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Abstract: Titanium has a long history of clinical use, but the naturally forming oxide is not ideal for
bacterial resistance. Anodization processes can modify the crystallinity, surface topography, and
surface chemistry of titanium oxides. Anatase, rutile, and mixed phase oxides are known to exhibit
photocatalytic activity (PCA)-driven bacterial resistance under UVA irradiation. Silver additions
are reported to enhance PCA and reduce bacterial attachment. This study investigated the effects
of silver-doping additions to three established anodization processes. Silver doping showed no
significant influence on oxide crystallinity, surface topography, or surface wettability. Oxides from
a sulfuric acid anodization process exhibited significantly enhanced PCA after silver doping, but
silver-doped oxides produced from phosphoric-acid-containing electrolytes did not. Staphylococcus
aureus attachment was also assessed under dark and UVA-irradiated conditions on each oxide. Each
oxide exhibited a photocatalytic antimicrobial effect as indicated by significantly decreased bacterial
attachment under UVA irradiation compared to dark conditions. However, only the phosphorus-
doped mixed anatase and rutile phase oxide exhibited an additional significant reduction in bacteria
attachment under UVA irradiation as a result of silver doping. The antimicrobial success of this oxide
was attributed to the combination of the mixed phase oxide and higher silver-doping uptake levels.

Keywords: anodization; titanium; antibacterial; photocatalytic activity; silver doping

1. Introduction

Infection associated with medical devices, particularly bone implants, accounts for
26% of total infection associated with healthcare in the USA [1]. Up to 5% of fixation
devices and prosthetic joints develop implant-associated infections [2]. Implant infections
prolong patient recovery time and may lead to early implant failure [1–4]. The initial
attachment of bacteria to implant surfaces has been shown to play a critical role in the rise
of implant-associated infections [5].

Silver (Ag) has a centuries long history of use in medicine as an antimicrobial agent
and is commonly utilized for treating burns, wounds, urinary tract infections, and central
venous catheter infections [2,6–8]. Recently, adding silver particles or coatings to implant
surfaces has become a strong research interest due to its killing efficiency against Gram-
positive and Gram-negative bacteria as well as its good environmental stability [8–12].

Titanium implants have a long history of clinical use due to their excellent corrosion
resistance, mechanical properties, and biocompatibility [13]. Titanium rapidly forms a thin
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amorphous oxide upon exposure to oxygenated environments. However, the un-modified
titanium oxide surface is bioinert and presents less than ideal antibacterial behavior. Elec-
trochemical anodization is commonly used to modify titanium oxide surfaces to form
crystalline oxides, add beneficial surface chemistry, and produce micro- and nano-scaled
surface topographies [14–17]. Furthermore, crystalline titanium oxides are known to exhibit
photocatalytic activity (PCA) when exposed to ultraviolet light of sufficient energy [18–21].
In the photocatalytic reaction, irradiation of titanium oxide with UVA light causes electrons
to jump from the valence band to the conduction band. This process forms electron–hole
pairs which can react with available oxygen and water to form reactive oxygen species
(ROS) [18,21–24]. The UVA-generated ROS have been reported to decompose organic
molecules and compounds which can lead to bacterial cell death [21,22].

Doping titanium oxides with beneficial chemistries has been shown to alter the PCA
and antimicrobial responses [24–30]. Phosphorus doping has been shown to increase the
PCA of anatase or mixed phase oxides when compared to non-phosphorus-containing tita-
nium oxide counterparts [31,32]. Previous studies in our laboratories developed mixed-acid
anodization electrolytes to form phosphorus-doped crystalline oxides on titanium implant
substrates [3,15,26]. Both anatase phase and mixed anatase and rutile phase phosphorus-
doped oxides exhibited approximately 50% killing efficacy against Streptococcus sanguinis
following a 15 min pre-illumination with a 365 nm UVA light [3]. Silver-doped anatase
phase oxide spheres have also been shown to exhibit higher PCA compared to undoped
control oxide spheres [30]. Titanium oxide nanotubes with deposited silver nanoparticles
showed significantly reduced numbers of attached S. sanguinis and Lactobacillus salivarius
compared to anodized titanium controls and unmodified titanium [33].

The present study investigated the effects of silver doping additions to three estab-
lished anodization processes in an attempt to enhance the PCA and antibacterial responses.
Two of these anodization processes produced phosphorus-doped oxides due to phosphoric
acid being an electrolyte component. The third anodization process involved a 1M sulfuric
acid electrolyte that has been commonly used in other titanium anodization studies [34–36].
The primary study objective was to assess the benefits of silver-doping additions to es-
tablished anodization processes that have already been shown to exhibit beneficial PCA
and bacterial responses. A secondary objective was to identify any differences in the
oxide surface properties of the silver-doped oxides compared to their counterpart oxides
without silver.

2. Materials and Methods
2.1. Sample Preparation

Commercially pure titanium grade 4 (CPTi) disc specimens with a 3 mm thickness
and 12.7 mm diameter were cut from a centerless ground bar stock, cleaned in a laboratory
detergent solution in an ultrasonic bath, and rinsed with distilled water. Anodization was
performed in potentiostatic mode using a DC rectifier (300 V, 10 A, Dynatronix, Amery,
WI, USA) with two CPTi strip counter electrodes. A stepped waveform consisting of 12 V,
10 s steps, was applied up to a final forming voltage of 180 V in 500 mL of each electrolyte
listed in Table 1. The total duration of the applied anodization waveform was 150 s. Three
anodization electrolytes (A, B, and C) consisted of mixtures of sulfuric acid (ACS, Fisher
Scientific, Waltham, MA, USA), phosphoric acid (ACS, Fisher Scientific, Waltham, MA
USA), hydrogen peroxide (30%, Fisher Scientific, Waltham, MA, USA), and oxalic acid
(ACS, Al-fa Aesar, Haverhill, MA, USA) components. Electrolytes A and B have been
previously documented to produce phosphorus-doped anatase phase and mixed phase
oxides on commercially pure titanium substrates [3,15,26]. Electrolyte C is 1 M sulfuric
acid, which has been commonly used in other titanium anodization studies [34–36]. Silver
nitrate (99.85%, Thermo Fisher Scientific, Waltham, MA, USA) was added to its saturation
limit in each of these electrolytes to create the remaining A + Ag, B + Ag, and C + Ag
electrolytes (Table 1) used in this study.
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Table 1. Electrolytes used for each anodization process.

Oxide
Groups

Sulfuric Acid
(M)

Phosphoric
Acid
(M)

Hydrogen
Peroxide

(M)

Oxalic
Acid
(M)

Silver Nitrate 1

(M)

A 3.5 0.19 0.75 0.25 -

A + Ag 3.5 0.19 0.75 0.25 0.077

B 1.4 0.03 0.75 - -

B + Ag 1.4 0.03 0.75 - 0.059

C 1.0 - - - -

C + Ag 1.0 - - - 0.071
1 The silver nitrate concentrations listed represent the saturation limit within the mixed-acid electrolytes.

2.2. Oxide Layer Characterization

Thin-film X-ray diffraction (XRD) (Scintag Inc., Waltham, MA, USA, XDS2000) was
used to determine the crystalline phases within each oxide. Anodized specimens were
rotated 1◦ away from the copper X-ray source (1.54 A◦ Cu-Kα) and the XRD scans were
conducted over two-theta angles ranging from 24◦ to 30◦ using a continuous scan rate of
2◦/min. The surface topographies of representative specimens (n = 3) from each oxide
were examined using scanning electron microscopy (SEM) (Supra 40, Zeiss, Oberkochen,
Germany) at a 3 kV acceleration voltage. The surface roughness of representative specimens
(n = 3) from each oxide was evaluated using atomic force microscopy (AFM, Bruker, Santa
Barbara, CA, USA, Bioscope Catalyst) in ScanAssyst mode (0.592 Hz, and 512 samples/line).
Gwyddion software (Version 2.58, Department of Nanometrology, Czech Metrology In-
stitute, Okružní Brno, Czechia) was used to calculate the roughness average (Ra) and the
average maximum height roughness (Rz). The surface wettability of each oxide was also
determined by measuring the water contact angles on the surface of representative speci-
mens from each group (n = 3) using the sessile drop technique with a 3 µL droplet size. The
surface chemistry and the electronic state of the surface atoms within each oxide were de-
termined using X-ray photoelectron spectroscopy (XPS) on a K-alpha XPS system (Thermo
Fisher Scientific Instruments, Waltham, MA, USA). For the XPS studies, a monochromatic
X-ray source at 1486.6 eV, corresponding to the Al Kα line and X-ray power of 75 W at 12 kV,
was used for all specimens with a spot size of 400 µm2. High-resolution spectra for Ti 2p, O
1s, P 2p, and Ag 3d were collected at a 40 eV pass energy, a step size of 0.1 eV, and 50 scans.
XPS data analyses were performed using the manufacturer’s software (Advantage 5.9911
Surface Chemical Analysis, ThermoFisher Scientific, Waltham, MA, USA).

In order to examine the oxide thickness values from each anodization process, repre-
sentative cross-sectional specimens from each oxide were prepared and polished. Triplicate
images from each oxide cross-section were acquired using SEM. Five thickness measure-
ments were performed on each image, for a total of fifteen thickness measurements per
oxide. Electron backscattered diffraction (EBSD, OIM Analysis 8.0, EDAX, Pleasanton, CA,
USA) analyses were also performed on the oxide cross-sections to characterize the phase
fractions and the spatial distributions of the oxide phases in each group. For EBSD analyses,
the polished cross-sectional specimens were tilted to 70◦ and scanned using an accelerating
voltage of 12 kV.

2.3. Photocatalytic Degradation of Methylene Blue

The photocatalytic activity of each oxide was evaluated using a methylene blue (MB)
degradation assay using a 1% aqueous MB solution. Specimens from each oxide were
soaked in 2 mL of the MB solution (LabChem, Zelienope, PA, USA) for a period of 16 h
to saturate the porous oxide surfaces and prevent false MB degradation readings. After
soaking, the original MB solution was removed and replaced with 2 mL of fresh new
MB solution. Twenty-four-well cell culture plates containing representative oxide speci-
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mens (n = 6) were exposed to ultraviolet (UVA) illumination (365 nm peak wavelength,
8 mW/cm2) for a period of 4 h. Measurements were taken from the 16 h pre-soak solution
and from the UVA-irradiated solutions at 0, 30, 60, 90, 120, 180, and 240 min timepoints.
Three 50 µL aliquots of the MB solution from the wells containing each oxide specimen
were then transferred to a 96-well plate. An ELX800 Universal Microplate Reader (BioTek
Instruments, Winooski, VT, USA) was used to measure the absorbance of the MB aliquots
from each oxide specimen at 660 nm. The photocatalytic activity percentage was then
calculated using the following equation:

Photocatalytic activity (%) = [(c0 − c)/c0] × [c1/c0] × 100 (1)

where c0 is the concentration of the MB solution before UV illumination, c is the concen-
tration of the MB solution after UV illumination at each of the timepoints, and c1 is the
concentration of the MB solution after the 16 h pre-soak.

2.4. Bacterial Testing

The number of bacteria attached to the surfaces of each oxide with and without UVA
illumination was evaluated using a colony-forming unit (CFU) counting technique that
has been used in previous studies [26,37]. Frozen aliquots of Staphylococcus aureus strain
11-14697 (kindly provided by Darlene Miller, Bascom Palmer Eye Institute, Miami, FL, USA)
were streaked onto tryptic soy agar (TSA) and incubated at 37 ◦C overnight. A single colony
from the TSA was then used to inoculate 10 mL of tryptic soy broth (TSB) and incubated
for 16–20 h at 37 ◦C with shaking. The bacteria were diluted 1:100 in 20 mL of sterile TSB
and grown to OD600, yielding a concentration of 108 colony-forming units per mL. The
bacteria were then centrifuged at 2025× g RCF for 30 min and the resulting pellet was
suspended in 20 mL of phosphate buffered saline (PBS). Anodized specimens of each oxide
(n = 8) were placed in 24-well cell culture plates. Then, 1 mL of bacteria at a concentration
of 1 × 108 CFU/mL was added to each well. The specimens were then incubated at room
temperature for a period of 4 h. Half of the specimens were then illuminated by UVA,
while the other half were covered with foil and kept under dark conditions for the 4 h
period. After 4 h, the specimens were washed twice with PBS and 1 mL of fresh sterile
PBS was added to each specimen followed by sonication to remove attached bacteria. The
released bacteria were then serially diluted and plated on TSA and incubated overnight
at 37 ◦C. On the following day, colony-forming units (CFU) were counted and CFU/mL
levels were calculated.

2.5. Pre-Osteoblast Culture

Cytocompatibility testing was only performed on the three silver-doped oxides
(A + Ag, B + Ag, and C + Ag) and a non-modified CPTi surface control group (NT).
Mouse pre-osteoblastic cells (MC3T3-E1, Subclone 4; American Type Culture Collection,
Manassas, VA, USA) were cultured and maintained in alpha modified Eagle’s minimum
essential medium with 10% fetal bovine serum and 1% penicillin–streptomycin at 37 ◦C
and 5% CO2. Specimens from each oxide (n = 3) were autoclaved and seeded with ap-
proximately 50,000 cells/cm2. The media were changed every 48 h for up to 7 days. Cell
viability of silver-doped groups was assessed using a live/dead TM viability/cytotoxicity
assay kit (Invitrogen, Carlsbad, CA, USA) on representative specimens (n = 3) of each oxide
on day 7. Images were captured using an epifluorescence microscope (IX81, Olympus,
Hachioji, Tokyo, Japan) with image analysis software (Slidebook 4.2.0.10, Olympus, Center
Valley, PA, USA).

For cell viability quantification, an MTT assay was conducted on days 7 and 14 for
the A + Ag, B + Ag, and C + Ag oxide groups and the NT CPTi control group (n = 3) as
described previously [38]. On days 7 and 14, the medium was removed, replaced with MTT
solution (Life Technologies Corporation, Eugene, OR, USA), and incubated at 37 ◦C for
4 h. Wells with cell culture medium and MTT solution but no pre-osteoblastic cells present
were used as controls. After a 4 h incubation period, the medium was removed and DMSO
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(Sigma Aldrich, St. Louis, MO, USA) was added and incubated for 10 min. The contents
for each well were collected, and three replicates of each oxide group were then plated in a
96-well plate and read using an ELx800 plate reader (Biotek, Winooski, VT, USA) at 540 nm.

2.6. Statistical Analyses

Two-way ANOVAs (α = 0.05) were utilized to determine the effect of the main factors
of the oxide group and silver doping on surface roughness, water contact angles, oxide layer
thickness values, and MB degradation percentages. If significant differences were shown
for these main factors or their interaction, a Tukey post hoc analysis was used to determine
differences between individual oxide groups. To evaluate differences in the phosphorus and
silver-doping uptake levels in the oxide groups, one-way ANOVAs (α = 0.05) were utilized
to analyze the data collected in the XPS analyses. If significant differences were shown,
a Tukey post hoc analysis was used to determine differences between individual oxide
groups. A three-way ANOVA (α = 0.05) was utilized to determine significant differences in
S. aureus attachment to the oxide surfaces due to the main factors including oxide group,
silver doping, and the light condition (dark or UVA-illuminated conditions). If significant
differences were shown for these main factors or their respective interactions, a Tukey post
hoc analysis was used to determine differences between individual oxide groups. Finally,
differences in cell viability were evaluated using one-way ANOVAs (α = 0.05) on days 7
and 14. If significant differences were shown, a Tukey post hoc analysis was used to compare
differences between individual oxide groups.

3. Results
3.1. Oxide Layer Characterization

Representative XRD scans for each oxide group are shown in Figure 1. Oxide groups
A and A + Ag exhibited primarily anatase phase oxides as shown by the peak centered at
25.4◦. Oxide groups B and B + Ag revealed mixed phase oxide formation, consisting of both
anatase and rutile phases, as indicated by peaks centered at 25.4◦ and 27.6◦, respectively.
Oxide groups C and C + Ag exhibited primarily rutile phase oxides as shown by the peak
centered at 27.6◦.
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Figure 1. Representative XRD scans are shown for each oxide group. Anatase (101) and rutile (110)
diffraction peaks are shown at two-theta angles of 25.4◦ and 27.6◦, respectively.

Representative SEM surface topography images are shown for each oxide at two differ-
ent magnifications in Figure 2. The surface topographies exhibited a relatively uniform dis-
tribution of submicron porosity for each anodized oxide in the study. Higher-magnification
inset images of the silver-doped oxides revealed nano-sized silver particles on the surfaces
which were absent in the counterpart oxides without silver doping. The nano-sized oxide
particles on B + Ag oxide appeared larger than those formed on the A + Ag and C + Ag oxides.
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Figure 2. Representative SEM images are provided to show the surface topographies for each
oxide group. The larger background images for each oxide were acquired at 5000× magnification
in order to examine larger surface areas. The inset images in the top right corner of each frame
were acquired at 60,000× magnification in order to assess the presence, or absence, of nano-sized
silver-containing particles.

Figure 3 shows representative 100 µm × 100 µm 3D AFM scans for each oxide. The
average surface roughness (Ra) and the average maximum height roughness (Rz) for
representative scans (n = 3) are compiled in Table 2. A two-way ANOVA revealed no
significant interaction between the main effects of oxide group or silver doping on oxide
Ra (p = 0.15). Subsequent simple main effects analyses showed that neither oxide group
(p = 0.22) nor silver doping (p = 0.21) showed a significant effect on oxide Ra. A two-way
ANOVA also revealed no significant interaction between the effects of oxide group or silver
doping on oxide Rz (p = 0.14). Subsequent simple main effects analyses showed that neither
oxide group (p = 0.75) nor silver doping (p = 0.15) showed a significant effect on oxide Rz.

Table 2. Surface roughness values for each oxide (mean ± SD).

Oxide Groups Ra (nm) Rz (µm)

A 314.4 ±13.6 2.9 ± 0.1

A + Ag 291.2 ± 3.9 3.3 ± 0.2

B 289.3 ± 13.8 2.7 ± 0.3

B + Ag 291.2 ± 38.9 3.1 ± 0.5

C 410 ± 109 4.1 ± 1

C + Ag 254.8 ± 48.6 2.9 ± 1.1
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Figure 3. Representative 100 × 100 µm2 3D AFM scans are shown for each oxide group.

The water contact angle measurements for each oxide group are provided in Figure 4.
All oxide groups exhibited contact angles less than 90 ◦C, indicative of hydrophilic surfaces.
A two-way ANOVA revealed no significant interaction between the effects of oxide group
or silver doping on the surface contact wetting angles (p = 0.09). Subsequent simple main
effects analyses showed that neither oxide group (p = 0.11) nor silver doping (p = 0.16)
exhibited a significant effect on the contact wetting angle.
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Representative survey and high-resolution XPS spectra of Ti 2p, O 1s, S 2p, N 1s, and
C1s for each oxide are compiled in Figure 5. The surface chemistries of each oxide group
are compiled from the XPS datasets in Table 3. The Ti 2p spectra in Figure 5B revealed
the presence of titanium at the highest oxidation state (Ti4+), indicating the formation
of titanium oxide, at approximately 458.8 eV and 465 eV for all oxide groups [26,39]. O
1s spectra, as shown in Figure 5C, revealed the presence of two main peaks at 530.1 eV
and 532.1 eV, which indicated the formation of titanium oxide and hydroxyl groups,
respectively [26,39]. An additional O 1s peak was present at 532 eV for each oxide, which
indicated the presence of additional hydroxyl groups and phosphates [26]. Oxide groups A
and A + Ag exhibited the highest intensities for this additional O 1s peak. This finding was
not surprising, as these oxide groups contained the highest phosphoric acid concentration
in the anodization electrolyte (Table 1). Figure 5D shows the high-resolution spectra for Ag
3d in each oxide. The three silver-doped oxide groups exhibited two peaks at approximately
367.8 eV and 373.7 eV. This finding indicated the presence of Ag+ and the formation of
Ag2O [33,40,41]. A one-way ANOVA on the silver-doping uptake levels found the B + Ag
oxide to exhibit a significantly higher amount of silver doping (1.28 ± 0.05 at %) compared
to the A + Ag oxide group (0.80 ± 0.09 at %) (p = 0.0001) and the C + Ag oxide group
(0.61 ± 0.03 at %) (p < 0.0001). In addition, silver-doping levels in the A + Ag oxide group
were also shown to be significantly higher than those for the C + Ag oxide group (p = 0.016).
The P 2p spectra for the phosphorus-doped oxides (A, A + Ag, B, and B + Ag), as shown in
Figure 5E, revealed a main peak at 133.9 eV which represents the formation of TiPO4 and a
peak shoulder at 134.6 eV, indicating the formation of P2O5 [26]. A one-way ANOVA on the
phosphorus-doping uptake levels found the A oxide to exhibit a significantly higher amount
of phosphorus doping (3.64 ± 0.12 at %) compared to the B oxide group (2.73 ± 0.11 at %)
(p = 0.0005) and the A + Ag oxide to exhibit a significantly higher amount of phosphorus
doping (3.14 ± 0.23 at %) compared to the B + Ag oxide group (2.65 ± 0.15 at %) (p < 0.02).
Interestingly, the A + Ag oxide showed a significantly lower phosphorus uptake compared
to its counterpart A oxide without silver doping (p = 0.02). However, the B + Ag and B
oxide groups exhibited statistically similar phosphorus-doping levels (p = 0.93).

Table 3. Oxide group surface chemistries (mean ± SD).

Oxide Groups Titanium
(at %)

Oxygen
(at %)

Carbon
(at %)

Sulfur
(at %)

Silver
(at %)

Phosphorus
(at %)

A 22.18 ± 0.43 55.35 ± 0.19 18.2 ± 0.23 0.50 ± 0.08 - 3.64 ± 0.12

A + Ag 20.14 ± 0.74 53.83 ± 1.51 21.14 ± 2.00 0.96 ± 0.87 0.80 ± 0.09 3.14 ± 0.23

B 23.00 ± 1.16 54.72 ± 1.41 18.71 ± 2.44 0.84 ± 0.27 - 2.73 ± 0.11

B + Ag 22.19 ± 0.65 54.06 ± 0.51 19.35 ± 0.94 0.46 ± 0.01 1.28 ± 0.05 2.65 ± 0.15

C 17.77 ± 2.94 45.00 ± 1.67 33.22 ± 2.42 1.77 ± 1.30 - -

C + Ag 22.23 ± 0.35 49.76 ± 0.40 25.73 ± 0.60 1.56 ± 0.03 0.61 ± 0.03 -

Oxide layer thickness values for each oxide group, measured from the cross-sectional
SEM images, are compiled in Figure 6. A two-way analysis revealed a significant interaction
between the effects of oxide group and silver doping on the oxide layer thickness values
(p = 0.039). Subsequent simple main effects analyses showed that oxide group (p < 0.0001)
and silver doping (p = 0.002) each had a statistically significant effect on the oxide thickness.
A Tukey post hoc analysis showed significant reductions in thickness between the C + Ag
oxide group and the counterpart C oxide group without silver doping (p = 0.005).
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Figure 7 compiles the cross-sectional EBSD analyses for the substrate CPTi material
and the anodized oxide groups. A representative grain orientation map for the CPTi
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substrate material is shown at the top of Figure 7. A grain size analysis revealed an average
grain diameter of approximately 10 µm for the titanium material. EBSD phase maps of the
cross-sections from each oxide group are shown at the bottom of Figure 7. Oxide groups
A and A + Ag revealed primarily anatase phase oxides with a few rutile grains near the
interface with the CPTi substrate material. This result was consistent with the anatase phase
peaks shown for these oxide groups in the bulk XRD phase analysis shown in Figure 1.
Oxide groups B and B + Ag exhibited an intermingled mixture of anatase and rutile phase
areas, which was also in agreement with the bulk XRD findings shown in Figure 1. More
importantly, the anatase and rutile phase areas within the B and B + Ag oxide cross-sections
were shown to be in close proximity to the outermost oxide surfaces. Thus, the EBSD
analysis gives us additional spatial information on the localized oxide phase distributions
within the mixed phase oxides that is not discernable from the XRD datasets. Oxide groups
C and C + Ag showed primarily rutile phase oxides with a few anatase grains dispersed
throughout the oxide cross-sections, which also agreed with the bulk XRD findings in
Figure 1.
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Figure 7. (Top) A representative EBSD grain orientation map is provided for the titanium substrate
material. A color-coded inverse pole figure legend depicting the grain orientations for hexagonal
close-packed alpha phase titanium is also included to the right of the map. (Bottom) Representative
cross-sectional EBSD phase maps are provided for each oxide group.
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3.2. Photocatalytic Degradation of Methylene Blue

The relative photocatalytic activity of each oxide group was determined by a methylene
blue degradation assay and is compiled in Figure 8. After 60 min of UVA illumination, a
two-way ANOVA revealed no significant interaction between the effects of oxide group
and silver doping on the MB degradation shown for the anodized oxides (p = 0.38). A
subsequent simple main effects analysis revealed silver doping to have a statistically
significant effect (p = 0.005) on MB degradation. However, a Tukey post hoc analysis
revealed no significant differences in MB degradation between any of the individual oxide
groups. The other simple main effects analysis revealed the oxide group (p = 0.096) did not
have a significant effect on MB degradation.
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Figure 8. (A) The relative methylene blue degradation levels for each anodized oxide area shown as a
function of UVA irradiation time. (B) The relative methylene blue degradation levels after 60 min of
UVA irradiation are compiled for each oxide. (C) The relative methylene blue degradation levels after
the 240 min of UVA irradiation are compiled for each oxide. Brackets represent significant differences
between oxide groups. Significantly higher methylene blue degradation levels were shown for the
C + Ag oxide group compared to the C oxide group (p = 0.0017). The C + Ag oxide also exhibited
significantly higher degradation levels compared to the A + Ag oxide group (p = 0.0006).

After 240 min, a two-way ANOVA did reveal a significant interaction between the
effects of oxide group and silver doping on the MB degradation shown for the anodized
oxides (p = 0.02). Subsequent simple main effects analyses showed both the oxide group
and silver doping exhibited significant effects on MB degradation (p < 0.001 and p = 0.002,
respectively). Furthermore, a post hoc Tukey analysis revealed the C + Ag oxide exhibited
significantly higher MB degradation compared to the counterpart C oxide without the
silver doping (p = 0.0017) as shown in Figure 8C. However, no significant differences were
shown between the A and A + Ag oxide groups (p = 0.99) or the B and B + Ag oxide groups
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(p = 0.34). Among the silver-doped oxides, the C + Ag oxide also exhibited significantly
higher MB degradation compared to A + Ag oxide (p = 0.0006).

3.3. Bacterial Testing

Figure 9 shows the relative S. aureus attachment to each of the oxide surfaces after 4 h
under dark (e.g., without UVA) and light (direct UVA irradiation) conditions. A three-way
ANOVA revealed there was not a significant three-way interaction between oxide group,
silver doping, and the light conditions (p = 0.21). However, there were significant two-way
interactions between the oxide group and light condition, oxide group and silver doping,
and silver doping and light condition (p = 0.05, 0.0006, and 0.002, respectively). Simple
main effects analyses showed the oxide group, light condition, and silver doping to each
have a significant effect on bacterial attachment on the oxide surfaces (p < 0.0001). A
post hoc Tukey analysis revealed no significant difference between the silver-doped and
non-silver-containing oxide counterparts for a given oxide under dark conditions. For the
silver-doped oxide groups under dark conditions, the A + Ag and C + Ag oxide groups
showed significantly fewer attached bacteria compared to the B + Ag oxide group (p = 0.008
and 0.0002, respectively) as shown in Figure 9A. For the non-silver-containing oxides under
dark conditions, the B oxide showed significantly higher numbers of attached bacteria
compared to the C oxide (p = 0.001).
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Figure 9. A comparison of the number of attached S. aureus is shown for each oxide group after
4 h under dark and UVA-light-irradiated conditions. (A) A comparison of the relative bacterial
attachment to each oxide under dark conditions is provided. Brackets represent significant differences
shown in bacterial attachment under dark conditions. Significantly decreased bacterial attachment
levels were shown for the A + Ag and C + Ag oxides compared to the B + Ag oxides. For the oxides
that did not contain silver, significantly decreased bacterial attachment was also shown for the C oxide
compared to the B oxide. (B) A comparison of the relative bacterial attachment under UVA-irradiated
conditions is provided. Brackets represent significant differences in bacterial attachment levels shown



J. Funct. Biomater. 2024, 15, 163 13 of 19

for the B + Ag oxide compared to its counterpart B oxide that did not contain silver doping. (C) A
direct comparison of the relative bacterial attachment to each oxide under dark and UVA-irradiated
conditions is provided. Each oxide showed significantly decreased bacterial attachment under
UVA-irradiated conditions compared to dark conditions.

Under UVA-irradiated light conditions, the B oxide showed a significantly higher num-
ber of attached bacteria compared its silver-doped B + Ag counterpart oxide (p < 0.0001)
as shown in Figure 9B. This difference was attributed to the silver-doping additions in
the B + Ag oxide. No significant differences were shown between the A and A + Ag or C
and C + Ag oxide groups. Finally, a direct comparison or the relative bacterial attachment
under dark and UVA-irradiated light conditions is shown in Figure 9C. Each oxide group
was shown to exhibit some photocatalytic bactericidal effect on the S. aureus as signifi-
cantly lower attachment was shown under UVA-irradiated conditions compared to dark
conditions (p < 0.0001).

3.4. Pre-Osteoblast Testing

Figure 10 shows the results of the live/dead assay indicating a high number of live
cells and very few dead cells present on the surfaces of each oxide group. The results of
the MTT assay (Figure 11) revealed no significant differences in cell viability for any of
the groups tested on day 7 (p = 0.284). There were no significant differences between the
non-modified CPTi control surface group and any of silver-doped oxide groups on day 14.
However, the A + Ag oxide showed significantly higher viability values compared to the
B + Ag and C + Ag oxides (p = 0.0014 and 0.0051, respectively) on day 14.
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Figure 10. Representative live/dead stained MC3T3 osteoblast images are shown for day 7 for each
group. Confluent live cell distributions are shown in green in the left images for each oxide. A sparse
distribution of dead cells is shown in red in the right images for each oxide.
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4. Discussion

Bone implant-associated infections can lead to loss of supporting bone and implant
failure [42]. Antibiotic treatments are often ineffective in treating such infections due to
the formation of biofilms [12]. Since the naturally forming oxide on titanium implants
lacks inherent antibacterial properties, surface modifications that may reduce bacterial
attachment, and subsequent infections, are needed. Anodization processes provide at
least two strategies to improve the bacterial response of titanium oxide surfaces. The first
strategy involves converting the naturally forming amorphous titanium oxides into anatase
or rutile crystalline phases that possess photocatalytic properties. Subsequent UVA light
irradiation of these crystalline oxide phases has been shown to generate reactive oxygen
species in oxygenated environments which attack bacterial cell membranes, leading to
their death [23,24]. The second strategy involves the addition of beneficial non-metal or
metal chemical dopants to the titanium oxide layers to improve the photocatalytic and
antimicrobial activities of the oxides [24,26–29,43]. Previous studies have demonstrated
improved photocatalytic activity after doping titanium oxide with phosphorus [25,26,31]
or silver [30,43]. The deposition of silver onto titanium surfaces has been previously shown
to inhibit the growth of S. aureus [9,44]. In the present study, we combined these two strate-
gies to reduce the bacterial attachment on anodized titanium. Specifically, silver doping
was added to three anodization processes that previously showed good photocatalytic
activity results.

The SEM, AFM, and surface wettability results revealed that silver doping did not sig-
nificantly change the surface topography, porosity, or the wettability of the oxides compared
to their counterparts without silver. However, SEM images did show nanoparticles on the
surfaces of each silver-doped oxide, which were not present on the non-silver-containing
groups. Previous titanium oxide studies utilizing silver doping or silver deposition have
reported similar silver-containing nanoparticles to be present on the surfaces [33,44,45].
The XPS analyses in the present study confirmed the presence of silver-doping in the
A + Ag, B + Ag, and C + Ag oxides. Interestingly, the B + Ag oxide revealed the highest
XPS atomic percentage of silver doping, despite containing the lowest concentration of
silver nitrate within the anodization process electrolytes listed in Table 1. The nano-sized
silver-containing particles shown in the Figure 2 SEM images for the B + Ag oxide also
appeared larger than those for the A + Ag and C + Ag oxides. It is worth noting again
that silver nitrate was dissolved to its saturation limit in each of the previously successful
electrolytes in this study. Silver nitrate was chosen as the salt for silver doping in this study,
since it has been widely used in other silver-doping coating studies [6,9,33].

The XRD and EBSD analyses showed no significant changes to the crystalline struc-
tures of the silver-doped oxides compared to their counterparts without silver. The A and



J. Funct. Biomater. 2024, 15, 163 15 of 19

A + Ag oxide groups exhibited mainly anatase phase oxide layers as a result of the higher
phosphorus-doping levels shown in the XPS dataset in Table 3. A number of previous
anodization studies have shown that phosphorus doping stabilizes the anatase phase and
restrains the anatase-to-rutile phase transformation [46–48]. The C and C + Ag oxides in the
present study, with no phosphoric acid additions in the anodization process electrolytes,
showed almost complete transformation to rutile phase oxides. However, the B and B + Ag
oxide groups, which had lower concentrations of phosphoric acid in the electrolyte and
lower levels of phosphorus uptake as shown in the XPS dataset in Table 3, formed mixed
phase oxides containing intermingled anatase and rutile crystalline phases. EBSD analyses
further revealed that the anatase and rutile phase distributions within the B and B + Ag
oxides were both in close proximity to each other and in direct contact with the outermost
oxide surfaces. This observation proved to be vital to the interpretation of the photocatalytic
activity and bacterial attachment results as described in the following paragraphs.

The relative effect of different crystalline titanium oxide phases on the resulting PCA
has been well documented in previous studies [19,49–51]. Generally, mixed phase oxides
containing both anatase and rutile phases in close proximity to each other have resulted
in higher PCA compared to single phase oxides [19,49,51]. Mixed phase oxides have been
shown to trap electrons and holes, retard electron–hole recombination, and thus increase
the duration of ROS activation [26]. Previous studies have also shown silver additions to
improve the PCA compared to counterpart titanium oxides without silver [23,51–53]. Silver
dopant incorporation has been shown to hinder the recombination of electrons and holes
due to the presence of a Schottky barrier at the interface between titanium oxide and the
silver [23,51,53].

In the present study, the C + Ag oxide, which was shown by XRD and EBSD anal-
yses to be a predominately single phase rutile oxide, exhibited significantly higher PCA
after 240 min of UVA illumination compared to the A + Ag silver-doped predominately
anatase phase oxide. Furthermore, the C + Ag oxide also showed significantly higher
PCA compared to its group C counterpart oxide with no silver doping. The B + Ag mixed
phase oxides, also shown by XPS to take up the highest levels of silver doping, revealed
statistically equivalent PCA levels compared to the C + Ag oxide. One potential explana-
tion for this surprising result for the B + Ag silver-doped mixed phase oxide is that the
phosphorus doping may have somewhat hindered the mixed phase PCA-enhancing effect.
However, the reduction in PCA due to phosphorus-doping levels may have been somewhat
counterbalanced by the higher silver-doping levels present in the B + Ag oxide to maintain
an overall high PCA response.

Silver additions to titanium oxides have also shown an antibacterial effect [40,54].
Titanium nanotubes embedded with Ag2O nanoparticles showed 97–99% antibacterial
efficacy against E. coli and S. aureus at day 24 of a previous study [40]. Silver deposition
on pure titanium showed 99% antibacterial efficacy against E. coli and 90% antibacterial
efficacy against S. aureus after 2 h in another previous study [54].

S. aureus was chosen for the bacterial testing in the present study due to its role
as an early colonizer in the formation of biofilms and its prevalence in implant-related
infections [5,55]. Specifically, Staphylococci species are a cause of up to four out of every
five orthopedic implant infections [5]. Additionally, S. aureus possesses several cell surface
adhesion molecules that help to facilitate attachment to both bone matrix and implant
surfaces [5]. For the oxides kept under dark conditions in the present study, the silver-
doped oxides did not show a significant change in the antibacterial effect compared to
their non-silver counterparts. Among the silver-doped oxides, the B + Ag oxide showed
significantly higher bacterial attachment compared to the A + Ag and C + Ag oxides. For
the non-silver-containing oxides, the C oxide showed significantly lower levels of bacterial
attachment compared to the B oxide. The higher bacterial attachment levels on the B and
B + Ag oxides in this study may have also been the result of the additional phosphorus
doping in these oxides.
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Under UVA irradiation conditions, the B + Ag oxide exhibited significantly lower
bacterial attachment compared to the B oxide counterpart without silver. This result
supports the previous studies suggesting silver additions reduce bacterial attachment.
However, XRD and EBSD analyses of the B + Ag oxide also revealed a mixed phase
oxide with intermingled anatase and rutile phases near the outermost oxide surface. This
type of mixed phase oxide has also been shown to enhance PCA and potentially the
related bactericidal effect in previous studies [19,49,51]. Therefore, reduction in bacterial
attachment shown for the B + Ag oxide in the present study was most likely a combination
of increased silver-doping levels and the PCA-enhancing effect of the mixed phase oxide.
Conversely, the higher bacterial attachment levels shown on the A + Ag and C + Ag oxides
may be attributed to lower silver uptake as shown in the XPS analyses and single phase
oxide layers as shown in the XRD and EBSD analyses.

The antibacterial activity of silver may be related to two different modes, including
contact killing and ion-mediated killing or non-contact killing [56,57]. Contact killing
takes place as a result of silver particles anchoring to the bacterial cell wall and infiltrating
it, whereas non-contact killing arises from the release of silver ions which attack the
bacteria [56,57]. In the present study, the primary bacterial reduction mechanism of the
silver-doped oxides was likely contact killing, since the silver particles were incorporated
into the oxide coatings. However, the ion-mediated killing mode from silver release may
have also been active in this study. In the future we plan to evaluate the antibacterial
activity of these coatings against other commonly acquired bacteria.

A small cell culture study was also performed to assess the cytocompatibility of the
silver levels in the silver-doped oxides. Silver depositions up to 2.8% onto commercially
sourced pure titanium discs through anodization have shown similar human fibroblast
cytocompatibility compared to control titanium surfaces without silver deposition [33].
Titanium nanotubes embedded with 0.38–1.62 at % silver using TiAg magnetron sputtering
showed almost no cytotoxicity to 3T3-E1 pre-osteoblasts after 5 days [40]. In the present
study, silver uptake into the oxides ranged between 0.62 and 1.28 at %. The cytocompatibil-
ity of the silver-doped oxides was confirmed as shown in the MTT results in Figure 11. No
significant differences in cell viability were shown between the silver-doped oxides and
the non-modified CPTi surfaces on day 7 or 14. Among the silver-doped oxides, the A +
Ag oxide exhibited significantly higher cell viability compared to the B + Ag and C + Ag
oxides. This result may be attributed to the increased phosphorus uptake shown in the A +
Ag oxide XPS dataset. Previous studies have shown improved osteoblast attachment and
proliferation on phosphorus-doped titanium oxide surfaces compared to non-modified
control titanium surfaces [13,58].

5. Conclusions

This study investigated the effects of silver doping additions to three established
anodization processes. Silver doping was not shown to exhibit a significant influence on
oxide crystallinity, surface topography, or surface wettability in the resulting oxides. Oxides
formed using a sulfuric acid anodization process exhibited significantly enhanced PCA
after silver doping, but silver-doped oxides formed in phosphoric-acid-containing anodiza-
tion electrolytes showed no significant changes in PCA. Staphylococcus aureus attachment
assays showed each oxide exhibited a photocatalytic antimicrobial effect as evidenced by
a significant decrease in bacterial attachment under UVA irradiation. However, only the
phosphorus-doped mixed anatase and rutile phase oxide exhibited an additional signifi-
cant reduction in bacterial attachment under UVA irradiation as a result of silver doping.
The antimicrobial success of this oxide was attributed to a combination of two previously
successful strategies that are simultaneously possible through anodization processes. The
formation of the mixed phase oxide was used to enhance the PCA-driven antimicrobial
activity of the oxides and the silver-doping additions were utilized to chemically enhance
the antimicrobial activity. The two-fold antimicrobial activity exhibited by these oxides
shows much promise for future titanium implant coatings.
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14. İzmir, M.; Ercan, B. Anodization of titanium alloys for orthopedic applications. Front. Chem. Sci. Eng. 2019, 13, 28–45. [CrossRef]
15. Jain, S.; Scott Williamson, R.; Roach, M.D. Surface characterization, shear strength, and bioactivity of anodized titanium prepared

in mixed-acid electrolytes. Surf. Coat. Technol. 2017, 325, 594–603. [CrossRef]
16. Leach, J.S.; Pearson, B.R. Crystallization in anodic oxide Films. Corros. Sci. 1988, 1, 43–56. [CrossRef]
17. Sul, Y.-T.; Johansson, C.B.; Jeong, Y.; Albrektsson, T. The electrochemical oxide growth behaviour on titanium in acid and alkaline

electrolytes. Med. Eng. Phys. 2001, 23, 329–346. [CrossRef] [PubMed]
18. Choi, J.Y.; Kim, K.H.; Choy, K.C.; Oh, K.T.; Kim, K.N. Photocatalytic antibacterial effect of TiO2 film formed on Ti and TiAg

exposed to Lactobacillus acidophilus. J. Biomed. Mater. Research. Part B Appl. Biomater. 2007, 80, 353–359. [CrossRef] [PubMed]
19. Dikici, T.; Yildirim, S.; Yurddaskal, M.; Erol, M.; Yigit, R.; Toparli, M.; Celik, E. A comparative study on the photocatalytic

activities of microporous and nanoporous TiO2 layers prepared by electrochemical anodization. Surf. Coat. Technol. 2015, 263, 1–7.
[CrossRef]

20. Gopal, J.; George, R.P.; Muraleedharan, P.; Khatak, H.S. Photocatalytic inhibition of microbial adhesion by anodized titanium.
Biofouling 2004, 20, 167–175. [CrossRef]

https://doi.org/10.1177/22808000211040304
https://www.ncbi.nlm.nih.gov/pubmed/34409896
https://doi.org/10.1016/j.actbio.2018.09.051
https://doi.org/10.1002/jbm.b.34033
https://doi.org/10.3389/fbioe.2020.576969
https://www.ncbi.nlm.nih.gov/pubmed/33330415
https://doi.org/10.4161/biom.22905
https://doi.org/10.1002/1097-4636(20001215)52:4%3C662::AID-JBM10%3E3.0.CO;2-3
https://www.ncbi.nlm.nih.gov/pubmed/11033548
https://doi.org/10.1016/j.surfin.2020.100892
https://doi.org/10.1016/j.biotechadv.2008.09.002
https://www.ncbi.nlm.nih.gov/pubmed/18854209
https://doi.org/10.1002/jbm.a.35019
https://doi.org/10.1016/j.biomaterials.2014.02.005
https://doi.org/10.1016/j.carbpol.2014.12.027
https://www.ncbi.nlm.nih.gov/pubmed/25659669
https://doi.org/10.1002/jbm.b.31463
https://www.ncbi.nlm.nih.gov/pubmed/19637369
https://doi.org/10.1016/j.actbio.2006.12.003
https://www.ncbi.nlm.nih.gov/pubmed/17320494
https://doi.org/10.1007/s11705-018-1759-y
https://doi.org/10.1016/j.surfcoat.2017.07.010
https://doi.org/10.1016/0010-938X(88)90005-4
https://doi.org/10.1016/S1350-4533(01)00050-9
https://www.ncbi.nlm.nih.gov/pubmed/11435147
https://doi.org/10.1002/jbm.b.30604
https://www.ncbi.nlm.nih.gov/pubmed/16850466
https://doi.org/10.1016/j.surfcoat.2014.12.076
https://doi.org/10.1080/08927010400008563


J. Funct. Biomater. 2024, 15, 163 18 of 19

21. Rupp, F.; Haupt, M.; Klostermann, H.; Kim, H.S.; Eichler, M.; Peetsch, A.; Scheideler, L.; Doering, C.; Oehr, C.; Wendel, H.P.; et al.
Multifunctional nature of UV-irradiated nanocrystalline anatase thin films for biomedical applications. Acta Biomater. 2010, 6,
4566–4577. [CrossRef] [PubMed]

22. Farahani, N.; Kelly, P.J.; West, G.; Ratova, M.; Hill, C.; Vishnyakov, V. Photocatalytic activity of reactively sputtered and directly
sputtered titania coatings. Thin Solid Film. 2011, 520, 1464–1469. [CrossRef]

23. Ibrahim, H.M.M. Photocatalytic degradation of methylene blue and inactivation of pathogenic bacteria using silver nanoparticles
modified titanium dioxide thin films. World J. Microbiol. Biotechnol. 2015, 31, 1049–1060. [CrossRef] [PubMed]

24. Nasirian, M.; Lin, Y.P.; Bustillo-Lecompte, C.F.; Mehrvar, M. Enhancement of photocatalytic activity of titanium dioxide using
non-metal doping methods under visible light: A review. Int. J. Environ. Sci. Technol. 2018, 15, 2009–2032. [CrossRef]

25. Asahi, R.; Morikawa, T.; Ohwaki, T.; Aoki, K.; Taga, Y. Visible-light photocatalysis in nitrogen-doped titanium oxides. Science
2001, 293, 269–271. [CrossRef] [PubMed]

26. Johnson, H.A.; Williamson, R.S.; Marquart, M.; Bumgardner, J.D.; Janorkar, A.V.; Roach, M.D. Photocatalytic activity and
antibacterial efficacy of UVA-treated titanium oxides. J. Biomater. Appl. 2020, 35, 500–514. [CrossRef] [PubMed]

27. Liang, J.; Hao, C.; Yu, K.; Li, Y. Excellent photocatalytic performance of cobalt-doped titanium dioxide nanotubes under ultraviolet
light. Nanomater. Nanotechnol. 2016, 6, 1–5. [CrossRef]

28. Manu, S.; Khadar, M.A. Non-uniform distribution of dopant iron ions in TiO2 nanocrystals probed by X-ray diffraction, Raman
scattering, photoluminescence and photocatalysis. J. Mater. Chem. C 2015, 3, 1846–1853. [CrossRef]

29. Pan, C.; Dong, L. Fabrication of Gold-Doped Titanium Dioxide (TiO2:Au) Nanofibers Photocatalyst by Vacuum Ion Sputter
Coating. Journal of macromolecular science. Physics 2009, 48, 919–926. [CrossRef]

30. Yu, S.; Li, B.; Luo, Y.; Dong, L.; Fan, M.; Zhang, F. Preparation of Ag-Modified (B,P)-Codoped TiO2 Hollow Spheres with Enhanced
Photocatalytic Activity. Eur. J. Inorg. Chem. 2014, 2014, 1142–1149. [CrossRef]

31. Gopal, N.O.; Lo, H.H.; Ke, T.F.; Lee, C.H.; Chou, C.C.; Wu, J.D.; Sheu, S.-C.; Ke, S.-C. Visible Light Active Phosphorus-Doped
TiO2 Nanoparticles: An EPR Evidence for the Enhanced Charge Separation. J. Phys. Chem. C 2012, 116, 16191–16197. [CrossRef]

32. Iwase, M.; Yamada, K.; Kurisaki, T.; Prieto-Mahaney, O.O.; Ohtani, B.; Wakita, H. Visible-light photocatalysis with phosphorus-
doped titanium(IV) oxide particles prepared using a phosphide compound. Appl. Catal. B Environ. 2013, 132–133, 39–44.
[CrossRef]

33. Godoy-Gallardo, M.; Rodríguez-Hernández, A.G.; Delgado, L.M.; Manero, J.M.; Javier Gil, F.; Rodríguez, D. Silver deposition on
titanium surface by electrochemical anodizing process reduces bacterial adhesion of Streptococcus sanguinis and Lactobacillus
salivarius. Clin. Oral Implant. Res. 2015, 26, 1170–1179. [CrossRef] [PubMed]

34. Deyan, V.; Hristo, S. Influence of the Electrochemical Anodizing Parameters on the Microstructure, Microroughness and
Microhardness of Anodized Ti-6Al-7Nb. Arch. Metall. Mater. 2020, 65, 1223–1226. [CrossRef]

35. Mori, Y.; Fujimori, S.; Kurishima, H.; Inoue, H.; Ishii, K.; Kubota, M.; Kawakami, K.; Mori, N.; Aizawa, T.; Masahashi, N.
Antimicrobial Properties of TiNbSn Alloys Anodized in a Sulfuric Acid Electrolyte. Materials 2023, 16, 1487. [CrossRef]

36. Vera, M.L.; Colaccio, Á.; Rosenberger, M.R.; Schvezov, C.E.; Ares, A.E. Influence of the Electrolyte Concentration on the Smooth
TiO2 Anodic Coatings on Ti-6Al-4V. Coatings 2017, 7, 39. [CrossRef]

37. Ali, A.; Chowdhury, S.; Carr, M.A.; Janorkar, A.V.; Marquart, M.; Griggs, J.A.; Bumgardner, J.D.; Roach, M.D. Antibacterial
and biocompatible polyaniline-doped titanium oxide layers. J. Biomed. Mater. Res. Part B Appl. Biomater. 2022, 111, 1100–1111.
[CrossRef] [PubMed]

38. Ali, A.; Chowdhury, S.; Janorkar, A.V.; Marquart, M.; Griggs, J.A.; Bumgardner, J.D.; Roach, M.D. A Novel Single-Step Anodization
Approach for PANI-doping Oxide Surfaces to Improve the Photocatalytic Activity of Titanium Implants. Biomed. Mater. 2022,
18, 015010. [CrossRef] [PubMed]

39. Schreckenbach, J.P.; Marx, G.; Schlottig, F.E.A.; Textor, M.; Spencer, N.D. Characterization of anodic spark-converted titanium
surfaces for biomedical applications. J. Mater. Sci. Mater. Med. 1999, 10, 453–457. [CrossRef]

40. Gao, A.; Hang, R.; Huang, X.; Zhao, L.; Zhang, X.; Wang, L.; Tang, L.; Ma, S.; Chu, P.K. The effects of titania nanotubes with
embedded silver oxide nanoparticles on bacteria and osteoblasts. Biomaterials 2014, 35, 4223–4235. [CrossRef]

41. Yang, X.H.; Fu, H.T.; Wang, X.C.; Yang, J.L.; Jiang, X.C.; Yu, A.B. Synthesis of silver-titanium dioxide nanocomposites for
antimicrobial applications. J. Nanoparticle Res. Interdiscip. Forum Nanoscale Sci. Technol. 2014, 16, 2526. [CrossRef]

42. Wu, Y.; Zitelli, J.P.; TenHuisen, K.S.; Yu, X.; Libera, M.R. Differential response of Staphylococci and osteoblasts to varying titanium
surface roughness. Biomaterials 2011, 32, 951–960. [CrossRef]

43. Tada, H.; Ishida, T.; Takao, A.; Ito, S. Drastic Enhancement of TiO2-Photocatalyzed Reduction of Nitrobenzene by Loading Ag
Clusters. Langmuir 2004, 20, 7898–7900. [CrossRef]

44. Lan, M.Y.; Liu, C.P.; Huang, H.H.; Lee, S.W. Both enhanced biocompatibility and antibacterial activity in Ag-decorated TiO2
nanotubes. PLoS ONE 2013, 8, e75364. [CrossRef]

45. Deshmukh, S.P.; Mullani, S.B.; Koli, V.B.; Patil, S.M.; Kasabe, P.J.; Dandge, P.B.; Pawar, S.A.; Delekar, S.D. Ag Nanoparticles
Connected to the Surface of TiO2 Electrostatically for Antibacterial Photoinactivation Studies. Photochem. Photobiol. 2018, 94,
1249–1262. [CrossRef]

46. Akhter, P.; Akhter, P.; Arshad, A.; Saleem, A.; Hussain, M. Recent Development in Non-Metal-Doped Titanium Dioxide
Photocatalysts for Different Dyes Degradation and the Study of Their Strategic Factors: A Review. Catalysts 2022, 12, 1331.
[CrossRef]

https://doi.org/10.1016/j.actbio.2010.06.021
https://www.ncbi.nlm.nih.gov/pubmed/20601247
https://doi.org/10.1016/j.tsf.2011.09.059
https://doi.org/10.1007/s11274-015-1855-9
https://www.ncbi.nlm.nih.gov/pubmed/25877701
https://doi.org/10.1007/s13762-017-1618-2
https://doi.org/10.1126/science.1061051
https://www.ncbi.nlm.nih.gov/pubmed/11452117
https://doi.org/10.1177/0885328220942669
https://www.ncbi.nlm.nih.gov/pubmed/32686588
https://doi.org/10.1177/1847980416680808
https://doi.org/10.1039/c4tc02362e
https://doi.org/10.1080/00222340903028662
https://doi.org/10.1002/ejic.201301388
https://doi.org/10.1021/jp212346f
https://doi.org/10.1016/j.apcatb.2012.11.014
https://doi.org/10.1111/clr.12422
https://www.ncbi.nlm.nih.gov/pubmed/24890701
https://doi.org/10.24425/amm.2020.133242
https://doi.org/10.3390/ma16041487
https://doi.org/10.3390/coatings7030039
https://doi.org/10.1002/jbm.b.35217
https://www.ncbi.nlm.nih.gov/pubmed/36585829
https://doi.org/10.1088/1748-605X/aca37d
https://www.ncbi.nlm.nih.gov/pubmed/36384042
https://doi.org/10.1023/A:1008988706980
https://doi.org/10.1016/j.biomaterials.2014.01.058
https://doi.org/10.1007/s11051-014-2526-8
https://doi.org/10.1016/j.biomaterials.2010.10.001
https://doi.org/10.1021/la049167m
https://doi.org/10.1371/journal.pone.0075364
https://doi.org/10.1111/php.12983
https://doi.org/10.3390/catal12111331


J. Funct. Biomater. 2024, 15, 163 19 of 19

47. Roach, M.D.; Williamson, R.S.; Blakely, I.P.; Didier, L.M. Tuning anatase and rutile phase ratios and nanoscale surface features by
anodization processing onto titanium substrate surfaces. Mater. Sci. Eng. C 2016, 58, 213–223. [CrossRef]

48. Zhao, D.; Chen, C.; Wang, Y.; Ji, H.; Ma, W.; Zang, L.; Zhao, J. Surface modification of TiO2 by phosphate: Effect on photocatalytic
activity and mechanism implication. J. Phys. Chem. C 2008, 112, 5993–6001. [CrossRef]

49. Kawahara, T.; Ozawa, T.; Iwasaki, M.; Tada, H.; Ito, S. Photocatalytic activity of rutile-anatase coupled TiO2 particles prepared by
a dissolution-reprecipitation method. J. Colloid Interface Sci. 2003, 267, 377–381. [CrossRef] [PubMed]

50. Luttrell, T.; Halpegamage, S.; Tao, J.; Kramer, A.; Sutter, E.; Batzill, M. Why is anatase a better photocatalyst than rutile?—Model
studies on epitaxial TiO2 films. Sci. Rep. 2015, 4, 4043. [CrossRef] [PubMed]

51. Moma, J.; Baloyi, J. Modified Titanium Dioxide for Photocatalytic Applications. In Photocatalysts—Applications and Attributes;
IntechOpen: London, UK, 2019. [CrossRef]

52. Chen, K.; Feng, X.; Tian, H.; Li, Y.; Xie, K.; Hu, R.; Cai, Y.; Gu, H. Silver-decorated titanium dioxide nanotube arrays with
improved photocatalytic activity for visible light irradiation. J. Mater. Res. 2014, 29, 1302–1308. [CrossRef]
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