indicating no cytotoxicity.

Copper ion was a necessary trace element in the human body and a cofactor of several
enzymes that can build bone and promote angiogenesis [31]. A previous study demon-
strated that Cu?*/Cu* could promote the differentiation and proliferation of osteoblasts.
However, excessive amounts of copper can be very harmful to people’s health, causing
stomach upset and diarrhea [31]. However, when the concentration of Cu ion exceeds a
certain range, it will cause irreversible harm to cells and even lead to cell death [32]. Differ-
ent cells had different tolerance to the Cu ion. For example, L929 fibroblasts will recover
damage when Cu ion concentration reaches 46 ug/mL, but will be completely killed when
Cu ion concentration reaches 100 pug/mL [33]. Furthermore, the median lethal dose for
peripheral blood mononuclear cells was 18.4 mg/L [34]. When the Cu ion concentration
was 0.021 mg/mL, less than 40% of URM106 cells survived. Concentrations of copper
ions < 8.5 mg/L were considered safe for many cell lines [28]. In this experiment, the
release concentration of Cu ions from Ti-3Cu-M after 24 days immersion was lower than
0.10 mg/L, which was lower than the crucial concentration of 8.5 mg/L. This shows that
Cu ion produced by Ti-3Cu-M is harmless to the human body.

Zhou et al. changed the surface charge of PVDF-Ti (PTi) film through polarization, and
induced cell adherence to material surface due to electrostatic interaction [35]. Although
there was no consensus on the effect of positive and negative potential on cell adhesion
and proliferation, it can be proved that both positive and negative surface potential or
charge can promote cell adhesion and diffusion to a certain extent [36]. In this paper, the
Ti-3Cu-M alloy had a significant effect on the proliferation of osteoblasts, but had a certain
promotion effect on the initial adhesion and spread of osteoblasts. It was also thought that
the MAPD, due to the presence of TipCu second phase and the titanium matrix, contributed
to enhanced cell attachment and diffusion.
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The results showed that sandblasting acid etching could improve the hydrophilicity,
roughness and antibacterial properties of Ti-3Cu, and promote cell proliferation and initial
osteoblast adhesion. The corrosion resistance of the Ti-3Cu alloy decreased with the increase
of relative surface area. Sandblasting acid etching treatment will affect other properties,
such as hardness, tensile strength, elastic modulus, etc., but because the thickness of
sandblasting acid etching is only two microns, it has little influence on other properties,
but it still needs to be studied in subsequent experiments.

5. Conclusions

A rough surface with a lot of TipCu particles was constructed on Ti-3Cu by a sand-
blasting and acid etching process. The presence of a large amount of Ti;Cu particles on
the surface enhanced the antibacterial ability through the micro-area potential difference
mechanism. The rough lamellar surface structure promoted cell proliferation and ini-
tial osteoblast adhesion due to the micro- and nano-topography as well as micro-area
potential difference.
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