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Purpose: The study was intended to compare the surface properties and the bacterial and biofilm adhesion resistance of two potential 
antibacterial nanometer titanium dioxide (nano-TiO2) coatings on dental titanium (Ti) abutments prepared by atomic layer deposition 
(ALD) and the anodic oxidation (AO) techniques.
Methods: Nano-TiO₂ coatings were developed using ALD and AO techniques and applied to Ti surfaces. The surface properties and 
the bacterial and biofilm adhesion resistance of these coatings were evaluated against commonly used Ti and Zirconia (ZrO₂) surfaces. 
The chemical compositions, crystalline forms, surface topography, roughness and hydrophilicity were characterized. The antibacterial 
performance was assessed by the scanning electron microscope (SEM), the Colony-forming unit (CFU) assay and the 3-(4, 
5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) assay using in vitro models of Staphylococcus aureus (S. aureus), 
Streptococcus mutans (S. mutans), and Porphyromonas gingivalis (P. gingivalis) in both single- and mixed-species bacterial 
compositions.
Results: ALD-prepared nano-TiO₂ coatings resulted in a dense, smooth, and less hydrophilic surface with an anatase phase, 
significantly reducing the adhesion of the three bacteria by over 50%, comparable to ZrO₂. In contrast, AO-prepared coatings led to 
a less hydrophilic surface, characterized by various nano-sized pores within the oxide film. This alteration, however, had no impact on 
the adhesion of the three bacteria. The adhesion patterns for mixed-species bacteria were generally consistent with single-species 
results.
Conclusion: ALD-prepared nano-TiO₂ coatings on Ti abutments demonstrated promising antibacterial properties comparable to ZrO₂ 
surfaces, suggesting potential in preventing peri-implantitis. However, the bacterial and biofilm adhesion resistance of AO-produced 
nano-TiO₂ coatings was limited.
Keywords: atomic layer deposition, anodic oxidation, titanium dioxide, dental abutment, surface properties, antibacterial effect

Introduction
Dental implant restorations have emerged as the preferred therapeutic modality for rehabilitating missing teeth, wherein 
the dental abutment stands as a pivotal component crucial to the soft tissue sealing.1 Unfortunately, unlike the strong soft 
tissue sealing surrounding natural teeth, dental abutments exhibit significantly lower functional sealing performance. This 
discrepancy arises due to the fiber orientation being parallel to the abutment surface and the limited blood supply, 
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predominantly stemming from thin connective tissue.2 Consequently, these conditions create a conducive environment 
for bacterial invasion and colonization on the surfaces of dental abutments. As biofilms migrate further, a cascade of 
tissue inflammation around the dental abutment is triggered.3 This process can result in localized mucositis and, 
ultimately, advance to peri-implantitis. In contemporary clinical practice, commonly utilized implant abutment materials 
comprise titanium (Ti) and zirconia (ZrO2). In a meta-analysis encompassing 19 clinical randomized controlled studies 
over an average observation period of 36 months, Sanz-Martin et al4 observed a notable increase in mucosal inflamma-
tion reactions associated with Ti abutments compared to the ZrO2 ones. The reasons for this discrepancy lie in the 
challenges posed by bacterial plaque adhesion on ZrO2 surfaces.5 This underscores the direct link between bacterial 
adhesion on implant abutment surfaces and the choice of materials. However, compared to Ti, the relatively low 
mechanical strength limits the widespread clinical application of ZrO2. Thus, to mitigate the formation of biofilms and 
plaque accumulation, facilitating antibacterial ability on dental Ti abutments could prove beneficial. Given this context, 
nanometer titanium dioxide (nano-TiO2) coatings exhibit broad-spectrum effectiveness against diverse microorganisms, 
encompassing Gram-positive and Gram-negative bacteria, among other types of microbes. Recent investigations have 
highlighted the ability of nano-TiO2 coatings on dental implant materials to elicit an antibacterial effect on common 
bacteria,6–9 usually with a rough surface.9 It’s worth noting that, surface treatments such as sandblasting and acid etching 
are commonly employed in the manufacturing of dental titanium implants to enhance surface roughness, facilitating 
osteoblast adhesion and proliferation, thereby improving osseointegration.10 However, these treatments also increase 
bacterial adhesion.11 In contrast, dental Ti abutments require a relatively smooth surface to promote the adhesion of 
surrounding soft tissue.12 Consequently, machining and polishing are the preferred treatment for the emergence profile of 
dental Ti abutments at the manufacture, although it still offers limited antibacterial properties.4

There are two methods for preparing nano-TiO2 coatings on dental Ti abutment materials. One is the anodic oxidation 
(AO) technology, a conventional and widespread coating preparation method, which has found extensive use in creating 
nano-TiO2 coatings on surfaces of Ti-based materials like abutments (eg, Dentsply Astra Tech).13 This process involves 
utilizing a metal as the anode in conjunction with an electrolyte such as sulfuric acid or phosphoric acid. When an 
external electric current is applied, oxidation reactions take place on the metal surface, resulting in the formation of an 
oxide layer. Moreover, this process can alter the surface characteristics and properties of the metal, encompassing factors 
such as surface color, biocompatibility, and corrosion resistance.14 Studies indicated that nano-TiO2 coatings produced 
through AO can enhance the hydrophilicity of Ti abutment surfaces15 and facilitate the formation of anatase crystal 
structure TiO2, consequently reducing early bacterial colonization on these surfaces.16 However, findings from Hall 
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et al,17 in a randomized controlled clinical study, revealed that compared to untreated Ti abutments, AO-modified Ti 
abutment surfaces did not significantly diminish bacterial biofilm formation. Nonetheless, they did note an enhancement 
in soft tissue integration on the material’s surface. Consequently, the debate surrounding the antibacterial efficacy of AO- 
modified Ti abutments persists.

Another technology for the preparation of nano-TiO2 coatings on dental Ti abutment materials is atomic layer 
deposition (ALD) technology, which has been described by our previous study.18 It involves sequentially depositing 
materials in the form of atomic layers onto the surface of a substrate using alternating pulses of gas-phase precursors. 
This method can create uniform nano-scale coatings with controllable thickness and strong adhesion on micro or 
complex structures at relatively low temperatures,19 showcasing its technological superiority compared to the AO 
technology. Studies highlighted ALD’s capability in enhancing surface biocompatibility and curbing bacterial adhesion 
by modifying surface chemistry and nano structural morphology. This allows for precise control over surface nanos-
tructure and surface energy.9,18,20 Based on these advantages, nano-TiO2 coatings synthesized via ALD exhibit promising 
antibacterial effectiveness across various applications, including orthopedic implants9 and denture base materials.21 Our 
previous study18 also has indicated the ALD-TiO₂ coating with the thickness of 100 nm not only reduced bacterial 
adhesion but also exhibited favorable biocompatibility, corrosion resistance, and a warm yellow hue, enhancing the 
aesthetics of dental abutments. Thus, using ALD to create nano-TiO2 coatings on dental Ti abutment surfaces holds 
significant clinical potential for imparting excellent antibacterial properties. However, whether the antibacterial effect of 
nano-TiO2 coatings prepared by ALD is better than those produced by AO remains unknown.

The interface between the abutment and soft tissue, serving as the primary barrier against bacterial intrusion, is 
influenced not only by material surface properties but also by the diversity of bacteria involved.22 Both Gram-positive 
and Gram-negative bacteria adhere and form biofilms through a multi-step process involving initial adhesion, irreversible 
attachment, maturation, and dispersion.23,24 Initial bacterial attachment varies based on surface properties, while irrever-
sible attachment is mediated by specific bacterial surface components.24 The irreversible attachment is facilitated by surface 
structures like MSCRAMMs in Gram-positive bacteria and pili in Gram-negative bacteria, while extracellular polymeric 
substances (EPS) form a protective matrix.25 Gram-negative bacteria rely on lipopolysaccharides (LPS), and Gram-positive 
bacteria on teichoic acids (TA), both of which provide surface charges that influence adhesion and biofilm formation. 
Quorum sensing (QS) regulates biofilm growth and dispersal, with Gram-positive bacteria using autoinducing peptides 
(AIP) and Gram-negative bacteria employing acyl-homoserine lactones (AHL).24 Furthermore, Gram-positive bacteria 
boast thicker peptidoglycan layers, granting them higher resistance to reactive oxygen species (ROS), while the lipid layers 
and lipopolysaccharides of Gram-negative bacteria are more susceptible to disruption via photocatalytic means.26

Additionally, the oral microbial community exhibits considerable diversity and complexity, engaging in interactions 
such as symbiosis, competition, and antagonism.27 Regarding the mixed-species models, Dorkhan et al16 found bacterial 
adhesion to anodized Ti surfaces involving early colonizers (oral streptococci, viridans streptococci, Aggregatibacter 
actinomycetemcomitans, and Streptococcus sanguinis) revealed reduced adhesion for mixed-species and single-species 
after 2 hours compared to commercially pure Ti. However, the reduction in mixed-species adhesion did not yield 
statistically significant differences. Similarly, Mouratidou et al28 established single-species bacterial biofilms 
(Actinomyces naeslundii, Fusobacterium nucleatum, and Streptococcus gordonii) alongside mixed-species biofilms to 
explore antibiotic sensitivity. Their findings highlighted that mixed-species biofilms displayed reduced antibiotic sensi-
tivity compared to single-species biofilms. Consequently, developing models involving both single-species and mixed- 
species biofilms becomes indispensable in studying the antibacterial effectiveness of abutment materials, providing 
a more accurate comprehension of the intricate interplay between oral microbiota and diverse materials.

Therefore, the present study aims to compare the surface properties of nano-TiO2 coatings applied to dental Ti 
abutments, fabricated by ALD and AO techniques. This evaluation will be assessed in comparison with ZrO2 and Ti 
surfaces. To further investigate the bacterial and biofilm adhesion resistance of these four surfaces, in vitro bacterial 
models were employed, encompassing single-species and mixed-species compositions of three peri-implantitis-associated 
bacteria, such as the Gram-negative obligate anaerobe P. gingivalis, and Gram-positive obligate anaerobe S. mutans, and 
S. aureus. The results of this investigation would establish the foundational knowledge regarding the performance of 
these materials as dental abutment materials in the oral cavity and offer recommendations for dental abutment materials 
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to help prevent peri-implantitis. The hypotheses under investigation are as follows: (1) Distinct differences exist in 
surface properties among the four surfaces. (2) Discrepancies are observed in the bacterial adhesion of S. mutans, 
S. aureus, and P. gingivalis on these four surfaces. (3) Variances emerge in the adhesion of mixed-species bacteria to the 
four materials compared to the adhesion observed with single-species compositions.

Materials and Methods
This study did not involve humans or animals and did not require ethics approval.

Preparation of Materials
In this study, two dental materials, Ti (Ti6Al4V, Nissin, China) and ZrO2, (Aidite, China) were utilized. Test samples 
were designed as disk-shaped specimens (10.0 mm in diameter, 2.0 mm in thickness) and they were fabricated by the 
computer-aided design and computer-aided manufacturing (CAD-CAM) mill. All specimens were wet-polished with 
silicon carbide sandpapers to grade #7000. Subsequently, they were sequentially cleaned and dried with acetone, ethanol, 
and deionized water using ultrasonication. That were Ti group and ZrO2 group.

And then, two methods were used to prepare the nano-TiO2 coatings on Ti surface. The first method, ALD 
technology, was described as follows: the samples were placed in the ALD (TALD-06G, Jiaxingkeming, China), 
operating in thermal mode. The nano-TiO2 coatings were then applied to the Ti substrates using Titanium tetrakis 
dimethylamide (TDMAT) and H2O as precursors, along with argon (99.999%) as the purge gas. Each ALD cycle in this 
study consisted of a 0.1-second TDMAT, a 25-second argon purge, a 0.02-second H2O purge, and another 25-second 
argon purge. The nano-TiO2 coatings were grown at a temperature of 260°C, with a total of approximately 1625 cycles 
prepared. And then the nano-TiO2 coatings with the thickness of 100 nm were produced. That were Ti+ALD group. 
Following the treatments, the samples were rinsed with deionized water and the hot air dried.8,15

The second method employed in this study involved the utilization of AO technology. Electrochemical staining was 
conducted on Ti samples using a 1M phosphoric acid electrolytic solution within a temperature-regulated enclosure 
(DH1719A-5 model, Dahua, China). The Ti was affixed to the anode, while a 20.0 mm × 30.0 mm stainless steel plate 
served as the cathode, positioned at a distance of 2 cm from the anode. A constant voltage of 60 V was applied through 
a direct current stabilizing power supply (DH1719A-5 model) for a duration of 60 seconds to facilitate AO. The specific 
reaction process is outlined as follows:24 Upon application of an appropriate oxidation voltage, the anode sheds electrons, 
generating Ti4+ ions according to formula (1). Simultaneously, O2- ions and OH− ions manifest at the cathode as indicated 
in formula (2). These resulting ions migrate via the electric field and electrolyte transport. The interaction of Ti4+ ions 
with O2- ions leads to the formation of TiO2 at the titanium/electrolyte interface, outlined in formula (3). That were Ti 
+AO group. Following the treatments, the samples were rinsed with deionized water and hot air dried.8,15

Subsequently, all the samples from four groups were stored after sterilization with ethylene oxide gas.

Surface Properties
Chemical Analysis
The chemical compositions of the randomly selected samples from Ti, Ti+AO and Ti+ALD groups were determined by 
the X-ray photoelectron spectroscopy (XPS) system (Thermo Scientific K-Alpha+, Thermo Fisher, USA).

Crystalline Forms Analysis
The crystalline forms of the randomly selected samples from Ti, Ti+AO, and Ti+ALD groups were performed using 
X-ray diffraction (XRD) (Miniflex 600, Rigaku, Japan) equipped with Cu Kα radiation.
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Surface Topography and Roughness Analysis
The randomly selected samples from four groups were subjected to surface topography and roughness analysis. The 
scanning electron microscope (SEM) device (Sigma 300, Zeiss, Germany) was used for surface topography evaluation. 
The non-conductive ZrO2 samples were gold-sputtered, and then the samples were placed in the SEM device at 
magnifications of × 5.00 K, and × 20.00 K. Atomic Force Microscope (AFM) (Dimension Icon, Bruker, USA) was 
used for roughness analysis.

Hydrophilicity
The hydrophilicity of the samples from each group (n = 6) was assessed through water contact angle (WCA) measure-
ments. Using an optical contact angle meter (SDC-100, Shengding, China), a 4 μL drop of distilled water was placed on 
the specimen’s surface. Final contact angle values were determined by averaging three measurements taken at different 
parts of the surfaces.

Antibacterial Assays
Single-Species Biofilm Formation
S. aureus (ATCC 25,923), S. mutans (ATCC 25,175), and P. gingivalis (ATCC 33,277) were cultured as described in the 
previous study.18

Mixed-Species Biofilm Formation
Single-species biofilm formation was conducted following the protocol as described in a previous study.18 The 
concentrations of S. aureus, S. mutans, and P. gingivalis were subsequently adjusted to 1×108 CFU/mL, with 
S. mutans and S. aureus further diluted to 1×103 CFU/mL. These three bacterial suspensions were combined in equal 
proportions. Subsequently, the samples were placed into 15 mL centrifuge tubes (n = 6), and 200 μL of the aforemen-
tioned suspensions were added to each tube, supplemented with 5 mL of brain heart infusion (BHI) culture medium, 
constituting the mixed microbial solution for this study. These samples were then transferred to 24-well plates (n = 6), 
where 100 μL of the same suspensions were added to each well, along with 1 mL of bacterial culture medium. The plates 
were subsequently incubated at 37°C for 24 hours.

Colony-forming Unit (CFU) Counts
After a 24-hour incubation period, the samples (n = 6) with single-species or mixed-species biofilms underwent two 
washes with PBS to eliminate non-adherent microorganisms, following which they were transferred to a tube containing 
1 mL of PBS. Subsequently, the samples were vortexed for 1 minute to collect the biofilm. Culture of the microorganisms 
was performed using BHI agar plates. These agar plates were then anaerobically incubated at 37°C, varying in duration 
based on the microorganism: S. aureus and S. mutans for 2 days, P. gingivalis for 5–7 days, and mix-species for 4–7 days, 
to enumerate CFUs.

Detection of Metabolic Activity of Biofilm
After the incubation of biofilms, samples (n = 6) underwent two washes with PBS to eliminate non-adherent bacteria 
before being transferred into a new 24-well plate. To assess the metabolic activity of biofilms on test samples, 3-(4, 
5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT kit, MCE, US) was utilized. Each well received 1 mL of 
0.5 mg/mL MTT solution, submerging the test discs. Following a 2-hour incubation at 37°C in a micro-aerobic 
environment, the MTT solution was replaced with 1 mL of dimethyl sulfoxide (DMSO). After gently shaking the 24- 
well plate for 20 minutes, 200 μL of DMSO from each well was transferred into a 96-well plate, and the absorbance at 
540 nm was measured using a spectrophotometer (Spectra Max iD3, Molecular Devices, US) to evaluate the biofilm’s 
metabolic activity.

Biofilm Imaging
Following incubation, the randomly selected samples with single-species or mixed-species 24-hour biofilms underwent 
two washes with phosphate buffer solution (PBS) to eliminate non-adherent cells. These samples were then immersed in 
glutaraldehyde solution (2.5%), dehydrated progressively using ethanol solutions (ranging from 30% to 100%), and 
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subsequently desiccated. Upon desiccation, gold-sputtering was performed, and adherent microorganisms were visualized 
using SEM (Sigma 300, Zeiss, Germany).

Statistical Analysis
The experiments were conducted in triplicate and repeated on three separate occasions. Statistical analyses were carried out 
using SPSS software version 20.0. Outliers were identified using boxplot analysis. The Shapiro–Wilk test was performed to 
assess normality. For data that followed a normal distribution, one-way ANOVA was employed. In contrast, the Kruskal– 
Wallis test was used for non-normal data. Levene’s test was conducted to check for homogeneity of variances. In cases of 
heterogeneous variances, Welch’s ANOVA was applied. Post hoc analysis for one-way ANOVA involved Tukey’s multiple- 
comparison test for homogeneous data and Dunnett’s T3 test for cases with non-homogeneous variances. For the Kruskal– 
Wallis test, Dunn’s Test was utilized for post hoc comparisons. A significance level of α = 0.05 was applied to all tests.

Results
Surface Properties
As shown in Figure 1A, the color of both Ti+AO and Ti+ALD samples changed to yellow hue, which is conducive to 
peri-implant soft tissue color of Ti abutment.29

Chemical Analysis
To determine the elemental composition and chemical bonds of the nano-TiO2 coatings prepared by AO and ALD on Ti 
abutment surfaces, XPS analysis was performed on the Ti, Ti+AO, and Ti+ALD samples. Figure 1B and Table 1 
displayed the full XPS spectrum of the Ti, Ti+AO, Ti+ALD groups, which all had three distinct peaks attributed to Ti, 
oxygen (O), and carbon (C) elements. Specifically, in the Ti+ALD group, the relative atomic content of C and Ti 
elements was the highest, accounting for 29.65 at. % and 21.34 at. %, respectively, with trace amounts of Nitrogen (N) 
detected. In the Ti+AO group, the relative atomic content of O element was the highest, at 51.21 at. %.

The high-resolution Ti2p spectra in Figure 1C showed double peaks at approximately 464.2 eV and 458.5 eV, 
corresponding to Ti4+2p1/2 and Ti4+2p3/2, indicating the presence of Ti4+. These peaks were consistent with the reference 
spectra for TiO2, confirming that the coatings consisted of TiO2.30 Additionally, a broad shoulder peak at 453.8 eV in the 
Ti group represented the elementary substance Ti, which was not detected in the Ti+AO and Ti+ALD groups, indicating 
that Ti was successfully oxidized during the AO and ALD processes. Furthermore, the highest relative atomic content of 
Ti4+ (3.04 at.%) was observed in the Ti+ALD group, indicating the highest level of TiO2. (Table 2) This finding also 
corresponded to the notably heightened atomic concentration of Ti element (21.34 at.%) in the Ti+ALD group.

Figure 1 Photographs, Chemical and crystalline forms analysis on surfaces of samples. (A) Photographs of samples; (B) XPS full spectrum; (C) High-resolution scan around 
Ti element; (D) High-resolution scan around O element; (E) XRD patterns.
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The high-resolution O1s spectra in Figure 1D showed two peaks at approximately 529.9 eV and 531.7 eV, 
corresponding to Ti-O and Ti-OH bonds, respectively. Specifically, ALD-TiO2 exhibited the highest relative atomic 
content of Ti-O at 5.75 at.%, while Ti-OH showed the lowest presence (1.56 at.%) in this group. (Table 2)

Crystalline Forms Analysis
To determine the crystalline structure of nano-TiO2 coatings prepared by AO and ALD on Ti abutment surfaces, XRD 
analysis was performed on the Ti, Ti+AO, and Ti+ALD samples, as shown in Figure 1E. The diffraction peaks for the α- 
phase (100), (002), (101), and (102) planes and the β-phase (110) were observed in all groups. Notably, the Ti+ALD 
group showed a strong A (101) diffraction peak at 2θ=25.4°, presenting the formation of anatase TiO2 phase compared to 
the other groups.

Surface Topography and Roughness Analysis
The surface topography and roughness of Ti, Ti+AO, Ti+ALD, and ZrO2 groups were examined using SEM and AFM, 
illustrated in Figure 2A and B. SEM analysis revealed distinctive features: The Ti group displayed non-uniform surface 

Table 1 Atomic Concentration Percentages of Each 
Element (at. %)

Group C O Ti Al Si P N

Ti 28.06 48.78 18.42 2.52 2.22 — —

Ti+AO 25.02 51.21 17.97 — 2.39 2.09 1.33

Ti+ALD 29.65 47.87 21.34 — — — 1.16

Note: “—” signifies the absence of detection.

Table 2 Atomic Concentration Percentages of Chemical 
Bonds of Main Element (at. %)

Element Chemical bond Ti Ti+AO Ti+ALD

O1s Ti-O 4.38 4.55 5.75

Ti-OH 2.76 3.02 1.56

Ti2p Ti4+ 2.66 2.59 3.04
Ti 0.20 — —

Note: “—” signifies the absence of detection.

Figure 2 Surface topography, roughness, and hydrophilicity analysis on surfaces of samples. (A) SEM; (B) AFM morphology. (a) Ti group; (b) Ti+AO group; (c) Ti+ALD 
group; (d) ZrO2 group. (C) Roughness (Ra); (D) Roughness (RMS); (E) Water contact angles. *p < 0.05, **p < 0.01, ***p < 0.001.
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structures with noticeable tripping and flake formations. Conversely, the Ti+AO group exhibited a smoother surface with 
reduced and shallower scratches alongside various nano-sized pores on the oxide film. The ALD-TiO2 coatings appeared 
denser than the AO-TiO2 and non-coated surfaces, uniformly covering the substrate with TiO2 nanoparticles, resulting in 
a visibly smoother surface. Similarly, the ZrO2 group displayed a uniformly smooth substrate surface with shallow 
groove-like scratches, notably smoother than the other groups. AFM images mirrored these trends. The Ti sample 
displayed ridge-uplift and valley depression, whereas the AO-TiO2 coated surfaces showed subtle variations with pore- 
like structures. In contrast, the ALD-TiO2 coated samples presented the sharp and spikelike nanostructures. The ZrO2 

surface exhibited the smoothest surface (SEM image), featuring densely distributed point-like particles with scattered 
needle-like protrusions (AFM image).

Additionally, Figure 2C and D presented the roughness values. Compared to the Ti group, the surface roughness (Ra) 
of the Ti+AO, Ti+ALD, and ZrO2 groups decreased from (30.07 ± 5.06) nm to (28.40 ± 2.01) nm, (14.47 ± 4.39) nm, 
and (7.33 ± 0.87) nm, respectively. Both Ti and Ti+AO groups were significantly different with Ti+ALD (p < 0.01) and 
ZrO2 (p < 0.001) groups, respectively. However, the differences between the Ti group and the Ti+AO group, as well as 
between the Ti+ALD group and the ZrO2 group, were not statistically significant (p > 0.05). The value of RMS mirrored 
these trends.

Hydrophilicity
The water contact angles (WCA) of the ZrO2 (72.45 ± 4.64)°, Ti+ALD (62.91 ± 3.71)°, and Ti+AO (67.75 ± 0.45)° were 
found to be higher than that of the Ti group (52.70 ± 0.86)° (Figure 2E), all the difference were significant (p < 0.01), 
indicating that the presence of loaded nano-TiO2 reduced the hydrophilicity of the Ti substrates, but they are still 
hydrophilicity materials (WCA < 90°).31 Furthermore, there were statistical differences between Ti+ALD and ZrO2 

groups (p < 0.05).

Antibacterial Capability of Single-Species
Colony-forming Unit (CFU) Counts
In Figure 3A, significant differences in CFU results were observed between the ZrO2 and Ti+ALD groups compared to 
the Ti+AO and Ti groups after co-culturing with S. mutans (p < 0.01), S. aureus (p < 0.001), and P. gingivalis (p < 0.01), 
respectively. The comparable bacterial adhesion (p > 0.05) was observed among ZrO2 and Ti+ALD groups, as well as Ti 
+AO and Ti groups. Then, the evaluation of the antibacterial effect was determined by comparing the bacteria adhesion 
of bacteria to the Ti+ALD and ZrO2 groups with that of Ti group. The result showed the lowest observed antimicrobial 
effect was about 50% (S. aureus and P. gingivalis), while the highest one was about 80% (S. mutans).

Detection of Metabolic Activity of Biofilm
Similar with the result of CFUs, the significant differences in MTT results (Figure 3B) were observed between the ZrO2 

and Ti+ALD groups compared to the Ti+AO and Ti groups after co-culturing with S. mutans (p < 0.01), S. aureus (p < 
0.05), and P. gingivalis (p < 0.05), respectively. The comparable bacterial adhesion (p > 0.05) was observed among ZrO2 

and Ti+ALD groups, as well as Ti+AO and Ti groups.

Biofilm Imaging
Generally, the SEM images at low magnification (× 5.00K) (Figure 4) exhibited a lower abundance of three bacterial 
species in Ti+ALD and ZrO2 groups.

After 24 h co-culturing with S. mutans (Figure 4A), the bacteria of Ti group and Ti+AO group were deposited on the 
material surface, particularly in irregular areas such as scratches and gullies, and formed chain-like patterns. High 
magnification SEM (× 20.00K) showed that individual bacteria consisted of multiple “capsule” structures in series, with 
smooth surfaces, full shapes, and intact envelopes.

After 24 h co-culturing with S. aureus (Figure 4B), the Ti and Ti+AO groups displayed bacteria clustered on the 
material surface in a “grape-like” distribution. In contrast, the Ti+ALD and ZrO2 groups showed scattered spherical 
bacteria on the specimen surfaces. High magnification SEM (×20.00K) revealed spherical bacteria, full in shape and with 
complete envelopes in all groups.
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After 24 h co-culturing with P. gingivalis (Figure 4C), the Ti and Ti+AO groups exhibited densely dispersed bacteria 
on the specimen surface. However, the Ti+ALD and ZrO2 groups showed scattered spherical or rod-shaped bacteria. 
High magnification SEM (×20.00K) illustrated that individual bacteria were spherical or rod-shaped, with rough surfaces, 
full shapes, and complete envelopes.

Antibacterial Capability of Mixed-Species
Colony-forming Unit (CFU) Counts
In Figure 5A, significant differences (p < 0.05) in CFU results were observed between the ZrO2 and Ti+ALD groups 
compared to Ti group after co-culturing with mixed-species consisting of S. aureus, S. mutans, and P. gingivalis. The 
comparable bacterial adhesion (p > 0.05) was observed between Ti+AO and Ti groups, while significant differences were 
found among ZrO2 and Ti+ALD groups (p < 0.01), the antibacterial effect was evaluated by comparing bacterial 
adhesion in the Ti+ALD and ZrO2 groups with that in the Ti group. The result showed the observed antimicrobial effect 
was approximately 75% for ALD-TiO2 and ZrO2 surfaces.

Figure 3 The amount and metabolic activity of bacterial adhesion on surfaces of samples. (A) The results of CFUs; (B) The results of MTT assay. *p < 0.05, **p < 0.01, 
***p < 0.001.
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Detection of Metabolic Activity of Biofilm
Similar with the result of CFUs, the significant differences (p < 0.05) in MTT results (Figure 5B) were observed between 
the ZrO2 and Ti+ALD groups compared to the Ti+AO and Ti groups after co-culturing with mixed-species that consist of 
S. aureus, S. mutans, and P. gingivalis. The comparable bacterial adhesion (p > 0.05) was observed among ZrO2 and Ti 
+ALD groups, as well as Ti+AO and Ti groups.

Biofilm Imaging
Low magnification SEM images (×5.00K) (Figure 5C) exhibited that bacteria in the Ti and Ti+AO groups aggregated on 
the material surface, especially in irregular areas, while the Ti+ALD and ZrO2 groups had a lower abundance of all three 
bacterial species.

Figure 4 SEM images of biofilms of (A) S. mutans, (B) S. aureus, and (C) P. gingivalis on surfaces of samples. (a) Ti group; (b) Ti+AO group; (c) Ti+ALD group; (d) ZrO2 

group.

Figure 5 Antibacterial assays for Mixed-Species Biofilm on surfaces of samples. (A) The results of CFUs; (B) The results of MTT assay; (C) SEM images of biofilms (a) Ti 
group; (b) Ti+AO group; (c) Ti+ALD group; (d)ZrO2 group. *p < 0.05, **p < 0.01, ***p < 0.001.
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High magnification SEM (×20.00K) revealed specific characteristics of S. aureus, S. mutans, and P. gingivalis. 
S. aureus appeared round and larger than the other two bacteria, with a smooth surface, scattered or arranged in “grape- 
like” clusters. S. mutans consisted of several “capsule” structures arranged in chains or singly, with smooth surfaces and 
full shapes. P. gingivalis was bulbous or rod-shaped, with a rough surface, full form, and complete envelope. These three 
bacteria were interleaved and arranged on the specimen surface.

Discussion
The results indicated a statistically significant difference in surface properties and bacterial adhesion of S. mutans, 
S. aureus, and P. gingivalis among the Ti, AO-TiO2, ALD-TiO2, and ZrO2 surfaces. Interestingly, the adhesion of mixed- 
species bacteria resembled that of single-species bacteria. Consequently, we could accept the first and second null 
hypotheses while rejecting the third null hypothesis.

Chemical analysis (Figure 1B–D) showed that, in the Ti+ALD group, the relative atomic content of C and Ti elements 
is the highest, with trace amounts of Nitrogen (N) detected. The presence of C element may originate not only from 
airborne carbon contamination but also residues of C and N elements from the byproduct generated during the ALD 
reaction of TDMAT with H2O, which also explained the source of the detected N element. In the Ti+AO group, the 
relative atomic content of O element is the highest. This may be attributed to its association with Silicon (Si), Phosphorus 
(P), and N elements, capable of bonding with O. The Si element, akin to that in the Ti group, might stem from residual Si 
after polishing with silicon carbide paper on the Ti substrate. It could also originate from the AO process of TiO2 

preparation, explaining the absence of Si element residue in the Ti+ALD group. Prior studies, such as Wang et al,15 

corroborate these findings, noting minor Si and P elements on anodized Ti substrates, suggesting the incorporation of 
electrolytes into the film-forming process. Additionally, Kern et al32 indicated the reproducible existence of P in the 
corresponding oxides during anodization experiments with phosphate-containing electrolytes, where phosphate ions 
comprised a significant portion of the total film thickness.33 Phosphate, being a fundamental component of living 
organisms with good biocompatibility, justifies its selection as an electrolyte in the present study.

The results of Crystalline forms analysis (Figure 1E) indicated that the anatase TiO2 phase was only found in the Ti 
+ALD group. This observation is in line with previous studies that reported the formation of the anatase TiO2 phase 
through ALD.17,18 Fenoglio et al34 found anatase TiO2 can generate ROS in ambient light conditions (even in darkness) 
and possesses certain antibacterial properties.35 Key factors determining the phase structure of nano TiO2 coatings via 
ALD technology include precursor types and growth temperatures.36 Firstly, precursor selection significantly influences 
the ALD temperature range. Ti alkoxides and amides, commonly used for TiO₂ films, decompose below 300°C and 
produce non-toxic by-products.9,37 Accordingly, the present study employed TDMAT as the precursor at temperatures 
below 300°C. A linear increase in layer thickness with ALD cycles has been observed between 50°C and 300°C.38 In 
contrast, Chung et al39 used the heteroleptic precursor, allowing ALD at temperatures up to 400°C. While halides like 
TiCl₄ also support growth above 400°C, their by-products (eg, HCl) pose corrosion risks.37 Growth temperature also 
affects film crystallinity.9,39,40 Both Reiners et al40 and Chung et al39 indicated that higher growth temperature (TDMAT, 
250°C and heteroleptic, 236°C) promoted the anatase-phase crystallization, while the lower growth temperature showed 
amorphous with smooth surfaces. Similarly, Liu et al9 used TDMAT and H2O precursors via ALD on Ti implants at 
temperatures of 120°C, 160°C, and 190°C. Only at 190°C did anatase-phase crystallization occur. In the present study, 
the ALD reaction temperature was 260°C, exhibiting anatase-phase nano TiO2 on Ti+ALD samples, consistent with prior 
researches.40 However, Ti+AO group lacked anatase diffraction peaks, possibly due to the lower AO voltage (60 V) used 
herein. Brunello et al used 8 V and 2.2 A for AO modification on Ti alloys, finding similar bacterial adhesion to 
mechanically processed Ti. In contrast, Giordano et al used 100 V and 120 V for AO, showing anatase diffraction peaks 
at both voltages, especially intense at higher voltage, indicating electrochemical-induced anatase inhibition against 
bacterial colonization.41

As illustrated in the results of surface topography and roughness analysis (Figure 2), compared to Ti group, Ti+AO 
group exhibited a smoother surface with reduced and shallower scratches alongside various nano-sized pores on the 
oxide film. This alteration may be linked to gas emission during AO, consistent with findings from previous studies.42 

The roughness of the Ti+ALD group decreased significantly as a result of particle deposition on the surface, which 
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partially filled the valley concavities.43 Furthermore, the surface roughness of the Ti-based substrate decreased after AO 
and ALD treatments, yet it still did not match the smoothness of the ZrO2 group, consistent with the observations from 
the four groups of SEM morphology and AFM surface topography. Nevertheless, the SEM image of ZrO2 surface 
exhibited the smoothest surface, while AFM image of that featured densely distributed point-like particles with scattered 
needle-like protrusions, these were in accordance with other studies.44–46 The reason for the different surface topography 
observed in AFM and SEM images is that AFM and SEM differ significantly in terms of imaging mechanisms, 
resolution, and dimensionality. These two high-resolution surface investigations are complementary techniques that 
provides a more complete representation of a surface when used together than if each were the only technique 
available.47

Particularly, the AFM and SEM image of Ti+ALD samples exhibited a smooth and spikelike nanostructure. This 
contrasted with the roughen surfaces observed in other studies,9,39 likely also due to differences in production parameters 
of ALD process, such as precursor type, growth temperature, substrate and coating thickness.37 The influence of 
precursor type on the growth temperature has been previously discussed. As Chung et al39 noted, ALD growth 
temperature significantly affected the film’s microstructure, and roughness. Their films grown at 182°C were amorphous 
with smooth surfaces, while those above 236°C showed the roughening surfaces. At temperatures above 300°C, only 
very fine grains were apparent. Liu et al9 also found a remarkable nanorough surfaces at 120°C, 160°C and 190°C. In the 
present study, the growth temperature of 260°C was applied, which was aligns with the 263°C reported by Chung et al,39 

yet differences in surface morphology persisted. Substrate choice is another factor influencing crystallization 
behavior.48,49 The distinct microstructures we observed likely result from the differing substrates used for TiO₂ coating. 
Additionally, coating thickness plays a key role in determining surface morphology.18,39,49 Thicker films tend to 
crystallize,39 with particle size and crystallization rate increasing with thickness.18 Beyond a threshold, fewer active 
O-sites reduce the crystallization rate.50 Building on our previous findings,18 the 100 nm ALD-TiO₂ coating not only 
reduced bacterial adhesion but also exhibited favorable biocompatibility, corrosion resistance, and a warm yellow hue, 
enhancing the aesthetics of dental abutments. To achieve similar performance and avoid the corrosion risks associated 
with TiCl₄ at high temperatures, we changed the precursor to TDMAT and conducted this ALD process in the present 
study. It can be found that the similar color, surface properties and antibacterial performance were observed.

The decreased hydrophilicity was found in Ti+AO, Ti+ALD and ZrO2 groups, these phenomena could stem from the 
relatively smooth surface of the ALD-TiO2 and ZrO2 (Figure 2E), while they might also be attributed to the interaction 
between surface roughness and hydroxyl density.42 Further research is needed to explore the extent to which these factors 
influence water contact angles, as well as the potential involvement of other factors.

Despite the diversity within oral microbial communities, the formation of plaque and the development of biofilms are 
continuous and dynamic processes. Streptococcus, a Gram-positive, facultative anaerobic bacteria with a short doubling 
time, has been established as an early colonizer on surfaces of teeth and dental implants.51,52 The late colonizers, 
represented by slow-growing obligate anaerobes like P. gingivalis, gradually integrate into the oral biofilm,53,54 coin-
ciding with the decrease of early colonization bacteria.55 Hence, this study selected three bacteria: S. mutans and 
S. aureus, both Gram-positive early colonizers, and P. gingivalis, a Gram-negative late colonizer and obligate anaerobe. 
The evaluation of the antibacterial effect was determined by comparing the adhesion of bacteria to the Ti group with that 
of the other three groups.

This study investigated the antibacterial properties of ZrO2 and Ti, as well as ALD/AO-TiO2 on Ti substrates via 
CFUs and MTT (Figure 3). The ZrO2 and Ti+ALD groups showed comparable antibacterial properties, while Ti+AO 
group showed no antibacterial effect. Specifically, the lowest observed antimicrobial effect was about 50% (S. aureus and 
P. gingivalis), while the highest one was approximately 80% (S. mutans). The higher bactericidal efficacy against Gram- 
positive S. mutans (80%) compared to Gram-negative P. gingivalis (50%) was surprising, given the general belief that 
Gram-positive species are more resistant to mechanical rupture. This discrepancy could be attributed to their different 
modes of cell division, with S. aureus forming clusters and S. mutans forming chains. Consequently, S. mutans may 
encounter difficulty dividing laterally across nanostructured surfaces, exposing them to a larger surface area and 
potentially causing higher levels of membrane stress.56
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The surface properties of materials play a crucial role in bacterial adhesion and growth, influenced by various factors 
such as surface roughness, wettability, charge, surface topography, and chemical composition.57,58 The surface char-
acteristics of the ZrO2 group exhibited extreme smoothness, uniformity, and absence of pronounced grooves, and show 
the largest contact angle, indicating the poorest hydrophilicity. This may explain, in part, the reduced bacterial adhesion 
observed in the ZrO2 group, aligning with findings from other in vitro59 and in vivo studies.4 Another research suggested 
that ZrO2 is an amphoteric metal, potentially displaying a positive charge or being neutral.60 In contrast, the metal Ti 
surface has an isoelectric point of around 6.0 and carries a negative charge.61 Bacterial adhesion, facilitated by calcium 
ions,11 tends to occur more on negatively charged Ti surfaces, resulting in a localized positive charge. While most 
bacteria remain negatively charged,62 which promotes bacterial adhesion on the Ti surface.63 This elucidated the higher 
bacterial adhesion observed on Ti surfaces, contributing to the significantly lower bacterial adhesion in the ZrO2 group 
within this study. However, bacterial adhesion is a complex process, demanding further investigation into the relative 
impact of these factors and potential synergistic effects.

On another note, Ti-based substrate materials treated with AO and ALD exhibited an increase in water contact angle, 
indicating decreased hydrophilicity. Intriguingly, only the Ti+ALD group demonstrated antibacterial properties compar-
able to the ZrO2 group. There are several explanations for this phenomenon. Firstly, ALD-TiO2 effectively concealing 
deep and extensive scratches and fissures on Ti substrate surfaces. Moreover, the smoother and more hydrophobic 
surfaces potentially reduced bacteria adherence,64,65 subsequently inhibiting bacterial capacity to withstand shear forces 
and proliferate on material surfaces.8 Secondly, ALD, as a nano-coating technique, leads to densely clustered nanopar-
ticles on TiO2 coatings. Prior research has highlighted that this augmentation in surface nanostructures diminishes 
bacterial adhesion by reducing bacterial anchoring points and enhancing fibronectin adsorption.9,66–68 Hayles et al56 also 
demonstrated that spiked titanium nanostructures could eliminate anaerobic dental pathogens in both single-species and 
dual-species. Similarly, Lorenzetti et al69 indicated that in TiO₂-coated samples, the nanocrystals reduced the spacing 
between microasperities, introducing nanoroughness. This decreased the contact area between bacteria and the surface, 
resulting in up to 50% less bacterial adhesion compared to untreated titanium. Thirdly, ALD technology facilitates the 
concurrent production of anatase TiO2 with precise temperature regulation, thereby resulting in heightened antibacterial 
efficacy in comparison to the amorphous layers of TiO2 coatings formed on the Ti and Ti+AO group’s surfaces.8,70 

Dorkhan et al16 also confirm that early colonizer adherence diminishes notably on surfaces abundant in anatase (ALD- 
TiO2). Another reason for the relatively poorer antibacterial performance of the Ti+AO group might be its similarity in 
roughness to the Ti group. Additionally, SEM images (Figure 4) indicated a more porous surface morphology of AO- 
TiO2, which further facilitates bacterial adhesion.64,65

The SEM images (Figure 4) exhibited a lower abundance of three bacteria in Ti+ALD and ZrO2 groups. Moreover, all 
the bacteria formed thick membrane with geometric three-dimensional complexity, suggesting the absence of obvious 
bactericide mechanism of ALD-TiO2. This may be attributed to the limitations of nano-TiO2 as a bactericide, which is in 
nanoparticle form and relies on photofunctionalization.8

Apart from material surface physicochemical properties, competitive interactions among bacteria within mixed- 
species environments also might impact the extent of bacterial adhesion. This behavior might stem from bacterial 
competition for nutrients and/or inhibition by other species, with varying inhibitory activities among different bacterial 
species. For instance, Li et al71 observed that S. mutans biofilm cells predominated in mixed cultures due to shorter 
generation times, thus having an advantage in competition with other bacterial species. Tu et al72 also confirmed the 
supernatants from S. mutans markedly suppressed the growth and biofilm formation of P. gingivalis. Moreover, metabolic 
interactions and signaling molecules between bacteria contribute to the maturity of biofilms.73 Multi-species biofilms 
generate extracellular polymeric substances (EPS) that consist of polysaccharides, proteins, and extracellular DNA, 
aggregating them favorably in three-dimensional spatial arrangements.74

To better simulate the oral environment, considering bacterial proliferation time and nutrient competition, a mixed 
in vitro bacterial model comprising three species was constructed in the present study. Initial concentrations in the mixed 
model were set as 1×103 CFU/mL for S. mutans and S. aureus, and 1×108 CFU/mL for P. gingivalis, enabling the 
coexistence and reproduction of the three strains, which also aligns with the decline in the early colonization bacteria 
proportion when P. gingivalis participates in biofilm formation.55 Interestingly, SEM observations and MTT assay results 
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(Figure 5) indicated that bacterial adhesion on the surfaces of the four groups correlated with the trend observed for 
single-species adhesion. The only variation noted was in the CFU results for the mixed-species cultures, where the Ti 
+ALD group had a significantly lower CFU count than the ZrO2 group (p<0.01). However, the MTT assay showed 
similar metabolic activity between the two groups. This discrepancy arises from differences in the assay principles. The 
CFU assay measures the number of viable cells capable of colony formation, while the MTT assay assesses metabolic 
activity by measuring the reduction of MTT to formazan crystals, indicating cell viability.75 Therefore, a sample with 
high metabolic activity (reflected in MTT results) may not have a corresponding high CFU count, especially if some cells 
are alive but not replicating. Additionally, interactions in mixed-species cultures can affect bacterial growth and 
metabolism. For example, some oral bacterial strains, such as S.mutans, can inhibit growth of P. gingivalis through 
various mechanisms,72,76 which could lead to a lower CFU count but sustained metabolic activity. Although the CFU 
results showed that the Ti+ALD group had significantly lower bacterial counts than the ZrO2 group, the values for them 
were notably low compared to Ti+AO and Ti groups. Based on the mixed-species MTT results and the CFU and MTT 
results for single species, the antibacterial efficacy of the ALD-TiO₂ coating and the ZrO₂ surface remains comparable. 
This suggested that, in a more complex environment containing multiple bacteria, the Ti+ALD and ZrO2 groups, 
influenced by the physicochemical properties of the material surface, still exhibit the least bacterial adhesion compared 
to the Ti and Ti+AO groups, making them ideal choices for dental abutment materials.

However, although this study’s inclusion of three peri-implantitis-related bacterial species adds complexity compared 
to other single-species in vitro studies, limitations in the complexity of the oral microbial environment mean it is still 
distant from the human oral microbiome. Further investigations will aim to optimize bacterial growth conditions, 
simulate the surrounding environment more accurately, including microbial diversity and relationships, providing 
potential laboratory-based evidence for the selection of clinical abutment materials. Furthermore, the perimucosal 
integration surrounding the abutment serves as the initial defense against pathogenic infiltration leading to peri- 
implantitis. Consequently, the surface characteristics of the abutment profoundly influence this soft tissue response. 
Thus, the effects of nano-TiO2 coatings prepared by ALD and AO technologies on soft tissue integration also need 
further investigation.

Conclusion
With the limitation of this study, the following conclusions were drawn.

1. Nano-TiO2 coatings prepared by ALD rendered the surface of dental Ti abutment dense, flat, smooth, and less 
hydrophilia, featuring an anatase phase. This modification significantly reduced the adhesion of S. aureus, 
S. mutans, and P. gingivalis, by at least 50%, comparable to the effect observed on ZrO2 surfaces.

2. Nano-TiO2 coatings prepared by AO made the surface of dental Ti abutment less hydrophilia, characterized by 
various nano-sized pores within the oxide film. However, this alteration did not impact the adhesion of S. aureus, 
S. mutans, and P. gingivalis.

3. The adhesion behavior of mixed-species bacteria (consisting of the aforementioned three species) closely mirrored 
that of single-species bacteria. It confirmed that, akin to ZrO2 abutments, nano-TiO2 coatings prepared by ALD on 
Ti abutments exhibited strong potential for application in preventing peri-implantitis. In contrast, the antibacterial 
efficacy of AO-TiO2 abutments was not obvious, resembling that of Ti abutments.
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