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Abstract: For the application of titanium and titanium alloys in orthopedic implant materials, the
antibacterial properties and cell biocompatibility determine whether the implant surgery is successful.
In this study, a functional anodic oxidation (AO) coating was successfully prepared to modify the
surface of Ti-Ag alloy. The surface characteristics of the anodized Ti-Ag alloy were analyzed using
techniques such as X-ray diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), and contact angle measurements. The corrosion characteristics of Ti-Ag samples
were tested by an electrochemical workstation. In addition, the antibacterial properties and cell
activity were studied by the plate count method and MC3T3-E1 cell staining. The results indicate
that the AO process can generate a multi-functional TiO2/Ag2O coating with a large number of block
and flower-like structures on the surface of a Ti-Ag alloy. When the AO voltage of the sample is
120 V, the maximum roughness is 0.73 µm and the minimum wetting degree is 23◦, which improves
the biocompatibility. The corrosion test results show that AO treatment can improve the corrosion
resistance of a Ti-Ag alloy. The oxidation voltage is 20 V and the coating has the best corrosion
resistance. The corrosion open circuit potential (Eocp) is 107.621 mV and the corrosion current density
(icorr) is 2.241 × 10−8 A·cm−2. This coating can promote ion release and show more than 99% of a
strong antibacterial ability against S. aureus. The results of the compatibility evaluation by cultured
cells showed that the multifunctional coating formed by the anodic oxidation process did not cause
cytotoxicity and promoted the adhesion of MC3T3-E1 cells.

Keywords: Ti-Ag alloy; anodic oxidation; antibacterial property; biocompatibility; corrosion
resistance

1. Introduction

Titanium (Ti) and Ti alloys are commonly utilized in orthopedic implant materials due
to their exceptional mechanical properties, favorable biocompatibility, low toxicity, and
cost-effectiveness [1,2]. However, traditional Ti alloy implants do not have antibacterial
properties and have infection problems during and after implantation. In addition, the
inadequate disinfection of implants and surgical instruments and postoperative wound
contamination can also aggravate infection [3]. The above factors can lead to implantation
failure and even cause fatal damage to the human body, increasing medical costs and
patient suffering.

The main reason for the failure of implantation surgery is that bacterial strains adhere
to the surface of Ti and Ti alloy implants, proliferate, and form bacterial biofilms, which
can lead to infection [4–6]. In addition, the long-term use of high-dose antibiotics by
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some patients can lead to bacterial mutations, strong drug resistance, and the formation
of superbugs, exacerbating the infection process [7–11]. If the surface of the implant has
excellent antibacterial properties, it will prevent bacteria from adhering to the surface of the
implant, thereby preventing the formation and expansion of the biofilm [12,13]. Therefore,
creating a stable and long-lasting antibacterial environment around the implant is of great
significance for inhibiting bacterial attachment and biofilm formation [14].

To improve the antibacterial properties of Ti and Ti alloys, material scientists have
tried to change the antibacterial properties of the surface and the antibacterial properties
of the material itself to prevent bacterial adhesion and inhibit the formation of biofilms.
At present, the antibacterial and antiviral properties of organic and inorganic antibacterial
agents have been widely recognized [15]. Among them, organic antibacterial agents mainly
include antibacterial proteins, polysaccharides, and antibacterial peptides, which inacti-
vate bacteria by inhibiting bacterial adhesion and destroying extracellular structures [16].
However, organic antibacterial agents have the disadvantages of a short duration and poor
stability [17]. Inorganic antibacterial agents are mainly metal element antibacterial agents,
such as Ag, Cu, Zn, etc., [18]. They can kill bacteria by binding to bacterial proteins and
changing the state of bacterial membranes [19,20]. They have a wide antibacterial spectrum,
high antibacterial efficiency, and good safety [21]. Therefore, considering the complexity of
the human implantation environment and the safety of antibacterial agents, the develop-
ment of Ti alloys containing inorganic antibacterial agents is considered a suitable method
for Ti alloys to achieve antibacterial properties and inhibit biofilm formation [22].

The methods of developing Ti alloys composite inorganic antibacterial implants mainly
include the surface modification technology and the manufacture of antibacterial Ti al-
loys [23]. Surface modification is mainly to prepare coatings doped with inorganic an-
tibacterial agents on the surface of Ti alloys by electrophoretic deposition (EPD), anodic
oxidation (AO), micro-arc oxidation (MAO), and other technologies to enhance the an-
tibacterial properties and biocompatibility [24]. M. H et al. [25] deposited a Cu-containing
hydroxyapatite (HAp) coating on the TC4 alloy by the EPD process. But, the coating has
a poor inhibitory effect on Staphylococcus aureus (S. aureus). Hou et al. [26] prepared
Ag-doped TiO2 nanotubes by the anodic oxidation method and the implanted samples
had good antibacterial properties. K. M et al. [27] deposited nano-silver on the anodic
oxidation surface of pure Ti for modification and observed that the osteoblast adhesion and
proliferation were enhanced by the coating, showing higher biocompatibility. However,
the antibacterial coating prepared by surface modification technology has defects such
as coating shedding and dissolution, and it will be difficult for it to maintain continuous
antibacterial properties and biological activity [28].

Due to their excellent mechanical processing properties and long-lasting antibacterial
properties, antibacterial metal materials have been used as antibacterial alloy materials
in many studies [23]. Antibacterial alloy materials are usually made by adding inorganic
antibacterial agents containing metallic elements and through processes such as powder
metallurgy, vacuum sintering, and arc melting [29,30]. Zhang et al. [31] utilized arc melting
technology to fabricate titanium alloys with varying copper contents. The antibacterial
efficacy of the as-cast titanium–copper alloys against S. aureus was found to be 37%. In
a separate study, Chen et al. [23] employed powder metallurgy technology to prepare
a Ti-Ag alloy. The results indicated that alloys with a 5 wt% Ag content exhibited an
antibacterial rate ranging from 60% to 80% against S. aureus. The observed antibacterial
activity was highly dependent on the Ag content, as well as the presence and distribution of
the Ti2Ag phase. It has been proved that Ti alloys containing inorganic antibacterial agents
have certain antibacterial properties. However, the antibacterial properties of antibacterial
metal materials still need to be further improved [32]. In addition, a Ti alloy is a bio-inert
material that requires high biocompatibility and corrosion resistance when implanted into
the human body [33].

Generally, surface modification techniques are used to improve antibacterial properties
and biocompatibility. Hu et al. [34] utilized ultrasonic-MAO technology to create a coating
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on the Ti-3Cu alloy, exhibiting robust long-term antibacterial properties and promoting
early cell adhesion. Schwartz et al. [35] prepared TiO2 and HAp bioactive coatings by
plasma electrolytic oxidation in aqueous electrolytes and molten salts, and cleaned the
coatings with autoclave (A), ultraviolet light (UV), radio frequency (RF), air plasma (P),
and UV-ozone cleaner (O), providing an effective and mild surface modification treatment
method for cleaning and disinfecting organic pollutants on the surface of bioactive coatings.
Through the research of Liu et al. [10], a multifunctional TiO2/Cu2O coating was prepared
on the Ti-5Cu alloy by the AO process. The coating improvement significantly enhances
the antibacterial properties of the alloy, has no cytotoxicity, and is beneficial to accelerate
cell adhesion. Cao et al. [8], by anodizing Ti-5Cu, found that the double-layer-structure
oxide coating formed on the Ti-5Cu improves the corrosion resistance by ten times, and the
antibacterial rate is improved. In addition, studies have shown that anatase TiO2 formed
on the Ti alloys by AO treatment is consistent with HAp, showing higher bone conductiv-
ity [36]. To date, the majority of prior investigations have consistently demonstrated that
surface modification techniques applied to antibacterial Ti alloys can concurrently improve
both the antibacterial properties and biocompatibility of the alloys. This dual enhancement
holds significant promise for the broader utilization of antibacterial Ti alloys.

For many antibacterial metal ions, the antibacterial and antiviral properties of Ag have
been widely considered to be one of the best and most effective antibacterial agents [13].
Silver interacts with sulfhydryl groups in enzymes and proteins to form reactive oxygen
species and destroys the regulatory system of reactive oxygen species in bacteria, resulting
in high oxidative stress in bacteria and the inactivation of strains. Ti alloys containing a
metal Ag antibacterial agent will provide antibacterial properties for its implants. However,
the antimicrobial properties and bioactivities of the antimicrobial Ti-Ag alloy have been
rarely reported.

In this paper, the anodic oxidation technology was innovatively applied to a Ti-Ag
antibacterial titanium alloy. Scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), an electrochemical analysis workstation, ion
release, contact angle, plate counting method, and cell culture were used to detect. The
effects of an anodizing voltage on the corrosion resistance, antibacterial properties, and
biocompatibility of the Ti-Ag alloy were studied. The results indicate that the anodic
oxidation process can significantly enhance the antibacterial properties of the Ti-Ag alloy,
TiO2/Ag2O’s, multi-functional coating, and the coating exhibits higher corrosion resistance.
No cytotoxicity was found, and cell adhesion and proliferation were accelerated. In
addition, the antibacterial mechanism of the film was also discussed. Therefore, anodic
oxidation may be an effective surface modification method.

2. Materials and Methods
2.1. Preparation and AO Treatment of Ti-Ag Samples

Ti-5 wt% Ag (referred to as Ti-Ag) rods were synthesized using high-purity Ti
(99.9 wt%) and Ag (99.9 wt%) in a high vacuum arc furnace. Additional information
about the alloy is available in Ref. [37]. A sample measuring Φ15 mm × 2 mm was ob-
tained from the bar using a wire-cutting machine. Ti-Ag samples were polished with 80,
400, 600, 1200, and 2000 particle sizes of SiC sandpaper (Yingpai, Foshan, Guangdong,
China) in turn, and polished to the surface mirror state with polishing liquid. For the next
step, the samples were cleaned and dried with ultrapure water and anhydrous ethanol. The
sample was soaked in 120 g/L NaOH (Merck KGaA, Shanghai, China) solution for 10 min
to remove the oil on the sample. Activation treatment was performed in a mixed solution
with a volume ratio of HF (Merck KGaA, Shanghai, China): HNO3 (Kermel, Tianjin, China):
H2O = 1:2:10 for 10 s. Finally, the samples were washed with high-purity water and dried.

The AO treatment was carried out in a solution of 0.1 mol/L H3PO4 (Kermel, Tianjin,
China) for 5 min. Various voltage values, specifically 20 V, 40 V, 60 V, 80 V, and 120 V, were
applied sequentially. The experimental procedure is illustrated in Figure 1. The sample
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names were AO-20 V, AO-40 V, AO-60 V, AO-80 V, and AO-120 V, and compared with the
untreated sample (AO-0 V).
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2.2. XRD and Microstructure Characterization

The phase composition on the surface of Ti-Ag alloy subjected to various AO voltages
was analyzed using XRD (D8 Advance, Bruker AXS, Karlsruhe, Germany) with copper
Kα radiation. MDI Jade 6.5 software’s database was employed for data interpretation and
analysis. The scanning range was 30◦ < 2θ < 90◦ and step scanning mode was used. The
surface morphology of Ti-Ag samples subjected to various AO voltages was examined
using cold-field-emission scanning electron microscopy (SEM). Additionally, the elemental
composition was analyzed through energy dispersive spectrometry (EDS). The coating
thickness gauge (LS225+N1500, Linshang, Shenzhen, China) is used to measure the coating
at five different positions, and the relationship between coating thickness and voltage
is measured.

2.3. XPS Analysis

The elemental species and chemical states on the coating surface following anodic
oxidation of the Ti-Ag samples were investigated using X-ray photoelectron spectroscopy
(XPS, Axis Supra, Kratos, Stretford, UK). To eliminate surface impurities, the samples
were pre-treated before the analysis. Full spectrum scans and high-resolution scans for Ti,
Ag, and O were conducted. The binding energy of C 1s was calibrated at 284.6 eV using
standard data, and peak fitting was carried out using XPS Peak 41 software.

2.4. Corrosion Resistance

The electrochemical properties of Ti-Ag samples with different AO voltages in 0.9%
NaCl (Kermel, Tianjin, China) solution were tested by an electrochemical workstation
(Versa STAT 300, AMETEK, CA, USA) at 37 ± 1 ◦C. The standard three-electrode apparatus
was used. The reference electrode, counter electrode, and working electrode were saturated
calomel electrode (SCE, INESA, Shanghai, China), platinum electrode (INESA, Shanghai,
China), and sample to be tested, respectively. The open circuit potential measurement
time was 3600 s. Electrochemical impedance spectroscopy (EIS) tests were performed at
frequencies of 0.01–105 Hz. Then, the potentiodynamic polarization test was carried out
within the range of −0.5~0.5 mV.

2.5. Surface Roughness and Water Wetting Angle

The surface morphology of the sample was examined using laser confocal microscopy
(OLS4100, OLYMPUS, Tokyo, Japan), capturing both two-dimensional (2D) and three-
dimensional (3D) images. Five different 100 µm × 100 µm regions were selected for
measurement. Surface roughness (Ra) data for the samples were acquired using LEXT
OLS4000 software. The contact angle measuring instrument (FCA2000A3E, Aifeisi, Shang-
hai, China) was employed to assess the hydrophilicity of the samples with different AO
voltages. Using the hanging drop method, 1.5 µL of laboratory-grade deionized water was
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deposited on the sample surface, and measurements were taken at a minimum of three
different positions, documented through photographs. Surface contact angles were calcu-
lated using software, and mean values along with standard deviations were determined
for analysis.

2.6. Ion Release

The specimens labeled as AO-0 V, AO-20 V, AO-40 V, AO-60 V, AO-80 V, and AO-
120 V were immersed in 5.5 mL of NaCl solution (surface area/volume ratio 2 cm2/mL)
for 24 h at a constant temperature of 37 ◦C. The concentration of Ag+ in the solution was
determined using inductively coupled plasma mass spectrometry (Optima 7300DV, Perkin
Elmer, MA, USA).

2.7. Antibacterial Property
2.7.1. Plate Count Method

Staphylococcus aureus (S. aureus, ATCC 6538) is a commonly used bacterium for evalu-
ating the antibacterial properties of implant materials. According to GB/T 31402-2015 [34],
the antibacterial properties of the samples were determined by plate counting method.
Before the experiment, all necessary samples and utensils underwent sterilization at
120 ◦C/0.15 MPa for 30 min. In each experimental group, three sets of parallel samples
were selected for the experiment. According to the standard procedure, nutrient broth
(NB, Chinese Medicine Reagents, Shanghai, China) and physiological agar (Xiya Reagent,
Linyi, China) were used to culture bacteria, and cp-Ti was used as the control group. To
ensure the sterile state of the samples, all samples were exposed to ultraviolet light for
1 h for sterilization. Subsequently, 100 µL of bacterial suspension with a concentration of
104 cfu/mL was uniformly coated on the sample to avoid the bacterial liquid overflowing
the sample range during the dropping process. The samples were then placed in an incuba-
tor for 24 h. After incubation, 2 mL of normal saline and 100 µL of trypsin were added to
each well and shaken for 5 min to ensure that all the bacteria fell into the solution. From
each well, 100 µL of bacterial droplets were taken on the nutrient agar plate and evenly
smeared using a triangular glass rod. Excess liquid was removed from the surface until no
obvious liquid remained, followed by another 24 h incubation period. An automatic colony
counter (Shineso V3, China) was employed to enumerate the viable bacteria following the
guidelines of the Chinese national standard GB/T 4789.2-2010 [34]. The antibacterial rate
was calculated using Equation (1):

AR = (Ncontrol − Nsample)/Ncontrol × 100% (1)

where Ncontrol and Nsample represent the count of colonies on both the control and test
samples. As per the Chinese national standard GB/T 4789.2-2010, an antibacterial rate
(AR) of ≥90% suggests antibacterial properties, while an AR of ≥99% indicates strong
antibacterial properties.

2.7.2. Live/Dead Staining

Following a 24 h incubation period on the sample surface, the bacteria were stained
using the LIVE/DEAD® BacLightTM bacterial activity kit (Thermo Fisher, MA, USA) in
accordance with the provided instructions. The dye was applied to the sample surface and
allowed to incubate for 15 min at room temperature in the dark. Subsequently, the bacteria
were washed twice with normal saline to eliminate the influence of excess dye. The stained
bacteria were then examined using a fluorescence microscope (Olympus BX51, Olympus,
Tokyo, Japan). Living bacteria emitted green fluorescence, while the fluorescent signal from
dead bacteria appeared red.
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2.8. Cell Compatibility In Vitro
2.8.1. Cell Viability and Cytotoxicity

In in vitro cytotoxicity evaluation experiment, MC3T3-E1 cells were used for evalua-
tion according to ISO 10993-5 standard [10], and blank control and control groups (cp-Ti)
were set up. All samples underwent sterilization at 121 ◦C/0.15 MPa. Following steril-
ization, the samples were placed in a 24-well plate and 500 µL of cell suspension with a
concentration of 2 × 104 cells/mL was added to each well. After that, the plates were incu-
bated at 37 ◦C in a humid environment of 5% CO2 for 1 day, 3 days, and 5 days, respectively.
At each designated time point, 200 µL of MTT solution (Pricella, Wuhan, China) was added
to each well and incubated at 37 ◦C for 4 h. Afterward, the MTT solution was removed and
300 µL of DMSO solution (Pricella, Wuhan, China) was added, followed by transfer to a
96-well plate for measurement. The optical density (OD) values were measured using an
enzyme-labeled instrument (iMark, Bio-Rad, CA, USA). The relative cell growth rate (RGR)
was calculated according to Equation (2):

RGR = (ODsample − ODcontrol)/(ODnegative − ODcontrol) × 100% (2)

where ODsample, ODcontrol, and ODnegative represent the optical density values of the test
sample, the cp-Ti, and the blank control group (negative sample), respectively. Cytotoxicity
was deemed non-existent when the RGR was equal to or exceeded 75%.

2.8.2. Cell Adhesion and Morphology

As described in Section 2.8.1, MC3T3-E1 cells were seeded onto the surface of the test
samples and incubated for 1, 4, and 24 h, followed by PBS (SCIENTIFIC, Shanghai, China)
washing. To fix the cells and permeabilize the cell membrane, a 4% paraformaldehyde (PFA,
SCIENTIFIC, Shanghai, China) solution and a 0.5% Triton X-100 solution (SCIENTIFIC,
Shanghai, China) were applied to the samples at 37 ◦C. After another round of PBS washing,
the samples were treated with the fluorescently labeled cyclic peptide. Subsequently,
the cells were incubated in the dark for 30 min. Following this, DAPI (4,6-diamino-2-
phenylindole, G-CLONE, Beijing, China) treatment was applied for 2 min. Lastly, the cell
samples underwent blocking with an anti-fluorescence attenuation blocker. For additional
information, please refer to other available sources [8]. The samples were placed under a
fluorescence microscope to observe and record cell morphology.

2.9. Statistical Analysis

The biological outcomes were replicated three times, and the results are presented as the
mean ± standard deviation. Representative results underwent quantitative statistical analysis
to determine statistical significance, with p < 0.05 considered as statistically significant.

3. Results
3.1. Surface Morphology

Figure 2 presents the appearance of anodized Ti-Ag samples with different AO volt-
ages. After AO treatment, the surface coating is uniform. When the AO voltage is 20 V, the
color of the coating is dark blue. Upon increasing the voltage to 40 V, the color of the coating
is khaki. As the voltage continues to rise, the color of the AO-60 V becomes magenta. When
the voltage increases to 80 V, the color of the coating is dark cyan. Finally, upon increasing
the voltage to 120 V, the color of the coating is light purple. The anodization voltage exerts
a notable influence on the coloration of the resulting anodic oxide film.
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3.2. Phase Identification

Figure 3 presents the phase patterns of anodized Ti-Ag samples with different AO
voltages. According to Figure 3, AO-0 V represents the Ti-Ag sample without AO treatment,
which is mainly composed of α-Ti and Ti2Ag phases. The diffraction peak of the Ti2Ag
phase overlaps with that of α-Ti [23]. The phase composition of samples treated by AO with
different voltages was semi-quantitatively analyzed using the Rietveld Refinement method;
the results are shown in Table 1. Ti and Ag oxides were not detected on the AO-treated
samples and the oxide film was thin.
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Table 1. Semi-quantitative calculation results of coating phase composition.

Sample α-Ti/wt% Ti2Ag/wt% Rwp/%

AO-0 V 96.6 ± 1.2 3.4 ± 0.2 8.26
AO-20 V 97.3 ± 0.9 2.7 ± 0.4 9.12
AO-40 V 96.1 ± 1.4 3.9 ± 0.3 9.36
AO-60 V 96.3 ± 1.1 3.7 ± 0.6 10.26
AO-80 V 97.6 ± 0.8 2.4 ± 0.4 12.42
AO-120 V 98.5 ± 0.6 1.5 ± 0.5 8.37

3.3. Microstructure and EDS

Figure 4 presents the microstructure of Ti-Ag samples with different AO voltages. In
Figure 4a, the coating surface is uniform when the oxidation voltage is 20 V. As the voltage
increases, when the voltage reaches 40 V, as shown in Figure 4b, the surface is smoother and
denser. As shown in Figure 4c, a large number of white block structures appear on the surface
of AO-60 V. After local amplification, the block structure is aggregated, the shape is regular,
and the size is <1 µm. Upon continuously increasing the voltage to 80 V, as shown in Figure 4d,
the block structure is partially converted into a flower-like structure with a small amount of a
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petal structure. With the further increase in the voltage to 120 V, as shown in Figure 4e, there
are many grooves on the surface, and the bulk structure is completely transformed into a
flower-like structure with a size ranging from approximately 1~2 µm. Figure 4f shows the
coating thickness of AO-treated samples with different voltages. With the increase in the AO
treatment voltage, the oxide film on the surface of the sample becomes thicker. The thickness
reaches the maximum at 120 V and the size is about 2.7 µm.
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(f) Coating thickness; Points A–I represent sampling points for EDS analysis.

Table 2 shows the EDS analysis results of Ti-Ag samples with different AO voltages.
The EDS analysis results of point A–I in Figure 4, revealing the presence of Ti and O
elements, and the content of Ag is low. With the increase in the voltage, the content of
the Ti element in the coating decreases from the highest value of 79.0% of AO-20 V to
52.4% of AO-120 V. However, the content of the O element in the coating increased with
the increase in the oxidation voltage, up to 45.0%. The bulk structure and flower-like
structure in the coating were analyzed by EDS. The bulk structure shown in F point in
Figure 4c was compared with the matrix E point. The content of the Ag element in the
bulk structure reached 7.9% and the enrichment of the Ag element appeared. However,
when the anodizing voltage increased to 120 V, the flower-like structure shown at the J
point in Figure 4e was tested by EDS, and the content of the Ag element was only 2.6%.
The research shows that excessive voltage will cause the burning of Ag elements and the
content of Ag in the coating will decrease.

Table 2. EDS analysis results of point A–I in Figure 4.

Oxidation
Potential

Point
Element (wt%) σ

Ti O Ag Ti O Ag

AO-20 V
A 79.0 ± 0.1 16.4 ± 0.1 4.6 ± 0.2 0.5 0.5 0.2
B 73.4 ± 0.2 22.4 ± 0.3 4.2 ± 0.1 0.2 0.2 0.1

AO-40 V
C 75.5 ± 0.1 19.9 ± 0.1 4.6 ± 0.3 0.4 0.4 0.2
D 68.8 ± 0.3 22.0 ± 0.1 9.1 ± 0.1 0.4 0.5 0.2

AO-60 V
E 73.0 ± 0.2 22.7 ± 0.2 4.3 ± 0.2 0.4 0.4 0.1
F 63.9 ± 0.3 28.3 ± 0.1 7.8 ± 0.1 0.3 0.4 0.3

AO-80 V
G 64.9 ± 0.2 26.5 ± 0.3 4.1 ± 0.1 0.4 0.2 0.1
H 64.9 ± 0.1 27.2 ± 0.1 7.9 ± 0.3 0.4 0.4 0.2

AO-120 V
I 64.0 ± 0.2 32.1 ± 0.2 3.8 ± 0.1 0.4 0.4 0.1
J 52.4 ± 0.1 45.0 ± 0.1 2.6 ± 0.1 0.3 0.3 0.1
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3.4. XPS

Figure 5 depicts the XPS full spectrum of Ti-Ag samples along with the high-resolution
spectra of Ti, O, and Ag under the AO-20 V, AO-60 V, and AO-120 V processes. In the
comprehensive spectrum (Figure 5(a1–c3)), the presence of Ti, Ag, and O elements was
identified in the anodic oxidation coating of Ti-Ag samples, aligning with the EDS element
detection results detailed in Table 2. In the high-resolution spectrum of the Ti element, as
shown in Figure 5(a2–c2), the peaks of Ti 2p1/2 are detected at 464.0 eV and 464.2 eV, and
the peaks of Ti 2p3/2 are detected at 458.4 eV and 458.7 eV, corresponding to the Ti-O bond
in TiO2 [38]. Simultaneously, the peak energy of Ti 2p1/2 is about 5.9 eV higher than that
of Ti 2p3/2, indicating that the element Ti mainly exists in the oxidation coating in the form
of TiO2 crystal. The binding energies of Ti 2p1/2 at 461.2 eV and 461.9 eV and Ti 2p3/2 at
457.0 eV, 456.7 eV, and 456.9 eV correspond to the Ti-O bond in Ti2O3. It can be seen from
the diffraction intensity that Ti mainly exists in TiO2 and a small amount of Ti2O3 oxide
colloid exists [8,23].
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In the high-resolution O 1s spectrum presented in Figure 5(a3–c3), it becomes evident
that the bonding of Ti, Ag, and O elements within the coating is further confirmed. The O
1s spectrum is composed of Ti-O bonds with peaks of 530.1 eV, 529.9 eV, and 530.0 eV and
Ag–O bonds with peaks of 531.1 eV and 531.0 eV. In Figure 5(a4–c4), the high-resolution
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spectra of Ag 3d are presented. The peaks corresponding to Ag 3d3/2 and Ag 3d5/2 are
observed at 374.2 eV and 368.2 eV, respectively, indicating the existence of an Ag+ oxidation
state. With the increase in the oxidation voltage, no significant variation is observed in the
spectrum. Based on the above analysis, the coating is mainly composed of TiO2 and Ag2O.

3.5. Corrosion Resisting Property

Figure 6 shows the corrosion-resisting property of the Ti-Ag samples with different AO
voltages, where Figure 6a–e is the electrochemical analysis and Figure 6f is the equivalent
circuit diagram. From the corrosion open circuit potential (Eocp) curve shown in Figure 6a,
the potential of the Ti-Ag alloy after AO treatment is significantly higher than AO-0 V. It can
be seen from the Eocp data in Table 3 that when the oxidation voltage is 20 V, Eocp reaches
a maximum of 107.621 mV. Compared with AO-0 V, Eocp increases by 351.759 mV. The test
results show that AO treatment reduces the corrosion failure tendency of the Ti-Ag alloy,
and the oxide film formed on the surface has high thermodynamic stability. Hence, at an
oxidation voltage of 20 V, the Ti-Ag sample exhibits the least susceptibility to corrosion. The
corrosion tendencies of the Ti-Ag alloy can be deduced from the Tafel curve in Figure 6b,
wherein the Tafel curve shifts towards positive potential and a lower corrosion current
density. The Tafel curve was fitted and calculated and the self-corrosion potential (Ecorr)
and self-corrosion current density (icorr) of the sample were obtained. The polarization
resistance (Rp0) of the sample is calculated by the Stern–Geary Equation. The calculation
formula is shown in Equation (3):

Rp0 = βaβc/(2.303(βa + βc)) icorr (3)

Table 3. Electrochemical data on OCP and Tafel curves of Ti-Ag samples.

Samples Eocp/mV
(vs. SCE)

Ecorr/mV
(vs. SCE)

icorr/
(10−8 A·cm−2) Rp0/104 Ω·cm2

AO-0 V −244.138 −220.091 ± 0.012 21.477 ± 0.031 1.55 ± 0.23
AO-20 V 107.621 17.035 ± 0.016 2.241 ± 0.028 33.3 ± 0.16
AO-40 V −82.112 −115.281 ± 0.014 3.661 ± 0.015 19.8 ± 0.19
AO-60 V −99.991 −94.963 ± 0.019 2.969 ± 0.032 18.2 ± 0.13
AO-80 V −115.687 −136.163 ± 0.013 2.378 ± 0.016 12.6 ± 0.24

AO-120 V −106.042 −164.884 ± 0.017 9.411 ± 0.022 20.2 ± 0.15

Among them, Rp0, βa, βc, and icorr are polarization resistance, anode slope, cathode
slope, and corrosion current density, respectively. The test results are shown in Table 3.
Through AO treatment, the Ecorr of the Ti-Ag samples was greater than −220.091 mV of
AO-0 V. Among them, the Ecorr reaches a maximum of 17.035 mV at a voltage of 20 V.
It can be seen from the icorr data in Table 3 that compared with 21.477 × 10−8 A/cm2

of AO-0 V, the Ti-Ag samples treated by AO showed a lower corrosion current density.
When the oxidation voltage is 20 V, the icorr of the Ti-Ag sample is the smallest, which
is 2.241 × 10−8 A/cm2. The data indicate that AO treatment can significantly increase
the polarization resistance of the sample. At the same time, the AO treatment markedly
lowers the corrosion current density or raises the corrosion potential, thereby enhancing the
corrosion resistance of the Ti-Ag samples. However, when the anodizing voltage reaches a
maximum of 120 V, the icorr of the sample increases, which may be related to the surface
state of the sample and the size of the surface petal-like structure.

Figure 6c presents the Nyquist curves for Ti-Ag samples at varying AO voltages.
The AO-treated sample has a larger capacitive arc radius than the AO-0 V sample. The
polarization resistance of the passivation film can be inferred from the diameter of the
semicircle, indicating that the AO-treated coating has a higher anti-polarization ability at the
interface. Figure 6d,e shows the Bode curves of Ti-Ag samples, including the relationship
between frequency and phase (Figure 6d) and the relationship between frequency and
impedance amplitude (|Z|) (Figure 6e). In Figure 6d, the frequency corresponding to the
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maximum phase angle is only one, which means that there is only one obvious time constant
in the electrochemical process. As the oxidation voltage of AO treatment increases, the
frequency corresponding to the maximum phase angle moves to the high-frequency region,
indicating that the charge transfer reaction in the electrochemical process becomes faster.
In the intermediate frequency region (0.1~100 Hz) of Figure 6e, only a linear slope of about
−1 is observed, which is a typical EIS monolayer structure. Therefore, a simple equivalent
circuit RS(QPRP) is used to fit the model of the passivation film. In this representation, RS
denotes the solution resistance, QP signifies the capacitance, and RP represents the resistance
of the passivation film. Table 4 presents the electrochemical parameters computed using
the equivalent circuit.
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Table 4. Electrochemical data of Ti-Ag samples in 0.9% NaCl solution from Nyquist and Bode.

Samples RS/Ω·cm2 QP/10−5 F·cm−2 n RP/104 Ω·cm2

AO-0 V 105.7 ± 0.6 32.4 ± 0.12 0.915 ± 0.005 7.81 ± 0.12
AO-20 V 158.2 ± 0.9 2.48 ± 0.07 0.889 ± 0.002 44.82 ± 0.09
AO-40 V 112.3 ± 0.5 2.59 ± 0.03 0.828 ± 0.003 30.12 ± 0.17
AO-60 V 145.4 ± 0.8 7.95 ± 0.03 0.700 ± 0.006 29.28 ± 0.15
AO-80 V 115.6 ± 0.9 5.91 ± 0.05 0.669 ± 0.004 28.73 ± 0.17
AO-120 V 149.9 ± 0.7 7.71 ± 0.06 0.649 ± 0.005 32.67 ± 0.16

3.6. Surface Roughness and Wetting Angle

Figure 7 illustrates the surface roughness and water contact angle of Ti-Ag samples at
various AO voltages. The impact of the anodic oxidation process on the biocompatibility
and hydrophilicity of the samples was assessed. In Figure 7a, the surface roughness of
the sample is approximately 0.10 µm after sandpaper grinding and polishing. With the
increase in the oxidation voltages, the roughness increases obviously. When the oxidation
voltage of AO treatment is 20 V, the surface roughness is 0.31 µm, which is 0.21 µm higher
than that of AO-0 V. The surface roughness of AO-40 V is 0.25 µm. With the further increase
in the voltages to 60 V and 80 V, the roughness of the sample is 0.42 µm and 0.51 µm. The
surface roughness value reached a maximum of about 0.73 µm at an oxidation voltage of
120 V, and the roughness value continued to rise, increasing the possibility of cell adhesion
during implantation.

Coatings 2024, 14, x FOR PEER REVIEW  12  of  24 
 

 

Table 4. Electrochemical data of Ti-Ag samples in 0.9% NaCl solution from Nyquist and Bode. 

Samples  RS/Ω·cm2  QP/10−5 F·cm−2  n  RP/104 Ω·cm2 

AO-0 V  105.7 ± 0.6  32.4 ± 0.12  0.915 ± 0.005  7.81 ± 0.12 

AO-20 V  158.2 ± 0.9  2.48 ± 0.07  0.889 ± 0.002  44.82 ± 0.09 

AO-40 V  112.3 ± 0.5  2.59 ± 0.03  0.828 ± 0.003  30.12 ± 0.17 

AO-60 V  145.4 ± 0.8  7.95 ± 0.03  0.700 ± 0.006  29.28 ± 0.15 

AO-80 V  115.6 ± 0.9  5.91 ± 0.05  0.669 ± 0.004  28.73 ± 0.17 

AO-120 V  149.9 ± 0.7  7.71 ± 0.06  0.649 ± 0.005  32.67 ± 0.16 

3.6. Surface Roughness and Wetting Angle 

Figure 7 illustrates the surface roughness and water contact angle of Ti-Ag samples 

at various AO voltages. The impact of the anodic oxidation process on the biocompatibil-

ity and hydrophilicity of the samples was assessed. In Figure 7a, the surface roughness of 

the sample is approximately 0.10 µm after sandpaper grinding and polishing. With the 

increase in the oxidation voltages, the roughness increases obviously. When the oxidation 

voltage of AO treatment is 20 V, the surface roughness is 0.31 µm, which is 0.21 µm higher 

than that of AO-0 V. The surface roughness of AO-40 V is 0.25 µm. With the further in-

crease in the voltages to 60 V and 80 V, the roughness of the sample is 0.42 µm and 0.51 

µm. The surface roughness value reached a maximum of about 0.73 µm at an oxidation 

voltage of 120 V, and the roughness value continued to rise, increasing the possibility of 

cell adhesion during implantation. 

 

Figure 7. The surface roughness of Ti-Ag samples with different AO voltages: (a) surface roughness, 

(b) surface water contact angle. 

Figure 7b illustrates the surface water contact angle of Ti-Ag samples at different AO 

voltages. The contact angle of  the sample without AO  treatment  is approximately 60°. 

When the AO treatment voltage is between 20 and 80 V, the water contact angle is signif-

icantly reduced, but it does not change with the voltage, which is about 36~38°. When the 

oxidation voltage is 120 V, the lowest water contact angle is about 23°, indicating that the 

wetting angle decreases with the increase in voltage and AO treatment can improve the 

hydrophilicity of Ti-Ag samples. 

3.7. Ion Release 

Figure 8 shows the dissolution amount of Ag+ with different AO voltages. The con-

centration of Ag+ ions in the untreated sample was 3.48 µg/L. When the oxidation voltage 

was 20 V, the dissolution of Ag+ reached 9.21 µg/L. Upon increasing the voltage to 40 V, 

the ion release was 10.94 µg/L. Upon continuously increasing the voltage to 60 V and 80 

V,  the  ion release was 19.6 µg/L and 22.6 µg/L. Finally, upon  increasing  the maximum 

voltage to 120 V, the release of Ag+ reaches a maximum of 35.9 µg/L. The bactericidal be-

havior of Ag-containing alloys is mainly due to the contribution of the long-term stable 

Figure 7. The surface roughness of Ti-Ag samples with different AO voltages: (a) surface roughness,
(b) surface water contact angle.

Figure 7b illustrates the surface water contact angle of Ti-Ag samples at different
AO voltages. The contact angle of the sample without AO treatment is approximately
60◦. When the AO treatment voltage is between 20 and 80 V, the water contact angle is
significantly reduced, but it does not change with the voltage, which is about 36~38◦. When
the oxidation voltage is 120 V, the lowest water contact angle is about 23◦, indicating that
the wetting angle decreases with the increase in voltage and AO treatment can improve the
hydrophilicity of Ti-Ag samples.

3.7. Ion Release

Figure 8 shows the dissolution amount of Ag+ with different AO voltages. The
concentration of Ag+ ions in the untreated sample was 3.48 µg/L. When the oxidation
voltage was 20 V, the dissolution of Ag+ reached 9.21 µg/L. Upon increasing the voltage to
40 V, the ion release was 10.94 µg/L. Upon continuously increasing the voltage to 60 V and
80 V, the ion release was 19.6 µg/L and 22.6 µg/L. Finally, upon increasing the maximum
voltage to 120 V, the release of Ag+ reaches a maximum of 35.9 µg/L. The bactericidal
behavior of Ag-containing alloys is mainly due to the contribution of the long-term stable
release of Ag+. The concentration of Ag+ increased with the increase in the oxidation
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voltage, indicating that AO treatment had a significant effect on the dissolution of Ag+.
Therefore, AO treatment can enhance the antibacterial properties of the Ti-Ag alloy.
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3.8. Antibacterial Property
3.8.1. Antibacterial Rate

Figure 9 displays the bacterial colonies and antibacterial rates of Ti-Ag samples at
various AO voltages, determined through plate counting. A large number of S. aureus
colonies were distributed on the cp-Ti as the blank control sample, as shown in Figure 9a,
which confirmed that cp-Ti did not have antibacterial activity. However, the Ti-Ag control
sample exhibited a reduction in the number of colonies compared to the number observed
on the cp-Ti colonies, resulting in an antibacterial rate of approximately 68%. The an-
tibacterial properties of the Ti-Ag alloy need further enhancement. Notably, only a few
colonies were observed on the Ti-Ag samples after AO treatment, signifying that AO can
substantially improve antibacterial properties. Ti-Ag samples subjected to anodic oxidation,
as depicted in Figure 9c–f, all demonstrated an antibacterial rate exceeding 99% against
S. aureus, highlighting the significant improvement in the antibacterial capability achieved
through anodic oxidation. However, when the oxidation voltage reached 120 V, the number
of colonies increased compared with other oxidation voltages. As shown in Figure 9g, the
antibacterial rate was about 97%.

3.8.2. Live/Dead Fluorescence Staining

Figure 10 presents the live/dead fluorescence staining of S. aureus performed after
24 h of culture on Ti-Ag samples subjected to different AO voltages. On the surfaces
of cp-Ti and Ti-Ag control samples, a substantial amount of green fluorescence and a
limited amount of red fluorescence were observed. The green fluorescence represents live
bacteria, while the red fluorescence indicates dead bacteria. This suggests the presence of
numerous live bacteria on the sample surfaces, indicative of a weak antibacterial ability.
In contrast, the surface of the Ti-Ag samples treated with AO exhibited a significant
amount of red fluorescence, confirming the improved antibacterial properties achieved
through AO treatment. These results are consistent with those calculated in the 3.8.1 plate
counting experiment.

3.9. Cell Experiment

Figure 11 illustrates the chart depicting the cell proliferation and relative growth rate
(RGR) of MC3T3-E1 cells when cultured with cp-Ti, AO-20 V, and AO-40 V sample extracts
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for 1, 3, and 5 days. In Figure 11a, it is evident that the OD value increased with the
extension of the culture time, indicating healthy cell growth on the sample surface with
an increasing cell count. At 1 day of culture, there was no significant difference in the OD
value between AO-treated samples and cp-Ti. After 3 days of culture, the OD value of the
AO-120 V sample was noticeably higher than that of the cp-Ti sample, while the OD values
of AO-20 V and cp-Ti were not significantly different. Following 5 days of culture, the OD
value of the AO-treated samples consistently exceeded that of cp-Ti. The calculated RGR
results are shown in Figure 11b. After 3 and 5 days of culture, the RGR for the samples
exceeded 100%, indicating Grade 0 cytotoxicity. These results suggest that AO-treated
Ti-Ag samples exhibit no cytotoxicity to MC3T3-E1 cells.
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Figure 9. The number of colonies and antibacterial rate of S.aureus cultured for 24 h on Ti-Ag samples
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(g) AO-120 V; (h) antibacterial rates.

Figure 12 shows the adhesion state of MC3T3-E1 cells obtained by staining on cp-Ti,
AO-20 V, and AO-120 V specimens for 4 h and 24 h. After 4 h of culture, the cell size on the
AO-120 V sample was larger than that on the AO-20 V sample, and the cells showed a flat
spherical shape. When the culture time was increased to 24 h, the cells grew pseudopods
and cytoskeleton, and the cells were distributed on the sample in a large area.
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Figure 12. Cytoskeleton of MC3T3-E1 cells cultured on cp-Ti, AO-20 V, and AO-120 V specimens for
4 h and 24 h.

4. Discussion
4.1. Surface Physicochemical Performance

The anodic oxidation reaction induces alterations in the surface morphology and
composition of Ti alloys [39]. The formation of anodic oxide film is formed by extracting
O2− and matrix metal from the plating solution under the action of the electrode [8]. As
depicted in Figure 2a–e, the anodizing voltage markedly influences the staining of the
AO film. The color of the oxide is largely determined by the thickness of the oxide [40].
The thickness of Ti oxide formed under natural conditions is only 6 nm [41]. The mixed
oxide film formed by anodic oxidation is more uniform and has good adhesion to the alloy
surface [42]. The change in the oxidation voltage has no obvious effect on the surface phase
composition of the film, as shown in Figure 3. However, the scanning results in Figure 4a–e
show that when the oxidation voltage is 60 V, a large number of block structures appear on
the surface. EDS analysis shows that the Ag content of the block structure is higher than that
of the matrix, and AO treatment can accelerate the enrichment of Ag-containing phases on
the surface of the alloy [43]. When the voltage increases to 120 V, the ‘flower-like structure’
of the oxide coating is the manifestation of the dielectric breakdown of the coating [44].
However, the dielectric breakdown phenomenon caused by too high voltage will cause
the burning loss of Ag element, resulting in the decrease of the Ag element content in the
coating. Ultimately, the XPS results in both Figures 2 and 5 indicate the formation of the AO
coating on the α-Ti and a small quantity of Ti2Ag substrates. The coating is comprised of
TiO2 and Ag2O. Consequently, it can be concluded that the oxidation voltage has a limited
impact on the chemical composition and phase composition of the film.

In the initial stage of anodic oxidation, the surface of the sample undergoes a violent
hydrolysis reaction under a constant applied voltage, which increases the pH value around
the sample and produces a large amount of free OH−. The reaction is shown in Equation (4):

2H2O + 2e− → H2↑ + 2OH− (4)

Ti → Ti4+ + 4e− (5)

As the hydrolysis reaction proceeds, when the OH− in the solution reaches a certain
concentration, under the action of the electric field, OH− reacts with the α-Ti and Ti2Ag
substrates, as shown in the Equations (6) and (7):

Ti2Ag + 10OH− → Ti(OH)4 + Ag(OH)2
− + 9e− (6)
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Ti4+ + 4OH− → Ti(OH)4 (7)

Subsequently, the reactions in Equations (8) and (9) occur on the surface, resulting in a
large amount of Ag+ migrating outward to form oxides. When the voltage is large, a white
block structure is formed on the surface, as shown in Figure 4c.

2Ag(OH)2− → Ag2O + H2O + 2OH− (8)

2Ti(OH)4 + 3e− → Ti2O3 + 2H2O + 3OH− (9)

As the oxidation proceeds further, a new film will be formed outside [8]. When the
voltage reaches the critical breakdown voltage, the white block structure appears as a gap
and transforms into a flower-like structure. With the increase in the voltage and time, the
coating size continues to thicken, and the size of the flower-like structure increases, as
shown in Figure 4e,f, and with the progress of the reactions in Equations (10) and (11), the
burning loss of the Ag element occurs. Finally, the formation rate and dissolution rate of
the oxide film are balanced, and the surface is composed of oxides of TiO2 and Ag2O.

Ag2O + 2H2O → 2Ag+ + 2H+ + 2e− (10)

2Ti2O3 + O2 → 4TiO2 (11)

The roughness and wetting angle are important criteria for evaluating the biocom-
patibility of Ti alloy implant materials [45]. Osteoblasts are more likely to adhere to the
rougher Ti alloys’ surface [46]. As depicted in Figure 7a, AO treatment markedly enhances
the surface roughness of Ti-Ag samples. This manifestation indicates that the flower-like
structure formed on the sample surface due to electron migration and bonding has a
significant impact on cell adhesion and proliferation. In Figure 7b, the reduction in the
wetting angle suggests that the alloy possesses high surface energy. At the same time, the
ceramic oxide layer formed by AO treatment, especially TiO2, has high ionic properties and
shows increased wettability [47]. The above results indicate that the coating formed by AO
treatment promotes cell adhesion and proliferation.

4.2. Corrosion Resistance and Ion Release

The corrosion characteristics and ion release of implant materials play a pivotal role
in the durability, efficacy, and biocompatibility of these materials. The results of Figure 6,
Tables 2 and 3 show that the TiO2/Ag2O coating formed on the Ti-Ag alloy by AO treatment
enhances its corrosion resistance. The dense oxide layer formed by AO treatment can
effectively prevent the erosion of the solution [48]. With the increase in the AO treatment
voltage, the polarization resistance of the passivation film increases first and then decreases,
which further reflects the protection of the coating for the substrate, as shown in Figure 6c.
The phase angle and impedance values are higher than those of the Ti-Ag substrate in the
whole frequency range, as shown in Figure 6d,e. The peak phase angle at a high frequency
describes the dielectric properties of the TiO2/Ag2O coating grown by AO treatment, while
the peak phase angle at a medium frequency represents a dense oxide film [49]. Enhancing
corrosion resistance can mitigate the occurrence of pitting or stress corrosion in implant
materials under the combined influence of bodily fluids and stress. This, in turn, reduces
the risk of material fracture failure and enhances the safety of internal implant materials
during use [34]. However, from the potentiodynamic polarization curve, with the increase
in the AO treatment voltage, the AO-120 V sample showed a higher corrosion current
density, which may be related to the formation of a surface ‘flower-like structure’, and the
formation of protrusions provides the possibility of corrosion [50].

Although the coating formed on the surface after AO treatment can significantly
enhance the corrosion resistance of the alloy, it also increases the surface content of Ag. The
unstable Ag2O formed on the surface is more likely to accelerate the accelerated release
of Ag+ and ionize in aqueous solution. The form is as in Equation (10), where the NaCl
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solution will accelerate the reaction. At the same time, the surface microstructure of the
alloy is a critical factor influencing the release behavior of metal ions [51]. With the increase
in the oxidation voltage, the flower-like structure formed on the surface increases the
contact area between the film and the NaCl solution, which is the reason for promoting the
release of Ag+.

4.3. Antibacterial Property

The strong antibacterial property of the Ti-Ag alloy against S. aureus is mainly at-
tributed to the release of Ag+ [52]. At present, the research on the antibacterial mechanism
of silver shows that silver can bind to bacteria [53], penetrate bacterial cell membranes [54],
produce a large amount of reactive oxygen species (ROS) [55], and act as a regulator of
microbial signal transduction pathways [56], and so it has received extensive attention
in the study of the new generation of antibacterial drugs [57]. The above antibacterial
properties of Ag are attributed to the oligodynamic effect of Ag, which enables Ag to target
the microbial membrane and bind to it, thereby destroying its structural morphology and
integrity [58–60]. Secondly, the abnormal structure of the microbial membrane can block
the microbial outflow/inflow pump [61], which hurts the transport of microbial cells and
leads to the loss of cell viability [62]. It can also target the mitochondria in the cytoplasm
to produce ROS [63] until some serious DNA damage is induced [64], which then leads to
mutations and genotoxic effects, thereby killing bacteria. At the same time, the precipitation
of the Ti2Ag phase and Ag-rich phase in Ti-Ag can also lead to the rupture of bacterial
cell membranes and the death of bacteria [36,65]. The anodic oxidation coating on the
Ti-Ag sample isolated the direct contact between the Ti2Ag phase and the bacteria, thereby
reducing the antibacterial ability. However, as shown in Figure 9, the coating treated with
AO showed an antibacterial rate of up to 99.99%, manifesting that AO treatment restrained
the growth of bacteria.

It has been reported that a Ag2O coating can effectively inhibit the growth of S. aureus
and E. coli [66]. Ali [67] et al. prepared Ag2O nanoparticles by the green synthesis method
and showed an excellent antibacterial ability against E. coli, S. aureus, and P. aeruginosa. It
can be seen that the Ag2O coating on the sample after AO treatment can inhibit bacterial
proliferation and thus achieve an antibacterial effect. Based on the above analysis, the
antibacterial mechanism of Ti-Ag alloy anodic oxidation is illustrated in Figure 13. Although
the maximum release of Ag+ in this experiment remains below the minimum antibacterial
concentration of Ag+ at 5.4 ppm [68], AO treatment significantly enhances the release of Ag+,
contributing to the antibacterial effect of free Ag+ and nano-Ag2O particles. However, when
the oxidation voltage reaches 120 V, the release of Ag+ is at its peak, but the antibacterial
rate slightly decreases, possibly due to the reduction of the Ag content in the Ti-Ag matrix.
Therefore, the antibacterial properties of AO-treated Ti-Ag samples are primarily attributed
to the synergistic action of the presence of Ag2O and the release of Ag+.

4.4. Cytotoxicity

Low cytotoxicity and good biocompatibility are the basic requirements to ensure the
clinical application of biomedical implant materials and surface modification. Figure 10
illustrates the outcomes of the interaction between MC3T3-E1 cells and the samples. The
AO-treated samples exhibited higher cell viability compared to the control samples, and the
viability of all AO-treated Ti-Ag samples exceeded 75%, indicating the absence of cytotoxic-
ity compared to the cp-Ti samples. The cytoskeleton staining shown in Figure 11 showed
that the cell morphology after AO treatment showed a typical polygon. In comparison to
cp-Ti, cells on AO samples exhibited more filamentous pseudopods, with interconnected
ends forming a network structure. The cell morphology of the AO-120 V samples was
better than that of AO-20 V samples. The cells displayed a robust spreading and adhesion
state on the sample, indicating a healthy and thriving growth condition.
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Silver is an effective antibacterial agent and is generally considered to be cytocompati-
ble at low concentrations [69,70]. When the concentration of Ag+ exceeds 5.4 ppm, it will
produce cytotoxicity [71]. AgNPs themselves or Ag+ can produce ROS in cells, resulting
in DNA damage, protein denaturation, and thus apoptosis [72,73]. At the same time,
Ag accumulates in the mitochondria of the cell, resulting in the decline of mitochondrial
membrane potential (MMP), promoting the production of ROS, and causing mitochondrial
dysfunction [74]. These pathways can lead to the cytotoxicity of the Ag+ released from
Ti-Ag samples. Even though AO treatment can increase the release of silver ions, the
maximum release concentration of Ti-Ag samples in 0.9% NaCl solution for 24 h is still far
less than the minimum concentration of cytotoxicity.

The surface microstructure, physicochemical state of the coating surface, and the com-
position of the oxide coating have different effects on the adhesion and growth of cells on
the Ti alloys. The block and flower-like structures formed on the surface after AO treatment
made a great contribution to the improvement of the roughness and hydrophilicity of the
TiO2/Ag2O coating. At the same time, both anatase and rutile TiO2 contained in the coating
have good bioactivity and osteoinductivity [75].

In summary, AO treatment can obtain lower cytotoxicity and higher biocompatibility
on the surface of Ti-Ag samples. The surface structure and composition of the TiO2/Ag2O
coating are beneficial to antibacterial and cell proliferation. However, the antibacterial
properties of Ag, the controllability of ion release, and in vivo biocompatibility still need
more research in the future.
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5. Conclusions

The impact of the AO process on the corrosion resistance, antibacterial properties, and
biocompatibility of a Ti-Ag alloy was investigated by manipulating the surface composition
and structure of the alloy through variations in the anodic oxidation voltage. This is of
great significance for the application of the Ti-Ag alloy in the field of antibacterial titanium
alloy bone implant materials. The following experimental conclusions can be drawn:

(1) Different voltage AO treatments can change the microstructure of the Ti-Ag alloy and
form a multi-functional coating with an irregular flower-like structure with a size
of 1~2 µm on the surface. The coating is mainly composed of Ag2O and TiO2. The
change in voltage has no obvious effect on the XRD test results of the samples, but too
high a voltage will cause the burning loss of Ag.

(2) After the AO treatment of the Ti-Ag alloy, the oxide film formed on the surface of the
alloy improves the corrosion resistance and the corrosion resistance is higher than that
of untreated samples. However, with the increase in the AO voltage, the corrosion
resistance decreases. When the AO voltage is 20 V, the maximum Eocp is 107.621 mV,
the maximum Ecorr is 17.035 mV, the minimum icorr is 2.241 × 10−8 A·cm−2, and the
corrosion tendency and corrosion rate are the smallest.

(3) AO treatment enhanced the antibacterial properties of the Ti-Ag alloy and the antibac-
terial rate was more than 99%. The increase in the AO voltage can promote the release
of Ag+ and the improvement of the antibacterial performance is mainly attributed
to the release of the Ag2O and Ag+ formed on the surface. However, the change in
voltage has no obvious effect on the antibacterial performance.

(4) With the increase in the AO treatment voltage, the surface roughness can be increased,
the wetting angle can be reduced, and the biocompatibility of the Ti-Ag alloy can be
improved. When the AO voltage is 120 V, the maximum roughness is 0.73 µm and the
minimum wetting angle is 23◦, showing better cell compatibility and no cytotoxicity.

Therefore, in the face of the complex physiological environment of the human body,
higher requirements are put forward for the performance of implant materials such as a Ti-
Ag alloy. In the future, it is of great significance to study the long-term stability of implant
materials, investigate a wider range of alloy systems, and carry out a comprehensive
evaluation of the biological properties of implant materials in vivo.
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