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dDepartment of Microbiology, Sao Paulo State University, Av. Eng. Francisco José Longo, 777 - Jardim Sao Dimas, São José
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Abstract Purpose: To simulate biodegradation and wear of stained and glazed CAD lithium dis-

ilicate ceramic, and evaluate their effects on the microbial adherence and mechanical and surface

properties of lithium disilicate ceramic

Materials and methods: 160 lithium disilicate ceramic discs were fabricated and divided in eight

groups according to manual stain and glaze application with a fine paint brush (without stain and

glaze; with stain and glaze) and aging procedures (no aging; wear at 30 N load, 1.7 Hz, 3 � 105

cycles; biodegradation by exposure to microcosm biofilm; biodegradation + wear;

biodegradation + wear). Profilometry was performed to determine the surface roughness and

the wear consequences. Biaxial flexural strength test was performed, and a Streptococcus mutans

adherence test was conducted to evaluate the number of colony forming units.

Results: Unaged samples with and without stain and glaze presented the lowest values of surface

roughness (p < 0.001), but after aging (wear, biodegradation, or both), the samples in the stain and

glaze groups were rougher than those in the no stain and glaze groups (p < 0.001). The stain and

glaze groups showed the highest volume of wear after aging (p = 0.04), and had the lowest flexural
gueira-
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strength values (p < 0.01), irrespective of the aging method. The aging method did not affect the

flexural strength (p = 0.06). The number of colonies forming units was higher for biodegrada-

tion + no stain and glaze, biodegradation + wear + no stain and glaze, no aging + stain and

glaze, biodegradation + stain and glaze, and biodegradation + wear + stain and glaze. The lowest

values were observed for no aging + no stain and glaze.

Conclusion: The staining and glazing of lithium disilicate increased the surface wear and bacte-

rial adherence, and decreased biaxial flexural strength of the material. When exposed to S. mutans,

surface roughness increased, and biodegradation favored bacterial adherence.

� 2021 The Author. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lithium disilicate (LD) ceramics are composed of a glass
matrix and crystalline phase, and commercially presented as

blocks for computer-aided design/computer-aided manufac-
turing (CAD/CAM) or injection ingots (Figueiredo-Pina
et al., 2016). Both techniques result in monolithic restorations,

which are usually finished with stains and glaze for the best
esthetic result (Vidotti et al., 2013; Aurélio et al., 2015; Lin
et al., 2012; Subas�ı et al., 2014; Kanat-Ertürk, 2020).

Stains and glaze are fired after ceramic injection or crystal-

lization, increasing the time of LD firing, and may result in
alteration of mechanical properties (Miranda et al., 2020a),
and may lead to an irregular and/or porous surface, which is

prone to biofilm formation (Vo et al., 2015). The processing
steps of LD may lead to stress concentration on the surface
of LD (Subas�ı et al., 2014), resulting in different surface char-

acteristics (Aurélio et al., 2015; Abdalla et al., 2021; Fraga
et al., 2015).

The interaction of ceramics with oral bacterial biofilm, sali-

vary enzymes, and temperature and pH alterations may result
on biofilm formation on ceramic surfaces and lead to chemical
degradation of the material (Vo et al., 2015; Habib et al., 2020;
Barcellos et al 2018). The degradation is caused by salivary

enzymes and hydrolytic degradation, which break molecular
linkages in the ceramic (Vo et al., 2015; Kermanshahi et al.,
2010; Shokati et al., 2010), decreasing the strength, and accel-

erating bacterial infiltration and degradation of the material
(Kermanshahi et al., 2010; Papadogiannis et al., 2011).

Chemical degradation, associated with vertical and oblique

chewing loads, leads to ceramic surface degradation, decrease
in strength and hardness, and increases the roughness of the
ceramic surface (Papadogiannis et al., 2011), favoring

biofilm formation (Kermanshahi et al., 2010; Papadogiannis
et al., 2011; Hahnel et al., 2009). Thus, a ceramic degradation
dynamic is formed: hydrolytic degradation + load
application > rough surface > biofilm formation >

bacterial penetration > increased chemical degradation >
decrease in strength > fracture of ceramic.

The effect of bacteria on the clinical behavior of dental

ceramics is relevant. The progression of biofilms on restorative
materials may also be responsible for secondary caries at the
ceramic-tooth interface, periodontal diseases or peri-

implantitis (AAbdalla et al., 2021; Habib et al., 2020; Hahnel
et al., 2009). The chemical degradation may also favor
enhanced biofilm retention (Fúcio et al., 2008; Bourbia et al.,
2013), and decrease the restorations longevity (Habib et al.,

2020; Fúcio et al., 2008; Bourbia et al., 2013).
Thus, the aim of this study was to simulate biodegrada-
tion (exposure to biofilm) and wear of stained and glazed
CAD/CAM LD ceramic, and evaluate their effects on the

mechanical and surface properties, and microbial adherence
to LD. The null hypothesis was that the aging procedure
(no aging, wear, biodegradation, and wear associated with
biodegradation) and staining and glazing would not affect

LD properties.

2. Material and methods

2.1. Fabrication of samples

LD blocks (IPS e.max CAD, LTA3/ C14, Ivoclar Vivadent,
Schaan, Liechtenstein) were cut into 12 mm diameter cylin-
ders. They were sectioned (Extec High Concentration, Extec,

Enfield, CT, EUA; Isomet 1000, Buehler, Plymouth, MN,
EUA) into 160 discs (1.2 ± 0.2 mm thickness) (ISO
6872/2008). Discs were polished with silicon carbide paper

(400 to 1200 grit, Norton, Guarulhos, SP, Brazil; Politriz,
Buehler, Plymouth, MN, EUA) and cleaned in an ultrasonic
bath.

The ceramic discs were subjected to one of the following

procedures : no additional procedure (NO; n = 80), crystal-
lization firing with a maximum temperature of 850 �C for
28 min (Programat EP 3000, Ivoclar Vivadent), as recom-

mended by the manufacturer; and stain and glaze (SG;
n = 80), crystallization firing as mentioned above, followed
by staining (IPS e.max Ceram Shades, Ivoclar Vivadent,

Schaan, Liechtenstein) and glazing (IPS e.max Ceram Glaze
Liquid, Ivoclar Vivadent, Schaan, Liechtenstein). Firing of
the stain and glaze was performed in a single cycle, with a max-

imum temperature of 770 �C for 17 min (Miranda et al.,
2020a).

2.2. Aging procedures

Four aging procedures were performed (n = 20 each): control
(ctrl) – no aging; surface wear (we) with a spherical stainless
steel load applicator tip (Ø 3.5 mm), positioned in the center

of the sample, and slid 6 mm horizontally (30 N load,
1.7 Hz, 3 � 105 cycles) with samples immersed in distilled
water at 25 �C (Biocylce V2, Biopdi, São Carlos, SP, Brazil)

(Subas�ı et al., 2014); biodegradation (bi) with exposure of sam-
ples to a biofilm formed by the microcosm method with mucin
(Montagner et al., 2016); and biodegradation followed by sur-
face wear (bw). The groups formed were NO-ctrl, NO-we, NO-

bi, NO-bw, SG-ctrl, SG-we, SG-bi, and SG-bw.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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The microcosm method was used. The present study was
approved by the local research ethics committee (protocol #
2.819.810). Biofilms were formed on the ceramic samples in

24-well microtiter plates (KASVI, Curitiba, Brazil) and the sal-
iva of two volunteers was used to produce the microcosm. Vol-
unteers did not present active carious lesions, had good general

health, and had not used antibiotics in the previous 12 months.
Each volunteer donated 20 mL of saliva for immediate use. In
each well of the plate, 0.4 mL of fresh saliva, 1.8 mL of brain

heart infusion solution (BHI, Himedia, Mumbai, India) and
0.5% sucrose were inoculated on the ceramic discs.

The plates with the ceramic discs and microcosms were
placed in a bacteriological incubator under agitation (37 �C,
5 Hz, 7 days). Each sample was gently washed by immersion
in 2 mL sterile 85% sodium hypochlorite solution for 10 s,
removing the non-adherent bacteria. Samples were placed in

new plates with microcosm and BHI solution, and again
placed in the bacteriological incubator (Rudney et al., 2012).
The microcosm and BHI solution were renewed every 7 days

for a period of 30 days for biodegradation. The samples were
then exposed to ultraviolet radiation for decontamination.

2.3. Profilometry

Surface roughness was measured (n = 15) using a digital opti-
cal profilometer (Wyko, Model NT 1100, Veeco, Tucson,
EUA) and an image software (Vision 32, Veeco, EUA). One

measurement (Ra value) was performed at the center of each
sample from a distance of 1.6 mm with a velocity of
0.05 mm/s. Data were subjected to parametric one-way analy-

sis of variance (ANOVA) and Tukey’s test (a = 0.05).
The amount of material removed by wear was also mea-

sured by profilometry in the NO-ctrl, NO-we, NO-bw, SG-

ctrl, SG-we, and SG-bw groups (n = 10). Profilometry
(CyberSCAN CT 100, Cyber TECHNOLOGIES GmbH,
Eching-Dietersheim, Alemanha) was performed using a profile

and 3D software analysis (SCAN 8.6.5546, Cyber TECHNOL-
OGIES, Germany), with 3000 mm � 2000 ms, to obtain a 3D
image that allowed the measurement of the surface wear. Data
obtained were compared using Kruskal-Wallis inferential

analysis.

2.4. Biaxial flexural strength test

The biaxial flexural strength test (n = 15) was performed
(EMIC DL-1000, EMIC, Sao Jose dos Pinhais, Brazil) accord-
ing to ISO 6872/2008 (piston-on-three-ball design). Data were

subjected to parametric ANOVA and Tukey’s post hoc test
(a = 0.05).

2.5. Microbial adherence (CFU counting)

Ceramic samples (n = 5) were sterilized in an autoclave at
121 �C for 20 min. The reference strain S. mutans UA 159
was used. The S. mutans strain was grown in brain heart infu-

sion (BHI) broth (HiMedia, Mumbai, India) supplemented
with 5% sucrose (Sigma-Aldrich, St. Louis, MO, USA), at
37 �C and 5% CO2 for 24 h (Vilela et al., 2012). After growth,

the culture was centrifuged and the pellet was washed twice
with 0.85% NaCl. The standardized suspensions were adjusted
using a Micronal B582 spectrophotometer (Microtek Labora-
tories, São Paulo, Brazil) to 106 cells/mL.

S. mutans biofilm was formed on ceramic samples (n = 5),

according to Vilela et al., 2012. The sterilized discs were posi-
tioned in the wells of 24-well culture plates (Corning, Corning,
NY, USA), then a 250-lL aliquot of the standard suspension

of S. mutans (106 cells/mL) was added on the surface of each
LD sample containing 1.75 mL BHI broth supplemented with
5% sucrose. The culture was incubated for 4 h (5% CO2,

37 �C). Discs were washed 3 times with 0.85% NaCl, and
the S. mutans biofilms were detached using a Sonopuls HD
2200 ultrasonic homogenizer (Bandelin Electronic, Berlin,
Germany) at 50 W for 30 s. The suspensions were serially

diluted and plated on BHI agar to determine the CFU/mL.
The numerical values of CFU obtained for the samples were
subjected to the parametric ANOVA, and Tukey’s post hoc

test (a = 0.05).

2.6. Scanning electron microscopy (SEM)

Representative samples of each group were etched with
hydrofluoric acid (5%, 60 s), and their surfaces were observed
under a scanning electron microscope (MIRA 3, Kohoutovice,

Czech Republic). For the microbial adherence test analysis,
samples were subjected to overnight fixation with 2.5% glu-
taraldehyde solution and dehydrated with ethanol (70%–
85%–95% and twice with absolute ethanol, 30 min each) prior

to sputter coating with gold-palladium alloy.

3. Results

3.1. Profilometry

The mean surface roughness (Ra) was affected by the aging
method (p < 0.001), staining and glazing (p < 0.00), and by
the interaction of factors (p < 0.001). NO-ctrl and SG-ctrl pre-

sented the lowest values of Ra, but after aging (we, bi, or bw),
the samples in the SG (SG-we, SG-bi, SG-ctrl and SG-bw)
groups were rougher than those correspondent in the NO

groups (NO-we, NO-bi, NO-ctrl and NO-bw) (Table 1).
Regarding volumetric profilometry results (Table 1 and

Fig. 1), aging (we or bw), and staining and glazing (SG)
affected the volume of wear (p = 0.04): the SG groups (SG-

we and SG-bw) presented higher volume of wear after aging
than the NO groups (NO-we and NO-bw).

3.2. Biaxial flexural strength test

The highest flexural strength was observed in the NO-ctrl
group (Table 1), similar to NO-bi and NO-bw (p < 0.01).

The lowest flexural strength values were observed in the SG
groups (SG-ctrl, SG-we, SG-bi, SG-ctrl and SG-bw), despite
the aging method. Aging did not affect the flexural strength

(p = 0.06).

3.3. Microbial adherence (CFU)

Aging (we, bi or bw) affected the number of CFUs in the NO

groups (p < 0.01) (Table 1), but staining and glazing (SG) did
not (p = 0.84). The interaction between these factors was sig-



Table 1 Ra (mm), wear by volumetric profilometry (mm3), biaxial flexural strength (MPa) and CFU (CFU/ml[log10]) from the tested

groups, with respective standard deviation (SD) and significance.

Group Ra (SD) Volume wear (SD) Biaxial flexural strength (MPa) CFU (SD)

NO-ctrl 0.05 (0.02) d – 284.40 (57.0) a 7.66 (0.09) d

NO-we 1.62 (0.25) c 92 (0.8) b 218.60 (50.2) bc 7.85 (0.04) bc

NO-bi 0.31 (0.08) d – 236.06 (33.1) abc 7.97 (0.06) ab

NO-bw 2.08 (0.27) b 81 (0.2) b 241.10 (71.5) ab 8.00 (0.04) a

SG-ctrl 0.13 (0.04) d – 161.30 (52.4) d 7.95 (0.04) ab

SG-we 2.15 (0.76) b 188 (0.9) a 158.40 (54.7) d 7.80 (0.07) c

SG-bi 1.88 (0.25) bc – 184.68 (33.0) cd 7.89 (0.03) abc

SG-bw 2.98 (0.06) a 145 (0.7) a 194.72 (31.3) cd 7.87 (0.02) abc

Different superscript letters indicate statistical difference in the same column.

Fig. 1 3D profilometry of the surfaces of the samples after wear: A) NO-ctrl; B) SG-ctrl; C) NO-we; D) SG-we; E) NO-bw; F) SG-bw.
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nificant (p < 0.01). The number of CFU was the highest in the
NO-bi, NO-bw, SG-ctrl, SG-bi, and SG-bw groups (Table 1).

3.4. SEM analyses

SEM images (Fig. 2) showed different surface patterns among

the groups. On SG-we samples, stain and glaze were removed
after the wear test, exposing the LD surface. On SG-bw sam-
ples, scratches were observed on the LD surface, with some
residual stain and glaze. Samples from the WO-bi and SG-bi

groups presented spots of bacterial colonization, and those
from the SG-bi group showed surface porous. On samples
exposed to biofilm (bi and bw), it was possible to observe the

growth of microorganisms and the formation of an extracellu-
lar matrix (Fig. 2).

4. Discussion

Staining and glazing were associated with biodegradation and
wear, and led to the highest values of surface roughness (SG-

bw). Such procedures also resulted in the highest surface wear
of the material (SG groups) and the lowest biaxial flexural
strength (SG groups). Samples exposed to biodegradation

associated with or without wear (NO-bi, NO-bw) and with
staining and glazing (SG-ctrl, SG-bi, SG-bw) presented the
highest number of CFUs.

The literature lacks of information about the effects of bio-
films and their products on the surface properties of dental
materials. Ceramic, without any intervention (aging or color-
ing), is a smooth and inert material (Al Moaleem et al, 2020;

Montazerian and Zanotto, 2017), which does not interact with
the oral environment, not stimulatin the formation of biofilm.
Al Moaleem et al. (2020) showed that Streptococcus adhere

poorly to ceramic surface. Some studies report that the rough-
ness and adherence of S. mutans could be related (Abdalla
et al., 2021; Habib et al., 2020), but others do not agree

(Papadogiannis et al., 2011). According to our results, the null
hypothesis was not accepted. The control groups NO and SG
presented similar and the lowest roughness values, but after
aging, the SG groups presented the highest Ra values, showing

the effect of staining and glazing on roughness. The effect of
biodegradation on roughness was noticed as the Ra values of
NO-ctrl and SG-ctrl were similar, but NO-bi presented lower



Fig. 2 Surface micrographs of samples that were not exposed to

biodegradation (A: NO-ctrl; B: SG-ctrl; C: NO-we; D: SG-we; E:

NO-bi; F: SG-bi; G: NO-bw; H: SG-bw) (2000�), and those that

were (I: NO-ctrl; J: SG-ctrl; K: NO-we; L: SG-we; M: NO-bi; N:

SG-bi; O: NO-bw; P: SG-bw) (4000�).
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Ra values than SG-bi. Such effect could be explained by both
the amount and size of crystals in the stain/glaze and in the LD
ceramic (Vo et al., 2015; Miranda et al., 2020b), and the fabri-

cation method; while NO samples were produced by machin-
ing, SG samples received additional hand application of
stain and glaze, which may have resulted in an irregular and

porous surface with macroscopic defects (Vo et al., 2015;
Miranda et al., 2020b; De Jager et al., 2000; Sun et al., 2016;
Hmaidouch et al., 2014).

Regarding the volumetric profilometry analysis (Table 1),
the SG groups presented the highest wearc. Fig. 1 shows sim-
ilar images for NO-ctrl and SG-ctrl, but significant values of
material loss are shown in Table 1. Besides the wear of LD

shown by the NO groups, the SG groups presented wear of
the stain/glaze layer (Sun et al., 2016; Hmaidouch et al.,
2014). The stain and glaze materials have low strength, and

are composed mainly of a glassy matrix; thus, they were com-
pletely worn during wear (Lin et al., 2012; Miranda et al.,
2020a; Belli et al., 2014; Zhang et al., 2016; Sabrah et al.,

2013; Bai et al., 2016).
Staining and glazing decreased the biaxial flexural strength

(Table 1). In the NO groups, the aging promoted by wear also

decreased the flexural strength. Because the stain/glaze layer
was positioned down during the biaxial flexural strength,
strength values were affected by this layer (Lin et al., 2012;
Belli et al., 2014; Zhang et al., 2016; Miranda et al., 2020a;

Borba et al., 2011). In addition to the amorphous structure,
the hand application of stain and glaze is also prone to voids,
which favor fracture at lower stress values (Miranda et al.,

2020a). Wear decreased the strength of the samples in the
NO groups compared to other aging methods, probably due
to the creation of harmful defects such as microcracks, leading

to a decrease in strength (Lin et al., 2012; Belli et al., 2014;
Zhang et al., 2016; Rashid, 2014).

The null hypothesis that microbial adherence would not be

affected by staining and glazing and aging procedures was not
accepted, since the lowest values of CFU were presented by
NO-ctrl. After aging or stain/glaze application, there was an
increase in the number of CFU (Table 1). No-ctrl and SG-ctrl

presented the lowest values of surface roughness, but surface
roughness may not be directly related to microbial adherence
(Hahnel et al., 2009). Biofilm formation involves more com-

plex processes, such as the presence of different microorgan-
isms in a biofilm and receptor-linking recognition, (Vo et al.,
2015; Wessel et al., 2014). Groups that underwent biodegrada-

tion (NO-bi, NO-bw, SG-bi, and SG-bw) presented the highest
number of CFUs, probably due to the previous contact with
the biofilm during biodegradation. However, SG-ctrl presented
the highest values of CFU, probably caused by S. mutans

adherence and growth in surface voids. No additional proce-
dures for LD ceramic (NO-ctrl) presented the best results for
roughness, wear, strength, and microbial adherence. Contact

with the biofilm (NO-bi) resulted in an increase in CFU.
The present study has limitations, as it was an in vitro study

that employed only a single microorganism, S mutans, while

true biofilms in vivo are much more heterogeneous. In addi-
tion, this study did not quantify the adhesion forces of micro-
bial cells to the ceramic surface. Wear and biofilm exposure are

an inevitable reality in oral rehabilitation, but when esthetics
are not critical (posterior regions), surface polishing of LD
ceramic restorations should be preferred over stain/glaze
application.
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5. Conclusions

Staining and glazing of lithium disilicate ceramic surfaces
increase the surface wear and bacterial adherence, while

decrease the biaxial flexural strength of the material. When
associated with exposure to S. mutans biofilm, the surface
roughness increased. Moreover, biodegradation itself favors

bacterial adherence.
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