
RESEARCH ARTICLE

Surface properties of dental zirconia ceramics

affected by ultrasonic scaling and low-

temperature degradation

Kosuke Nakazawa1, Keisuke Nakamura2*, Akio Harada1, Midori Shirato2, Ryoichi Inagaki3,
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Abstract

Zirconia (3Y-TZP) dental prostheses are widely used in clinical dentistry. However, the

effect of ultrasonic scaling performed as a part of professional tooth cleaning on 3Y-TZP

dental prostheses, especially in conjunction with low-temperature degradation (LTD), has

not been fully investigated. The present study aimed to evaluate the influence of ultrasonic

scaling and LTD on the surface properties of 3Y-TZP in relation to bacterial adhesion on the

treated surface. 3Y-TZP specimens (4 × 4 × 2 mm) were polished and then subjected to

autoclaving at 134˚C for 100 h to induce LTD, followed by 10 rounds of ultrasonic scaling

using a steel scaler tip for 1 min each. Surface roughness, crystalline structure, wettability,

and hardness were analyzed by optical interferometry, X-ray diffraction analysis, contact

angle measurement, and nano-indentation technique, respectively. Subsequently, bacterial

adhesion onto the treated 3Y-TZP surface was evaluated using Streptococcus mitis and S.

oralis. The results demonstrated that the combination of ultrasonic scaling and LTD signifi-

cantly increased the Sa value (surface roughness parameter) of the polished 3Y-TZP sur-

face from 1.6 nm to 117 nm. LTD affected the crystalline structure, causing phase

transformation from the tetragonal to the monoclinic phase, and decreased both the contact

angle and surface hardness. However, bacterial adhesion was not influenced by these

changes in surface properties. The present study suggests that ultrasonic scaling may be

acceptable for debridement of 3Y-TZP dental prostheses because it did not facilitate bacte-

rial adhesion even in the combination with LTD, although it did cause slight roughening of

the surface.

Introduction

Zirconia is widely used in dentistry owing to its excellent mechanical properties as well as

the development of computer-aided design/computer-aided manufacturing (CAD/CAM)
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technology [1, 2]. Zirconia dental prostheses include frameworks for all-ceramic fixed dental

prostheses (FDPs), dental implant abutments, and monolithic restorations. According to sys-

tematic reviews, the cumulative 5-year survival rate for zirconia-based FDPs is over 90% [3–6],

which is comparable to that of metal-ceramic FDPs.

The longevity of dental prostheses largely depends not only on the quality of the prosthetic

treatment but also on the plaque control continuously performed by patients and dental pro-

fessionals to prevent development and recurrence of dental caries and/or periodontal disease

[7, 8]. Professional tooth cleaning complements self-performed plaque control by providing

cleaning in difficult-to-reach areas, such as the subgingival area. In addition, professional

cleaning, using instruments such as ultrasonic scalers, is performed to dislodge mineralized

deposits (i.e. dental calculus) that cannot be removed in self-performed plaque control by

patients. An ultrasonic scaler is a machine-driven instrument that vibrates a scaler tip at

around 30 kHz. The scaler vibration can mechanically remove dental plaque and calculus from

tooth surfaces. Since the efficacy of subgingival debridement using ultrasonic scalers has been

shown to be comparable to that of hand scalers, but requiring less time [9], ultrasonic scaling

has become widely used for professional tooth cleaning. Thus, dental prostheses, including zir-

conia prostheses, may be subjected to ultrasonic scaling. This raises concerns regarding the

damage to the zirconia surface, especially when the ultrasonic scaling is repeatedly performed

at regular intervals after prosthetic treatment. The surface properties (e.g. surface roughness,

surface free energy, and chemical conditions of the topmost surface) of zirconia play an impor-

tant role in achieving appropriate biocompatibility and in reducing bacterial adhesion [10, 11].

Ultrasonic scaling may mechanically alter the surface properties. A previous in vitro study

demonstrated that ultrasonic scaling did not increase the surface roughness of zirconia, and as

such, did not facilitate bacterial adhesion to the treated surface [12]. However, ultrasonic scal-

ing was performed over only five strokes at three locations on the specimen in that study.

Additional studies are necessary to evaluate the influence of repeated ultrasonic scaling.

Among zirconia-containing ceramics, 3 mol% yttria-stabilized tetragonal zirconia polycrys-

tal (3Y-TZP) is the most widely used in dentistry [13, 14]. 3Y-TZP is mainly composed of the

metastable tetragonal phase. When exposed to mechanical stress, the metastable tetragonal

phase is transformed into the monoclinic phase with volume expansion of the grains, resulting

in generation of compressive stress that contributes to resistance against crack propagation

[15]. This phenomenon is known as stress-induced transformation toughening [16]. The

metastable tetragonal phase also spontaneously transforms into the monoclinic phase in a

humid atmosphere without mechanical stress, which is referred to as low-temperature degra-

dation (LTD) or aging [17]. Although this process occurs very slowly at body temperature, it

may affect the long-term performance of 3Y-TZP dental prostheses. When LTD progresses,

the phase transformation decreases the mechanical strength of 3Y-TZP differently from stress-

induced transformation toughening, because the phase transformation occurs on the entire

surface of the dental prostheses and is accompanied by microcrack generation due to the vol-

ume expansion of the grains [18–20]. This degraded surface may show greater damage from

the instrumentation performed for professional plaque control. In addition, LTD can itself

also cause surface coarsening via generation of microcracks and grain pull-out [21]. However,

no study has fully investigated how LTD affects the resistance of 3Y-TZP dental prostheses to

repeated instrumentations and the subsequent dental plaque formation.

Therefore, we hypothesized that repeated ultrasonic scaling in combination with LTD

would increase the surface roughness of 3Y-TZP, thereby accelerating bacterial adhesion on

the surface. The purpose of the present study was to test this hypothesis by examining the

influence of ultrasonic scaling and LTD on surface roughness, crystalline structure, wettability,

and hardness of 3Y-TZP, in relation to the adhesion of oral streptococci on the treated surface.

Surface properties of zirconia subjected to ultrasonic scaling and LTD
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Materials and methods

Preparation of specimens

Forty-two specimens of 3Y-TZP with dimensions of 5 × 5 × 2.5 mm were cut from pre-sin-

tered zirconia blocks (Lava Plus Zirconia; 3M/ESPE, St. Paul, MN, USA) using an Isomet 4000

(Buehler, Lake Bluff, IL, USA). The specimens were sintered at 1450˚C for 2 h (Lava Furnace

200; 3M/ESPE) according to the manufacturer’s instructions. After sintering, the specimens

had dimensions of 4 × 4 × 2 mm with an error range of ±0.1 mm. One side of each specimen

was polished using an automatic grinder-polisher (MetaServ 250; Buehler) with 9-, 6-, and 1-

μm diamond suspensions (MetaDi Supreme, Buehler). Thirty-six specimens were used in a

series of nondestructive tests (i.e., analyses of surface roughness, crystalline structure, wettabil-

ity, and bacterial adhesion). They were divided into six groups (n = 6); (1) untreated (UT), (2)

ultrasonic scaling using a plastic scaler tip (US-P), (3) ultrasonic scaling using a steel scaler tip

(US-S), (4) autoclaved to induce LTD without additional treatment (LTD-UT), (5) autoclaving

followed by US-P (LTD-US-P), and (6) autoclaving followed by US-S (LTD-US-S). Autoclav-

ing was performed under the conditions described below. The remaining 6 specimens were

used for analysis of the cross-sectional surface by scanning electron microscopy (SEM). In

addition, 12 rectangular plate specimens (final dimensions: 8 × 4 × 2 mm) were prepared for a

nano-indentation hardness test with the same process described above.

Surface treatment

The specimens in the LTD group were subjected to autoclaving at 134˚C and at 0.2 MPa for

100 h in an autoclave (LSX-300; Tomy Seiko, Tokyo, Japan). Autoclaving-induced LTD was

employed as an accelerated aging test. The temperature for autoclaving and treatment time

were determined according to ISO standard 13356:2008 [22] and previous studies [19, 20],

respectively.

An operator (dentist) conducted a calibration procedure to perform ultrasonic scaling with

a pressure of approximately 0.2 N, using an electronic balance. An ultrasonic scaler (miniMas-

ter Piezon LED; EMS, Nyon, Switzerland) was used at a power setting of 70%, which is the set-

ting used for subgingival debridement in periodontal therapy. Pure water produced by a water

purification system (Synergy UV; Millipore, Darmstadt, Germany) was used as coolant, at a

flow rate of 50 mL/min. The scaling was performed using either a plastic scaler tip made of

polyether ether ketone (CLiP&Insert-i; Scorpion, Romagnat, France) or a stainless-steel scaler

tip (Piezo Tip-P; EMS). The former and the latter scaler tips were replaced with new tips after

3 and 30 min of use, respectively. The lateral surface of the scaler tip was contacted to the pol-

ished surface of the specimens, as in the case of ultrasonic scaling of the tooth surface. Ultra-

sonic scaling was performed over the entire surface of the specimen as equally as possible for 1

min and repeated 10 times. After scaling, the specimens were ultrasonically cleaned in pure

water for 5 min.

Evaluation of surface properties

Surface roughness. Surface roughness analysis was performed using an optical interfer-

ometer (TalySurf CCI HD-XL; Taylor Hobson, Leicester, UK) with a 50× objective lens. The

resolution was set at 1024 × 1024 pixels. The acquired image was leveled and processed using a

Gaussian filter with a cutoff value of 80 μm to compute the surface roughness parameters,

including Sa (arithmetic mean height), Sq (root mean square height), Sp (maximum peak

height), Sv (maximum valley depth), and Sz (distance from peak to valley). Since the ultrasonic

scaling was performed manually, possibly generating an uneven surface roughness,

Surface properties of zirconia subjected to ultrasonic scaling and LTD
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measurements were performed at four sites per specimen, chosen from the upper right, upper

left, lower right, and lower left areas. The mean value was regarded as the representative value

of the specimen. All specimens used in the nondestructive test were subjected to surface

roughness analysis after autoclaving of the specimens in the LTD group (n = 18 for each non-

LTD group and LTD group) and after ultrasonic scaling (n = 6 for each group).

Crystalline structure. The crystalline structure of the specimens was analyzed using a θ–
2θ X-ray diffractometer (XRD; SmartLab; Rigaku, Tokyo, Japan). From each treatment group,

3 specimens were randomly selected for XRD analysis. Diffractograms with Cu-Kα radiation

were obtained from 27˚ to 33˚ at a scan speed of 20˚/min and a step size of 0.01˚. The mono-

clinic volume fraction, Vm, was calculated using the Garvie and Nicholson method [23], modi-

fied by Toraya [24],

Vm ¼ 1:311� Xm=ð1 þ 0:311� XmÞ;

with Xm ¼ ½Imð�111Þ þ Imð111Þ�=½Imð�111Þ þ Imð111Þ þ Itð101Þ�

where It and Im represent the integrated intensity of the tetragonal (101) and monoclinic

(111) and (−111) peaks. The integrated intensity of each peak was calculated using the device

software (PDXL; Rigaku). The monoclinic phase fraction was expressed as the percentage of

the tetragonal phase.

In addition, to analyze the depth of the monoclinic layer, the cross-sectional surface of spec-

imens was analyzed using an SEM (SU5000; Hitachi, Tokyo, Japan) with a detector for electron

backscattered diffraction analysis (EBSD; EDAX Pegasus EDS/EBSP; Ametek, Berwyn, PA,

USA). Half of the specimens (n = 3) prepared for this analysis were subjected to autoclaving

under the same conditions as described above, and the remaining 3 specimens were used with-

out autoclaving. After autoclaving, the specimen was cut at the center, and then embedded in

epoxy resin to evaluate the cross-sectional surface. The cross-sectional surface was polished as

described above, which was followed by further polishing using colloidal silica suspension

(MasterMet, Buehler). Backscattered electron (BSE) images of the cross-sectional surface were

obtained under low vacuum condition (30 Pa) for measurement of the transformed depth.

Subsequently, the EBSD detector was inserted into the specimen chamber, and the specimen

was tilted 70˚ so that the electron diffraction could be detected. Based on the diffraction pat-

tern, the crystalline phase was analyzed by the device software (OIM Analysis, Ametek).

Wettability. The wettability of the specimens in each surface treatment group (n = 6) was

evaluated using a contact angle meter (CA-X; Kyowa Interface Science, Saitama, Japan). Pure

water was put into a micro-syringe equipped with the device. A droplet (0.4 μL) of pure water

created at the tip of the syringe was contacted to the surface of the specimen, and the syringe

was lifted away. The contact angle of the droplet on the surface was measured within 5 s.

Hardness and modulus of elasticity. Indentation hardness and modulus of elasticity (E-

modulus) were evaluated by a nano-indentation technique using a dynamic ultra-micro hard-

ness tester (DUH-211; Shimadzu, Kyoto, Japan). Half of the specimens (n = 6) prepared for

this analysis were subjected to autoclaving under the same conditions as described above, and

the remaining 6 specimens were used without autoclaving. The specimen, fixed in the device

using metal strips, was loaded via the Berkovich indenter at a rate of 14 mN/s up to 500 mN.

After reaching the maximum load, the force was maintained for 15 s and then unloading was

performed at the same rate. Based on the load-displacement curve, nano-indentation hardness

and E-modulus were calculated using the device software. For the calculation of E-modulus,

Poisson’s ratio of 3Y-TZP was assumed to be 0.3, according to the literature [25].

Surface properties of zirconia subjected to ultrasonic scaling and LTD
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Bacterial adhesion assay

The 3Y-TZP specimens were ultrasonically cleaned in pure water (5 min), 70% ethanol (5

min), acetone (5 min), and additionally in pure water (5 min). Immediately before the bacterial

assay, the specimens were immersed in 2% glutaraldehyde (Denthyde; Nippon Shika Yakuhin,

Shimonoseki, Japan) for 1 h followed by washing with sterile water to obtain aseptic

specimens.

Two species of oral streptococci, Streptococcus mitis JCM 12971 and S. oralis JCM 12997,

were provided by Japan Collection of Microorganisms (Riken BioResource Center, Wako,

Japan). Cultures were anaerobically grown using AneroPack (Mitsubishi Gas Chemical Com-

pany, Tokyo, Japan) in brain heart infusion (BHI) broth (Becton Dickinson Labware, Franklin

Lakes, NJ) at 37˚C for 24 h. From this culture, each bacterial suspension was prepared in sterile

saline to a concentration of approximately 108 colony-forming units (CFU)/mL.

To create a pellicle on the surface, the specimens were incubated with 500 μL of sterile artifi-

cial saliva (phosphate-buffered saline supplemented with 40 μg/mL bovine serum albumin, 0.01

mg/mL α-amylase, 10 μg/mL lysozyme and 850 mg/L mucin) in a well of a 48-well cell culture

plate at 37˚C for 1 h according to a previous study [26]. Following incubation, the artificial

saliva was removed, and the wells were inoculated with 1 mL of BHI broth supplemented with

1% yeast extract (Oxoid, Hampshire, UK) and 100 μL of the bacterial suspension. The plate was

then incubated anaerobically at 37˚C for 3 and 6 h to simulate early dental plaque formation.

The biofilm formed on the specimens was washed twice with saline to remove non-attached

bacteria. Then, the remaining bacteria on the biofilm were collected using an enzymatic detach-

ment technique that was based on a previous study with some modifications [27]. Briefly, the

specimen was immersed in 300 μL of an enzyme suspension composed of 4 mg/mL type I colla-

genase (Thermo Fisher Scientific) and 2 mg/mL dispase (Thermo Fisher Scientific) in phos-

phate-buffered saline. The 48-well plate containing samples was incubated for 2 h under

rotation at 200 rpm at 37˚C. Subsequently, the specimen and enzyme solution were transferred

to 1.5-mL microtubes, and each tube was vortexed for 10 s. The mixture was serially diluted

10-fold in saline, and 10 μL of the dilution was plated onto BHI agar (Oxoid). Agar plates were

cultured anaerobically at 37˚C for 24 h, followed by colony counting for determination of the

number of CFUs per specimen. All tests were performed in six independent assays.

The S. mitis and S. oralis biofilms formed on the specimens in the UT and LTD-US-S

groups after incubation periods of 3 and 6 h were additionally analyzed using confocal laser

scanning microscopy (CLSM), according to a previous study [28]. Briefly, the biofilm was fluo-

rescently stained with a LIVE/DEAD BacLight Bacterial Viability Kit (Thermo Fisher Scien-

tific, Waltham, MA) containing SYTO19 and propidium iodide (PI) for 20 min at room

temperature. Both living and dead bacterial cells were stained with SYTO9 (green) while only

dead cells were stained with PI (red). The final concentrations of SYTO9 and PI were 10 and

60 μM, respectively. The biofilm was imaged under lasers with an excitation wavelength of 488

nm for SYTO9 and 532 nm for PI using CLSM (TCS-SPE; Leica Microsystems, Wetzlar, Ger-

many) with a 63× water immersion objective lens. CLSM images were obtained at six sites per

specimen, where the bacteria attached and proliferated. The biofilm coverage (%) against the

observed surface was computed by binarizing the images using ImageJ (National Institutes of

Health, Bethesda, MD). The mean value obtained in each specimen was regarded as the repre-

sentative value. All tests were performed in three independent assays.

Statistics

Statistical analyses were performed using JMP Pro 13.1.0 software (SAS Institute, Cary NC,

USA). Normal distribution of the data was verified using the Shapiro–Wilk test. Since the data

Surface properties of zirconia subjected to ultrasonic scaling and LTD
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for surface roughness after each treatment were not normally distributed, significant differ-

ences (p< 0.05) were analyzed using the Steel–Dwass multiple comparison test. The other

data could be assumed to have a normal distribution. Thus, significant differences (p< 0.05)

were assessed by the Welch’s t-test for pairwise comparisons or by the analysis of variance

(ANOVA) followed by the Tukey–Kramer HSD test for multiple comparisons. Regarding the

bacterial counts, logarithmically transformed CFU/specimen values were subjected to three-

way ANOVA to analyze the factors (incubation time, LTD, ultrasonic scaling, and their combi-

nations) influencing the bacterial adhesion on the specimens, followed by the Tukey–Kramer

HSD test for multiple comparisons.

Results

Surface roughness

Surface roughness analysis showed that the autoclaving-induced LTD significantly increased

the surface roughness of 3Y-TZP (p< 0.0001, Fig 1A), although the difference in Sa between

the groups with or without LTD was only approximately 3.6 nm. In addition, ultrasonic scaling

increased the Sa in both non-LTD and LTD groups. Representative images of the surface after

ultrasonic scaling are shown in Fig 1B. In the non-LTD group, Sa in the US-S group was signif-

icantly higher than that in the UT group (p< 0.05, Fig 1C). In the LTD group, LTD-US-P and

LTD-US-S showed significantly higher Sa than LTD-UT (p< 0.05, Fig 1C). In addition, the

difference between the LTD-US-P and LTD-US-S groups was significant (p< 0.05, Fig 1C).

Thus, LTD-US-S showed the highest Sa of 117 nm. The other surface roughness parameters

(i.e., Sq, Sp, Sv, and Sz) also increased after ultrasonic scaling, especially in the LTD group

(Table 1).

Crystalline structure

Representative X-ray diffractograms are displayed in Fig 2A. The 3Y-TZP specimens in the

UT group showed a peak at 2θ = 30.2˚, corresponding to It (101). Ultrasonic scaling (US-P and

US-S) did not affect the peak intensity of It (101) and did not generate the peaks of the mono-

clinic phase. When LTD was induced by autoclaving, peaks of Im (-111) and Im (111) were

observed at 2θ = 28.2˚ and 31.3˚, respectively (Fig 2A). The monoclinic fraction was calculated

to be 73.8% in the LTD-UT group (Fig 2B). Ultrasonic scaling did not affect the peak intensi-

ties of Im (-111) and Im (111), resulting in monoclinic fractions of 74.2% and 72.1% for the

LTD-US-P and LTD-US-S groups, respectively. There were no significant differences in the

monoclinic fraction between the LTD-UT, LTD-US-P, and LTD-US-S groups (p> 0.05).

BSE images clearly showed a transformed layer containing microcracks and grain pull-out

in the LTD group, whereas no transformed layer was observed in the non-LTD group (Fig 3).

The mean depth of the transformed layer was 16.0 μm (SD: 1.7 μm). EBSD analysis addition-

ally demonstrated that the tetragonal grains were homogeneously distributed in the non-LTD

group whereas the transformed layer in the LTD group was composed of monoclinic grains

(Fig 3).

Wettability

The results of the contact angle measurements are summarized in Fig 4. The surface of

3Y-TZP in the UT group showed a contact angle of 73.2˚. The contact angles for the US-P and

US-S groups were 66.0˚ and 72.6˚, respectively. There were no significant differences in the

contact angles between these three groups (p> 0.05). When LTD was induced by autoclaving,

the contact angle significantly decreased, resulting in an angle of 28.2˚ in the LTD-UT group.

Surface properties of zirconia subjected to ultrasonic scaling and LTD
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Ultrasonic scaling increased the contact angle depending on the type of the scaler tip, yielding

angles of 40.3˚ for the LTD-US-P group and 82.1˚ for the LTD-US-S group. The difference

between the LTD-UT and LTD-US-P groups was not significant (p> 0.05) whereas that

between the LTD-UT and LTD-US-S groups was significant (p< 0.01).

Fig 1. Representative images of zirconia (3Y-TZP) surface affected by low-temperature degradation (LTD) (A)

and ultrasonic scaling in combination with LTD (B), and boxplots for the Sa (arithmetic mean height) of each

treatment group. The surface was analyzed using an optical interferometer with a field of view of 336 × 336 μm. The

difference in Sa between non-LTD and LTD specimens shown in (A) was significant (p< 0.01). Ultrasonic scaling

significantly increased the surface roughness, especially when LTD was induced and a steel scaler tip was used

(LTD-US-S), as shown in (B) and (C). In graph (C), the line within the box represents the median (n = 6), and the

bottom and top of the box represent the first and third quartiles, respectively. The maximum and minimum whiskers

represent the 1.5 interquartile range. Significant differences (p< 0.05) between the groups are indicated with an

asterisk (�). UT: untreated, US-P: ultrasonic scaling using a plastic scaler tip, US-S: ultrasonic scaling using a steel

scaler tip.

https://doi.org/10.1371/journal.pone.0203849.g001
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Hardness and modulus of elasticity

Representative load-displacement curves for 3Y-TZP specimens in the non-LTD and LTD

groups obtained in the nano-indentation analysis are shown in Fig 5A. The specimens in the

non-LTD group showed a shallower depth of indentation (displacement) than those in the

LTD group. The nano-indentation hardness values calculated on the basis of the load-displace-

ment curves were 13.97 and 8.28 GPa for the non-LTD and LTD groups, respectively (Fig 5B),

with a significant difference between the two (p< 0.01). In addition, the E-modulus was also

Table 1. Surface roughness parameters of zirconia (3Y-TZP) treated with or without autoclaving-induced low-temperature degradation and ultrasonic scaling.

Sa (nm) Sq (nm) Sp (nm) Sv (nm) Sz (nm)

Non-LTD UT Mean 1.4 3.1 282 249 532

SD 0.1 1.2 125 87 180

US-P Mean 1.6 3.9 363 254 617

SD 0.2 0.9 89 63 149

US-S Mean 2.3 10.6 572 647 1221

SD 0.5 4.9 232 513 478

UT Mean 5.4 7.8 466 255 721

LTD SD 0.6 2.2 412 85 495

US-P Mean 8.4 27.0 1078 751 1520

SD 1.7 15.6 630 902 796

US-S Mean 117.1 187.0 1386 1461 2830

SD 61.4 55.7 715 176 732

Sa: arithmetic mean height, Sq: root mean square height, Sp: maximum peak height, Sv: maximum valley depth, Sz: distance from peak to valley, LTD: low-temperature

degradation, UT: untreated, US-P: ultrasonic scaling using a plastic scaler tip, US-S: ultrasonic scaling using a steel scaler tip, SD: standard deviation

https://doi.org/10.1371/journal.pone.0203849.t001

Fig 2. Representative X-ray diffractograms (A) and a graph showing the quantitative data for the monoclinic fraction generated in zirconia

(3Y-TZP) subjected to autoclaving (B). Peaks at 2θ = 28.2˚, 30.2˚, and 31.3˚ in the diffractograms (A) correspond to Im (-111), It (101), and Im (111),
respectively. 3Y-TZP without low-temperature degradation (LTD) did not contain the monoclinic phase. The monoclinic fraction generated by LTD was

approximately 70%, and it was not significantly affected by additional ultrasonic scaling (p> 0.05), as shown in (B). The values and error bars indicate the

mean and standard deviation, respectively (n = 3). The same letters above the columns in (B) refer to no significant differences (p > 0.05) between groups.

UT: untreated, US-P: ultrasonic scaling using a plastic scaler tip, US-S: ultrasonic scaling using a steel scaler tip.

https://doi.org/10.1371/journal.pone.0203849.g002
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affected by LTD, resulting in values of 230.6 GPa for the non-LTD group and 162.5 GPa for

the LTD group (Fig 5C), with a significant difference between the two (p< 0.01).

Bacterial adhesion assay

Viable bacterial counts of S. mitis and S. oralis after 3 and 6 h of incubation on the treated

3Y-TZP are summarized in Fig 6. The bacterial counts of S. mitis in the UT group with incuba-

tion periods of 3 and 6 h were 5.0 and 5.4 log CFU/specimen, respectively. Similarly, the bacte-

rial counts of S. oralis in the UT group with incubation periods of 3 and 6 h were 4.8 and 5.6

log CFU/specimen, respectively. Three-way ANOVA revealed that the incubation period sig-

nificantly affected the viable bacterial counts (Table 2). In contrast, neither LTD and ultrasonic

scaling nor their combination significantly affected the viable counts of S. mitis and S. oralis on

3Y-TZP specimens (Table 2). Multiple comparison test revealed that there was no significant

difference in CFU/specimen of S. mitis between each group while the differences in CFU/spec-

imen of S. oralis between some groups with 3-h incubation and those with 6-h incubation

were statistically significant (Fig 6).

Representative CLSM images of the S. mitis and S. oralis grown on the specimens after 3

and 6 h of incubation are shown in Fig 7A and 7B, respectively. Spherical and chained bacterial

cells were observed. The biofilm coverage by both S. mitis and S. oralis significantly increased

with incubation time (p< 0.01, Fig 7C and 7D); however, there was no significant difference

between UT and LTD-US-S at each time point (p> 0.05). Most of the bacterial cells were

stained with only SYTO9, while a small number of the bacterial cells were also stained with PI

(Fig 7E), indicating that the biofilm was mainly composed of viable bacteria.

Discussion

The present study tested the hypothesis that repeated ultrasonic scaling in combination with

LTD would increase the surface roughness of 3Y-TZP, resulting in acceleration of bacterial

adhesion on the surface. The results demonstrated that ultrasonic scaling in combination with

Fig 3. Representative backscattered electron (BSE) and electron backscattered diffraction (EBSD) images for zirconia (3Y-TZP) without low-temperature

degradation (LTD) (A) and after LTD (B). In the BSE image for the LTD specimen, the transformed layer could be clearly distinguished, which was not seen in

the non-LTD specimen. The white dotted line and triangles in (B) indicate the border of the transformed layer and microcracks, respectively. In the EBSD images,

the tetragonal and monoclinic phase are shown in green and red, respectively. The EBSD demonstrated that the transformed layer was composed of the monoclinic

phase whereas the non-LTD specimen and non-affected area of the LTD specimen consisted of the tetragonal phase. The mean depth of the transformed layer was

16.0 μm (n = 3).

https://doi.org/10.1371/journal.pone.0203849.g003
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LTD significantly increased the surface roughness as hypothesized. However, bacterial adhe-

sion was not accelerated by the increased surface roughness. Thus, only the first part of the

hypothesis was accepted.

In the present study, ultrasonic scaling was carried out to simulate professional plaque con-

trol, which is repeatedly performed as a part of supportive therapy after prosthodontic treat-

ment. Although the frequency of the supportive therapy and the treatment time for each tooth

depends on the patient’s specific requirements, it is recommended that supportive therapy,

including oral hygiene control, be conducted at least once every 6 months after prosthodontic

and periodontal treatment [29, 30]. According to a systematic review [9], the mean time

required to treat one tooth using the ultrasonic/sonic scaler during supportive periodontal

therapy ranged from 0.35 to 3.90 min. Based on these findings, ultrasonic scaling was per-

formed for 1 min and repeated 10 times, which mimics supportive therapy performed over 5

years. In addition to repeated instrumentation, dental zirconia prostheses may be affected by

LTD in a time-dependent manner. Thus, the influence of LTD was evaluated in an accelerated

aging test by autoclaving according to ISO 13356 [22]. Regarding the autoclaving time of 100

h, one previous study indicated that autoclaving at 134˚C for 1 h theoretically corresponds to

3–4 years in vivo [18], but there is controversy regarding the possibility of a significant error in

Fig 4. Contact angle of 0.4 μL pure water droplet on the zirconia (3Y-TZP) surfaces subjected to low-temperature

degradation (LTD) and ultrasonic scaling. In the non-LTD group, ultrasonic scaling did not significantly affect the

contact angle (p> 0.05). When subjected to LTD, the contact angle decreased, but subsequent ultrasonic scaling,

especially scaling using a steel scaler tip, increased the contact angle. Values and error bars indicate the mean and

standard deviation, respectively (n = 6). Different letters above the columns refer to significant differences (p< 0.01)

between groups. UT: untreated, US-P: ultrasonic scaling using a plastic scaler tip, US-S: ultrasonic scaling using a steel

scaler tip.

https://doi.org/10.1371/journal.pone.0203849.g004
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this estimation [31]. A recent study demonstrated that a longer autoclaving time would be

required to simulate LTD of 3Y-TZP at 37˚C (e.g., 5-h autoclaving would correspond to 2

years in vivo) [32]. Thus, an extended autoclaving time was adopted in the present study so

that the LTD would sufficiently cover the possible lifetime of the zirconia dental prostheses.

We analyzed the 3D-surface roughness parameters using an optical interferometry tech-

nique that is recommended for use in characterizing dental implant surfaces [33]. This analysis

enables the evaluation of a selected area instead of a line, as in the case of 2D profilometry.

When 3Y-TZP was not autoclaved, the damage caused by ultrasonic scaling to the surface

was limited, with an increase in Sa of<1 nm, though the difference between UT and US-S was

significant. In the US-S group, micropits instead of scratches were created on the surface, indi-

cating that the surface coarsening was caused by pull-out of grains. Previous studies demon-

strated that ultrasonic scaling did not increase the surface roughness of zirconia [12, 34].

However, the treatment time in those studies was much shorter than that used in the present

study, which would be the reason for the discrepancy in the findings. When LTD was

induced, the surface of 3Y-TZP was roughened even without ultrasonic scaling, which

would be a result of volume expansion of the grains, induced by tetragonal to monoclinic

phase transformation [35]. This finding is in accordance with a previous study demonstrat-

ing that the surface roughness (Sa) of 3Y-TZP subjected to autoclaving increased in a time-

dependent manner [36]. Ultrasonic scaling further increased the surface roughness of auto-

claved 3Y-TZP. In the LTD-US-P group, the surface contained small peaks instead of pits,

indicating that the surface coarsening might be due to the accumulation of debris of the

plastic scaler tip. The surface defects created by LTD might allow the debris to firmly attach

to the surface, which could not be removed by ultrasonic cleaning in pure water. The reason

why the debris accumulated on the autoclaved surface but not on the intact surface is

unknown, and as such, is worth studying further. The increase in Sa in the LTD-US-P

Fig 5. Representative load-displacement curves (A) and quantitative results for indentation hardness (B) and modulus of elasticity (C) for zirconia

(3Y-TZP) with or without low-temperature degradation (LTD). The load-displacement curve was obtained by a nano-indentation technique with a

maximum load of 500 mN. Indentation hardness and modulus of elasticity were calculated based on the load-displacement curve. When LTD was induced, the

depth of indentation was deepened compared with that in non-LTD 3Y-TZP, resulting in significantly lower indentation hardness and modulus of elasticity

(p< 0.01). Values and bars in (B) and (C) indicate the mean and standard deviation, respectively (n = 6). Significant differences (p< 0.01) between groups are

indicated with an asterisk (��).

https://doi.org/10.1371/journal.pone.0203849.g005
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group was, however, still <10 nm. In contrast, the increase in Sa in the LTD-US-S group

was >100 nm. Some areas of the surface were clearly worn-out by the US-S. This is most

likely due to the degradation of the surface mechanical properties, including surface hard-

ness, as demonstrated by the nano-indentation analysis.

Fig 6. Viable bacterial counts of S. mitis (A) and S. oralis (B) 3 and 6 hours after incubation on zirconia (3Y-TZP) specimens

subjected to low-temperature degradation (LTD) and ultrasonic scaling. The bacterial counts increased in a time-dependent

manner whereas LTD and ultrasonic scaling did not significantly affect the bacterial adhesion and proliferation on the specimens (see

Table 2). Values and bars indicate the mean and standard deviation, respectively (n = 6). Different letters above the columns refer to

significant differences (p< 0.05) between groups. CFU: colony-forming units, UT: untreated, US-P: ultrasonic scaling using a plastic

scaler tip, US-S: ultrasonic scaling using a steel scaler tip.

https://doi.org/10.1371/journal.pone.0203849.g006
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In line with previous reports [20, 32, 37], autoclaving-induced LTD decreased the hardness

of 3Y-TZP as well as the E-modulus. As previously discussed [38], the decrease in the mechan-

ical properties would be due to the presence of microcracks in the transformed layer as

observed in the cross-sectional surface analysis, which results in the loss of contact stiffness. In

addition, since the transformed layer consisted of approximately 70% monoclinic phase, as

demonstrated by XRD and EBSD, stress-induced transformation from the tetragonal to the

monoclinic phase may be no longer induced in the layer. Thus, the transformed layer gener-

ated by LTD would be more vulnerable to the mechanical damage caused by the US-S. The

depth of the transformed layer was about 16.0 μm according to SEM analysis, which was com-

parable to the values reported in previous studies [19, 20]. In contrast, the Sz (the largest dis-

tance from peak to valley) recorded in the LTD-US-S group was still approximately 2.8 μm.

Therefore, it is reasonable to assume that the remaining transformed layer of 3Y-TZP in the

LTD-US-S group may be more worn-out when ultrasonic scaling is additionally performed

using a steel scaler tip.

Bacterial adhesion on the surface of 3Y-TZP subjected to ultrasonic scaling and LTD was

evaluated using S. mitis and S. oralis, which are known as initial colonizers among the bacteria

constituting dental plaque [39, 40]. Since the surface properties of zirconia would affect the

early plaque formation rather than its maturation process [41], the adhesion of the initial colo-

nizers was analyzed in the present study. The results demonstrated that the viable counts of

both bacterial species on the 3Y-TZP specimen were not affected by the changes in surface

properties, such as surface roughness and wettability, caused by ultrasonic scaling and LTD.

This finding was further confirmed by CLSM, which showed that there was no significant dif-

ference in biofilm coverage on the observed surface between the UT and LTD-US-S groups,

whereas the biofilm coverage increased with incubation time. As described above, the surface

roughness was significantly affected by ultrasonic scaling and autoclaving, especially by the

combination of the two, resulting in an Sa = 117 nm (0.117 μm) in the LTD-US-S group.

According to previous studies, the threshold value of surface roughness was proposed to be

Table 2. Summary table of three-way ANOVA for the factors influencing viable bacterial counts of S. mitis and S. oralis on zirconia (3Y-TZP) specimen.

Source Sum of squares df Mean square F value P value

S. mitis Time 2.57539 1 2.57539 10.9464 0.0016

LTD 0.00493 1 0.00493 0.0210 0.8854

US 0.65309 2 0.32655 1.3880 0.2575

Time�LTD 0.09315 1 0.09315 0.3959 0.5316

Time�US 0.01450 2 0.00725 0.0308 0.9697

LTD�US 0.43587 2 0.21794 0.9263 0.4016

Time�LTD�US 0.00440 2 0.00220 0.0093 0.9907

Error 14.11631 60 0.23527

S. oralis Time 6.05001 1 6.05001 38.3425 <0.0001

LTD 0.07619 1 0.07619 0.4829 0.4898

US 0.01289 2 0.00644 0.0408 0.9600

Time�LTD 0.11345 1 0.11345 0.7190 0.3998

Time�US 0.01799 2 0.00899 0.0570 0.9447

LTD�US 0.05947 2 0.02973 0.1884 0.8287

Time�LTD�US 0.34638 2 0.17319 1.0976 0.3403

Error 9.46732 60 0.15779

� Time: incubation time, LTD: low-temperature degradation, US: ultrasonic scaling, df: degree of freedom

https://doi.org/10.1371/journal.pone.0203849.t002

Surface properties of zirconia subjected to ultrasonic scaling and LTD

PLOS ONE | https://doi.org/10.1371/journal.pone.0203849 September 13, 2018 13 / 18

https://doi.org/10.1371/journal.pone.0203849.t002
https://doi.org/10.1371/journal.pone.0203849


Ra = 0.2 μm (Ra is arithmetic mean height in 2D profilometry), below which no or only minor

influence of the surface topography occurred on bacterial accumulation [42–44]. This may

explain why there was no significant difference in the bacterial adhesion between the groups

with different surface roughness (Sa = 0.001–0.117 μm) in the present study. The Sa value of

0.117 μm is comparable to or lower than the Ra or Sa values for dental ceramics polished by

clinical procedures [45], suggesting that the surface roughness caused by ultrasonic scaling in

combination with LTD may be clinically acceptable.

The wettability of 3Y-TZP was also significantly changed by the treatments. When not sub-

jected to autoclaving, the polished surface of 3Y-TZP was hydrophobic as previously reported

[11, 46], irrespective of whether ultrasonic scaling was performed (contact angle: approxi-

mately 70˚). In contrast, the surface affected by LTD was hydrophilic (contact angle: approxi-

mately 28˚), and additional ultrasonic scaling using a steel scaler tip returned the wettability

from hydrophilic to hydrophobic. The hydrophilicity may be due to the increase in the

Fig 7. Microscopic analysis of S. mitis and S. oralis grown on zirconia (3Y-TZP) specimens subjected to low-

temperature degradation (LTD) and ultrasonic scaling (US). (A and B) Representative confocal laser scanning

microscope (CLSM) images of S. mitis and S. oralis. Living and dead bacterial cells were stained with SYTO9 (green)

and propidium iodide (PI) (red), respectively. The merged images were mostly composed of bacterial cells stained with

SYTO9. (C and D) Change in biofilm coverage (%) by S. mitis and S. oralis on the observed area. For both bacteria, the

biofilm coverage significantly increased with time. However, there was no significant difference in the biofilm coverage

between the untreated (UT) specimen and the specimen subjected to LTD followed by US using a steel tip

(LTD-US-S). (E) Representative CLSM image of S. mitis after 3 h of incubation obtained at higher magnification.

Several bacterial cells were stained with PI as indicated by the white triangles. The scale bars in (A and B) and (E)

indicate 20 μm and 5 μm, respectively. Values and bars in (C and D) indicate the mean and standard deviation,

respectively (n = 3). Different letters above the columns refer to significant differences (p < 0.01) between groups.

https://doi.org/10.1371/journal.pone.0203849.g007
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number of polar hydroxyl groups as a result of hydrolysis of the Zr-O-Zr bond [47], and ultra-

sonic scaling might mechanically remove the surface with the hydroxyl groups, returning the

surface to hydrophobic. A previous study demonstrated that the hydrophilic surface (contact

angle< 10˚) of titanium and titanium-zirconium disks accumulated less dental plaque after 48

h than hydrophobic surfaces, and surface hydrophilicity had a larger influence on dental pla-

que accumulation than surface roughness [48]. However, the results of the present study

showed that there was no significant difference in viable bacterial counts between the LTD-UT

group with a hydrophilic surface and the other groups with hydrophobic surfaces. The possible

explanation is that the surface in the LTD-UT group with a contact angle of 28˚ might not be

hydrophilic enough to attenuate the bacterial adhesion. In terms of dental plaque accumula-

tion, the influence of LTD on the surface of 3Y-TZP, even if the surface hydrophilicity does

not lead to less bacterial accumulation, could be clinically acceptable as long as it does not facil-

itate bacterial adhesion. However, bacterial adhesion onto the surface of dental materials in

the oral cavity is influenced not only by surface roughness and surface hydrophilicity, but also

by various bacterial interactions [49]. Since only individual species of bacteria were tested in

the present study, future studies using a multi-species bacterial model or an in vivo dental pla-

que model should be conducted to verify the present findings.

Based on the results of the present study, it is suggested that US-S may be acceptable for

debridement of 3Y-TZP dental prostheses because its damage to the surface of 3Y-TZP was

not severe even in combination with LTD and it did not facilitate bacterial adhesion. In addi-

tion, US-S itself did not cause phase transformation, suggesting that it does not affect the

mechanical properties of 3Y-TZP related to phase transformation. However, if US-P can clean

the surface of the zirconia dental prostheses and remove mineralized deposits sufficiently to

prevent secondary infectious dental diseases, US-P may be more favorable than US-S because

the former would cause less damage than the latter, especially in aged 3Y-TZP dental prosthe-

ses in an oral environment. In addition, US-S may cause chipping of 3Y-TZP dental prostheses

at the margin or sharp edges of zirconia FDPs and may result in grayish stains due to wear-out

of the steel scaler tip, thereby spoiling the esthetics of the dental prostheses, a factor that was

not evaluated in the present study. Therefore, further studies are necessary to address these

issues before definitive conclusions can be drawn.
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ren, Taro Kanno, Yoshimi Niwano, Hiroshi Egusa.

References
1. Miyazaki T, Nakamura T, Matsumura H, Ban S, Kobayashi T. Current status of zirconia restoration. J

Prosthodont Res. 2013; 57:236–61. https://doi.org/10.1016/j.jpor.2013.09.001 PMID: 24140561

2. Li RWK, Chow TW, Matinlinna JP. Ceramic dental biomaterials and CAD/CAM technology: State of the

art. J Prosthodont Res. 2014; 58:208–16. https://doi.org/10.1016/j.jpor.2014.07.003 PMID: 25172234

3. Larsson C, Wennerberg A. The clinical success of zirconia-based crowns: A systematic review. Int J

Prosthodont. 2014; 27:33–43. https://doi.org/10.11607/ijp.3647 PMID: 24392475

4. Le M, Papia E, Larsson C. The clinical success of tooth- and implant-supported zirconia-based fixed

dental prostheses. A systematic review. J Oral Rehabil. 2015; 42: 467–80. https://doi.org/10.1111/joor.

12272 PMID: 25580846

5. Sailer I, Makarov NA, Thoma DS, Zwahlen M, Pjetursson BE. All-ceramic or metal-ceramic tooth-sup-

ported fixed dental prostheses (FDPs)? A systematic review of the survival and complication rates. Part

I: Single crowns (SCs). Dent Mater. 2015; 31:603–23. https://doi.org/10.1016/j.dental.2015.02.011

PMID: 25842099

6. Pjetursson BE, Sailer I, Makarov NA, Zwahlen M, Thoma DS. All-ceramic or metal-ceramic tooth-sup-

ported fixed dental prostheses (FDPs)? A systematic review of the survival and complication rates. Part

II: Multiple-unit FDPs. Dent Mater. 2015; 31:624–39. https://doi.org/10.1016/j.dental.2015.02.013

PMID: 25935732

7. Bidra AS, Daubert DM, Garcia LT, Gauthier MF, Kosinski TF, Nenn CA, et al. A systematic review of

recall regimen and maintenance regimen of patients with dental restorations. Part 1: Tooth-borne resto-

rations. J Prosthodont. 2016; 25 Suppl 1: S2–15.

8. Bidra AS, Daubert DM, Garcia LT, Gauthier MF, Kosinski TF, Nenn CA, et al. A Systematic review of

recall regimen and maintenance regimen of patients with dental restorations. Part 2: Implant-borne res-

torations. J Prosthodont. 2016; 25 Suppl 1: S16–31.

9. Tunkel J, Heinecke A, Flemmig TF. A systematic review of efficacy of machine-driven and manual sub-

gingival debridement in the treatment of chronic periodontitis. J Clin Periodontol. 2002; 29 Suppl 3:72–

81.

10. Rezaei NM, Hasegawa M, Ishijima M, Nakhaei K, Okubo T, Taniyama T, et al. Biological and osseointe-

gration capabilities of hierarchically (meso-/micro-/nano-scale) roughened zirconia. Int J Nanomedicine.

2018; 13:3381–95. https://doi.org/10.2147/IJN.S159955 PMID: 29922058

11. Han A, Tsoi JKH, Matinlinna JP, Zhang Y, Chen Z. Effects of different sterilization methods on surface

characteristics and biofilm formation on zirconia in vitro. Dent Mater. 2018; 34:272–81. https://doi.org/

10.1016/j.dental.2017.11.012 PMID: 29183674

12. Checketts MR, Turkyilmaz I, Asar NV. An investigation of the effect of scaling-induced surface rough-

ness on bacterial adhesion in common fixed dental restorative materials. J Prosthet Dent. 2014;

112:1265–70. https://doi.org/10.1016/j.prosdent.2014.04.005 PMID: 24831748

13. Denry I, Kelly JR. State of the art of zirconia for dental applications. Dent Mater. 2008; 24:299–307.

https://doi.org/10.1016/j.dental.2007.05.007 PMID: 17659331

14. Anusavice KJ. Mechanical properties of dental materials. In: Anusavice KJ, Shen C, Rawls HR, editors.

Phillips’ Science of Dental Materials. 12th ed. St. Louis, MO, USA: Saunders; 2013. p. 48–68.

15. Kelly PM, Ball CJ. Crystallography of stress-induced martensitic transformations in partially-stabilized

zirconia. J Am Ceram Soc. 1986; 69:259–64.

16. Garvie R, Hannink C, R H., Pascoe R, T. Ceramic steel? Nature. 1975; 258:703–4.

17. Chevalier J, Gremillard L, Deville S. Low-temperature degradation of zirconia and implications for bio-

medical implants. Ann Rev Mater Res. 2007; 37:1–32.

Surface properties of zirconia subjected to ultrasonic scaling and LTD

PLOS ONE | https://doi.org/10.1371/journal.pone.0203849 September 13, 2018 16 / 18

https://doi.org/10.1016/j.jpor.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24140561
https://doi.org/10.1016/j.jpor.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25172234
https://doi.org/10.11607/ijp.3647
http://www.ncbi.nlm.nih.gov/pubmed/24392475
https://doi.org/10.1111/joor.12272
https://doi.org/10.1111/joor.12272
http://www.ncbi.nlm.nih.gov/pubmed/25580846
https://doi.org/10.1016/j.dental.2015.02.011
http://www.ncbi.nlm.nih.gov/pubmed/25842099
https://doi.org/10.1016/j.dental.2015.02.013
http://www.ncbi.nlm.nih.gov/pubmed/25935732
https://doi.org/10.2147/IJN.S159955
http://www.ncbi.nlm.nih.gov/pubmed/29922058
https://doi.org/10.1016/j.dental.2017.11.012
https://doi.org/10.1016/j.dental.2017.11.012
http://www.ncbi.nlm.nih.gov/pubmed/29183674
https://doi.org/10.1016/j.prosdent.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/24831748
https://doi.org/10.1016/j.dental.2007.05.007
http://www.ncbi.nlm.nih.gov/pubmed/17659331
https://doi.org/10.1371/journal.pone.0203849


18. Chevalier J, Cales B, Drouin JM. Low-temperature aging of Y-TZP ceramics. J Am Ceram Soc. 1999;

82:2150–54.

19. Nakamura K, Harada A, Kanno T, Inagaki R, Niwano Y, Milleding P, et al. The influence of low-tempera-

ture degradation and cyclic loading on the fracture resistance of monolithic zirconia molar crowns. J

Mech Behav Biomed Mater. 2015; 47: 49–56. https://doi.org/10.1016/j.jmbbm.2015.03.007 PMID:

25841216

20. Nakamura K, Harada A, Ono M, Shibasaki H, Kanno T, Niwano Y, et al. Effect of low-temperature deg-

radation on the mechanical and microstructural properties of tooth-colored 3Y-TZP ceramics. J Mech

Behav Biomed Mater. 2016; 53:301–11. https://doi.org/10.1016/j.jmbbm.2015.08.031 PMID: 26382971

21. Chevalier J. What future for zirconia as a biomaterial? Biomaterials. 2006; 27:535–43. https://doi.org/

10.1016/j.biomaterials.2005.07.034 PMID: 16143387

22. ISO13356. Implants for surgery—Ceramic materials based on yttria-stabilized tetragonal zirconia (Y-

TZP). 2008.

23. Garvie R, Nicholson P. Phase analysis in zirconia systems. J Am Ceram Soc. 1972; 55:303–5.

24. Toraya H, Yoshimura M, Somiya S. Calibration curve for quantitative-analysis of the monoclinic-tetrago-

nal ZrO2 system by X-ray-diffraction. J Am Ceram Soc. 1984; 67: 119–21

25. Anusavice KJ. Dental ceramics. In: Anusavice KJ, Shen C, Rawls HR, editors. Phillips’ Science of Den-

tal Materials. 12th ed. St. Louis, MO, USA: Saunders; 2013. p. 418–73.

26. Hahnel S, Rosentritt M, Handel G, Burgers R. Surface characterization of dental ceramics and initial

streptococcal adhesion in vitro. Dent Mater. 2009; 25:969–75. https://doi.org/10.1016/j.dental.2009.02.

003 PMID: 19278720

27. Doll K, Jongsthaphongpun KL, Stumpp NS, Winkel A, Stiesch M. Quantifying implant-associated bio-

films: Comparison of microscopic, microbiologic and biochemical methods. J Microbiol Methods. 2016;

130:61–8. https://doi.org/10.1016/j.mimet.2016.07.016 PMID: 27444546

28. Nakamura K, Shirato M, Kanno T, Ortengren U, Lingstrom P, Niwano Y. Antimicrobial activity of

hydroxyl radicals generated by hydrogen peroxide photolysis against Streptococcus mutans biofilm. Int

J Antimicrob Agents. 2016; 48:373–80. https://doi.org/10.1016/j.ijantimicag.2016.06.007 PMID:

27449541

29. Bidra AS, Daubert DM, Garcia LT, Kosinski TF, Nenn CA, Olsen JA, et al. Clinical practice guidelines

for recall and maintenance of patients with tooth-borne and implant-borne dental restorations. J Am

Dent Assoc. 2016; 147:67–74. https://doi.org/10.1016/j.adaj.2015.12.006 PMID: 26743797

30. Rosen B, Olavi G, Badersten A, Ronstrom A, Soderholm G, Egelberg J. Effect of different frequencies

of preventive maintenance treatment on periodontal conditions. 5-Year observations in general den-

tistry patients. J Clin Periodontol. 1999; 26:225–33. PMID: 10223393

31. Lughi V, Sergo V. Low temperature degradation -aging- of zirconia: A critical review of the relevant

aspects in dentistry. Dent Mater. 2010; 26:807–20. https://doi.org/10.1016/j.dental.2010.04.006 PMID:

20537701

32. Cattani-Lorente M, Durual S, Amez-Droz M, Wiskott HW, Scherrer SS. Hydrothermal degradation of a

3Y-TZP translucent dental ceramic: A comparison of numerical predictions with experimental data after

2 years of aging. Dent Mater. 2016; 32:394–402. https://doi.org/10.1016/j.dental.2015.12.015 PMID:

26777095

33. Wennerberg A, Albrektsson T. Suggested guidelines for the topographic evaluation of implant surfaces.

Int J Oral Maxillofac Implants. 2000; 15:331–44. PMID: 10874798

34. Seol HW, Heo SJ, Koak JY, Kim SK, Baek SH, Lee SY. Surface alterations of several dental materials

by a novel ultrasonic scaler tip. Int J Oral Maxillofac Implants. 2012; 27:801–10. PMID: 22848881

35. Chevalier J, Gremillard L, Virkar AV, Clarke DR. The tetragonal-monoclinic transformation in zirconia:

Lessons learned and future trends. J Am Ceram Soc. 2009; 92:1901–20.

36. Gremillard L, Martin L, Zych L, Crosnier E, Chevalier J, Charbouillot A, et al. Combining ageing and

wear to assess the durability of zirconia-based ceramic heads for total hip arthroplasty. Acta biomateria-

lia. 2013; 9:7545–55. https://doi.org/10.1016/j.actbio.2013.03.030 PMID: 23541600

37. Elshazly ES, El-Hout SM, Ali MES. Yttria tetragonal zirconia biomaterials: Kinetic investigation. J Mater

Sci Technol. 2011; 27:332–7.

38. Gaillard Y, Jimenez-Pique E, Soldera F, Mucklich F, Anglada M. Quantification of hydrothermal degra-

dation in zirconia by nanoindentation. Acta Mater. 2008; 56:4206–16.

39. Nyvad B, Kilian M. Comparison of the initial streptococcal microflora on dental enamel in caries-active

and in caries-inactive individuals. Caries Res. 1990; 24:267–72. https://doi.org/10.1159/000261281

PMID: 2276164

Surface properties of zirconia subjected to ultrasonic scaling and LTD

PLOS ONE | https://doi.org/10.1371/journal.pone.0203849 September 13, 2018 17 / 18

https://doi.org/10.1016/j.jmbbm.2015.03.007
http://www.ncbi.nlm.nih.gov/pubmed/25841216
https://doi.org/10.1016/j.jmbbm.2015.08.031
http://www.ncbi.nlm.nih.gov/pubmed/26382971
https://doi.org/10.1016/j.biomaterials.2005.07.034
https://doi.org/10.1016/j.biomaterials.2005.07.034
http://www.ncbi.nlm.nih.gov/pubmed/16143387
https://doi.org/10.1016/j.dental.2009.02.003
https://doi.org/10.1016/j.dental.2009.02.003
http://www.ncbi.nlm.nih.gov/pubmed/19278720
https://doi.org/10.1016/j.mimet.2016.07.016
http://www.ncbi.nlm.nih.gov/pubmed/27444546
https://doi.org/10.1016/j.ijantimicag.2016.06.007
http://www.ncbi.nlm.nih.gov/pubmed/27449541
https://doi.org/10.1016/j.adaj.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26743797
http://www.ncbi.nlm.nih.gov/pubmed/10223393
https://doi.org/10.1016/j.dental.2010.04.006
http://www.ncbi.nlm.nih.gov/pubmed/20537701
https://doi.org/10.1016/j.dental.2015.12.015
http://www.ncbi.nlm.nih.gov/pubmed/26777095
http://www.ncbi.nlm.nih.gov/pubmed/10874798
http://www.ncbi.nlm.nih.gov/pubmed/22848881
https://doi.org/10.1016/j.actbio.2013.03.030
http://www.ncbi.nlm.nih.gov/pubmed/23541600
https://doi.org/10.1159/000261281
http://www.ncbi.nlm.nih.gov/pubmed/2276164
https://doi.org/10.1371/journal.pone.0203849


40. Li J, Helmerhorst EJ, Leone CW, Troxler RF, Yaskell T, Haffajee AD, et al. Identification of early micro-

bial colonizers in human dental biofilm. J Appl Microbiol. 2004; 97:1311–8. https://doi.org/10.1111/j.

1365-2672.2004.02420.x PMID: 15546422
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