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Abstract: Dental implants made of titanium (Ti) are used in dentistry, but peri-implantitis is a serious
associated problem. Antibacterial and osteoconductive Ti dental implants may decrease the risk of
peri-implantitis. In this study, titania (TiO2) co-doped with silver (Ag) at 2.5 at.% and copper (Cu) at
4.9 at.% was formed on Ti substrates via chemical and thermal treatments. The Ag and Cu co-doped
TiO2 formed apatite in a simulated body fluid, which suggests osteoconductivity. It also showed
antibacterial activity against Escherichia coli, which was enhanced by visible-light irradiation. This
enhancement might be caused by the synergistic effect of the release of Ag and Cu and the generation
of •OH from the sample. Dental implants with such a Ag and Cu co-doped TiO2 formed on their
surface may reduce the risk of peri-implantitis.

Keywords: titania; silver; copper; antibacterial activity; visible-light-responsive photocatalysis

1. Introduction

Dental implants made of titanium (Ti) are widely used in dentistry, but peri-
implantitis [1–4], which has a prevalence rate of about 22% [5], is a serious problem. The
incidence of peri-implantitis caused by Ti dental implants can be decreased by inducing
antibacterial activity via the control of surface topology [6], the incorporation of antibacte-
rial metals [7], or a functional layer coating [8]. One strategy for preparing antibacterial
Ti dental implants is the formation of a titanium oxide (TiO2) layer with photocatalytic
antibacterial activity [9–11] on their surfaces. For example, Suketa et al. reported the
photocatalytic antibacterial activity of TiO2 film formed on Ti via plasma source ion implan-
tation [12]. It has been reported that a TiO2 layer formed on Ti via chemical and thermal
treatments can form apatite on its surface in a simulated body fluid (SBF) [13] and bond
to living bone [14]. Therefore, Ti dental implants with TiO2 formed on their surfaces are
expected to exhibit photocatalytic antibacterial activity as well as bone-bonding ability.
However, for such Ti dental implants, the photocatalytic antibacterial activity of TiO2 is
exhibited only under exposure to short-wavelength invisible light such as ultraviolet light,
which is toxic to living organisms.

When TiO2 is doped with elements such as nitrogen (N) [15,16] and copper (Cu) [17,18],
it can show photocatalytic activity even under visible light. Several mechanisms for the
visible-light-responsive photocatalytic activity of Cu-doped TiO2 have been proposed,
depending on the chemical state of Cu [19], such as the surface plasmon resonance effect
of Cu nanoparticles [20] and electron transfer from TiO2 to CuO [21,22] or from Cu2O
to TiO2 [23,24]. It has been reported that 650 nm light from a light-emitting diode (LED)
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penetrates the gingiva and activates the photosensitizer within the gingival sulcus to kill
bacteria that reside around the gingival sulcus [25]. Therefore, Ti dental implants with
doped TiO2 on their surfaces can reduce the risk of peri-implantitis with periodic or on-
demand irradiation of visible light at a dental clinic. We previously prepared N-doped
TiO2 [26–29] and Cu-doped TiO2 [30] on Ti and investigated their surface structure, apatite
formation ability in an SBF, and antibacterial activity. However, it is necessary to improve
the antibacterial activity of N-doped or Cu-doped TiO2. One possible approach to achieve
this is to increase the N or Cu content, but our method limits the amount of N or Cu that can
be doped into TiO2 to improve photocatalytic antibacterial activity and apatite formation
ability [28,31].

Therefore, in this study, we tried to co-dope silver (Ag) and Cu into TiO2. The excellent
antibacterial properties of Ag are expected to improve the antibacterial activity of the dental
implants with or without visible-light irradiation. The antibacterial activity of samples is
discussed in terms of their photocatalytic activity and the release of Ag and Cu from the
samples. The present findings will contribute to the development of dental implants with
antibacterial activity to prevent peri-implantitis with and without visible-light irradiation.

2. Results and Discussion

A network-like structure formed on the surfaces of both AG-CU and AG, whereas
small particles formed only on the surface of AG (Figure 1a). A similar network-like
structure with small particles was previously reported [32–34]. The network-like structure
was composed of anatase, rutile, and metallic silver (Figure 1b). The intensity of the TF-
XRD peak attributed to metallic silver around the 2θ angle of 44◦ was much higher for AG
than for AG-CU, which suggests that the small particles on the surface of AG were mainly
composed of metallic silver. The intensity of the TF-XRD peak attributed to rutile at the 2θ
angle of around 27◦ was larger than that attributed to anatase at the 2θ angle of around 25◦

for AG-CU; the opposite result was obtained for AG. This indicates that rutile and anatase
preferentially formed on AG-CU and AG, respectively. The preferential formation of rutile
on AG-CU was likely caused by Cu, a dopant that promotes the phase transformation of
anatase to rutile [35].

Molecules 2023, 28, x FOR PEER REVIEW 2 of 11 
 

 

[17,18], it can show photocatalytic activity even under visible light. Several mechanisms 

for the visible-light-responsive photocatalytic activity of Cu-doped TiO2 have been pro-

posed, depending on the chemical state of Cu [19], such as the surface plasmon resonance 

effect of Cu nanoparticles [20] and electron transfer from TiO2 to CuO [21,22] or from 

Cu2O to TiO2 [23,24]. It has been reported that 650 nm light from a light-emitting diode 

(LED) penetrates the gingiva and activates the photosensitizer within the gingival sulcus 

to kill bacteria that reside around the gingival sulcus [25]. Therefore, Ti dental implants 

with doped TiO2 on their surfaces can reduce the risk of peri-implantitis with periodic or 

on-demand irradiation of visible light at a dental clinic. We previously prepared 

N-doped TiO2 [26–29] and Cu-doped TiO2 [30] on Ti and investigated their surface 

structure, apatite formation ability in an SBF, and antibacterial activity. However, it is 

necessary to improve the antibacterial activity of N-doped or Cu-doped TiO2. One pos-

sible approach to achieve this is to increase the N or Cu content, but our method limits 

the amount of N or Cu that can be doped into TiO2 to improve photocatalytic antibacte-

rial activity and apatite formation ability [28,31]. 

Therefore, in this study, we tried to co-dope silver (Ag) and Cu into TiO2. The ex-

cellent antibacterial properties of Ag are expected to improve the antibacterial activity of 

the dental implants with or without visible-light irradiation. The antibacterial activity of 

samples is discussed in terms of their photocatalytic activity and the release of Ag and Cu 

from the samples. The present findings will contribute to the development of dental im-

plants with antibacterial activity to prevent peri-implantitis with and without visi-

ble-light irradiation. 

2. Results and Discussion 

A network-like structure formed on the surfaces of both AG-CU and AG, whereas 

small particles formed only on the surface of AG (Figure 1a). A similar network-like 

structure with small particles was previously reported [32–34]. The network-like struc-

ture was composed of anatase, rutile, and metallic silver (Figure 1b). The intensity of the 

TF-XRD peak attributed to metallic silver around the 2θ angle of 44 was much higher for 

AG than for AG-CU, which suggests that the small particles on the surface of AG were 

mainly composed of metallic silver. The intensity of the TF-XRD peak attributed to rutile 

at the 2θ angle of around 27 was larger than that attributed to anatase at the 2θ angle of 

around 25 for AG-CU; the opposite result was obtained for AG. This indicates that rutile 

and anatase preferentially formed on AG-CU and AG, respectively. The preferential 

formation of rutile on AG-CU was likely caused by Cu, a dopant that promotes the phase 

transformation of anatase to rutile [35]. 

 

Figure 1. (a) SEM images and (b) TF-XRD patterns of samples. 

AG-CU contained Ag at 2.5 at.% and Cu at 4.9 at.% on its surface, and AG contained 

Ag at 6.3 at.% on its surface (Table 1). AG-CU contained almost twice as much Cu as Ag. 

The amount of Ag in AG was higher than that in AG-CU, which can be attributed to the 

higher concentration of Ag in the silver nitrate (AgNO3) solution used for the treatment 

     

     

     

  

  
  

 
 
  
  

  
  

  
 
 
  
 

  

     

          

                  

      

   

        

       

   

Figure 1. (a) SEM images and (b) TF-XRD patterns of samples.

AG-CU contained Ag at 2.5 at.% and Cu at 4.9 at.% on its surface, and AG contained
Ag at 6.3 at.% on its surface (Table 1). AG-CU contained almost twice as much Cu as Ag.
The amount of Ag in AG was higher than that in AG-CU, which can be attributed to the
higher concentration of Ag in the silver nitrate (AgNO3) solution used for the treatment
of AG (∼=1 mM) compared to that (∼=0.5 mM) used for the treatment of AG-CU. Although
the concentrations of Ag and Cu in the AgNO3-Cu(NO3)2 mixed solution used for the
treatment of AG-CU were the same (∼=0.5 mM), AG-CU contained almost twice as much Cu
as Ag on its surface. These results indicate that Ag and Cu can be co-doped into a sample by
using an AgNO3-Cu(NO3)2 mixed solution, but the amount of Ag doped into the sample
will not be simply proportional to the Ag concentration of the Ag- and Cu-containing
solution used for treatment.
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Table 1. Surface composition of samples (mean ± SD).

Sample
Composition (at.%)

O Ti Ag Cu C

AG-CU 59.2 ± 0.6 31.0 ± 0.8 2.5 ± 0.2 4.9 ± 0.6 2.3 ± 0.2
AG 59.0 ± 1.2 31.7 ± 0.7 6.3 ± 1.8 − 3.1 ± 0.3

−: not measured.

Figure 2 shows the Ag 3d and Cu 2p electron energy region spectra of the samples and
Table 2 summarizes the binding energy (EB) and modified Auger parameter (α′) values
of the samples. The chemical states of Ag and Cu can be determined from a comparison
of EB with α′ on the Wagner plot. The Ag 3d5/2 peak around 368.5 eV and the α′ value
of around 723.4 eV for AG-CU and AG suggest that Ag mainly existed in an oxide state
on their surfaces [36]. Taking into account that the TF-XRD peaks of metallic silver were
observed for AG-CU and AG (Figure 1b), we speculate that the surface of the metallic silver
was oxidized in AG-CU and AG.
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Figure 2. (a) Ag 3d and (b) Cu 2p electron energy region spectra of samples.

Table 2. Summary of binding energy (EB) and modified Auger parameter (α′) values of samples
(mean ± SD).

Sample Element EB (eV) α′ (eV)

AG-CU
Ag 368.4 ± 0.2 723.5 ± 0.4
Cu 933.0 ± 0.2 1850.4 ± 0.2

AG Ag 368.6 ± 0.3 723.3 ± 0.1

Cu 2p3/2 peaks were observed at around 933.0 eV for AG-CU, whereas no Cu 2p3/2
peak was observed for AG. The Cu 2p3/2 peak around 933.0 eV and the α’ value around
1850.4 eV suggest that Cu mainly existed as Cu2O on the surface of AG-CU [37]. These
results indicate that copper was successfully doped into the sample surface by the present
surface treatments. The lack of a TF-XRD peak corresponding to copper compounds for
AG-CU (Figure 1b) and the apparent Cu 2p peak (Figure 2b and Table 1) indicate that the
crystallinity of the doped copper was low for both samples. The formation of Cu2O with
low crystallinity in AG-CU is interesting, but its mechanism is unclear. This topic is worthy
of further investigation.

The SEM images of the samples after immersion in the SBF (Figure 3) indicate that
apatite uniformly formed on the surface of AG, whereas it partially formed on the surface
of AG-CU. This difference in apatite formation ability between these samples is consistent
with the intensity of the TF-XRD peak of apatite at the 2θ angle of around 32◦ being much
smaller for AG-CU than for AG. The relationship between apatite formation ability in an
SBF and the surface structure of TiO2 formed on Ti [13,31,38–41] or TiO2 gels [42] is not
fully understood; nevertheless, in this study, the higher formation of anatase compared to
that of rutile in AG (Figure 1b) may be responsible for the better apatite formation ability
of AG.
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Figure 3. (a) SEM images and (b) TF-XRD patterns of samples after immersion in SBF for 7 days.

A slightly higher amount of Ag was released from AG-CU than from AG. The Ag
concentration in PBS reached around 8 µM for 3 days (Figure 4a). However, the Ag
concentration was saturated at around 7 days, which indicates that the release of Ag from
AG-CU almost stopped at around 7 days. In contrast, AG released Ag gradually and
continuously for 28 days. AG-CU slowly released Cu; the Cu concentration reached around
3 µM by day 28. These results indicate that AG-CU preferentially releases Ag over Cu, but
the release of Ag is almost stopped at around 7 days even though AG continuously releases
Ag for 28 days. Figure 4b was obtained by plotting the Ag and Cu concentrations against
the square root of the soaking period. The concentration of Ag released from AG-CU within
3 days and that released from AG within 28 days are proportional to the square root of
the soaking period. This result suggests that Ag was released from both samples via ion
exchange [30,43], although the rate and duration of Ag release were different between the
samples. The concentration of Cu released from AG-CU within 28 days is also proportional
to the square root of the soaking period, which suggests that Cu was released from AG-CU
via ion exchange [44]. However, the mechanism of Ag and Cu release from samples should
be further investigated because Ag and Cu were mainly present as metallic silver with an
oxidized surface and Cu2O, respectively (Figures 1 and 2, and Table 2), and they are not
likely to be released via ion exchange. The slightly more rapid release of Ag from AG-CU
than from AG and the continuous release of Cu from AG-CU may lead to antibacterial
activity that is somewhat strong at the initial stage of implantation and continues for a
long period.
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Figure 4. Ag and Cu ion release behavior from samples in PBS. (a) Accumulated-released amounts of
Ag or Cu vs. soaking period and (b) accumulated-released amounts of Ag or Cu vs. square root of
soaking period.

Without visible-light irradiation, the number of viable bacteria was significantly
smaller for AG and AG-CU than for untreated Ti, and slightly smaller for AG-CU than for
AG (Figure 5). The rapid release of Ag and sustained release of Cu from AG-CU (Figure 4)
might be responsible for the higher antibacterial activity of AG-CU compared to that of AG.
The number of viable bacteria was significantly decreased by visible-light irradiation for
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AG-CU and AG compared to untreated Ti, and AG-CU showed extremely strong antibacte-
rial activity under visible-light irradiation. The number of viable bacteria on untreated Ti
(control) decreased under visible-light irradiation. Although an LED generates much less
heat than a conventional incandescent bulb, the decrease in the number of viable bacteria
on untreated Ti under visible-light irradiation may be attributed to the heat generated by
the LED light, which was placed only 10 cm from the sample and had a high intensity of
250 W·m−2. Here, we briefly discuss the changes in the oxidation state of copper after
antibacterial activity testing. Although XPS spectra of AG-CU after antibacterial testing
should be measured to clarify the change in oxidation state of copper in the future, it is
possible that Cu2+ is formed from Cu2O on the surface of AG-CU after antibacterial testing
because the proportion of Cu2+ on the surface of copper metal increases after soaking in a
bacteria-containing solution, and Cu2+ is the most stable chemical state against corrosion
and bacteria [37].
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significant differences (p < 0.01) between no visible-light irradiation and visible-light irradiation.

Next, the antibacterial activity of AG-CU under visible-light irradiation is discussed
in terms of the generation of ROS. The concentration of the hydroxyl radical (•OH) was
measured via ESR using DMPO as the spin-trapping agent. Peaks of DMPO-OH were
observed for AG-CU and AG. The intensity of the peaks was larger for AG-CU than for
AG (Figure S1). Table 3 shows the concentrations of H2O2 and •OH for the samples. The
H2O2 concentrations for all samples were less than 0.1 µM, much lower than the H2O2
concentrations (>1.25 µM) that can effectively kill E. coli [45–47]. The •OH concentration
was higher for AG-CU than for AG and the control. Therefore, •OH radicals are likely to
be generated by a reaction between hydroxide ions (OH−) and holes (h+), OH− + h+ →
•OH, namely a direct photocatalytic effect, on the surface of AG-CU. The generated •OH
may contribute to the antibacterial activity of AG-CU under visible-light irradiation. In
summary, it is thought that the excellent antibacterial activity of AG-CU under visible-light
irradiation (Figure 5) can be attributed to the synergistic effect of the release of Ag and
Cu (Figure 4) and the generation of •OH from the sample (Table 3). The details of the
synergistic effect are still unclear, but it is possible that bacteria damaged by released Ag
and Cu are more likely to be killed by •OH, or vice versa.
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Table 3. Concentrations of hydrogen peroxide (H2O2) and hydroxyl radical (•OH) for samples.

Sample
Concentration (µM)

H2O2 •OH

AG-CU 8.0 × 10−2 2.5
AG 8.9 × 10−2 1.3

Control (untreated Ti) 8.9 × 10−2 1.4

3. Materials and Methods
3.1. Sample Preparation

A commercially pure Ti chip with dimensions of 10 mm × 10 mm × 1 mm (purity:
99.9%, TIE04CB, Kojundo Chemical Lab. Co., Ltd., Saitama, Japan) was used as the original
substrate and polished using a diamond pad (no. 400, Maruto Instrument Co., Ltd., Tokyo,
Japan). The polished Ti chip was ultrasonically washed once with acetone (99%, Nacalai
Tesque, Inc., Kyoto, Japan) and twice with ultrapure water for 10 min. The washed chip was
dried at room temperature and atmospheric pressure. Subsequently, an aqueous NaOH
solution was prepared by dissolving 1.031 g of NaOH (FUJIFILM Wako Pure Chemical
Corp., Osaka, Japan) in 5 mL of ultrapure water. The washed chip was immersed in the
NaOH aqueous solution in a round-bottomed polytetrafluoroethylene (PTFE) test tube
with a cap (code 04936, SANPLATEC Corp., Osaka, Japan). The test tube was shaken at
120 strokes·min−1 for 24 h at 60 ◦C using a shaking bath. After the completion of the NaOH
treatment, the Ti chip was removed from the test tube and washed with ultrapure water to
obtain the NaOH-treated Ti chip. Subsequently, 0.085 g of silver nitrate (AgNO3, FUJIFILM
Wako Pure Chemical Corp.) was dissolved in 5 mL of ultrapure water. The AgNO3 solution
was diluted 100-fold to obtain approximately 1 mol·m−3 of AgNO3 solution. In addition,
0.121 g of Cu(NO3)2·3H2O (FUJIFILM Wako Pure Chemical Corp.) was dissolved in 5 mL
of ultrapure water. The Cu(NO3)2 solution was diluted 100-fold to obtain approximately
1 mol·m−3 of Cu(NO3)2 solution. A total of 3 mL of the diluted AgNO3 solution was mixed
with 3 mL of the diluted Cu(NO3)2 solution and transferred to a round-bottomed PTFE
test tube with a cap. The NaOH-treated Ti chip was then immersed in this mixture and
shaken at 120 strokes·min−1 for 48 h at 80 ◦C. After the treatment, the chip was removed
and washed with ultrapure water. The Ti chip treated with the AgNO3-Cu(NO3)2 mixed
solution was heat-treated at 600 ◦C for 1 h using a muffle furnace (MSFS-1218, Yamada
Denki Co., Ltd., Tokyo, Japan). The samples thus obtained are denoted as AG-CU. As
a reference, the NaOH-treated Ti chips were immersed in 6 mL of the diluted AgNO3
solution in a round-bottomed PTFE test tube with a cap, and then heat-treated at 600 ◦C for
1 h. The samples thus obtained are denoted as AG.

3.2. Surface Structure Analysis

The surface morphology of the samples was observed using scanning electron mi-
croscopy (SEM; VE8800, Keyence Corp., Osaka, Japan). The crystalline phase of the
surface layer formed by the solution and heat treatments was characterized using thin-film
X-ray diffraction (TF-XRD; RINT2200VL, Rigaku Corporation, Tokyo, Japan) with Cu Kα

radiation. The composition of the surface layer was evaluated using X-ray photoelectron
spectroscopy (XPS; JPS-9010MC, JEOL, Tokyo, Japan). The X-ray source was monochro-
matic Mg Kα radiation (1253.6 eV) at 10 kV and 10 mA. The binding energy was calibrated
using the C 1s photoelectron peak at 285.0 eV as a reference. XPS peak analysis was
performed using CasaXPS (version 2.3.24, Casa Software Ltd., Devon, UK). The Shirley
background was subtracted from all spectra prior to fitting. The surface composition was
calculated from the XPS spectra using relative sensitivity factors obtained from the CasaXPS
software library (C 1s, 1.0, O 1s, 2.93; Ti 2p3/2, 5.22; Ag 3d5/2 10.68, Cu 2p3/2 16.73). In
addition, the modified Auger parameters (α’) of Ag and Cu were calculated from the Ag
3d5/2 and Ag M4VV peaks and from the Cu 2p3/2 and Cu L3VV peaks, respectively.
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3.3. Evaluation of Apatite Formation Ability

The apatite formation ability of samples was evaluated using an SBF [48] that contained
ions at concentrations (Na+: 142.0 mM; K+: 5.0 mM; Ca2+: 2.5 mM; Mg2+: 1.5 mM; Cl−:
147.8 mM; HCO3

−: 4.2 mM; HPO4
2−: 1.0 mM; SO4

2−: 0.5 mM) nearly identical to those
found in human blood plasma. The SBF was prepared according to the ISO 23317:2014
protocol. All chemicals used in the preparation of the SBF were purchased from Nacalai
Tesque, Inc., Kyoto, Japan. An amount of 30 mL of the prepared SBF was poured into a
centrifuge tube (ECK-50ML-R, AS-ONE Corp., Osaka, Japan). The samples were immersed
in the SBF and kept at 36.5 ◦C. After 7 days, the samples were removed from the SBF, gently
washed with ultrapure water, and dried at approximately 25 ◦C and atmospheric pressure.
The lower surface of each sample was subjected to surface analysis using SEM and TF-XRD.

3.4. Ag and Cu Ion Release Behavior

To investigate the Ag and Cu ion release behavior of each sample, 10 mL of phosphate-
buffered saline (PBS, 166-23555, FUJIFILM Wako Pure Chemical Corp.) was placed in a
centrifuge tube (ECK-50ML-R, AS-ONE Corp.). The sample (n = 3) was immersed in PBS
at 36.5 ◦C. The PBS was refreshed at appropriate periods. The accumulated and released
amounts of Ag and Cu ions from the samples at 1, 3, 7, 14, and 28 days were calculated
based on the Ag and Cu concentrations in the PBS, respectively, which were measured using
inductively coupled plasma atomic emission spectroscopy (ICP-AES, iCAP600, Thermo
Fisher Scientific Co., Ltd., Kanagawa, Japan).

3.5. Evaluation of Antimicrobial Activity

A nutrient agar was used in petri dishes (Falcon® plastic dish for general bacteria,
Corning Inc., New York, NY, USA) in 15 mL aliquots. Physiological saline was prepared
by dissolving 8.5 g of sodium chloride (NaCl, Nacalai Tesque, Inc.) into 1 L of ultrapure
water, which was used after sterilization at 121 ◦C for 20 min using a high-pressure
steam sterilizer. Escherichia coli (E. coli, JCM5491) was used as the test bacterial strain.
It was used after being cultured on the nutrient agar medium at 37 ◦C for 24 h. The
bacterial mass of the cultured E. coli was taken with a platinum loop and dispersed in
physiological saline to prepare a stock bacterial suspension (∼=108 CFU·mL−1). This stock
suspension was diluted with a nutrient liquid medium to obtain a test bacterial suspension
(∼=107 CFU·mL−1). The bacterial test was carried out for each sample (n = 4). A cell strainer
(Corning Inc.) attached to a 6-well plate was used for setting the sample. The sample
was placed on the cell strainer with the sample surface facing upward and 10 µL of the
test bacterial suspension was dropped onto the sample. Subsequently, the sample surface
was covered with a plastic film (9 mm × 9 mm × 0.06 mm) to achieve close contact. To
reduce the effects of increasing temperature and drying during visible-light irradiation
on the bacteria, a cooler was placed behind the 6-well plate and 1.5 mL of pure water
was added to the wells to prevent the sample from drying. LED light (460 nm; SPA-
10SW, Hayashi Clock Industry Co., Ltd., Tokyo, Japan) was used as the light source. The
distance from the lower part of the lens to the sample surface was 10 cm, the irradiance was
250 W·m−2, and the irradiation period was 30 min. This irradiation period was set under
the assumption of visible-light irradiation to the abutment of dental implants during dental
treatments. As a control experiment, an antibacterial test without visible-light irradiation
was also conducted. A schematic illustration of the antimicrobial activity evaluation system
is shown in our previous paper [30]. After either irradiation with visible light for 30 min
or no irradiation for 30 min, the sample was collected together with the film, soaked in
2 mL of soybean-casein digest broth with lecithin and polysorbate 80 (SCDLP, Nihon
Pharmaceutical Co. Ltd., Osaka, Japan) medium, and thoroughly stirred to wash out the
bacteria. The washed-out medium was diluted 10- and 100-fold with the SCDLP medium,
and 100 µL of each was seeded onto the nutrient agar medium. These media were cultured
at 37 ◦C for 48 h. Then, the number of colonies was counted and the viable cell count
was calculated. The viable bacteria count for the AG-CU and AG groups was compared
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by performing a one-way analysis of variance and conducting a multiple-hypothesis test
(Holm’s method).

3.6. Identification of Reactive Oxygen Species Induced by Visible-Light Irradiation

It is difficult to directly measure highly reactive oxygen species (ROS) and free radicals
at around 25 ◦C. Therefore, we measured these chemical species via electron spin resonance
(ESR; JES-FA-100, JEOL Ltd., Tokyo, Japan) using a spin-trapping method. 5,5-Dimethyl-
1-pyrroline-N-oxide (DMPO, Labotech Co., Tokyo, Japan) was used as the spin-trapping
agent. The measurement conditions were as follows: microwave power of 4.0 mW; mi-
crowave frequency of 9428.954 MHz; magnetic width of 0.1 mT; field sweep width of
±5 mT; field modulation frequency of 100 kHz; modulation width of 0.1 mT; time constant
of 0.03 s; and sweep time of 0.1 min. The samples were placed in a 24-well plate and
500 µL of DMPO solution (300 mM) was added. The samples immersed in the DMPO
solution were irradiated with visible light for 30 min under the same conditions as those
in the antibacterial property test using LED light. Subsequently, 200 µL of the DMPO
solution, in which a sample was immersed, was removed and the ROS were measured
using an ESR spectrometer. 4-Hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL,
Sigma Aldrich, St. Louis, MO, USA) was used to quantify the hydroxyl radicals. A control
ESR spectrum was obtained from a solution without sample immersion and visible-light
irradiation. The amount of hydrogen peroxide (H2O2), which is an ROS, was measured
using H2O2 colorimetry. Two types of solution were used for this purpose. Solution 1
was prepared by mixing 6 mL of 100 mM sulfuric acid and dissolving 11.8 mg of ammo-
nium iron (II) sulfate hexahydrate into 30 mL of pure water. Solution 2 was prepared by
dissolving 9.1 mg of xylenol orange tetrasodium salt and 2.186 g of sorbitol into 30 mL
of pure water. A calibration curve was prepared using solutions 1 and 2, and 8.821 M
H2O2 solution. A sample was placed in a 24-well plate and immersed in 500 µL of pure
water. After irradiation with visible light for 30 min under the same conditions as those
in the antibacterial property test using LED light, 400 µL of the pure water, in which the
sample was immersed, was removed and poured into a glass tube. Subsequently, 200 µL of
solution 1 and 200 µL of solution 2 were added into the glass tube and mixed well. The
glass tube was then maintained at approximately 25 ◦C for 45 min. The absorbance of the
mixture solution at a wavelength of 560 nm was then measured using ultraviolet-visible
spectrophotometry (GeneQuant 1300, Biochrom, Ltd., Cambridge, UK).

4. Conclusions

TiO2 co-doped with Cu and Ag was formed on the surface of Ti via NaOH-(Cu(NO3)2
and AgNO3) and heat treatments. The TiO2 co-doped with Cu and Ag formed apatite
on its surface in an SBF and showed higher antibacterial activity than that of TiO2 doped
with only Ag, especially under visible-light irradiation. The excellent antibacterial activity
of TiO2 co-doped with Cu and Ag under visible-light irradiation might be caused by the
synergistic effect of the release of Ag and Cu and the generation of •OH from the sample.
The toxicity of the sample needs to be evaluated in future studies, but dental implants with
such a TiO2 surface layer co-doped with Cu and Ag may reduce the risk of peri-implantitis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28020650/s1, Figure S1: Electron spin resonance (ESR)
spectra of control, AG, and AG-CU samples.
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