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Abstract: A customized micro-arc oxidation (MAO) treatment technique was developed to obtain
antibacterial properties with no toxicity on Ti surfaces. A two-step MAO treatment was used
to fabricate a specimen containing both Ag and Zn in its surface oxide layer, and the optimal
incorporation conditions were determined. Surface characterization by EDS was performed followed
by the antibacterial properties against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
and osteogenic cell compatibility evaluations. In addition, metal ion release tests were performed to
evaluate the contents of Ag and Zn and the ion release behavior in order to simulate practical usage.
MAO-treated specimens prepared using proper concentrations of Ag and Zn (0.5Ag-5Zn: 0.5 mM
AgNO3 and 5.0 mM ZnCl, respectively) exhibited excellent antibacterial properties against E. coli
and S. aureus and no toxicity to MC3T3-E1 in antibacterial and cytotoxic evaluations, respectively.
The antibacterial property of 0.5Ag-5Zn against S. aureus was sustained even after two months of
immersion in physiological saline, simulating the in vivo environment.

Keywords: antibacterial properties; E. coli; micro-arc oxidation; S. aureus; silver; titanium; zinc

1. Introduction

For biomaterials used in implant devices, strong and rapid adhesion between the
implant surface and the surrounding bone is required to reduce the healing period and
achieve immediate loading. Therefore, Ti and its alloys, which have these properties,
are widely used [1–5]. However, in recent years, biofilm formation owing to bacterial
adhesion and subsequent colonization on the implant surface has become a major cause of
failure in orthopedic and dental implant surgeries [6–10]. Once a biofilm is formed and
firmly adheres to an implant, bacterial secretion plays a pivotal role as a barrier against the
host defense mechanisms, resulting in difficulty in eliminating pathogens during biofilm
formation. Furthermore, in serious cases, the only way to prevent subsequent infections
and other undesirable biological reactions is to remove the contaminated devices from
the patient.

The easiest strategy for preventing biofilm formation on metallic devices is to reduce
the surface roughness and inhibit bacterial adhesion through polishing. In particular, the
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increase in surface area and the formation of pockets can increase the number of bacteria on
the surface [11,12]. However, smoothing by surface polishing is not the optimal approach
for dental implants and orthopedic fixators because they are preferred to have a rough
surface to ensure tight bone contact, meaning hard-tissue compatibility. The application of
antibacterial agents in implants is also effective for preventing biofilm formation. Much
research and development have been performed to achieve antimicrobial properties and
to reveal their antibiological mechanisms using antibacterial agents without requiring
ultraviolet or visible light irradiation. The strong antimicrobial effect of Ag has been
recognized from an early stage; these specific metal elements, including Ag, inhibit bacterial
growth and activity by releasing their metal ions. In addition to these metallic elements,
nanoparticles such as graphene and its oxides have been found to exhibit antimicrobial
effects due to not only the physical effect attributed to their morphology but also the specific
oxidizing properties [13–21].

In the case of implant devices, coating, immobilization, or the introduction of these
antibacterial agents is required for modified surfaces. Therefore, we focused on the devel-
opment of a technique used to introduce antimicrobial agents into the surface-treated layer
by a simple anodizing process on the implant substrate in an aqueous solution. Ag and
Zn ions are suitable agents with good antibacterial properties; therefore, their effects on
various bacteria have been examined [22–32]. In addition, simple electrochemical coating
processes are available by using water-soluble Ag and Zn compounds in the treatment
electrolytes. Thus, surface modification should enable the formation of a biofunctional
layer containing Ag and Zn with controlled metal ion releases in order to solve problems
associated with biofilms on metallic biomaterials.

Micro-arc oxidation (MAO) is one conventional electrochemical surface treatment
of wet processes [33–36]. Under a high voltage condition, specific anodic oxidation with
microscopic and dynamically localized discharges occurs on the specimen surface, resulting
in the formation of porous oxide layers that incorporate elements from the electrolyte with
interconnected pores. Therefore, MAO treatment can be used to incorporate the desired
elements dissolved in the electrolyte into the resulting oxide layer.

We previously succeeded in incorporating antibacterial elements such as Ag and
Zn into the oxide surface layer using MAO treatment [27–30], and it was found that the
mechanisms underlying the antibacterial properties differed among antibacterial elements.
Ag exhibits good antibacterial properties against a wide variety of bacterial species [37].
However, because the mechanism underlying the antimicrobial properties is based on ion
release, the modified surface loses its antibacterial properties when the released Ag ions
are depleted, owing to long-term immersion. Thus, it is difficult to maintain antibacterial
properties over time with Ag alone. Moreover, because of its high toxicity to cells, even in
trace amounts, Ag must be used in minimal concentrations. Some epochal trials have been
reported that attempted to control and/or prolong the release of Ag ions [38–44]. These
seem to be mostly based on the physical or chemical controlling strategy of an excessive
release of Ag ions, especially in the initial stage, by using organic or inorganic materials as
supports or combinations. Meanwhile, we considered that the more simplified strategy of
covering the challenges of Ag ion release is simple and reasonable by introducing a second
element rather than precisely controlling the single ion release of Ag.

In our most recent studies, we focused on the simultaneous incorporation of Ag and
Zn via a two-step MAO treatment [45,46]. Zn has been shown to form and accumulate
chemical compounds as a result of Zn ion release on its surface, and it exhibits delayed
antibacterial properties [47–49]. Ti surface oxides incorporated with Ag and Zn had good
antibacterial properties, even after immersion in physiological saline for six months [46].
However, the cytotoxicity has not yet been assessed and must be evaluated to ensure
biosafety. Although Zn is less toxic than Ag, the risk of cytotoxicity increases as the amount
of Zn introduced into the oxide layer is increased. It is also necessary to investigate whether
specific cytotoxicity occurs when Ag and Zn are introduced simultaneously.
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Therefore, the objective of this study was to optimize the two-step MAO treatment
conditions for Ti surface oxide layers, incorporating both Ag and Zn, with strong and
durable antibacterial properties without cytotoxicity. We focused on maximizing the Zn
incorporation because excessive Ag incorporation was expected to result in cytotoxicity.
Therefore, experiments were performed to determine the critical amount of Zn that can
be introduced by the two-step MAO process. The effects of the order of introduction
and the amount of Zn on the antibacterial properties and cytotoxicity were investigated.
We examined in detail the feasibility of minimizing the amount of Ag incorporated and
supplementing the resulting degradation of the antibacterial effect with Zn.

2. Materials and Methods
2.1. Specimen Preparation

Ag- and Zn-incorporated porous titanium dioxide layers were prepared on commer-
cially pure Ti (Grade 2, Test Materials Co., Ltd., Saitama, Japan) surfaces. Two types of
specimen disks with diameters of 8 mm (for the cell compatibility and dissolution tests) and
25 mm (for the EDS measurement and antibacterial test) were fabricated by mechanically
cutting Ti rods. The surfaces of the disks were mechanically ground using #150, #320,
#600, and #800 grit silicon carbide abrasive papers. After polishing, all of the specimens
were washed via ultrasonication in acetone and ethanol for 20 min. The Ti disks were
fixed onto polytetrafluoroethylene holders with an O ring. The areas in contact with the
electrolyte were 39 mm2 (7.0 mm in diameter) or 398 mm2 (22.5 mm in diameter). Further
information on the working electrode is provided elsewhere in our previous study [50]. For
the counter electrode, a 304 stainless steel plate with a sufficient area ratio to the working
electrode was used. The electrolyte used for the MAO treatments was a mixture of 100 mM
calcium glycerophosphate and 150 mM calcium acetate, which was defined as the basic
composition. Silver nitrate (AgNO3) and zinc chloride (ZnCl2) were added to the base
electrolyte. After filling the electrochemical cell with the electrolyte, the working electrode
and the counter electrode were installed and connected to a direct current power supply
(PL-650-0.1, Matsusada Precision Inc., Shiga, Japan), and then positive voltage was applied
for 10 min at maximum at a constant current density of 251 Am−2. The majority of the
Ti disks were MAO-treated with an annular untreated area 0.5 mm from the edge. The
two-step MAO treatment was conducted as follows. MAO treatment was applied to the
first electrolyte until the voltage reached 380 V. The exchange from the first electrolyte to the
second electrolyte was performed immediately after the observation of the voltage reaching
380 V. The current was reapplied at an upper limit of 400 V for a total treatment time of
10 min. The specimen prepared using the base electrolyte without Ag or Zn is referred to as
“0AgZn”. The specimens prepared using a combination of the first and second electrolytes
containing x mM Zn (x = 0–7.5) and y mM Ag (y = 0–2.5), respectively, are referred to as
“yZn-xAg” or “xAg-yZn.”

2.2. Evaluation of Antibacterial Properties

Antibacterial property tests were conducted in accordance with the domestic and in-
ternational standards JIS Z2801 [51] and ISO 22196:2007 [52], respectively. The proliferation
of the anaerobic Gram-negative bacteria Escherichia coli (E. coli, NBRC3972, NITE, Tokyo,
Japan) and anaerobic Gram-positive bacteria Staphylococcus aureus (S. aureus, NBRC3972,
NITE, Tokyo, Japan) was evaluated. A suspension medium was prepared via the 500-fold
dilution of a nutrient broth containing 3 gL−1 meat extract, 10 gL−1 peptone, and 5 gL−1

sodium chloride. The pH of the suspension medium was adjusted to between 6.8 and 7.2
using sodium hydroxide and hydrochloric acid. The bacteria were added to the suspension
medium to obtain 3.1 × 106 colony-forming units (CFUs) per mL. The bacterial suspension
(0.1 mL) was then dropped onto the specimen and a cover film was immediately placed.
The film-covered specimens were kept in an incubator at 35 ◦C for 24 h as incubation period.
The specimens were then washed with 9.9 mL of the sterile physiological saline. The count
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of CFU for viable bacteria suspended in the saline was performed using a medium sheet
for E. coli (JNC Corp., Tokyo, Japan).

2.3. Surface Characterization

Surface characterization was performed on the MAO-treated areas of the specimens.
Energy-dispersive X-ray spectroscopy (EDS; S-3400NX, Hitachi High-Technologies Corp.,
Tokyo, Japan) was used to examine the elemental compositions of the specimens.

2.4. Metal Ion Release Evaluation

Metal ion release measurements were performed on the entire specimen. Inductively
coupled plasma–mass spectrometry (ICP-MS; ELEMENT XR, Thermo Fisher Scientific,
Tokyo, Japan) was used to investigate the amounts of released Ag and Zn ions. The MAO-
treated specimens in the electrolyte with and without Ag and Zn under various treatment
conditions were incubated in 5 mL of physiological saline (0.9% NaCl). The specimens
were then sealed in a polyethylene container to allow for the release of Ag and Zn ions
from the specimen surface. Subsequently, they were maintained in a thermostatic chamber
at 37 ◦C with moderate shaking (80–100 rpm). Every seventh day, the pooled solution
was transferred as fresh physiological saline. The concentrations of Ag and Zn ions in the
tested solutions collected at immersion periods of one week (0–7 days) and two months
(48–56 days) were measured using ICP-MS. After the metal ion release of the specimens
immersed for different durations was evaluated, the antibacterial properties of the aged
specimens were compared to those of the as-prepared specimens.

2.5. In Vitro Osteogenic Cell Compatibility Test

MC3T3-E1 cells (RIKEN BioResource Center, Ibaraki, Japan) were maintained in a cell
culture medium, which was an alpha modification of Eagle’s minimum essential medium
(α-MEM; GIBCO, USA), supplemented with 10% fetal bovine serum (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA), 100 U mL−1 penicillin, 0.25 mg mL−1 streptomycin, and
0.25 mg mL−1 amphotericin B (SIGMA, St. Louis, MO, USA). All specimens were sterilized
in 70% ethanol for 20 min and thoroughly rinsed with deionized water and PBS (−) before
in vitro testing. The cells were seeded onto sterilized specimens at an approximate initial
density of 8000 cells cm−2. As a control, cells were seeded onto 0AgZn. All cells were
incubated at 37 ◦C in a humidified atmosphere containing 5% CO2. After 72 h of seeding,
the Cell Counting Kit-8 assay kit (CCK-8, Dojindo Laboratories, Kumamoto, Japan) was
added to each specimen containing cells, and the reaction was continued for 4 h at 37 ◦C.
After incubation, 100 µL of reaction solution was transferred to a 96-well microplate. The
absorbance of the samples was measured at 450 nm using a microplate reader (Chromate
Microplate Reader, Awareness Technology, Palm, FL, USA). The reference wavelength was
630 nm. Tissue culture polystyrene (TCPS) was used as a control specimen to quantify the
number of attached cells on each specimen. The cells that were attached to the TCPS were
harvested via treatment with trypsin/EDTA, followed by resuspension of the cells in the
cell culture medium. The cells in the cell suspension harvested from the TCPS were counted
using trypan blue (Trypan Blue Stain 0.4%; Gibco) and a hemocytometer. Standard curves
for cell number calibration and light absorbance were generated and used to quantify the
number of attached cells on each specimen.

2.6. Statistical Analysis

Data obtained from the experiments were calculated from three random specimens.
All values are presented as mean ± SD, and Student’s t-test was used for statistical analysis.

3. Results and Discussion
3.1. Optimization of Ag and Zn Incorporation into Surface Oxide Layer

Figure 1 shows the voltage changes during the single-step MAO treatment with
different ZnCl2 concentrations. When the MAO treatments were performed under 0AgZn
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and 2Zn conditions, the voltage continued to increase, and finally reached the maximum
value of 400 V. However, the voltage suddenly decreased during treatment in the cases of
5Zn, 7.5Zn, and 10Zn. In these cases, no porous oxide layer was formed on the Ti surface.
In our previous study, the same phenomenon was observed when a high concentration of
AgNO3 was added to the electrolyte [45]. The electrical resistance of the resultant oxide
layer was significantly reduced when the concentrations of metal ions in the electrolyte and
the introduced metallic species in the oxide layer were too high [47]. Therefore, the growth
of the oxide layer, which is a typical phenomenon in valve metals, was inhibited.
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Figure 1. Voltage changes during MAO treatment with different ZnCl2 concentrations.

Figure 2 shows the voltage changes during the two-step MAO treatment with different
ZnCl2 concentrations. For 0AgZn-5Zn and 0AgZn-7.5Zn, the treatment was completed
without a voltage drop, even though the electrolyte contained a high concentration of Zn
ions in the second step. However, when 10mM Zn-containing solution was used, a voltage
drop was observed, similar to what occurred in the single-step treatment shown in Figure 1.
In contrast to AgNO3 [45], the upper limit of the ZnCl2 concentration for the two-step
MAO treatment was lower than 10 mM; therefore, the optimal ZnCl2 concentrations in the
electrolyte were determined to be 2 and 5 mM in this study. Finally, a porous oxide layer
with a submicron-to-micrometer pore size was successfully formed on the Ti substrate,
similar in morphology to the single-step process and previously reported conditions [46,47].
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Figure 2. Voltage changes during two-step MAO treatment under different second step conditions
of Zn concentration. The black and gray arrows indicate when the voltage reached 380 V and the
solution was exchanged.
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3.2. Pre-Evaluation of Antibacterial Property for Screening Treatment Condition

The normalized antibacterial properties of the MAO-treated specimens containing
both Ag and Zn were evaluated using E. coli (Figure 3). This experiment was performed to
establish the MAO treatment conditions for the subsequent experiments described below.
In contrast to previous studies [46], electrolytes containing low concentrations of Ag were
used as the first treatment solution and 2Zn or 5Zn was used for the second treatment based
on the above results. The antibacterial properties of the two-step MAO-treated specimens
containing Zn and Ag were improved. In particular, the two-step MAO-treated specimens
with low concentrations of Ag exhibited good antibacterial properties when Zn was also
introduced appropriately. Initially, Zn was thought to form corrosion products and have
only antibacterial properties in a later stage from the implantation; however, it was found
that, even in the early stages of the process, when Zn was introduced at high concentrations,
it had antibacterial properties. Based on these results, the 0AgZn, 2Zn-0.1Ag, 2Zn-0.5Ag,
0.1Ag-2Zn, 0.5Ag-2Zn, and 0.5Ag-5Zn specimens were investigated in detail to optimize
the treatment conditions.
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Figure 3. Antibacterial properties of MAO-treated specimens containing both Ag and Zn. Measure-
ments were performed on five equally conditioned specimens (n = 5). Results in the viable bacterial
count < 1 are denoted as “N.D.”.

3.3. Characterization of the Specimens Just after the Preparation

The amounts of Ag and Zn incorporated into the surface oxide layer, measured via
EDS, are shown in Figure 4a,b, respectively. There were no significant differences in the
amount of incorporated Ag, even when the Ag concentration in the electrolyte was in-
creased (2Zn-0.1Ag vs. 2Zn-0.5Ag and 0.1Ag-2Zn vs. 0.5Ag-2Zn) or when the order of
treatment using the AgNO3-containing electrolyte was changed (2Zn-0.1Ag vs. 0.1Ag-2Zn
and 2Zn-0.5Ag vs. 0.5Ag-2Zn). In the case of the two-step MAO treatment using a highly
concentrated AgNO3 electrolyte, the amount of Ag incorporated into the surface oxide
layer increased as the concentration of AgNO3 in the second electrolyte increased as previ-
ously reported [45,46]. However, the amount of Ag incorporated in the low-concentration
Ag electrolytes was insignificant because the amount of Ag present in the electrolyte was
small. In contrast, for Zn, the amount of Zn incorporated into the surface oxide increased
as the Zn concentration increased in the two-step MAO treatment electrolyte (0.5Ag-2Zn vs.
0.5Ag-5Zn). However, the order of the solution did not significantly affect the amount of
Zn in the surface oxide (2Zn-0.1Ag vs. 0.1Ag-2Zn and 2Zn-0.5Ag vs. 0.5Ag-2Zn). Thus, by
using the two-step MAO treatment, a relatively large amount of Zn could be incorporated
into the surface oxide layer.



Coatings 2023, 13, 627 7 of 13

Coatings 2023, 13, x FOR PEER REVIEW 7 of 14 
 

 

3.3. Characterization of the Specimens Just after the Preparation 
The amounts of Ag and Zn incorporated into the surface oxide layer, measured via 

EDS, are shown in Figure 4a,b, respectively. There were no significant differences in the 
amount of incorporated Ag, even when the Ag concentration in the electrolyte was 
increased (2Zn-0.1Ag vs. 2Zn-0.5Ag and 0.1Ag-2Zn vs. 0.5Ag-2Zn) or when the order of 
treatment using the AgNO3-containing electrolyte was changed (2Zn-0.1Ag vs. 0.1Ag-2Zn 
and 2Zn-0.5Ag vs. 0.5Ag-2Zn). In the case of the two-step MAO treatment using a highly 
concentrated AgNO3 electrolyte, the amount of Ag incorporated into the surface oxide 
layer increased as the concentration of AgNO3 in the second electrolyte increased as 
previously reported [45,46]. However, the amount of Ag incorporated in the low-
concentration Ag electrolytes was insignificant because the amount of Ag present in the 
electrolyte was small. In contrast, for Zn, the amount of Zn incorporated into the surface 
oxide increased as the Zn concentration increased in the two-step MAO treatment 
electrolyte (0.5Ag-2Zn vs. 0.5Ag-5Zn). However, the order of the solution did not 
significantly affect the amount of Zn in the surface oxide (2Zn-0.1Ag vs. 0.1Ag-2Zn and 
2Zn-0.5Ag vs. 0.5Ag-2Zn). Thus, by using the two-step MAO treatment, a relatively large 
amount of Zn could be incorporated into the surface oxide layer. 

  
(a) (b) 

Figure 4. Amounts of (a) Ag and (b) Zn in the oxide layer measured via EDS (* statistically 
significant difference, p < 0.05; n.s.: no significant difference). Measurements were performed on 
three equally conditioned specimens (n = 3). 

The antibacterial properties of MAO-treated specimens containing both Ag and Zn 
against E. coli and S. aureus after 24 h of culturing are shown in Figure 5a,b, respectively. 
Almost all of the bacteria survived on the surface of the reference specimens that lacked 
antibacterial agents (i.e., 0AgZn) against E. coli and S. aureus. In contrast, all of the 
specimens subjected to the two-step MAO treatment exhibited strong antibacterial 
properties, as indicated by the complete absence of E. coli and S. aureus.  

0

0.03

0.06

0.09

0.12

0.15

Am
ou

nt
 o

f A
g 

in
 o

xi
de

 la
ye

r 
(a

t%
)

n.s. n.s.

n.s.

0

0.03

0.06

0.09

0.12

0.15

Am
ou

nt
 o

f Z
n 

in
 o

xi
de

 la
ye

r 
(a

t%
)

n.s. n.s.

*
* p<0.05

Figure 4. Amounts of (a) Ag and (b) Zn in the oxide layer measured via EDS (* statistically significant
difference, p < 0.05; n.s.: no significant difference). Measurements were performed on three equally
conditioned specimens (n = 3).

The antibacterial properties of MAO-treated specimens containing both Ag and Zn
against E. coli and S. aureus after 24 h of culturing are shown in Figure 5a,b, respectively.
Almost all of the bacteria survived on the surface of the reference specimens that lacked
antibacterial agents (i.e., 0AgZn) against E. coli and S. aureus. In contrast, all of the specimens
subjected to the two-step MAO treatment exhibited strong antibacterial properties, as
indicated by the complete absence of E. coli and S. aureus.
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Figure 5. Amounts of (a) Ag and (b) Zn in the oxide layer measured via EDS. Measurements were
performed on five equally conditioned specimens (n = 5). Results in the viable bacterial count < 1 are
denoted as “N.D.”.

Figure 6 shows the normalized number of MC3T3-E1 cells on each specimen 72 h after
seeding. Although 2.5Ag (positive control) exhibited a significantly smaller number of cells
than 0AgZn, the 2Zn-0.1Ag, 0.1Ag-2Z, 0.5-2Zn, and 0.5Ag-5Zn specimens exhibited a cell
viability similar to that of 0AgZn, and a lower cytotoxicity. For 2Zn-0.5Ag, the cell viability
decreased significantly compared to the other specimens containing both Ag and Zn. When
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the Ag concentration increased (2Zn-0.1Ag vs. 2Zn-0.5Ag), the cell viability decreased
because excess Ag ion release resulted in a cytotoxic effect on the osteogenic cells [53–58]. In
addition, the cell viability was compared between specimens prepared in the same solution
with different orders of introduction (2Zn-0.5Ag vs. 0.5Ag-2Zn). The results indicated that
the cell viability decreased significantly when Ag was introduced in the second step (high
voltage of 380–400 V). We previously reported that, during MAO treatment, elements in the
electrolyte are more easily incorporated at a higher voltage [31]. Although no significant
difference in the amount of Ag was observed in the EDS results shown in Figure 4a, the
viability of the MC3T3 cells decreased significantly with an increasing Ag concentration
in the second step. It is assumed that the distribution of the incorporated Ag differed
according to the depth of the oxide layer. The presence of large amounts of Ag in the top
surface layer may have been cytotoxic because more Ag ions were released during the early
stages of the culturing test. In contrast, Zn did not inhibit cell proliferation, even at high
concentrations; thus, Zn was less toxic than Ag. Therefore, the incorporation of Ag using an
electrolyte with a moderate Ag ion concentration in the low-potential region (first step of
the MAO treatment) combined with the incorporation of Zn using an electrolyte with a high
Zn ion concentration in the higher-potential region (second step of the MAO treatment) is
ideal for designing a multibiofunctional material surface with both antibacterial properties
and tissue compatibility.
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Figure 6. Normalized number of living cells on each specimen 72 h after seeding (* statistically
significant difference, p < 0.05; n.s.: no significant difference; ** statistically significant difference
against 0AgZn, p < 0.05). Measurements were performed on five equally conditioned specimens
(n = 5).

3.4. Characterization of the Aged Specimens Simulating Long-Term Practical Usage

The durability of the antimicrobial properties was also evaluated in anticipation of the
utilization of the proposed treatment for biomedical implants that are placed in vivo and
must be maintained for a long period of time (several months after surgery). Figure 7a,b
show the amounts of Ag and Zn, respectively, incorporated into the oxide layer after two
months of aging (repeated immersion in physiological saline at 310 K) measured via EDS.
Compared with the results for the as-prepared specimens shown in Figure 4, the amounts
of both Ag and Zn in the oxide film decreased slightly after aging for all specimens. Among
the tested specimens, 0.5Ag-5Zn exhibited the highest Zn content.

The amounts of Ag and Zn ions in the physiological saline used for the aging process
were measured via ICP-MS. The solution was refreshed with a new one every week. The
concentrations of Ag and Zn ions in the first (0–7 d) and eighth (49–56 d) solutions are
shown in Figure 8a,b, respectively. For the ICP-MS measurements, a certain level of
signal response was detected as the background, even though the solution contained no
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elements of interest; For 0AgZn, the calculated values below 0.1 µgL−1 were detected as the
background. The results obtained by subtracting these backgrounds from the measured raw
values can be determined as the amount of Ag and Zn ions released from each specimen.
Clearly, more of the elements incorporated in the second-step MAO treatment (high voltage
of 380–400 V) in both Ag and Zn ions were released into the solution immediately after
aging. This is because the elements were incorporated more efficiently when they were
treated at a higher voltage, as described above. Therefore, the number of ions released
was higher. After two months of aging, the Ag and Zn contents remained unchanged for
0.1Ag-2Zn, 0.5Ag-2Zn, and 0.5Ag-5Zn, indicating almost no leaching of Ag and Zn. In
contrast, 2Zn-0.5Ag continued to release Ag ions after two months of aging, suggesting that
the antibacterial properties of 2Zn-0.5Ag may have been maintained after two months of
aging (although with a certain level of cytotoxicity). In addition, when Zn was incorporated
into the second MAO step (high voltage of 380–400 V), the amount of incorporated Zn
increased, and large amounts of Zn ions were released during the initial stage of immersion
(0.1Ag-2Zn, 0.5Ag-2Zn, and 0.5Ag-5Zn). After two months of aging, no Zn was released
from the specimens (except for 0.5Ag-5Zn), suggesting that the specimens formed corrosion
products on the surface oxide [49]. However, relatively large amounts of Zn ions were
released from the 0.5Ag-5Zn surface, even after two months of aging, suggesting antibiotic
effects, including contact killing owing to the corrosion products [29] and release killing
owing to Zn ions.

Coatings 2023, 13, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 6. Normalized number of living cells on each specimen 72 h after seeding (* statistically 
significant difference, p < 0.05; n.s.: no significant difference; ** statistically significant difference 
against 0AgZn, p < 0.05). Measurements were performed on five equally conditioned specimens (n 
= 5). 

3.4. Characterization of the Aged Specimens Simulating Long-Term Practical Usage 
The durability of the antimicrobial properties was also evaluated in anticipation of 

the utilization of the proposed treatment for biomedical implants that are placed in vivo 
and must be maintained for a long period of time (several months after surgery). Figure 
7a,b show the amounts of Ag and Zn, respectively, incorporated into the oxide layer after 
two months of aging (repeated immersion in physiological saline at 310 K) measured via 
EDS. Compared with the results for the as-prepared specimens shown in Figure 4, the 
amounts of both Ag and Zn in the oxide film decreased slightly after aging for all 
specimens. Among the tested specimens, 0.5Ag-5Zn exhibited the highest Zn content. 

  
(a) (b) 

Figure 7. Amounts of (a) Ag and (b) Zn in the oxide layer after two months of aging measured via 
EDS (* statistically significant difference, p < 0.05; n.s.: no significant difference). Measurements were 
performed on three equally conditioned specimens (n = 3). 

The amounts of Ag and Zn ions in the physiological saline used for the aging process 
were measured via ICP-MS. The solution was refreshed with a new one every week. The 
concentrations of Ag and Zn ions in the first (0–7 d) and eighth (49–56 d) solutions are 
shown in Figure 8a,b, respectively. For the ICP-MS measurements, a certain level of signal 
response was detected as the background, even though the solution contained no 

0

50

100

150

2Zn-0.1Ag 2Zn-0.5Ag 0.1Ag-2Zn 0.5Ag-2Zn 0.5Ag-5Zn 2.5Ag

No
rm

al
iz

ed
 n

um
be

r 
of

 li
vi

ng
 ce

lls
 (v

.s
. 0

Ag
Zn

) 

0AgZn
(control)

*

n.s.
*

**

**

0

0.03

0.06

0.09

0.12

0.15

Am
ou

nt
 o

f A
g 

in
 o

xi
de

 la
ye

r 
(a

t%
)

n.s. n.s.

n.s.

0

0.03

0.06

0.09

0.12

0.15

Am
ou

nt
 o

f Z
n 

in
 o

xi
de

 la
ye

r 
(a

t%
)

n.s.

n.s.

*

Figure 7. Amounts of (a) Ag and (b) Zn in the oxide layer after two months of aging measured via
EDS (* statistically significant difference, p < 0.05; n.s.: no significant difference). Measurements were
performed on three equally conditioned specimens (n = 3).

The antibacterial properties of the MAO-treated specimens containing both Ag and Zn
against E. coli after two months of aging in physiological saline are shown in Figure 9a. The
antibacterial properties of all of the specimens were almost identical to those of 0AgZn. In a
previous study [46], a specimen containing Ag and Zn maintained good antibacterial prop-
erties for some time, owing to the initial release of Ag ions. It then exhibited a temporary
reduction in antibacterial activity after a few months, owing to the depletion of Ag ions.
However, after six months, the antibacterial properties improved, owing to the formation
of Zn products. Regarding the antibacterial properties against E. coli, the two-month aging
period used in the present study appeared to be insufficient for achieving antibacterial
properties, owing to the accumulation of Zn products. In contrast, the antibacterial property
of 0.5Ag-5Zn against S. aureus was maintained even after two months of aging. This result
indicates that Zn compensates for the reduction in antimicrobial activity, owing to the
depletion of Ag ions. In addition, the gradual accumulation of Zn products on the surface
oxide layer is expected to enhance the antimicrobial properties, even after two months of
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aging. Although this was not confirmed in the present study, it is expected that the de-
graded antibacterial property against E. coli would have been restored after a longer period
of testing, as reported in previous studies with six-month testing periods [46]. None of the
specimens prepared in the present study were cytotoxic to osteoblast-like cells (Figure 6).
MAO-treated specimens are known to promote cellular osteogenesis and exhibit excellent
hard-tissue compatibility [49]. The results of this study indicate that long-term antibacterial
properties and non-toxicity to osteogenic cells with excellent hard-tissue compatibility can
be achieved by optimizing the proposed two-step MAO treatment.
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Figure 8. Amounts of (a) Ag ions and (b) Zn ions released from the oxide layer into physiological
saline (* statistically significant difference, p < 0.05). Measurements were performed on five equally
conditioned specimens (n = 5).
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Figure 9. Antibacterial properties of MAO-treated specimens containing both Ag and Zn against
(a) E. coli and (b) S. aureus after two months of aging in physiological saline (* statistically significant
difference relative to 0AgZn, p < 0.01; n.s.: no significant difference relative to 0AgZn). Measurements
were performed on five equally conditioned specimens (n = 5).

3.5. Limitation and Future Prospective

Finally, it is necessary to mention the limitations and future perspectives of this study.
This study revealed that the antibacterial effect can be sustained over a long term due to
the complementary effects of Ag and Zn, and that cytotoxicity can be properly avoided



Coatings 2023, 13, 627 11 of 13

by adjusting the treatment conditions. However, the practical biological environments in
which the implant devices will be exposed are extremely complex. In our previous study, it
was found that the pore size can be adjusted by the total ionic strength of the electrolyte [59].
The optimization of both structural and compositional parameters of the resulting oxide
layer will be inevitable for practical application. This technique is simply based on the
metal ion release mechanism; in other words, it is expected to utilize other antimicrobial
agents such as graphene nanoparticles, contributing to the innovative development of
novel implant surfaces with multiple antimicrobial mechanisms. In this case, additional
properties such as the zeta potential would also be subject to optimization for surface
treatment conditions to fully utilize the effect of the antimicrobial nanoparticles.

4. Conclusions

Ag and Zn were successfully incorporated onto the Ti surfaces using the proposed
two-step MAO treatment, and the surfaces exhibited excellent antibacterial properties
against E. coli and S. aureus. In particular, 0.5Ag-5Zn exhibited sustained antibacterial
properties against S. aureus, even after two months of aging in physiological saline. The
incorporation of Ag and Zn resulted in the release of Ag and Zn ions during the initial
stage of aging, which resulted in the formation of Zn products. The release of Ag and Zn
ions and the formation of Zn products significantly contributed to the strong and sustained
antimicrobial properties in the early and later stages, respectively.
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