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Abstract
Objectives: This study aimed to characterize surface properties such as roughness 
(Ra) and surface-free energy (SFE) of glazed and polished yttria-stabilized zirconia 
and to evaluate in vitro adherence of fungus Candida albicans and salivary bacteria, 
Staphylococcus epidermidis, mixed with C. albicans to these substrata. Additionally, 
the influence of salivary proteins (albumin, mucin and α-amylase) on yeast adhesion 
was studied.
Material and methods: Ra and SFE of glazed and polished zirconia discs were meas-
ured. Specimens were wetted with saliva and salivary proteins prior to incubation 
with C. albicans and mixed suspension of C. albicans and S. epidermidis for 24 hr, 
respectively. Microbial adhesion was quantified by counting colony-forming units 
(CFU). Differences in physicochemical properties were proved by t test. “Linear 
mixed model” with the factors “type of surface” and “wetting media” was applied to 
analyse the effects on fungal adhesion (p < .05).
Results: SFE and Ra of glazed specimens were significantly higher than correspond-
ing values of polished ones. The wetting media significantly changed the fungal bind-
ing (p = .0016). Significantly higher quantities of adhering fungi were found after 
mucin incubation compared to saliva (p = .004). For the factor “surface” as well as the 
interaction between “surface” and “wetting media,” no statistically significant differ-
ences have been found. In mixed suspension, the growth of Candida was completely 
prevented.
Conclusions: Glazed and polished zirconia differs in terms of physicochemical surface 
properties. These differences appear to be modulated by pellicle coating affecting 
the biomass of adhered Candida. Mucin seems to be good binding sites for adhesion 
of C. albicans.
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1  | INTRODUC TION

Dental ceramic materials fulfil the high esthetic requirements of 
modern dentistry. Especially, zirconia has become a biomaterial of 
high interest not only for esthetic reasons (Gomes & Montero, 2011), 
but also due to its outstanding biological and mechanical proper-
ties (i.e. high strength, hardness, high resistance to wear, resistance 
to corrosion, modulus of elasticity similar to steel, coefficient of 
thermal expansion similar to iron and elevated fracture toughness), 
which allow a wide scope of this material for restoring lost tooth 
substance (Hisbergues, Vendeville, & Vendeville, 2009; Lee, Jung, 
Kim, & Han, 2011). Tetragonal zirconia polycrystals (TZP), in par-
ticular yttria-stabilized zirconia (Y-TZP), is applied to high-strength 
frameworks of single crowns, widespread bridge and implant res-
torations using CAD/CAM techniques (Rosentritt, Behr, Burgers, 
Feilzer, & Hahnel, 2009). The common esthetical impairments at the 
critical interface between the marginal gingiva and the prosthetic 
components (Ozkurt & Kazazoglu, 2011) may be avoided by using 
ceramic abutments and transgingival components for implant res-
torations (Hahnel, Rosentritt, Handel, & Burgers, 2009). Finally, the 
biocompatibility and reduced proneness of microorganisms to ad-
here (Hisbergues et al., 2009; Scarano, Piattelli, Caputi, Favero, & 
Piattelli, 2004) make zirconia a suitable dental implant material with 
clinical success rates almost comparable to titanium implants (Do 
Nascimento et al., 2013; Lee et al., 2011; de Oliveira et al., 2012; 
Rimondini, Cerroni, Carrassi, & Torricelli, 2002; Scarano et al., 2004).

The adherence of oral microorganisms to dental restorative ma-
terials and the excessive plaque formation on dental restorations are 
contributory factors for dental pathologies (i.e. stomatitis, perimu-
cositis, periodontitis or peri-implantitis) and failures in implantology 
(Hisbergues et al., 2009; Li et al., 2012). The physicochemical ma-
terial characteristics such as surface-free energy (wettability) and 
surface roughness together with surface topography are known to 
be the dominant impact factors in this process (Hahnel et al., 2009; 
Hisbergues et al., 2009; Li et al., 2012; Teughels, Van Assche, Sliepen, 
& Quirynen, 2006). Accordingly, differences in surface properties of 
restorative materials might influence the quantity and quality of mi-
crobial adhesion at the supra- and subgingival levels.

Also, the role of saliva in the adherence process is not negligible. 
The formation of the salivary pellicle, that is the adsorption of sali-
vary proteins to restorative surfaces, is considered as the first step 
in plaque formation (Hahnel et al., 2009). Thus, the protein composi-
tion of saliva could be a relevant factor in this context. Busscher et al. 
reported an alteration of surface-free energy through the pellicle 
(Busscher, Uyen, van Pelt, Weerkamp, & Arends, 1986). In addition, 
the salivary proteins are discussed as receptors for microorganisms 
(Lindh, 2002). Mucin, for example, has been assumed to promote the 
colonization process of C. albicans in the oral cavity (Burgers et al., 
2010; Edgerton, Scannapieco, Reddy, & Levine, 1993; Li et al., 2012).

Candida albicans is the most incident type of fungus in the oral 
cavity (Webb, Thomas, Willcox, Harty, & Knox, 1998; Zaremba et al., 
2006) and the main cause of oral candidiasis (Cannon & Chaffin, 
1999). Fungal growth on dental restorations not only causes the 

denture liner degradation and subsequent tissue irritation, but also 
is responsible for denture stomatitis (Arendorf & Walker, 1987; 
Bergendal & Isacsson, 1983), a disease affecting up to 65% of pa-
tients wearing dentures (Dorey, Blasberg, MacEntee, & Conklin, 
1985). Moreover, C.albicans has been described as an opportunistic 
species in periodontal and peri-implant lesions (Heitz-Mayfield & 
Lang, 2010; Leonhardt, Renvert, & Dahlen, 1999).

There are different methods for microbial quantification used 
in microbiology, each with advantages and limitations (Hazan, Que, 
Maura, & Rahme, 2012). The gold standard method, colony-forming 
units (CFU) counting on plates, requires culturing the microbes to 
estimate the number of viable bacteria or fungal cells in a sample (JH, 
1972). However, the count might be affected by clumps of microbial 
cells miscounted as single colonies.

While much information is available on bacterial colonization of 
dental ceramic materials (Al-Ahmad et al., 2010; van Brakel et al., 
2011; Do Nascimento et al., 2013; Egawa, Miura, Kato, Saito, & 
Yoshinari, 2013; Hahnel et al., 2009; Lee et al., 2011; de Oliveira 
et al., 2012; Rosentritt et al., 2009; Sardin, Morrier, Benay, & Barsotti, 
2004; Scotti et al., 2007; Viitaniemi, Abdulmajeed, Sulaiman, 
Soderling, & Narhi, 2017; Yamane et al., 2013), less is known about 
fungal adherence to zirconia surfaces (Burgers et al., 2010; Dal Piva 
et al., 2018; do Nascimento, Pita, Pedrazzi, de Albuquerque Junior, 
& Ribeiro, 2013; Ehrman et al., 2006; Li et al., 2012). This in vitro 
study intended to characterize the surface properties such as rough-
ness and surface-free energy of glazed and polished monolithic 
yttria-stabilized zirconia (Y-TZP) polycrystal ceramics and to evalu-
ate the ability of C. albicans and salivary bacteria, Staphylococcus 
epidermidis, mixed with C. albicans, respectively, to adhere to these 
substrata. Additionally, we studied the influence of salivary proteins 
(albumin, mucin and alpha-amylase) on the quantity of the yeast ad-
hesion. The research hypotheses were as follows: (A) glazed zirconia 
has lower potential to adhere C. albicans than polished zirconia, and 
(B) different salivary proteins influence fungal adhesion.

2  | MATERIAL S AND METHODS

2.1 | Preparation of zirconia test specimens

Zirconia specimens were prepared out of ZENOSTAR Zr Translucent 
(WIELAND Dental) as round discs of 98 mm in diameter and 10 mm 
in thickness. Depending on the surface finishing treatment, speci-
mens were divided into two series: glazed zirconia (A) and polished 
zirconia (B). Procedures of glazing included firing a coat of Magic 
Glaze Flu (Wieland) and subsequently the staining paste (Zenostar 
Art Stain Paste) at 910 ⁰C with no vacuum for 1 min. Finally, high 
gloss polishing with Zenostar Polish paste and goat hair polisher 
(Zenostar Polish) was performed. Polished specimens were treated 
only with polish paste (Zenostar Polish) using goat hair polisher 
(Zenostar Polish) and zirconia polisher set (Edenta).

Monolithic zirconia restorations are commonly glazed and 
stained superficially during manufacturing for the esthetic reasons 
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(Janyavula et al., 2013). Thus, the series A, referred to as "glazed," 
represents the restoration as provided by dental laboratory prior to 
correction in the patient's mouth. At insertion, the grinding of glazed 
surface for the occlusal adjustment may reveal the rough surface of 
unpolished ceramics beneath and requires polishing (do Nascimento 
et al., 2013; Egawa et al., 2013). In this study, the series B, referred 
to as "polished," imitates the restoration re-polished by dentist after 
occlusal adjustment.

2.2 | Measurement of surface properties

The surface roughness average (Ra) was measured with Taylor 
Hobson Surtronic 3 + profilometer (Leicester, UK) at three different 
locations on five discs of each series (n  =  15). The discs were at-
tached to a fixture, and a diamond tip was passed horizontally across 
the surface. The length of the measuring section was 2.5 mm. The 
measurement profile resulted from the vertical position shift of the 
diamond tip.

The surface-free energy (SFE), a measure of hydrophilicity of 
materials, was calculated on the base of contact angle values using 
the Owens–Wendt method (Liber-Knec & Lagan, 2014). The sur-
face contact angle measurements were made with a video-based, 
optical contact angle measuring instrument on five samples per 
series. Three liquids with known surface energies (distilled water, 
ethylene glycol and mixture of distilled water and ethylene gly-
col 1:1) were used as test liquids. Three drops of each test liquid 
were placed on the surface of zirconia discs, and the two angles 
made by the intersection of the liquid/solid interface (right and 
left) were measured for each drop and converted into SFE values 
by the software.

2.3 | Scanning electron microscopy (SEM)

The morphological surface characteristics of zirconia discs were ob-
served by SEM. One specimen of each series was directly mounted 
on aluminium stubs and imaged by a scanning electron microscope 
(Hitachi SU 3500).

2.4 | Pellicle formation

To simulate the salivary protein film formation (pellicle), zirconia 
specimens were incubated with 40  μl of the following test media 
for 2 hr prior to the microbial adhesion assay: human whole saliva, 
albumin (solution human, A6909-5 ml, Sigma-Aldrich), mucin (from 
porcine stomach, M1778-10g, type III, partially purified powder, 
Sigma-Aldrich) and α-amylase (from human saliva, A1031, type XIII-A, 
lyophilized powder, 300–1,500 units/mg protein, Sigma-Aldrich). 
Unstimulated human whole saliva was obtained by a healthy donor 
taking no medication and without any active carious lesions or peri-
odontal diseases. The uncoated discs were used as a control. This 

resulted in 5 groups per series. After the incubation period, the test 
media were aspirated with a sterile pipette.

2.5 | Fungal adhesion assay

Yeast cell solution of C. albicans and mixed suspension of C. albi-
cans and S.epidermidis were prepared in the preliminary experiment 
as previously described (Burgers, Witecy, Hahnel, & Gosau, 2012). 
Briefly, C. albicans human isolate (strain 1,386; DSMZ, Braunschweig, 
Germany) was incubated in 36 ml Sabouraud yeast broth (SABB-T, 
bioMérieux SA, Marcy l'Etoile, France) for 24 hr at 37°C. Cells from 
broth cultures were harvested, washed and resuspended in phos-
phate-buffered saline (PBS; Sigma-Aldrich) to a final concentration 
of approximately 1.7 × 10⁷ colony-forming units (CFU)/ml. Clinical 
strain of S. epidermidis (DSM 20,044, Braunschweig, Germany) was 
grown in brain-heart infusion (BHI) medium (bioMérieux SA, Marcy 
l´Etoile, France) overnight at 37°C and diluted to approximately 7.4 
× 10⁷ CFU/ml in normal saline for biofilm growth. The experimental 
suspensions were stored in tubes (Sarstedt, Nümbrecht, Germany) at 
−20°C. On the day of the main experiment, they were removed from 
the freezer, thawed and homogenized in the shaker.

Pellicle-coated or uncoated zirconia specimens were incubated 
in 200 µl of Candida suspension, respectively, 100 µl Candida and 
100 µl S. epidermidis suspension (mixed suspension) and 1 ml brain-
heart infusion (BHI-T), a standard liquid medium for the cultivation 
of aerobic and anaerobic microorganisms, aerobically for 24 hr at 
37°C to grow cell biofilms. Fungal colonization at 24 hr is dominated 
by mycelia-form cells (Mayahara et al., 2014), the morphological phe-
notype of C. albicans that is considered invasive and play a distinc-
tive role in tissue penetration, colonization of organs and surviving 
(Sudbery, Gow, & Berman, 2004).

To evaluate the viability of microbial cells on the material surface, 
specimens were gently rinsed with phosphate-buffered saline (PBS) 
to remove non-adherent cells and placed into polypropylene tubes 
filled with 1 ml PBS in an ultrasonic bath. The obtained suspension 
of adherent cells, desorbed from the disc surface, was appropriately 
diluted and spread on solid media and aerobically incubated for 24 hr 
at 37°C. Cell colony numbers were counted, and the number of colo-
ny-forming units per 1 ml of the suspension (CFU/ml) was calculated 
to quantify the microbial adhesion. Under each experimental condi-
tion, these experiments were repeated three times.

2.6 | Statistical analysis

Data were analysed using SAS software (SAS Institute) and graphi-
cally presented by means of the program LATEX. The average 
values and the standard deviations were calculated for surface 
energy (SFE), surface roughness (Ra) and colony-forming units 
(CFU). The differences in physicochemical properties of the zir-
conia specimens were tested by means of t tests. “Linear mixed 
model” with the factor—type of surface (glazed and polished)—and 
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the factor—wetting medium (dry, saliva, albumin, mucin and 
α-amylase)—was applied for analysis of the influence of salivary 
proteins on fungal adhesion on different zirconia surfaces. The 
variance homogeneity and the normal distribution of the residuals 
were checked by the "likelihood ratio" and "Shapiro–Wilk" test, 
respectively. In contrast to a classic "2-way ANOVA," a "linear 
mixed model" can be used to check and to control for variance 
heterogeneity. In our example, the different wetting media have a 
significantly different variance (p < .0001) and were therefore es-
timated separately in the model. A violation of the normality of the 
residuals could not be proven (p = .52). The statistical significance 
was determined a priori at p ≤ .05.

3  | RESULTS

3.1 | Surface properties of zirconia test specimens

Surface roughness (Ra) and surface-free energy (SFE) for both se-
ries of zirconia discs, glazed (A) and polished (B), were determined as 
presented in Table 1. To verify the differences in surface properties, 
the mean Ra and SFE values of the two series were compared with 
t test. Significantly higher roughness values were found for glazed 
(0.0355 μm) than for polished (0.0035 μm) samples. The SFE average 
values of the glazed specimens (65.2 mJ/m2) were significantly higher 
than the corresponding values of the polished ones (22.9 mJ/m2).

3.2 | Scanning electron microscopy

The morphological characteristics of zirconia test specimens were 
observed by scanning electron microscopy (SEM). The surface of 
glazed discs yielded inhomogeneous microstructures of different 
shapes and sizes, unevenly distributed over a flat pad (Figure 1a,b). In 
contrast, the polished zirconia surface appeared completely smooth 
with no micro-retentive properties (Figure 2a,b).

3.3 | Quantification of fungal adhesion and 
influence of salivary proteins

The number of viable fungal cells on the zirconia samples after 
24  hr of incubation expressed as CFU (colony-forming units) is 
presented in Table  2 for all experimental groups (1  =  uncoated, 
2 = saliva, 3 = albumin, 4 = mucin, 5 = α-amylase). The 95% confi-
dence intervals for CFU values were calculated and are compared 
in Figure 3. Among the uncoated group, the susceptibility to fungal 
adhesion was higher on the glazed surfaces (series A). An outlier 
within this group, however, caused the wide variance. Therefore, 
observations were checked by internal studentized residuals to 
determine its effect on the data distribution. Since none of the 
absolute studentized residuals was >2, there was no evidence of 
an inadequate model.

When the test specimens were coated with saliva, more Candida 
cells (0.04 ± 0.03, x 105/ml) adhered to polished (series B) than to 
glazed zirconia surfaces (0.02 ± 0.01, × 105/ml). This trend was also 
maintained in groups 3–5 (Table  2). In general, the linear mixed 
model analysis showed statistically significant differences solely 
for the factor “wetting media” regardless of the type of surface (p 
= .0016). For the factor “surface” (glazed versus. polished) as well 
as the interaction between “surface” and “wetting media,” no statis-
tically significant differences have been found. The various tested 
coatings were cross-checked using a post hoc test: significant differ-
ences in the amount of fungal adhesion were found between saliva 
and mucin on each zirconia surface (p = .004).

3.4 | Influence of bacterial presence

CFU counted after incubation of zirconia specimens in mixed sus-
pension for 24  hr were converted into the percentage share of 
albumin CFU values to simplify the account. In bacterial presence, 
no yeast colonization could be quantified in any group. Meanwhile, 
S. epidermidis colonized all coated zirconia surfaces (Figure 4). The 
parametrized model analysis showed no significant differences 
in the amount of bacterial adhesion between the different pro-
tein coatings on each zirconia specimen surface. Also, the type of 
surface has not significantly influenced the adhesion affinity of S. 
epidermidis.

4  | DISCUSSION

Since the role of microbial biofilms in the aetiology of oral patholo-
gies is well established, the affinity of restorative materials to 
adhesion of microorganisms is also of great interest. The studies 
have indicated the differences in biofilm formation between dental 
materials (Auschill et al., 2002; Hahn, Weiger, Netuschil, & Bruch, 
1993; Rimondini et al., 2002), possibly as the consequence of their 
physicochemical features such as surface-free energy (SFE) and 
surface roughness (Ra) (Burgers et al., 2010; Quirynen & Bollen, 
1995; Ramage, Martinez, & Lopez-Ribot, 2006). Therefore, the first 
objective of the present in vitro study was to define the surface 
properties of two Y-TZP zirconia surfaces, glazed and polished, 
by measuring the SFE and Ra. Both were significantly higher for 
glazed than for polished specimens. This suggests that the glazing 
procedures (i.e. surface refinement by silica-coating) influence the 

TA B L E  1   Surface roughness (Ra) and surface energy (SFE) of the 
zirconia test specimens (mean values ± standard deviations)

  Ra (μm) SFE (mJ/m2)

Glazed (A) 0.0355 ± 0.0172* 65.2 ± 5.7*

Polished (B) 0.0035 ± 0.001* 22.9 ± 1.6*

*Statistically significant difference (p < .05). 
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surface characteristics of zirconia similar as the surface modifica-
tions of the implant material such as plasma spraying, hydroxyapa-
tite coating, sand-blasting or acid etching lead to increased Ra and 
variations in SFE of titanium (Browne & Gregson, 1994). Villard et al. 
(Villard, Seneviratne, Tsoi, Heinonen, & Matinlinna, 2015) evaluated 

the effect of silanization and concluded that the silane primers in-
crease the SFE on zirconia surfaces same as the silica-coating in our 
study. Increasing values of SFE mean less hydrophobicity and bet-
ter wettability of the surfaces (Villard et al., 2015). From the clini-
cal point of view, this implicates that when resurfacing the zirconia 

F I G U R E  1   (a, b) SEM of glazed zirconia 
specimen (series A); magnification 800× 
(a) and 3,000× (b)

(a) (b)

F I G U R E  2   (a, b) SEM of polished 
zirconia specimen (series B); magnification 
800× (a) and 3,000× (b)

(a) (b)

TA B L E  2   Cell counts (average CFU ± standard deviations, × 105/ml) of Candida albicans adhesion on uncoated and pellicle-coated zirconia 
surfaces

  Pellicle coating

Uncoated (1) Saliva (2) Albumin (3) Mucin (4) α-amylase (5)

Surface type Glazed (A) 1.01 ± 1.30 0.02 ± 0.01 0.17 ± 0.08 0.16 ± 0.03* 0.12 ± 0.05

Polished (B) 0.19 ± 0.06 0.04 ± 0.03 0.20 ± 0.10 0.19 ± 0.05* 0.15 ± 0.07

*Statistically significant difference (p < .05) versus saliva. 

F I G U R E  3   Comparative adherence of 
Candida albicans (CFU means with 95% 
confidence intervals) to different zirconia 
surfaces with various protein coatings. * 
Statistically significant difference (p < .05) 
between saliva (2) and mucin (4) coating 
regardless of the surface type
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restorations for occlusal adjustment in the patient's mouth, a layer 
is released which is smoother and less hydrophilic than the outer 
layer (glaze).

The micro-retentive properties of the tested zirconia specimens 
were qualitatively evaluated by SEM. In contrast to glazed discs, 
polished zirconia surfaces appeared completely smooth with no mi-
crostructures suitable for attachment of microbes. The images are 
clearly consistent with the determined differences in roughness val-
ues. Quirynen et al. claim that the reduction of Ra below 0.2  µm 
will not significantly decrease the plaque formation rate (Quirynen, 
Bollen, Papaioannou, Van Eldere, & van Steenberghe, 1996). Since 
the Ra average values of the investigated zirconia test specimens 
(0.0355  μm (glazed) and 0.0035  μm (polished)) are far below this 
threshold, it can be assumed that in the present case, surface rough-
ness has a negligible effect on fungal adhesion. In addition, the im-
pact of surface roughness is only observed under in vivo prevailing 
conditions when shear forces are effective (Hannig, 1999).

The oral fungus Candida albicans seems to be able to adhere 
to both, hydrophilic and hydrophobic, surfaces. The extent of fun-
gal adhesion, however, might be related to SFE of the biomaterial 
(Li et al., 2012; Teughels et al., 2006). A number of studies suggest 
that surfaces with higher SFE (hydrophilic) promote the attachment 
of oral microorganisms (Quirynen & Bollen, 1995; Quirynen et al., 
1989, 1994; Teughels et al., 2006). On the other hand, there are 
also numerous indications that a decrease in hydrophobicity of the 
surface results in less number of Candida colonies (Burgers et al., 
2010; Egawa et al., 2013; Hahnel et al., 2009; Klotz, Drutz, & Zajic, 
1985; Li et al., 2012). To consider is also that oral pathogens with 
high SFE preferentially bind to substrata with high SFE, whereas 
low SFE microorganisms rather attach to low SFE surfaces (Minagi, 
Miyake, Inagaki, Tsuru, & Suginaka, 1985). Our findings, however, 
showed no significant differences in susceptibility to fungal adhe-
sion between the two types of zirconia discs despite evident differ-
ences in their physicochemical surface properties (SFE and Ra). This 
is consistent to the study results of Moura et al. showing that SFE 
does not influence biofilm formation (Moura, da Silva, Pereira, Del 
Bel Cury, & Rodrigues Garcia, 2006). These considerations indicate 

the complexity of the correlation patterns between surface charac-
teristics and fungal adhesion, which is still to be clarified in further 
studies on this topic.

Apparently, however, the wetting of zirconia test specimens 
with a liquid medium (saliva, albumin, mucin or α-amylase—de-
pending on the group) before the incubation with Candida sig-
nificantly changed the adhesion behaviour of the material. The 
fungal binding differences caused by surface wetting imply the 
importance of saliva or protein coating in the colonization of test 
specimens. Previous studies have discussed different effect mech-
anisms. Koch et al. speak concretely of a homogenizing effect of 
saliva on the surface properties of the materials with originally 
different free surface energies (Koch, Burgers, & Hahnel, 2013). 
Other authors also agree about the influence of saliva coating on 
the physicochemical properties of the surface and the adhesion of 
oral pathogens (Hahnel et al., 2009; Li et al., 2012). Hahnel et al. 
measured the SFE of various dental ceramics before and after in-
cubation with artificial saliva and detected more hydrophilic sur-
face properties after saliva coating. They also observed a lower 
adhesion of oral streptococci to saliva-coated ceramics (Hahnel 
et al., 2009). This is in agreement with the findings of Okada et al., 
which indicate that the hydrophilization of the surfaces results in 
the inhibition of biofilm formation (Okada et al., 2008). Since we 
have not determined the SFE of zirconia test specimens after the 
wetting with saliva or pellicle proteins, it is not possible to assert a 
hydrophilizing effect of the saliva in the present study. Generally, 
no interaction between the surface type and surface wetting with 
respect to fungal/bacterial adhesion could be demonstrated. The 
accurate interactions between pellicle and SFE of zirconia sur-
faces yet remain a topic for further analysis.

The role of saliva in microbial colonization of the surfaces in the 
oral cavity is not only reflected in the above-mentioned effect on 
adsorption behaviour or physicochemical surface parameters of 
the material, but also other aspects of the salivary influence are 
discussed in the literature. This refers to saliva proteins (salivary 
pellicle), since they are considered as specific receptors for micro-
organisms (Lindh, 2002). In general, mucin, albumin and α-amylase 

F I G U R E  4   95% confidence interval 
plot of cell counts (average percentage 
share in relation to albumin CFU values) 
in mixed suspension (Candida albicans 
and Staphylococcus epidermidis) on 
different zirconia surface types and test 
media (red = saliva, green = α-amylase, 
blue = mucin)
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are reported to be important components of salivary pellicles mod-
ulating the adherence process of oral pathogens to biomaterials 
(Burgers et al., 2010; Edgerton et al., 1993; Gibbons & Etherden, 
1985; Hoffman & Haidaris, 1993; Li et al., 2012; Scannapieco, Torres, 
& Levine, 1993). In this context, the composition of saliva might also 
be essential for fungal adhesion to substrata. Therefore, the sec-
ond part of this adherence study was devoted to investigation of 
the influence of salivary proteins on the quantity of fungal adhesion. 
Considering that the whole saliva also contains antimicrobial sub-
stances (i.e. antibodies, lysozyme) which may hamper the adhesion 
of Candida, it would be expected that microbial adhesion is less on 
the saliva-coated specimens compared to the protein-coated sam-
ples. Nevertheless, significantly higher quantities of adhering fungi 
were found only after mucin incubation compared to CFU values of 
saliva-coated specimens. Thus, mucin's high affinity to Candida, em-
phasized in previous studies (Burgers et al., 2010; Edgerton et al., 
1993; Hoffman & Haidaris, 1993; Nikawa & Hamada, 1990), was 
once more confirmed. It should, however, be noted that we have 
used high concentrations of salivary proteins and that their physio-
logical level concentrations can vary widely due to different reasons 
(systemic diseases, medication, radiotherapy). Moreover, the mucin 
solutions used in this study were derived from porcine origin, which 
is why the results may not be transferred to the human conditions 
without any restrictions.

The observations of the present study may be considered advan-
tageous in clinical context. First, the rejection of our hypothesis that 
glazed zirconia surfaces are less susceptible to Candida adherence 
than polished zirconia implies that alteration of surface finish and 
properties due to occlusal adjustment of zirconia restorations will 
not increase the affinity to fungal binding. Moreover, both zirconia 
types are less susceptible to Candida colonization in vivo, since all 
solid surfaces in the oral cavity are pellicle-coated, and saliva-pelli-
cle appears to reduce the number of adherent cells. A higher risk of 
fungal infection is consequently to be expected in cases of severe 
xerostomia regardless of the surface type.

Many different microorganisms co-exist in the oral cavity, with 
bacteria forming the main parts of the oral flora. Survival within 
the oral ecosystem relies on the synergistic and antagonistic inter-
actions of the residents (Samaranayake, McCourtie, & MacFarlane, 
1980). It is likely that other microorganisms present in the oral 
cavity would affect adhesion of Candida in vivo. To investigate the 
effect of oral commensal bacteria on the yeast colonization on zir-
conia surfaces in vitro, we conducted the same experiment with C. 
albicans simultaneously incubated with S. epidermidis, a bacterial 
member of the human oral microbiome able to bind to hard sur-
faces in the oral cavity (Chen et al., 2010; Dewhirst et al., 2010). S. 
epidermidis normally resides on the skin and mucous membranes 
of humans but may cause biofilm infections on surgical implants 
and medical devices (Dewhirst et al., 2010). Microbial findings at 
failing dental implants also suggest the involvement of S. epider-
midis in the aetiology of peri-implantitis (Leonhardt et al., 1999). 
Surprisingly, the presence of bacteria completely prevented the 
growth and colony formation of Candida in the first 24  hr after 

incubation in all experimental settings. Meanwhile, the bacteria 
colonized all coated zirconia surfaces (Figure 4). In the light of this 
finding, it would appear that S. epidermidis has absolutely prevailed 
in the struggle for nutrients and has suppressed the growth and 
metabolism of Candida in vitro. In this sense, the type of growth 
medium might be crucial as the cell-to-cell interactions have 
shown some alterations depending on media used in adhesion as-
says of oral pathogens to solid surfaces in vitro (Branting, Sund, 
& Linder, 1989). An antagonistic effect of oral bacteria was also 
confirmed in the study of Samaranayake et al. by the significant 
reduction in the number of attached Candida cells on the acrylic 
strips precoated with Strep. salivarius (Samaranayake et al., 1980). 
The opposite was observed in an adhesion assay of Candida com-
bined with Strep. mutans, where the presence of other microor-
ganism has resulted in enhanced levels of yeast adhesion (Radford, 
Challacombe, & Walter, 1999). Further experiments, however, are 
required to elucidate and understand the role of oral bacteria in 
regulating the adhesion of Candida to zirconia surfaces.

Finally, it is to be noticed that the findings and the interpreta-
tions of this in vitro study are based on viable counts data (microbial 
growth), which might show inhomogeneous results probably due to 
general difficulty to achieve the reproducibility in microbial assays, 
and to reliably determine the true value of viable counts on the other 
hand. Plate counting to estimate the number of cells by CFU, used 
in the present study, usually undercounts the number of living cells 
present in a sample since clumps of microbial cells could be mis-
counted as single colonies (Hazan et al., 2012). Such scattering of 
results might be problematic for the statistical power. It should also 
be noted that we have not simulated all conditions prevailing in the 
oral cavity such as influence of shear forces or changes in pH in the 
present study. Therefore, it would be necessary to prove the results 
under in vivo circumstances as well.

Within the limitations of this study, it can be concluded that 
glazed and polished zirconia surfaces differ significantly in terms of 
physicochemical surface properties. The glazing of zirconia has a hy-
drophilizing effect as measured by increased SFE. These differences 
appear to be modulated by pellicle coating affecting the biomass of 
adhered Candida. Mucin seems to be good binding sites for adhe-
sion of C. albicans. In general, fungal adherence to zirconia surfaces 
could be regulated by various factors operating intra-orally. Thus, 
further studies are necessary to clarify the complex interactions in 
this process.

CONFLIC TS OF INTERE S T
None to declare.

AUTHORS’  CONTRIBUTIONS
Z.C.L. and G.A. conceived and designed the research; Z.C.L. col-
lected the data; D.G. and Z.C.L. analysed the data; G.A. ensured 
a proper explanation to questions regarding microbial assays and 
viable counts data; Z.C.L. wrote the paper; D.G. and P.E. helped 
to draft the manuscript; all authors read and approved the final 
manuscript.

 16010825, 2020, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/odi.13319 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [16/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



     |  1079ZUPANCIC CEPIC et al.

ORCID
Lana Zupancic Cepic   https://orcid.org/0000-0003-2379-7043 
Gabriella Dvorak   https://orcid.org/0000-0001-9957-4925 

R E FE R E N C E S
Al-Ahmad, A., Wiedmann-Al-Ahmad, M., Faust, J., Bächle, M., Follo, M., 

Wolkewitz, M., … Kohal, R. (2010). Biofilm formation and composition 
on different implant materials in vivo. Journal of Biomedical Materials 
Research. Part B, Applied Biomaterials, 95(1), 101–109. https://doi.
org/10.1002/jbm.b.31688

Arendorf, T. M., & Walker, D. M. (1987). Denture stomatitis: A review. 
Journal of Oral Rehabilitation, 14(3), 217–227.

Auschill, T. M., Arweiler, N. B., Brecx, M., Reich, E., Sculean, A., & 
Netuschil, L. (2002). The effect of dental restorative materials on 
dental biofilm. European Journal of Oral Sciences, 110(1), 48–53.

Bergendal, T., & Isacsson, G. (1983). A combined clinical, mycologi-
cal and histological study of denture stomatitis. Acta Odontologica 
Scandinavica, 41(1), 33–44.

Branting, C., Sund, M. L., & Linder, L. E. (1989). The influence of 
Streptococcus mutans on adhesion of Candida albicans to acrylic 
surfaces in vitro. Archives of Oral Biology, 34(5), 347–353.

Browne, M., & Gregson, P. J. (1994). Surface modification of titanium 
alloy implants. Biomaterials, 15(11), 894–898.

Bürgers, R., Hahnel, S., Reichert, T. E., Rosentritt, M., Behr, M., Gerlach, 
T., … Gosau, M. (2010). Adhesion of Candida albicans to various 
dental implant surfaces and the influence of salivary pellicle pro-
teins. Acta Biomaterialia, 6(6), 2307–2313. https://doi.org/10.1016/j.
actbio.2009.11.003

Burgers, R., Witecy, C., Hahnel, S., & Gosau, M. (2012). The effect of 
various topical peri-implantitis antiseptics on Staphylococcus epi-
dermidis, Candida albicans, and Streptococcus sanguinis. Archives 
of Oral Biology, 57(7), 940–947. https://doi.org/10.1016/j.archo​
ralbio.2012.01.015

Busscher, H. J., Uyen, M. H., van Pelt, A. W., Weerkamp, A. H., & Arends, 
J. (1986). Kinetics of adhesion of the oral bacterium Streptococcus 
sanguis CH3 to polymers with different surface free energies. 
Applied and Environment Microbiology, 51(5), 910–914.

Cannon, R. D., & Chaffin, W. L. (1999). Oral colonization by Candida al-
bicans. Critical Reviews in Oral Biology and Medicine, 10(3), 359–383.

Chen, T., Yu, W. H., Izard, J., Baranova, O. V., Lakshmanan, A., & Dewhirst, 
F. E. (2010). The Human Oral Microbiome Database: a web accessible 
resource for investigating oral microbe taxonomic and genomic infor-
mation. Database (Oxford), 2010, baq013. https://doi.org/10.1093/
datab​ase/baq013.

Dal Piva, A., Contreras, L., Ribeiro, F. C., Anami, L. C., Camargo, S., 
Jorge, A., & Bottino, M. A. (2018). Monolithic ceramics: Effect 
of finishing techniques on surface properties, bacterial adhesion 
and cell viability. Operative Dentistry, 43(3), 315–325. https://doi.
org/10.2341/17-011-L

de Oliveira, G. R., Pozzer, L., Cavalieri-Pereira, L., de Moraes, P. H., Olate, 
S., & de Albergaria Barbosa, J. R. (2012). Bacterial adhesion and col-
onization differences between zirconia and titanium implant abut-
ments: An in vivo human study. Journal of Periodontal Implant Science, 
42(6), 217–223. https://doi.org/10.5051/jpis.2012.42.6.217

Dewhirst, F. E., Chen, T., Izard, J., Paster, B. J., Tanner, A. C. R., Yu, W.-
H., … Wade, W. G. (2010). The human oral microbiome. Journal of 
Bacteriology, 192(19), 5002–5017. https://doi.org/10.1128/JB.00542​
-10

Do Nascimento, C., Da Rocha Aguiar, C., Pita, M. S., Pedrazzi, V., De 
Albuquerque, R. F., & Ribeiro, R. F. (2013). Oral biofilm formation 
on the titanium and zirconia substrates. Microscopy Research and 
Technique, 76(2), 126–132. https://doi.org/10.1002/jemt.22143

do Nascimento, C., Pita, M. S., Pedrazzi, V., de Albuquerque Junior, R. F., 
& Ribeiro, R. F. (2013). In vivo evaluation of Candida spp. adhesion 

on titanium or zirconia abutment surfaces. Archives of Oral Biology, 
58(7), 853–861. https://doi.org/10.1016/j.archo​ralbio.2013.01.014

Dorey, J. L., Blasberg, B., MacEntee, M. I., & Conklin, R. J. (1985). Oral 
mucosal disorders in denture wearers. Journal of Prosthetic Dentistry, 
53(2), 210–213.

Edgerton, M., Scannapieco, F. A., Reddy, M. S., & Levine, M. J. (1993). 
Human submandibular-sublingual saliva promotes adhesion of 
Candida albicans to polymethylmethacrylate. Infection and Immunity, 
61(6), 2644–2652.

Egawa, M., Miura, T., Kato, T., Saito, A., & Yoshinari, M. (2013). In vitro 
adherence of periodontopathic bacteria to zirconia and titanium sur-
faces. Dental Materials Journal, 32(1), 101–106.

Ehrman, J. D., Bender, E. T., Stojilovic, N., Sullivan, T., Ramsier, R. D., 
Buczynski, B. W., … Steiner, R. P. (2006). Microbial adhesion to zir-
conium alloys. Colloids and Surfaces B: Biointerfaces, 50(2), 152–159. 
https://doi.org/10.1016/j.colsu​rfb.2006.04.010

Gibbons, R. J., & Etherden, I. (1985). Albumin as a blocking agent in stud-
ies of streptococcal adsorption to experimental salivary pellicles. 
Infection and Immunity, 50(2), 592–594.

Gomes, A. L., & Montero, J. (2011). Zirconia implant abutments: A review. 
Medicina Oral Patología Oral Y Cirugia Bucal, 16(1), e50–55.

Hahn, R., Weiger, R., Netuschil, L., & Bruch, M. (1993). Microbial accumu-
lation and vitality on different restorative materials. Dental Materials, 
9(5), 312–316.

Hahnel, S., Rosentritt, M., Handel, G., & Burgers, R. (2009). Surface char-
acterization of dental ceramics and initial streptococcal adhesion 
in vitro. Dental Materials, 25(8), 969–975. https://doi.org/10.1016/j.
dental.2009.02.003

Hannig, M. (1999). Transmission electron microscopy of early plaque for-
mation on dental materials in vivo. European Journal of Oral Sciences, 
107(1), 55–64.

Hazan, R., Que, Y. A., Maura, D., & Rahme, L. G. (2012). A method 
for high throughput determination of viable bacteria cell 
counts in 96-well plates. BMC Microbiology, 12, 259. https://doi.
org/10.1186/1471-2180-12-259

Heitz-Mayfield, L. J., & Lang, N. P. (2010). Comparative biology of chronic 
and aggressive periodontitis vs. peri-implantitis. Periodontology 2000, 
53(1), 167–181. https://doi.org/10.1111/j.1600-0757.2010.00348.x.

Hisbergues, M., Vendeville, S., & Vendeville, P. (2009). Zirconia: 
Established facts and perspectives for a biomaterial in dental im-
plantology. Journal of Biomedical Materials Research. Part B, Applied 
Biomaterials, 88(2), 519–529. https://doi.org/10.1002/jbm.b.31147

Hoffman, M. P., & Haidaris, C. G. (1993). Analysis of Candida albicans 
adhesion to salivary mucin. Infection and Immunity, 61(5), 1940–1949.

Janyavula, S., Lawson, N., Cakir, D., Beck, P., Ramp, L. C., & Burgess, J. 
O. (2013). The wear of polished and glazed zirconia against enamel. 
Journal of Prosthetic Dentistry, 109(1), 22–29. https://doi.org/10.1016/
S0022​-3913(13)60005​-0

Miller, J. H. (1972). Experiments in molecular genetics. New York, NY: Cold 
Spring Harbor.

Klotz, S. A., Drutz, D. J., & Zajic, J. E. (1985). Factors governing adherence 
of Candida species to plastic surfaces. Infection and Immunity, 50(1), 
97–101.

Koch, C., Burgers, R., & Hahnel, S. (2013). Candida albicans adherence and 
proliferation on the surface of denture base materials. Gerodontology, 
30(4), 309–313. https://doi.org/10.1111/ger.12056

Lee, B. C., Jung, G. Y., Kim, D. J., & Han, J. S. (2011). Initial bacterial ad-
hesion on resin, titanium and zirconia in vitro. Journal of Advanced 
Prosthodontics, 3(2), 81–84. https://doi.org/10.4047/jap.2011.3.2.81

Leonhardt, A., Renvert, S., & Dahlen, G. (1999). Microbial findings at fail-
ing implants. Clinical Oral Implants Research, 10(5), 339–345.

Li, J., Hirota, K., Goto, T., Yumoto, H., Miyake, Y., & Ichikawa, T. (2012). 
Biofilm formation of Candida albicans on implant overdenture mate-
rials and its removal. Journal of Dentistry, 40(8), 686–692. https://doi.
org/10.1016/j.jdent.2012.04.026

 16010825, 2020, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/odi.13319 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [16/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-2379-7043
https://orcid.org/0000-0003-2379-7043
https://orcid.org/0000-0001-9957-4925
https://orcid.org/0000-0001-9957-4925
https://doi.org/10.1002/jbm.b.31688
https://doi.org/10.1002/jbm.b.31688
https://doi.org/10.1016/j.actbio.2009.11.003
https://doi.org/10.1016/j.actbio.2009.11.003
https://doi.org/10.1016/j.archoralbio.2012.01.015
https://doi.org/10.1016/j.archoralbio.2012.01.015
https://doi.org/10.1093/database/baq013
https://doi.org/10.1093/database/baq013
https://doi.org/10.2341/17-011-L
https://doi.org/10.2341/17-011-L
https://doi.org/10.5051/jpis.2012.42.6.217
https://doi.org/10.1128/JB.00542-10
https://doi.org/10.1128/JB.00542-10
https://doi.org/10.1002/jemt.22143
https://doi.org/10.1016/j.archoralbio.2013.01.014
https://doi.org/10.1016/j.colsurfb.2006.04.010
https://doi.org/10.1016/j.dental.2009.02.003
https://doi.org/10.1016/j.dental.2009.02.003
https://doi.org/10.1186/1471-2180-12-259
https://doi.org/10.1186/1471-2180-12-259
https://doi.org/10.1111/j.1600-0757.2010.00348.x
https://doi.org/10.1002/jbm.b.31147
https://doi.org/10.1016/S0022-3913(13)60005-0
https://doi.org/10.1016/S0022-3913(13)60005-0
https://doi.org/10.1111/ger.12056
https://doi.org/10.4047/jap.2011.3.2.81
https://doi.org/10.1016/j.jdent.2012.04.026
https://doi.org/10.1016/j.jdent.2012.04.026


1080  |     ZUPANCIC CEPIC et al.

Liber-Knec, A., & Lagan, S. (2014). The use of contact angle and the sur-
face free energy as the surface characteristics of the polymers used 
in medicine. Polimery W Medycynie, 44(1), 29–37.

Lindh, L. (2002). On the adsorption behaviour of saliva and purified 
salivary proteins at solid/liquid interfaces. Swedish Dental Journal 
Supplement, 152, 1–57.

Mayahara, M., Kataoka, R., Arimoto, T., Tamaki, Y., Yamaguchi, N., 
Watanabe, Y., … Miyazaki, T. (2014). Effects of surface roughness 
and dimorphism on the adhesion of Candida albicans to the surface 
of resins: Scanning electron microscope analyses of mode and num-
ber of adhesions. Journal of Investigative and Clinical Dentistry, 5(4), 
307–312. https://doi.org/10.1111/jicd.12055

Minagi, S., Miyake, Y., Inagaki, K., Tsuru, H., & Suginaka, H. (1985). 
Hydrophobic interaction in Candida albicans and Candida tropica-
lis adherence to various denture base resin materials. Infection and 
Immunity, 47(1), 11–14.

Moura, J. S., da Silva, W. J., Pereira, T., Del Bel Cury, A. A., & Rodrigues 
Garcia, R. C. (2006). Influence of acrylic resin polymerization meth-
ods and saliva on the adherence of four Candida species. Journal of 
Prosthetic Dentistry, 96(3), 205–211. https://doi.org/10.1016/j.prosd​
ent.2006.07.004

Nikawa, H., & Hamada, T. (1990). Binding of salivary or serum proteins 
to Candida albicans in vitro. Archives of Oral Biology, 35(7), 571–573.

Okada, A., Nikaido, T., Ikeda, M., Okada, K., Yamauchi, J., Foxton, R. M., 
… Matin, K. (2008). Inhibition of biofilm formation using newly devel-
oped coating materials with self-cleaning properties. Dental Materials 
Journal, 27(4), 565–572.

Ozkurt, Z., & Kazazoglu, E. (2011). Zirconia dental implants: A literature 
review. J Oral Implantol, 37(3), 367–376. https://doi.org/10.1563/
AAID-JOI-D-09-00079

Quirynen, M., & Bollen, C. M. (1995). The influence of surface roughness 
and surface-free energy on supra- and subgingival plaque formation 
in man. A review of the literature. Journal of Clinical Periodontology, 
22(1), 1–14.

Quirynen, M., Bollen, C. M., Papaioannou, W., Van Eldere, J., & van 
Steenberghe, D. (1996). The influence of titanium abutment surface 
roughness on plaque accumulation and gingivitis: Short-term obser-
vations. International Journal of Oral and Maxillofacial Implants, 11(2), 
169–178.

Quirynen, M., Marechal, M., Busscher, H. J., Weerkamp, A. H., Arends, J., 
Darius, P. L., & van Steenberghe, D. (1989). The influence of surface 
free-energy on planimetric plaque growth in man. Journal of Dental 
Research, 68(5), 796–799. https://doi.org/10.1177/00220​34589​
06800​50801

Quirynen, M., Van der Mei, H. C., Bollen, C. M., Van den Bossche, L. H., 
Doornbusch, G. I., van Steenberghe, D., & Busscher, H. J. (1994). The 
influence of surface-free energy on supra- and subgingival plaque 
microbiology. An in vivo study on implants. Journal of Periodontology, 
65(2), 162–167. https://doi.org/10.1902/jop.1994.65.2.162

Radford, D. R., Challacombe, S. J., & Walter, J. D. (1999). Denture plaque 
and adherence of Candida albicans to denture-base materials in 
vivo and in vitro. Critical Reviews in Oral Biology and Medicine, 10(1), 
99–116.

Ramage, G., Martinez, J. P., & Lopez-Ribot, J. L. (2006). Candida 
biofilms on implanted biomaterials: A clinically significant 
problem. FEMS Yeast Research, 6(7), 979–986. https://doi.
org/10.1111/j.1567-1364.2006.00117.x

Rimondini, L., Cerroni, L., Carrassi, A., & Torricelli, P. (2002). Bacterial col-
onization of zirconia ceramic surfaces: An in vitro and in vivo study. 
International Journal of Oral and Maxillofacial Implants, 17(6), 793–798.

Rosentritt, M., Behr, M., Burgers, R., Feilzer, A. J., & Hahnel, S. (2009). 
In vitro adherence of oral streptococci to zirconia core and veneer-
ing glass-ceramics. Journal of Biomedical Materials Research. Part 
B, Applied Biomaterials, 91(1), 257–263. https://doi.org/10.1002/
jbm.b.31397

Samaranayake, L. P., McCourtie, J., & MacFarlane, T. W. (1980). Factors 
affecting the in-vitro adherence of Candida albicans to acrylic sur-
faces. Archives of Oral Biology, 25(8–9), 611–615.

Sardin, S., Morrier, J. J., Benay, G., & Barsotti, O. (2004). In vitro 
streptococcal adherence on prosthetic and implant materials. 
Interactions with physicochemical surface properties. Journal of Oral 
Rehabilitation, 31(2), 140–148.

Scannapieco, F. A., Torres, G., & Levine, M. J. (1993). Salivary alpha-am-
ylase: Role in dental plaque and caries formation. Critical Reviews in 
Oral Biology and Medicine, 4(3–4), 301–307.

Scarano, A., Piattelli, M., Caputi, S., Favero, G. A., & Piattelli, A. (2004). 
Bacterial adhesion on commercially pure titanium and zirconium 
oxide disks: An in vivo human study. Journal of Periodontology, 75(2), 
292–296. https://doi.org/10.1902/jop.2004.75.2.292

Scotti, R., Kantorski, K. Z., Monaco, C., Valandro, L. F., Ciocca, L., & 
Bottino, M. A. (2007). SEM evaluation of in situ early bacterial colo-
nization on a Y-TZP ceramic: A pilot study. The International Journal of 
Prosthodontics, 20(4), 419–422.

Sudbery, P., Gow, N., & Berman, J. (2004). The distinct morphogenic 
states of Candida albicans. Trends in Microbiology, 12(7), 317–324. 
https://doi.org/10.1016/j.tim.2004.05.008

Teughels, W., Van Assche, N., Sliepen, I., & Quirynen, M. (2006). Effect of 
material characteristics and/or surface topography on biofilm devel-
opment. Clinical Oral Implants Research, 17(Suppl 2), 68–81. https://
doi.org/10.1111/j.1600-0501.2006.01353.x

van Brakel, R., Cune, M. S., van Winkelhoff, A. J., de Putter, C., Verhoeven, 
J. W., & van der Reijden, W. (2011). Early bacterial colonization and 
soft tissue health around zirconia and titanium abutments: An in vivo 
study in man. Clinical Oral Implants Research, 22(6), 571–577. https://
doi.org/10.1111/j.1600-0501.2010.02005.x

Viitaniemi, L., Abdulmajeed, A., Sulaiman, T., Soderling, E., & Narhi, T. 
(2017). Adhesion and early colonization of S. Mutans on lithium di-
silicate reinforced glass-ceramics, monolithic zirconia and dual cure 
resin cement. European Journal of Prosthodontics and Restorative 
Dentistry, 25(4), 228–234. https://doi.org/10.1922/EJPRD_01711​
Viita​niemi07

Villard, N., Seneviratne, C., Tsoi, J. K., Heinonen, M., & Matinlinna, J. 
(2015). Candida albicans aspects of novel silane system-coated ti-
tanium and zirconia implant surfaces. Clinical Oral Implants Research, 
26(3), 332–341. https://doi.org/10.1111/clr.12338

Webb, B. C., Thomas, C. J., Willcox, M. D., Harty, D. W., & Knox, K. 
W. (1998). Candida-associated denture stomatitis. Aetiology and 
management: A review. Part 1. Factors influencing distribution of 
Candida species in the oral cavity. Australian Dental Journal, 43(1), 
45–50.

Yamane, K., Ayukawa, Y., Takeshita, T., Furuhashi, A., Yamashita, Y., & 
Koyano, K. (2013). Bacterial adhesion affinities of various implant 
abutment materials. Clinical Oral Implants Research, 24(12), 1310–
1315. https://doi.org/10.1111/j.1600-0501.2012.02574.x

Zaremba, M. L., Daniluk, T., Rozkiewicz, D., Cylwik-Rokicka, D., Kierklo, 
A., Tokajuk, G., … Abdelrazek, S. (2006). Incidence rate of Candida 
species in the oral cavity of middle-aged and elderly subjects. 
Advances in Medical Science, 51(Suppl 1), 233–236.

How to cite this article: Zupancic Cepic L, Dvorak G, 
Piehslinger E, Georgopoulos A. In vitro adherence of Candida 
albicans to zirconia surfaces. Oral Dis. 2020;26:1072–1080.  
https://doi.org/10.1111/odi.13319

 16010825, 2020, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/odi.13319 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [16/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/jicd.12055
https://doi.org/10.1016/j.prosdent.2006.07.004
https://doi.org/10.1016/j.prosdent.2006.07.004
https://doi.org/10.1563/AAID-JOI-D-09-00079
https://doi.org/10.1563/AAID-JOI-D-09-00079
https://doi.org/10.1177/00220345890680050801
https://doi.org/10.1177/00220345890680050801
https://doi.org/10.1902/jop.1994.65.2.162
https://doi.org/10.1111/j.1567-1364.2006.00117.x
https://doi.org/10.1111/j.1567-1364.2006.00117.x
https://doi.org/10.1002/jbm.b.31397
https://doi.org/10.1002/jbm.b.31397
https://doi.org/10.1902/jop.2004.75.2.292
https://doi.org/10.1016/j.tim.2004.05.008
https://doi.org/10.1111/j.1600-0501.2006.01353.x
https://doi.org/10.1111/j.1600-0501.2006.01353.x
https://doi.org/10.1111/j.1600-0501.2010.02005.x
https://doi.org/10.1111/j.1600-0501.2010.02005.x
https://doi.org/10.1922/EJPRD_01711Viitaniemi07
https://doi.org/10.1922/EJPRD_01711Viitaniemi07
https://doi.org/10.1111/clr.12338
https://doi.org/10.1111/j.1600-0501.2012.02574.x
https://doi.org/10.1111/odi.13319

