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Abstract: The corrosion resistance and antibacterial properties of Ti−3Cu alloy prepared by selective laser melting 
were evaluated using electrochemical experiments and a variety of antibacterial characterization. It is found that the 
charge transfer resistance of Ti−3Cu alloy was 4.89×105 Ω∙cm2, which was doubled the data obtained by CP-Ti alloy. 
The antibacterial rates of Ti−3Cu alloy against S. mutans and P. gingivalis were 45.0% and 54.5%. And the antibacterial 
rates increased with the prolongation of cultivation time, reaching up to 62.8% and 68.6%, respectively. The in-situ 
nano Ti2Cu precipitates were homogeneously distributed in the matrix of the Ti−3Cu alloy, which was the key reason of 
increasing the corrosion resistance. Additionally, the microscale electric fields between the α-Ti matrix and the Ti2Cu 
was responsible for the enhancement of the antibacterial properties. 
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1 Introduction 
 

Titanium and its alloys have been widely  
used for artificial dental implants because of    
the remarkable advantages of low acquisition   
cost, excellent corrosion resistance, and good 
biocompatibility [1−3]. Although commercial pure 
titanium delivers good biocompatibility, the 
postoperative infection usually occurs due to the 
bacterial proliferation on the dental implant and 
enamel surface [4−6]. Moreover, the biofilm on the 

implant often induces inflammation in the tissues 
around the CP-Ti implant, and the occurrence of 
peri-implant inflammation even results in surgical 
failure or reoperation [7,8]. Therefore, the materials 
or processing approaches that can eliminate these 
problems are attractive for materials scientist and 
biological scientists. 

Copper (Cu) element is a broad-spectrum 
antibacterial element. A trace of Cu is also the basis 
of many physiological functions in the human  
body [9]. It is reported that the Ti−3Cu alloy retains 
good biocompatibility [10]. Meanwhile, the alloy  
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design strategy of titanium alloys or stainless steel 
with a trace of Cu addition is conducive to 
antibacterial performance [11−13]. For instance, the 
Ti−5Cu alloy is capable of offering a strong 
inhibitory activity on the formation of biofilms of 
Staphylococcus aureus and Escherichia coli [14].  
It is also noted that the addition of Cu into 
Ti−6Al−4V alloy can simultaneously improve the 
mechanical and antibacterial properties [11,13,15]. 
Hence, tuning the addition amount of Cu can 
guarantee the superior antibacterial and mechanical 
properties of titanium alloys [16,17]. 

The widely used Ti−3Cu alloy possesses  
good biocompatibility, antibacterial performance, 
excellent mechanical properties and corrosion 
resistance [7,10]. In the Ti−3Cu alloy, Cu usually 
exists in the form of solid solution and precipitates. 
The size of precipitates fabricated via conventional 
handicrafts is at a level of micron or submicron 
[18−20]. The occurrence of inflammation usually 
goes through the process of bacterial adhesion and 
biofilm formation on the surface of dental implants. 
S. mutans and P. gingivalis are two important 
bacteria in the biofilm formation on the surface of 
dental implants, which have a significant impact on 
promoting biofilm formation and inflammatory 
response. Although the nano-sized copper-bearing 
precipitates on the mechanical properties of Ti−Cu 
alloy have been fully investigated, the antibacterial 
performance of S. mutans and P. gingivalis of the 
conventionally prepared Ti−Cu alloys was not 
excellent, and thus the improvement for the alloy 
composition or the manufacturing approaches is 
still necessary to satisfy the real requirement in 
applications. 

Metal-based additive manufacturing (AM) has 
enabled the fabrication of near net shape metal 
components with optimized geometries that are not 
achievable through conventional manufacturing 
techniques [21,22]. The Ti−6Al−4V alloy fabricated 
via selective laser melting exhibits better corrosion 
resistance [23]. The refined matrix grain and 
ultrafine precipitates have been achieved when 
solidification with a high cooling rate, and it 
delivers excellent mechanical properties [24].  
Also, a high number density of homogeneously 
distributed ultrafine Ti2Cu precipitates in the 
Ti−3Cu alloy have potential to result in good 
antibacterial ability [19]. Additionally, metals are 
more likely prone to acid erosion in the oral with a 

highly humid environment, and certain metal ions 
released to human body could inhibit the 
solidification of proteins and the activation of 
related enzymes [25,26]. Therefore, it is expected 
that the AM method can be applied to the Ti−3Cu 
alloy for improved antibacterial and electro- 
chemical properties. As such, the present work 
focuses on the selective laser melting (SLM) of  
the Ti−3Cu alloy. The microstructural features  
were examined and the antibacterial properties      
and electrochemical properties were studied in 
association with the microstructure. And the 
corrosion resistance principle and the possible 
antibacterial mechanisms of the Ti−3Cu alloy 
processed via SLM were discussed. 
 
2 Experimental 
 
2.1 Material preparation 

CP-Ti (Grade 2) was used as the reference 
group. The pre-alloyed Ti−3Cu powder for SLM 
process was prepared through electrode induction 
melting gas atomization with the particle size of 
15−53 μm. SLM process was performed in a FS271 
(Farsoon, Inc., China) machine equipped with a 
200 W ytterbium fiber laser. The optimized 
parameters were set with a laser power (P) of 
200 W, a scan speed (v) of 1000 mm/s, a layer 
thickness (t) of 30 µm, a hatch spacing (h) of 
100 µm, and a scan rotation angle of 67° between 
successive layers. To ensure that the two groups  
of alloys had the same surface state before the 
subsequent test, the alloys were ground using 
400#−2000# SiC paper and then polished with OPS 
solution. 
 
2.2 Microstructure characterization 

Phase analysis was conducted by X-ray 
diffractometer (XRD, DX-2700B). The micro- 
structure was detected with optical microscope 
(OM, DM2700M), scanning electron microscope 
(SEM, MTEST2000) and transmission electron 
microscope (TEM, Talos F200X). Particle sizes and 
morphology of precipitates were then determined 
using high-angle annular dark fields image and 
energy-dispersive X-ray spectroscopy mapping. 
Prior to TEM observation, the sample was thinned 
using the precision ion polishing system (PIPS) at a 
voltage of 5 kV/2 kV and an incident angle of 
3°−7°. 
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2.3 Electrochemical test 
Electrochemical experiments were performed 

on the polished alloys in 1000 mL sodium chloride 
solution with a mass fraction of 0.9% using 
CHI660D equipment. When the open circuit 
voltage was stable, the polarization curve was 
tested to investigate the passivation behaviour and 
corrosion rate. The scanning speed was 10 mV/s, 
and the initial potential and termination potential 
were −1.6 and 0 V, respectively. Then, the 
electrochemical impedance spectroscopy (EIS) 
curve was obtained by applying small amplitude 
sine waves of different frequencies to the 
three-electrode system. The sinusoidal AC voltage 
was set at 10 mV, and the scanning frequency range 
was 0.1−100 kHz. ZView software was used to 
design the equivalent circuit and fit the EIS results. 
 
2.4 Physicochemical properties test 

According to the GB/T 16886.12 — 2017 
standard, the Ti−3Cu alloy was isothermally 
immersed at 37 °C in 0.9 wt.% NaCl solution for 
time ranging from 6 to 72 h, followed by Cu2+ 
released measurement. And the concentrations of 
released Cu2+ were determined using inductively 
coupled plasma atomic emission spectrometry 
(ICP-AES, iCAP7600). The drop shape analyzer 
(DCA100) was employed to measure the surface 
contact angles. The wettability was evaluated by  
the sessile drop method and all the measurements 
were conducted at ambient temperature using the 
deionized water and plasma as wetting liquids. 
 
2.5 Antibacterial assessment 

Throughout the antimicrobial performance test, 
the cell was cultured at a constant temperature 
((37±1) °C) under the conditions of 5% CO2    
and 90% relative humidity. The frozen powder of  
S. mutans ATCC 25175 and P. gingivalis ATCC 
33277 was dissolved in the culture medium, 
followed by constant temperature culture. After 
culture, the bacterial suspensions were diluted to 
1×106 CFU/mL. 

Inhibition zone assay was performed on 
polished samples to establish the antibacterial 
activity. After being co-cultured with agar for 24 h, 
the size of antibacterial ring was measured and 
counted. The quantitative antibacterial test was 
carried out according to the standard test method of 
GB/T 2519. The colony forming units (CFU) at 

each dilution rate were counted according to the 
Chinese National Standard GB/T 4789.2—2010. 
Subsequently, the average was determined, and the 
total number of bacteria was calculated according  
to dilution. Finally, the colony number of CP-Ti 
co-cultured under the same conditions was selected 
as the control group to calculate and evaluate the 
bactericidal capacity of Ti−3Cu alloy. The 
calculation formula is as follows: 
 
R=(N1−N2)/N1×100%                      (1) 
 
where R is the antibacterial rate, and N1 and N2 
represent the average amounts of bacteria colonies 
on Ti−3Cu and CP-Ti, respectively. 

Field emission scanning electron microscope 
(FE-SEM, S-3400N) was used to observe the 
morphology of bacteria and determine the 
formation of bacterial biofilm after 24 h isothermal 
co-culture. To further observe the variation of 
bacterial activity and bacterial biofilm with the 
prolongation of cultivation time, the samples were 
stained with LIVE/DEAD® BacterialTM Viability 
Kits L7012 at 24 and 72 h, respectively. 
Subsequently, staining results were observed  
under a fluorescence microscope (Leica DMi8) 
immediately. The level of intracellular reactive 
oxygen species (ROS) was investigated by 
measuring the fluorescent intensity of the 
dichlorofluorescein probe. Firstly, the samples were 
stained with the 2’7’-dichlorodihydrofluorescein 
diacetate (DCFH-DA, Beyotime) for 0.5 h and the 
excess dye was washed away. Then, the samples 
were observed under fluorescence microscope 
(Leica DMi8) to detect the ROS level. 
 
2.6 Statistical analysis 

T test was used to evaluate the difference 
between the groups using SPSS 23.0 software for 
Windows (SPSS Inc., USA). Three parallel samples 
were prepared before every experiment. And at least 
three measurements were performed to obtain the 
average value and the mean standard deviation.   
A p-value of less than 0.05 was considered 
statistically significant. 
 
3 Results 
 
3.1 Structure 

The XRD pattern and microstructure of the 
as-SLMed Ti−3Cu alloy is shown in Fig. 1. The 
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Fig. 1 Microstructure characterization of Ti−3Cu alloy: (a) XRD pattern; (b) Optical micrograph (OM); (c, d) SEM 
images; (e−g) HAADF-STEM images and corresponding SAED pattern  
 
diffraction peak of α-Ti could be obviously 
observed, but the diffraction peak of Ti2Cu was 
difficult to distinguish (Fig. 1(a)). This was likely 
due to the low level of Cu addition. Figures 1(b−d) 
showed that the α-Ti matrix exhibited a fine 
needle-like morphology. It was well documented 
that the Ti2Cu nano-precipitates could be induced in 
the supersaturated Ti−3Cu alloy during subsequent 
thermal cycling of layer-by-layer scanning of  
SLM manufacturing. Correspondingly, a low 
magnification HAADF-STEM image of the fine 
needle-like grain region is shown in Fig. 1(e). 
Nano-sized precipitates were detected both within 
the grains and at the grain boundaries. The white 
particles with a size of 10−50 nm in Fig. 1(e) were 
identified as Ti2Cu. 
 
3.2 Corrosion performance 

The potentiodynamic anodic polarization 
curves are shown in Fig. 2(a). It is seen that no 
obvious passivation region was found in the 
polarization curves. The self-corrosion potential 
(φcorr) and self-corrosion current density (Jcorr) 
obtained after Tafel analysis are given in Table 1. 
The φcorr of Ti−3Cu alloy and CP-Ti alloy were 
−0.99 and −1.07 V, while the Jcorr of Ti−3Cu   
alloy and the CP-Ti alloy were 2.81×10−7 A/cm2 and 

3.56×10−7 A/cm2, respectively. The slightly higher 
φcorr and lower Jcorr suggested that the corrosion 
tendency and corrosion rate of Ti−3Cu alloy were 
smaller than those of the CP-Ti. The equivalent 
circuit R(QR) with only one time constant 
representing the impedance spectrum is shown in 
Fig. 2(c). In Table 2, the solution resistance values 
of two groups of samples were roughly the same, 
while the charge transfer resistance of CP-Ti 
(2.20×105 Ω∙cm2) was far less than that of the 
Ti−3Cu (4.89×105 Ω∙cm2), which implied that the 
as-SLMed Ti−3Cu alloy had lower corrosion rate. 
These impedance parameters also demonstrated that 
a highly compacted passive Ti oxide film was 
formed on the CP-Ti and the Ti−3Cu [27]. And it 
was likely that a more stable passive film was 
formed in the Ti−3Cu alloy, which behaved as an 
efficient barrier to corrosion and increased the 
resistance to charge transfer at the electrolyte/oxide 
layer interface. 
 
3.3 Physicochemical properties 

In Fig. 3(a), the Cu2+ amount released within 
24 h was 53.3 μg/L and the release rate decreased 
gradually with the prolongation of the incubation 
time. Figure 3(b) shows the comparison of the 
contact angle on the CP-Ti and Ti−3Cu. The contact  
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Fig. 2 Electrochemical measurement results for CP-Ti and Ti−3Cu alloy at 25 °C in 0.9 wt.% NaCl: (a) Potentio- 
dynamic polarization curves; (b) Nyquist plot; (c, d) Bode plots (Rs is the solution resistance, Rct is the charge transfer 
resistance, and CPE is the constant phase element) 
 
Table 1 Tafel analysis results from potentiodynamic 
polarization curves of CP-Ti and Ti−3Cu alloys in 
0.9 wt.% NaCl solution tested at 25 °C 

Sample φcorr/V Jcorr/(A·cm−2) 

CP-Ti −1.07 3.56×10−7 

Ti−3Cu −0.99 2.81×10−7 

 
Table 2 EIS fitting results of CP-Ti and Ti−3Cu alloys in 
0.9 wt.% NaCl solution with equivalent circuit 

Sample Rs/(Ω∙cm2) Rct/(Ω∙cm2) CPE/(F∙cm−2) n 

CP-Ti 22.78 2.20×105 2.07×10−5 0.88 

Ti−3Cu 18.20 4.89×105 2.96×10−5 0.92 
 
angle of CP-Ti and Ti−3Cu in water were basically 
identical, which was about 40°. However, the 
plasma contact angle of Ti−3Cu was obviously 
smaller in comparison with that of CP-Ti,  
indicating that the Ti−3Cu alloy offered the better 
hydrophilicity. 

3.4 Antibacterial activity 
The ability of CP-Ti and Ti−3Cu to prevent 

bacteria growth was examined through inhibition 
zone assay. In Fig. 4, the same inhibition ring 
diameters of 11.8 mm on S. mutans and 
P. gingivalis were acquired after 24 h isothermally 
co-cultured with CP-Ti, while the inhibition ring 
diameters of Ti−3Cu on S. mutans and P. gingivalis 
were 14 and 13.6 mm, respectively. Compared with 
the CP-Ti, the Ti−3Cu alloy could effectively 
inhibit the growth of bacteria in the contact area of 
agar plate, confirming that the Ti−3Cu alloy had 
significantly antibacterial activity against both 
bacteria species. 

Bulk samples were isothermally co-cultured 
with S. mutans and P. gingivalis for 24−72 h at 
37 °C to further determine the antibacterial rate for 
the Ti−3Cu. In Figs. 5(a, b), Ti−3Cu alloy showed a 
significant reduction in colony-forming unit (CFU) 
in both bacteria species at both time points 
compared to the CP-Ti. Furthermore, the number of 
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Fig. 3 Physicochemical properties: (a) Cumulative Cu2+ concentration released from Ti−3Cu alloy in 0.9 wt.% NaCl 
solution; (b) Comparison of contact angles with water and blood plasma on CP-Ti and Ti−3Cu alloys (“ns” represents 
no significantly difference; **p<0.01, compared to CP-Ti) 
 

 

Fig. 4 Typical images of inhibition zones on CP-Ti (a, b) and Ti−3Cu (c, d) disks of S. mutans (a, c) and P. gingivalis  
(b, d) co-cultured with agar for 24 h 
 
surviving bacteria colonies distributed on the CP-Ti 
basically remained no obvious change with 
extending the cultivation time to 72 h. However, the 
number of surviving bacteria colonies distributed 
on the Ti−3Cu decreased significantly with the 
culture time extension. Furthermore, only scattered 

colonies could be detected on the Ti−3Cu after the 
cultivation for 24 and 72 h (Figs. 5(c−f)). Table 3 
shows the antibacterial rates of Ti−3Cu at different 
incubation time. Under the condition of 24 h 
cultivation, the antibacterial rates of 45.0% against 
S. mutans and 54.5% against P. gingivalis of the  
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Fig. 5 Quantitative antibacterial behaviour evaluation of CP-Ti and Ti−3Cu alloys: (a, b) Concentration of S. mutans 
and P. gingivalis versus co-cultured time (****p<0.0001); (c−f) Typical colonization images of S. mutans and 
P. gingivalis after being co-cultured with Ti−3Cu alloy 
 
Table 3 Antibacterial rates of Ti−3Cu alloy after being 
co-cultured with S. mutans and P. gingivalis for 24 and 
72 h (%) 

Sample 
S. mutans  P. gingivalis 

24 h 72 h  24 h 72 h 

Ti−3Cu 45.0 62.8  54.5 68.6 
 
Ti−3Cu were achieved. With the extension of 
cultivation time to 72 h, the antibacterial rates 
against S. mutans and P. gingivalis increased     
to 62.8% and 68.6%, respectively. The increase of 
antibacterial rate against S. mutans and P. gingivalis 
were 17.8% and 14.1%, when the cultivation time 
increased from 24 to 72 h. 

In Figs. 6(a, b), the extensive bacteria adhered 
and tended to form biofilm on the CP-Ti after 24 h 
cultivation. A large number of live bacteria and 
plump cells at the division stage and maturity stage 
could be seen in the detailed morphologies 
(Figs. 6(a1, b1)). However, only a small amount of 
discretely distributed bacteria could be observed  
on the Ti−3Cu, as shown in Figs. 6(c, d). Some 
shrivelled and broken dead bacteria could be found 
in the detailed morphologies (Figs. 6(c1, d1)). 

Figures 7 and 8 show the fluorescent images of 
S. mutans and P. gingivalis after the cultivation at 
37 °C for 24 and 72 h. After the cultivation for 24 h, 
a large number of viable bacteria were distributed 
on the CP-Ti sample, while the bacteria distributed 
on the Ti−3Cu was almost completely dead. With 
the extension of incubation time from 24 to 72 h, 
the proportion of live bacteria on the CP-Ti 
decreased slightly, while the proportion of dead 
bacteria on the Ti−3Cu increased rapidly. The 
bactericidal ability on the Ti−3Cu alloy delivered 
more pronounced over time further. 
 
4 Discussion 
 

The present study has found that the 
microstructure of the hypoeutectic Ti−3Cu alloy is 
composed of α-Ti matrix and nanometric Ti2Cu 
precipitates (Fig. 1), and the microscale electric 
fields are triggered between α-Ti matrix and 
intermetallic particles Ti2Cu when the Ti−3Cu 
samples are immersed in physiological solution. 
Both the polarization curves and impedance 
spectrum results have identified that the Ti−3Cu 
alloy delivers superior corrosion resistance than the  
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Fig. 6 SEM morphologies of S. mutans and P. gingivalis on surface of CP-Ti and Ti−3Cu alloys after 24 h co-culture 
(The yellow arrows show live bacteria, and the white arrows show dead bacteria) 
 

 

Fig. 7 Fluorescent images of S. mutans on CP-Ti and Ti−3Cu alloys after cultivation for 24 and 72 h at 37 °C (Green for 
live bacteria strained by SYTO-9 and red for dead bacteria strained by propidium iodide (PI)) 
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Fig. 8 Fluorescent images of P. gingivalis on CP-Ti and Ti−3Cu alloys after cultivation for 24 and 72 h at 37 °C (Green 
for live bacteria strained by SYTO-9 and red for dead bacteria strained by propidium iodide (PI)) 
 
CP-Ti. The more excellent corrosion resistance of 
the Ti−3Cu alloy can be attributed to the addition  
of Cu element, and/or to nanoprecipitates Ti2Cu 
formed during manufacturing, i.e., during in-situ 
annealing from the laser reheating layers of 
previously deposited and solid material [28]. 

Hydrophilicity is an important factor affecting 
biomolecular adsorption and short-term cell 
adhesion [29]. Figure 3(b) demonstrated that the 
addition of Cu improved the surface hydrophilicity 
of the CP-Ti. Both the CP-Ti and the Ti−3Cu were 
moderately hydrophilic, and the Ti−3Cu was more 
plasma hydrophilic than CP-Ti. The smaller contact 
angle of Ti−3Cu in plasma indicated that cells 
tended to adhesion and growth better, which were 
more conducive to keep the implant stable [30]. 
Additionally, early prevention of bacteria adhered 
to implantable biomaterials in postimplantation was 
found to be the key to the long-term success of 

implants [31]. After 24 h incubation, the inhibition 
ring diameters of the CP-Ti was 11.8 mm, while the 
inhibition ring diameters of the Ti−3Cu was 
13.6 mm (Fig. 4). In Fig. 6, the extensive live 
bacteria at the division and maturity stage adhered 
on the CP-Ti and tended to form biofilm, while the 
Ti−3Cu alloy only had some shrivelled and broken 
dead bacteria discretely distributed. Live and dead 
staining results also showed that a large number of 
viable bacteria distributed on the CP-Ti, while the 
bacteria distributed on the Ti−3Cu was almost 
entirely dead (Figs. 7 and 8). Under the condition of 
24 h cultivation, the antibacterial activity showed  
a strong dependence on the addition of copper.  
With the addition of 3% copper, the ability to 
reduce bacteria adhesion and inhibit the biofilm 
formation was acquired. As indicated in Table 3, the 
antibacterial rate against S. mutans and P. gingivalis 
were 45.0% and 54.5% after 24 h co-culture. The 
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amount of released Cu2+ within 24 h was 53.3 μg/L 
in Fig. 3(a). The released Cu2+ from the Ti−3Cu 
alloy could down-regulate the expression of genes 
involved in bacteria adhesion, thereby inhibiting  
the bacterial biofilm formation [14,32]. With the 
extension of cultivation time from 24 to 72 h, the 
proportion of live bacteria on the CP-Ti decreased 
slightly, while the proportion of dead bacteria on 
the Ti−3Cu increased significantly (Figs. 7 and 8). 
And the antibacterial rates against S. mutans and P. 
gingivalis increased to 62.8% and 68.6% (Table 3). 
In Fig. 3(a), the Cu2+ released amount achieved 
76.7 μg/L within 72 h. As the occurrence of α-Ti 
matrix and Ti2Cu phase, the Ti−3Cu alloy could 
stably and enduringly release Cu2+, and the release 
rate decreased gradually with the time prolongation. 
The Ti−3Cu alloy delivered a more pronounced 
bactericidal activity on the two kinds of bacteria 
over time further. 

To understand the antibacterial mechanisms of 
Ti−3Cu alloy clearly, the generated intracellular 
reactive oxygen species (ROS) in bacteria cells  
was analysed in Fig. 9. After 24 h cultivation, 
intracellular ROS was detected on the Ti−3Cu alloy. 
Moreover, the ROS expression against S. mutans 
was more obvious, which means that the presence 
of both α-Ti and nanoscale Ti2Cu in the Ti−3Cu 
alloy caused high intracellular super oxide levels. 
Furthermore, the bacteria can be dyed in red only 

when the cell membrane of bacteria was damaged, 
which means that the cell membrane of extensive 
bacteria was broken. Detailed morphology in Fig. 6 
also confirmed that there were broken cell 
membranes on the Ti−3Cu after 24 h co-culture. 
The antibacterial mechanism might be achieved by 
destroying the permeability of bacterial membrane 
structure and making the intracellular matrix flow 
out and protein leakage [14]. 

Figure 10 illustrates the schematic diagram of 
generated oxidative stress within the bacteria, when 
the bacteria co-cultured with the Ti−3Cu alloy.  
The existence of galvanic corrosion between  
Ti2Cu precipitates and titanium matrix, and the 
antibacterial performance of Ti−Cu alloy are related 
to the preferential release of Cu2+ [33]. Due to   
the uniform distribution of nano-scale Ti2Cu, the 
potential difference between α-Ti matrix and  
Ti2Cu promotes the formation of numerous micro- 
galvanic couples on the Ti−3Cu, resulting in 
electron transfer in the surrounding environment. 
When S. mutans or P. gingivalis contact with the 
Ti−3Cu alloy directly, the electron transfer on the 
bacteria cell membranes will be disrupted by the 
electron transfer on the Ti−3Cu alloy, and bacterial 
respiration will be interfered [34]. In addition, 
S. mutans can trigger aerobic metabolism, the part 
of the electrons maybe entry bacterial cells and 
react with O2 and H2O to form abundant OH−, O2

− 
 

 
Fig. 9 Fluorescence intracellular ROS staining results of adherent S. mutans and P. gingivalis on surface of CP-Ti and 
Ti−3Cu after 24 h cultivation 
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Fig. 10 Schematic diagram showing possible antibacterial 
mechanisms of Ti−3Cu alloy generating oxidative stress 
within bacteria 
 
and H2O2 [34], eventually leading to excessive ROS 
content [35]. The specific reaction formulas are 
shown in Eqs. (2)−(5) [34,36]. This phenomenon is 
called oxidative stress [37]. High intracellular super 
oxide levels can generate broken cell membranes 
and protein leakage, rapidly killing microorganisms 
[38,39]. ROS can kill bacteria via damaging its cell 
membranes, DNA, proteins, etc [40,41]. In Figs. 6 
and 9, high intracellular superoxide levels and 
broken cell membranes are found after 24 h 
cultivation. In addition, among the reactive oxygen 
species, OH− is highly reactive, and excess OH−  
can cause significant damage to bacterial proteins, 
lipids, and DNA [42].  
H2O+e→•H+OH−                         (2) 
 
2H2O+2e→H2+2OH−                      (3)  
O2+2e→O2

−                              (4)  
2O2

−+2H+→H2O2+O2                      (5)  
The lethal process of ROS can be divided into 

exogenous ROS and endogenous ROS. Exogenous 
ROS is suitable for both S. mutans and P. gingivalis, 
and Cu2+ damages the permeability of the bacteria 
membrane, which can cause severe morphological 
and structural injuries and finally lead to the 
cellular materials leakage, such as proteins and 
sugars. Endogenous ROS is only suitable for 
S. mutans with internal respiratory chain. Cu2+ 

disrupts the activity of mitochondrial respiratory 
chains and superoxide anion leaks from the 
mitochondria, thus inhibiting cell respiration, 
producing high level of ROS, and suppressing   
the growth of bacteria [43]. With the combined 
action of exogenous ROS and endogenous ROS, 
intracellular superoxide levels in S. mutans on   
the Ti−3Cu are more significant than those of 
P. gingivalis. 

The Ti−3Cu alloy prepared via SLM fulfils 
several key purposes. First, the supersaturated Cu  
is dissolved into α-Ti matrix and the uniformly 
distributed in-situ nano-precipitate is obtained in 
the Ti−3Cu alloy upon rapid solidification. Second, 
the uniformly distributed nanoscale Ti2Cu particles 
not only improves the electrochemical performance, 
but also continuously releases Cu2+ through the 
micro-galvanic couples between α-Ti and Ti2Cu. On 
the one hand, the released Cu2+ can inhibit bacterial 
adhesion. On the other hand, the bacteria are upset 
by the electron exchange in the micro-galvanic 
couples, producing ROS mechanism and killing 
bacteria. Also, the Ti−3Cu alloy prepared by SLM 
has good hydrophilicity, which is conducive to the 
adhesion and growth of human cells when it is used 
as implants. 
 
5 Conclusions 
 

(1) In the rapid cooling process of SLM, the 
high solubility of Cu was able to dissolve into the 
α-Ti matrix, and the uniformly distributed Ti2Cu 
nanoprecipitates were formed in-situ in the Ti−3Cu 
alloy. These Ti2Cu nanoprecipitates eventually 
reduced the corrosion. The charge transfer 
resistance of the Ti−3Cu alloy was doubled that of 
the CP-Ti. 

(2) The Ti−3Cu alloy provided good 
antibacterial properties by inhibiting the formation 
of biofilms. The bactericidal activity increased with 
the prolongation of co-culture time. When the 
exposure time towards S. mutans and P. gingivalis 
were extended from 24 to 72 h, the antibacterial rate 
of the Ti−3Cu alloy increased by 17.8% and 14.1%, 
respectively. 

(3) The electron transfer caused by the micro- 
galvanic couples on the Ti−3Cu alloy could 
interfere with the electron transport in the bacterial 
cells, inducing endogenous and exogenous ROS. 
High intracellular super oxide levels damaged the 
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bacterial proteins, lipids, and DNA, eventually 
leading to the bacteria membrane rupture and 
protein leakage. 
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选区激光熔化成形 Ti−3Cu 合金的耐腐蚀性能及抗菌性能 
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3. 中南大学 湘雅医院 口腔医学中心 修复科，长沙 410008； 

4. 东北大学 材料科学与工程学院 材料各向异性与织构教育部重点实验室，沈阳 110819； 

5. 中南大学 机电工程学院 轻合金研究所，长沙 410083 

 
摘  要：采用电化学实验和多种抗菌特性对选区激光熔化成形 Ti−3Cu 合金的耐腐蚀性能和抗菌性能进行评     

价。结果表明，Ti−3Cu 合金的电荷转移电阻为 4.89×105 Ω∙cm2，约为 CP-Ti 合金电荷转移电阻的 2 倍。Ti−3Cu

合金对变形链球菌和牙龈卟啉单胞菌的抑菌率分别为 45.0%和 54.5%，且抑菌率随共培养时间的延长分别增加到

62.8%和 68.6%。原位生成的纳米 Ti2Cu 析出相均匀分布在 Ti−3Cu 合金基体中，提升了合金的耐腐蚀性能。此外，

α-Ti 基体和 Ti2Cu 反应形成的微电偶是抗菌性能增强的主要原因。 

关键词：选区激光熔化；Ti−3Cu 合金；显微组织；耐腐蚀性能；抗菌性能 
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