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Objective: To evaluate the transmittance (%T) and color difference (∆E*) of six zirconia core 

materials compared to alumina, over eight colored substrates before and after ceramic ap-

plication.

Methods: Experimental groups (n=5) of standardized disk-shaped cores of alumina, white 

zirconia, medium-colored zirconia, Ice Translucent, and Prettau (white and D3 colored) were 

veneered to a uniform thickness to convenient color by layering. Their %T and ∆E* over eight 

different substrates were determined before and after glazing. Data were analyzed with 

Kruskal-Wallis and Mann-Whitney tests (α<0.05).

Results: %T and ∆E* values were significantly different (p<0.001) before and after ceramic 

application for all materials. Regarding %T, Prettau white zirconia was the most affected, 

overpassing alumina. Colored zirconia cores decreased %T equally. In terms of ∆E*, zirconia 

materials initially performed high above the clinically acceptable threshold but were under 

it after ceramics application. White zirconia was the only material to perform below the 

clinical perceptibility threshold. Alumina initially performed under the clinically acceptable 

threshold for two substrates, but after ceramic application, only performed under the clin-

ical perceptibility threshold over four. Substrates influenced ∆E* values of all core materials 

but were only evident on three of them.

Conclusions: Core materials influenced %T and ∆E* values. Colored zirconia cores showed 

less %T than white cores and both less than alumina before and after ceramic application. 

After ceramic application, all materials performed under the clinically acceptable threshold 

over all the substrates. Substrates have more influence on ∆E* values before ceramic appli-

cation. (Rev Port Estomatol Med Dent Cir Maxilofac. 2023;64(1):3-11)

© 2023 Sociedade Portuguesa de Estomatologia e Medicina Dentária.  

Published by SPEMD. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords:

Alumina

Ceramic

Color

Dental Materials

Zirconia

 *  Corresponding author. 
E-mail address: jcroque@campus.ul.pt (João Carlos Roque).

http://doi.org/10.24873/j.rpemd.2023.02.1047
1646-2890/© 2023 Sociedade Portuguesa de Estomatologia e Medicina Dentária. Published by SPEMD.  
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

rev port estomatol med dent cir maxilofac. 2023;64(1) :3-11

https://orcid.org/0000-0002-9012-073X
https://orcid.org/0000-0003-1623-1586
https://orcid.org/0000-0002-6545-7875
https://orcid.org/0000-0001-9330-772X
https://orcid.org/0000-0003-0986-9880
https://orcid.org/0000-0001-5058-6554
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jcroque%40campus.ul.pt?subject=
http://doi.org/10.24873/j.rpemd.2023.02.1047
http://creativecommons.org/licenses/by-nc-nd/4.0/


r e s u m o

Translucidez e diferenças de cor de materiais cerâmicos policristalinos 
antes e depois da estratificação

Palavras-chave:

Alumina

Cerâmica

Cor

Materiais dentários

Zircónia

Objetivo: Avaliar a transmitância (%T) e diferença de cor (∆E*) de seis núcleos de zircónia em 

relação à alumina, em oito substratos coloridos antes e após aplicação de cerâmica.

Métodos: Produziram-se núcleos em forma de disco (n=5) de alumina, zircónia branca, zir-

cónia de cor média, Ice Translucent e Prettau (branco e colorido D3) com espessura uniforme 

para determinar a cor por estratificação. Antes e depois, determinou-se a %T e a ∆E* em oito 

substratos. Os dados foram analisados com testes de Kruskal-Wallis e Mann-Whitney 

(α<0,05).

Resultados: Os valores de %T e ∆E* foram significativamente diferentes (p<0,001) antes e após 

a aplicação da cerâmica. Relativamente à %T, a zircónia branca Prettau foi a mais afetada, 

ultrapassando a alumina. As zircónias coloridas diminuíram equitativamente. Quanto à ∆E*, 

as zircónias estavam inicialmente acima do limite de aceitabilidade clínica e abaixo deste 

após aplicação da cerâmica. A zircónia branca ficou abaixo do limiar de impercetibilidade 

clínica. A alumina inicialmente apresentou-se abaixo do limite de aceitabilidade clínica para 

dois substratos, mas abaixo do limite de impercetibilidade clínica para quatro após aplicação 

da cerâmica. Os substratos influenciaram a ∆E* de todos sendo evidentes em três.

Conclusões: Os materiais influenciam a %T e a ∆E*. A zircónia colorida apresentou menor %T 

que a branca e ambas menos que a alumina, antes e após a aplicação da cerâmica. Todos os 

materiais se apresentaram dentro do limite de aceitabilidade clínica após a aplicação da 

cerâmica. Os substratos têm mais influência na ∆E* antes da aplicação da cerâmica. (Rev 

Port Estomatol Med Dent Cir Maxilofac. 2023;64(1):3-11)

© 2023 Sociedade Portuguesa de Estomatologia e Medicina Dentária.  

Publicado por SPEMD. Este é um artigo Open Access sob uma licença CC BY-NC-ND 

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

All-ceramic systems show a potential to equal the optical 
properties of natural teeth.1 Core translucency has been iden-
tified as one of the most important factors in controlling the 
restoration esthetics, being decisive in material selection.2 

Contrary to the completely opaque metal-ceramic infrastruc-
tures, most ceramic core materials present some intrinsic 
translucency and can interact with the substrate after ce-
mentation. This feature could be an advantage but also a 
problem for the restoration’s final esthetic result.

Most zirconia core materials, called Y-TZP, have a polycrys-
talline base stabilized at the tetragonal phase by yttrium.3 De-
spite being commercialized under the same name, commercial 
zirconia materials have slight differences in composition and 
microstructure.4 As a result, they can present different opacity 

and be less translucent than alumina.5,6 Most zirconia materi-
als can be used to camouflage the dark color of preparations 
or post cores.7 More-translucent zirconia materials have re-
cently become available aimed to improve restoration color 
properties, but their impact and interaction with the back-
ground have not yet been studied.

CAD-CAM technology allowed developments in ceramic 
high-strength materials producing alumina and zirconia in-
frastructures. Studies have advocated covering these materials 
with more-translucent ceramics to reach a higher esthetic 
outcome comparable to natural teeth.2,8,9 This procedure with 

NobelProcera alumina high-strength cores provided optimal 
results.10

The literature has suggested other methods to obtain bet-
ter esthetic results, such as coloring white zirconia by infiltra-
tion of rare oxide solutions,11 using pre-colored zirconia blocks, 
using ceramic “liner” materials,12 reducing the thickness of the 
cores,7 controlling zirconia grain size,13 and using different 
ceramic recovering techniques.8,14,15 With the development of 
zirconia core materials with different compositions, fabrica-
tion procedures, and coloring techniques, it is mandatory to 
determine their influence on the translucency and final color 
of the restorations.16 The translucency and color of ceramic 
restorations depend on core and veneering characteristics17 

and have been highly correlated.7

Translucency occurs when light passes through the mate-
rial and is partially scattered, transmitted (transmittance), or 
reflected. The more light passes through, the more translucen-
cy occurs. This phenomenon is inversely related to the materi-
al layers’ thickness since its increase provokes more absorption 
(Lambert-Beer law), less transmission, and a higher scattering 
effect.18 Scattering is a characteristic of zirconia and alumina 
cores due to their high crystalline content. However, alumina 
still presents a high translucency when compared to zirconia,17 

despite the current manipulation of zirconia under higher tem-
peratures and longer cycles to achieve better translucency.13

The color of ceramic restorations layered with different 
ceramics and layer combinations depends on the core mate-
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rial, even when its thickness is standardized to 1.5 mm.2 In a 
ceramic restoration, the more translucent the core, the better 
the revelation of the tooth layers’ inner color. Due to being less 
translucent, zirconia and alumina hinder natural color 
achievement but camouflage better the dark colors of any 
preparations.1

One study analyzed the influence of the background on the 
color of zirconia-core restorations with a final thickness of 1.5 
mm, and revealed no statistical differences between metal and 
composite substrates but found color differences (∆E) of 1.2–3.1 
between the two, which may affect restoration color percep-
tion.19 The most used clinically acceptable threshold for ∆E is 
3.7. However, for a color match between a natural tooth and 
an all-ceramic restoration, in vivo tests have detected mean 
values of ∆E*ab=1.6.14,20 Based on a recently published review,21 

more than half of 37 referenced articles used ∆E=1 as the per-
ceptibility threshold, the second most used value was ∆E*ab=1.6, 
and only 1/3 of the studies used the clinically acceptable 
threshold of ∆E=3.7.21

This study aimed to investigate the transmittance (%T) and 
color difference (∆E*) of seven high-strength ceramic core ma-
terials over eight colored substrates before and after ceramic 
application. The following null hypotheses were established: 
(H01) there are no differences between the %T of the various 
high-strength ceramic core materials; (H02) there are no dif-
ferences between the ∆E* of the various high-strength ceram-
ic core materials; and (H03) the substrate does not affect the 
∆E* of the various high-strength ceramic core materials.

Material and methods

Disk-shaped specimens with a 12-mm diameter and a 
0.4±0.01-mm thickness were fabricated using CAD/CAM pro-
cesses.9 The specimens’ diameter was selected to fit a metal-
lic calibration device (Porcelain Sampler, Smile Design, Swit-
zerland) used to ensure the approximated thickness of 
ceramic layers applied over the cores and to fit the samples to 
the color measuring devices.

NobelProcera alumina (Nobel Biocare AB, Stockholm, Swe-
den) and white and colored NobelProcera zirconia (medium) 
specimens were produced by the manufacturer to final thick-
ness and later modified to eliminate a side edge that ensured 
the production of dry-pressed flat surface specimens. The side 
edge was removed using a sintered diamond bur (Sintered Di-
amond 5022 HP, Edenta, Switzerland) at 25.000 rpm, a ceramic 
disk (Cera Pro 3.0 mm, Edenta, Switzerland), and a polishing disk 
(Meister Point SF-41, Noritake, Japan) at 15.000 rpm to fit the 
specimens to a metallic sampler (Porcelain Sampler Ref. 7015, 
Smile Line, Switzerland) used to apply ceramic over specimens.

Zirkonzahn Ice Translucent (Zirkonzahn, Brunico, Italy) and 
Zirkonzahn Prettau zirconia specimens were first obtained by 
wet slicing, on a precision saw (Isomet 1000 – Buehler), 0.5±0.01 
mm slices from cylinders (18-mm high and 14.4-mm diameter) 
draw and cut from disk-shaped blocks (Ice Translucent zirconia, 
Ref: ZRAB8041- Lot: ZB2211G; Prettau zirconia Ref: ZRAD8041- 
Lot: ZB2112C) on the Zirkonzahn 5-TEC system. Colored Zirkon-
zahn specimens were obtained by infiltrating the white disks 
on a manufacturer’s acid solution (VITA D3 color) before sin-

tering. Sintering of white and colored specimens was made at 
1500°C for Ice Translucent zirconia and 1600°C for Prettau zir-
conia, both with a heating rate of 8°C/min and a hold time of 
120 min, to a final thickness of 0.4 mm.

Based on pilot study data, the sample size (n=5) was esti-
mated with a power analysis to provide a statistical signifi-
cance (α=0.05) at a power of 80%.22 A total of seven groups were 
established: NobelProcera alumina (NPALU), white NobelProc-
era zirconia (NPZRW), colored NobelProcera zirconia medium 
(NPZRC), white Zirkonzahn Ice Translucent zirconia (ZZRTW), 
white Zirkonzahn Prettau zirconia (ZZRPW), colored Zirkon-
zahn Ice Translucent zirconia (ZZRTC), and colored Zirkonzahn 
Prettau zirconia (ZZRPC) (Figure 1). Specimens were measured 
using a digital micrometer (Mitutoyo Manufacturing Company 
Ltd, Kawasaki, Japan) to ensure thickness and cleaned with a 
steam jet (VK300, Ivoclar Vivadent AG, Liechtenstein) prior to 
spectrophotometer readings.

%T was quantitatively determined by direct light transmis-
sion in the visible light spectrum (380 nm to 800 nm) using a 
Helios Alpha spectrophotometer (Thermo Electron Corpora-
tion, USA). Specimens were mounted in a custom-made 
opaque black acrylic support to seal edges and ensure light 
penetration through the specimen in a centered 0.7-mm-di-
ameter medium area.

∆E* was measured with a VITA Easyshade Compact spec-
trophotometer (VITA Zahnfabrik, Germany),9,23 against eight 
different backgrounds, representing usual core materials in 
teeth or implant restoration: dentin, composite, polished and 
sandblasted yellow gold alloy, polished and sandblasted Co-Cr 
alloy, titanium, and zirconia (Figure 1). The equipment cap-
tured color coordinates using a D65 illuminant and a 2-degree 
viewing angle. The spectrophotometer probe was placed over 
the center of the specimen using the same custom-made de-
vice used to measure direct light transmission to ensure cor-
rect and consistent positioning. Glycerol (C3H8O3), with a 1.48 
refraction index, was used as a medium to promote good con-
tact between the specimen and the background. The instru-
ment was recalibrated after every five measurements. The CIE 

Figure 1. Core materials’ groups and substrates tested.
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∆E* value was recorded as the numerical distance between the 
L*C*h* coordinates of the sample and the color target (D3 VI-
TAPAN, VITA Zahnfabrik, Germany).23 A clinically acceptable 
threshold of 3.7 ∆E units was used as a reference.

After measuring the initial core %T and color, specimens 
were veneered with Nobel Rondo ceramic. Alumina specimens 
were veneered with Base Liner ceramic Pearl Chroma (Wieland 
NR; Ref: 31799, Lot: 0104, Germany), and zirconia specimens 
with the correspondent material (Wieland NR; Ref: 32455, Lot: 
0308, Germany). Base Liner ceramic was mixed using Liner Liq-
uid (Wieland NR; Lot: 3008, Germany) and applied to a uniform 
thickness using an instrument with a ceramic tip (Smile Line, 
Switzerland). Specimens were positioned over firing support 
(Smile Line, Switzerland) and fired in a vacuum furnace (Pro-
gramat EP5000; Ivoclar, Lichtenstein) according to the manufac-
turer’s instructions (high temperature, 930°C; heat rate, 45°C/
min for zirconia and 55°C/min for alumina; hold time, 1 min 
with vacuum). The thickness of the specimens was measured 
using a digital micrometer to ensure a 0.1 ± 0.05-mm thickness 
of liner ceramic. Specimens were steam-jet cleaned and placed 
inside a porcelain sampler (Porcelain sampler, Smile Line, Swit-
zerland) set to 1.6-mm thickness. Nobel Rondo D3 dentin ce-
ramic mixed with a soft liquid (Nobel Rondo, Wieland, Germany) 
was applied using a brush over specimens with the liner to the 
top of the sampler. The sampler was vibrated three times with 
appropriate instruments, and water was absorbed with paper 
tissues, to remove the excess liquid and guarantee the same 
condensation of ceramic over specimens. Alumina specimens 
were veneered with Pearl Chroma D3 dentin (Lot: 0208), and 
zirconia specimens with the corresponding material (Lot: 0508).

Dentin ceramic was sintered according to the manufactur-
er’s instructions (high temperature, 910°C; heat rate, 45°C/min 
for zirconia and 55°C/min for alumina; hold time, 1 min with 
vacuum). After sintering, specimens were measured in two 
perpendicular directions and ground on the dentin side on 
manual equipment (Lunn Major – Struers, Germany) with wet 
sandpaper (100 grit) to ensure a 1.4-mm thickness specimen 
with parallel flat surfaces. Finally, specimens were sandblast-
ed with 50-µm Al2O3 at 2-bar pressure and steam jet.

The same procedure was used to apply Nobel Rondo E3 
incisal ceramic. The porcelain sampler was set to ensure 0.2 
mm of incisal ceramic after sintering. Alumina specimens 
were veneered with E3 incisal (Lot: 0204), and zirconia speci-
mens with the corresponding material (Lot: 0409). Incisal ce-
ramic was sintered according to the manufacturer’s instruc-
tions (high temperature, 900°C; heat rate, 45°C/min for zirconia 
and 55°C/min for alumina; hold time, 1 min with vacuum).

Specimens with a final thickness of 1.6 mm were glazed 
(Nobel Rondo – Lot: 308 and stain liquid) to the manufacturer’s 
instructions (high temperature, 880°C; heat rate, 45°C/min for 
zirconia and 55°C/min for alumina; hold time, 1 min with vac-
uum) and submitted to %T and color measurements according 
to the previously mentioned protocol.

%T mean values were calculated, and data were statisti-
cally analyzed using non-parametric Kruskal-Wallis tests fol-
lowed by multiple comparisons using Mann-Whitney tests 
with Bonferroni correction (α=0.05). ∆E* data were statistically 
analyzed using Kruskal-Wallis tests followed by multiple com-
parisons to analyze the core material influence and repeated 

measurement tests (related-samples Friedman’s two-way 
ANOVA) to analyze the influence of the substrate (α=0.05). 
Non-parametric Wilcoxon tests were used to analyze the %T 
of each core material before and after veneering (α=0.05).

Results

Because thickness is a co-variable related to %T, all speci-
mens were measured prior to spectrophotometer readings to 
ensure similar thickness.

Statistically significant differences were found (p<0.001) 
in %T between core materials before and after veneering. %T 
was also significantly different (p<0.001) before and after ce-
ramic application for all materials. Colored zirconia cores de-
creased %T equally (68%) after ceramic application, while 
ZZRPW (75%) was the most affected, surpassing NPALU (74%) 
(Table 1). Initially, the ZZRTC core material showed statistical-
ly significant differences to ZZRTW (p=0.035), ZZRPW (p=0.007), 
and NPALU (p=0.001). NPZRC was also statistically significant-
ly less translucent than NPALU (p=0.002) (Figure 2). After glaz-
ing, the relation between core materials %T changed, with 

Figure 2. %T of core materials at the initial stage.  
[Bars under the same horizontal line were not 
statistically different (p<0.05).]

Table 1. Mean (SD) of %T in the core and glaze stages 
and % reduction between the two stages (n=5).

Material Group
Core

Mean (SD)
Glaze

Mean (SD)
Core/Glaze

% Reduction

Alumina NPALU 1.40 (0.215) 0.36 (0.015) 74%

White 
Zirconia

NPZRW 0.71 (0.007) 0.21 (0.004) 70%

ZZRTW 0.76 (0.004) 0.20 (0.021) 72%

ZZRPW 0.77 (0.033) 0.19 (0.009) 75%

Colored 
Zirconia

NPZRC 0.60 (0.056) 0.19 (0.007) 68%

ZZRTC 0.51 (0.014) 0.16 (0.008) 68%

ZZRPC 0.69 (0.024) 0.22 (0.014) 68%
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ZZRTC showing statistically significant differences to NPZRW 
(p=0.031), ZZRPC (p=0.016), and NPALU (p=0.001). ZZRPW was 
also statistically significantly less translucent than NPALU 
(p=0.025) (Figure 3).

A statistically significant decrease in ∆E* was observed 
from the core (Table 2) to the glaze (Table 3) stages (p<0.001) 
for all substrates. The core material also influenced ∆E* 
(p<0.001) for all substrates in the two stages tested. Zirconia 
cores’ ∆E* values at the initial stage were all high above the 
clinically acceptable threshold (∆E*<3.7) (Figure 4). Contrarily, 
alumina cores were closer to the threshold and even below it 
over dentine (∆E*=3.4) and polished Ag-Au-Pt alloy (∆E*=3.4) 
substrates. After the glaze stage, all core materials performed 
below the previously mentioned threshold. NPZRW had the 
best performance, with ∆E* values over all substrates below 
the clinical perceptibility threshold (∆E*<1.6). In turn, NPZRC 
only exceeded it slightly over polished Ag-Au-Pt alloy, while 
NPALU registered values above the threshold for half of the 
substrates (dentin, composite, sandblasted Co-Cr alloy, and 
titanium). ZZRTW, ZZRPW, ZZRTC, and ZZRPC had ∆E* values 
between the two mentioned thresholds for all substrates.

Core material multiple comparison tests after glaze 
showed no statistical differences (p>0.05) between NPZRW and 
ZZRPW over polished yellow gold alloy and zirconia substrates. 
NPZRW and ZZRTC registered differences over dentin (p=0.044), 
sandblasted yellow gold alloy (p=0.029), and sandblasted Co-Cr 
alloy (p=0.027), while NPZRW and NPALU registered differenc-
es over dentin (p=0.047) and sandblasted Co-Cr alloy (p=0.046). 
NPZRC showed differences to ZZRPW over composite (p=0.044), 

Figure 3. %T of core materials at the glaze stage.  
[Bars under the same horizontal line were not 
statistically different (p<0.05).]

Figure 4. Color differences (∆E*) at two stages (the red line represents the clinically acceptable threshold; the 
green line represents the perceptibility threshold).
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sandblasted Co-Cr alloy (p=0.049), and titanium (p=0.044). NPA-
LU registered differences to ZZRPW and ZZRTC over polished 
yellow gold alloy and zirconia substrates (p=0.003 and p=0.013 
for the first and p=0.025 and p=0.005 for the latest, respective-
ly). NPALU also registered a difference to ZZRTW over the zir-
conia substrate (p=0.044).

While the core stage showed a significant influence (p<0.001) 
of substrates on ∆E* values of core materials, after glaze, stage 
substrates only showed a highly significant influence (p<0.001) 
under NPALU, NPZRW, and NPZRC core materials. Substrates did 
not influence ∆E* values under ZZRTW (p=0.051), ZZRTC 
(p=0.347), ZZRPW (p=0.611), and ZZRPC (p=0.972).

Discussion

Except for In-Ceram zirconia (Vitazahnfabrik, Germany), 
Y-TZP dental materials show some degree of translucency, 
even though transmittance is low in the visible spectrum 

range (< 2% for thickness greater than 0.4 mm),25 and are 
characterized as semi-translucent materials.9,24 There has 
been a tendency to change the zirconia materials’ composi-
tion to alter their translucency.26 However, even when opti-
mized, zirconia translucency will typically be lower than alu-
mina, spinel, or feldspathic ceramics.25

The present study’s results agree with previous studies,24 
since all materials showed %T below 2%. Alumina showed 
more %T than all zirconia core materials, and Prettau zirconia 
was the most translucent among zirconia cores. Colored zir-
conia cores revealed less transmittance than white cores, as 
also mentioned in previous studies.7 However, statistically sig-
nificant differences were only registered at the core stage be-
tween alumina (NPALU) and two colored zirconia cores (ZZRTC 
and NPZRC). These differences changed after the glaze stage 
when NPZRC was no longer statistically significantly different 
from NPALU, but ZZRPW was. This change in the behavior of 
white Prettau zirconia material between stages can be attribut-
ed to the specimens’ increased thickness since less translu-

Table 2. Color difference (ΔE*) values and standard deviation of each group over all the substrates at the core stage

Core ΔE* values

Substrate

Material

Co-Cr
Polish

Co-Cr
Sandblast

Ag-Au-Pt
Polish

Ag-Au-Pt
Sandblast

Composite Dentin Titanium Zirconia

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Alumina NPALU  6.8 (1.33)  13.3 (0.87)  3.4 (0.96)  8.9 (1.24)  6.1 (2.20)  3.4 (0.59)  9.4 (1.18)  11.8 (0.94)

Zirconia
White

NPZRW  16.5 (0.64)  19.1 (0.38) 12.1 (0.85) 16.6 (0.68)  16.1 (0.49) 10.5 (0.79)  17.9 (0.25)  19.7 (0.60)

ZZRTW  15.2 (0.50)  17.2 (0.31)  9.7 (0.55) 13.4 (0.44)  15.6 (0.28) 13.3 (0.47)  16.1 (0.31)  17.6 (1.40)

ZZRPW  14.1 (1.44)  15.2 (0.56)  9.4 (1.78) 11.3 (0.55)  14.4 (0.19)  11.5 (0.16)  14.4 (0.15)  18.1 (0.34)

Zirconia
Colored

NPZRC  8.7 (1.07)  14.5 (0.64)  5.0 (0.65) 11.4 (0.86)  10.3 (0.30)  8.3 (0.66)  11.8 (0.88)  9.4 (0.91)

ZZRTC  11.2 (1.39)  15.2 (1.14)  8.5 (1.07) 12.9 (1.05)  12.6 (0.47)  13.4 (0.96)  13.7 (1.15)  8.0 (1.08)

ZZRPC  9.5 (0.61)  13.2 (0.47)  5.1 (0.36)  8.8 (0.45)  11.3 (0.50)  7.9 (0.37)  11.3 (0.56)  10.2 (0.85)

Red values – ∆E*>3.7; Black values – ∆E*≤3.7; Green values – ∆E*≤1.6

Table 3. Color difference (ΔE*) values and standard deviation of each group over all the substrates at the glaze stage

Glaze ΔE* values

Substrate

Material

Co-Cr
Polish

Co-Cr
Sandblast

Ag-Au-Pt
Polish

Ag-Au-Pt
Sandblast

Composite Dentin Titanium Zirconia

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Alumina NPALU  1.5 (0.54)  2.4 (0.37)  0.5 (0.13)  1.4 (0.43)  2.8 (0.65)  2.5 (0.76) 1.9 (0.56)  1.1 (0.36)

Zirconia
White

NPZRW  1.1 (0.46)  0.5 (0.08)  1.5 (0.29)  0.9 (0.54)  0.9 (0.40)  0.8 (0.19)  0.7 (0.25)  1.5 (0.33)

ZZRTW  2.5 (0.36)  2.0 (0.36)  2.3 (0.56)  2.4 (0.41)  2.2 (0.34)  2.2 (0.57)  2.3 (0.56)  2.4 (0.41)

ZZRPW  3.5 (1.57)  3.5 (1.66)  3.5 (1.78)  3.4 (1.77)  3.6 (1.62)  3.5 (1.81)  3.5 (1.76)  3.4 (1.66)

Zirconia
Colored

NPZRC  1.2 (0.52)  0.8 (0.22)  1.6 (0.18)  1.2 (0.09)  1.1 (0.19)  1.1 (0.16)  1.0 (0.14)  1.5 (0.11)

ZZRTC  3.3 (2.20)  3.3 (1.97)  3.3 (2.03)  3.4 (1.96)  3.1 (2.04)  3.2 (2.10)  3.2 (1.97)  3.5 (1.68)

ZZRPC  2.3 (1.05)  2.4 (0.79)  2.3 (1.40)  2.2 (0.83)  2.5 (0.86)  2.2 (0.94)  2.4 (0.86)  2.3 (0.68)

Red values – ∆E*>3.7; Black values – ∆E*≤3.7; Green values – ∆E*≤1.6
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cent zirconia is less affected by this factor.26 Therefore, the null 
hypothesis H01 is rejected because transmittance differences 
were observed at the two stages.

The exact composition of core materials used in the pres-
ent study is unknown because producers refused to give this 
information. However, the literature describes Prettau zirconia 
as a modification of the Ice Translucent zirconia, containing 
0.25% more alumina.26 The Prettau zirconia specimens used 
were sintered at a temperature 100°C higher than Ice Translu-
cent zirconia specimens and, thus, were expected to present 
higher translucency than the other two white zirconia tested. 
Higher sintering temperatures and longer exposure to tem-
perature also increase zirconia translucency.13

Studies have also justified differences between dental zir-
conia with differences in composition and molecular struc-
ture, namely the addition of alumina and the existence of a 
nano inter-granular structure of 10-100-nm alumina particles 
inside zirconia and 10-nm zirconia particles inside alumina 
grains. Other justifications have been the differences in sin-
tering conditions, which can modify the material’s crystalline 
structure,7 and the influence of its refractive index and bire-
fringent nature on translucency.8

Because they are produced by outsourcing by the manu-
facturer, the compositions and sintering protocols of NPALU, 
NPZRW, and NPZRC have not been published yet. However, we 
can point out differences in the production and process con-
ditions between materials from the two companies, as Nobel-
Procera uses a dry/press processing system and obtains col-
ored cores by coloring powder before processing, while 
Zirkonzahn uses soft machining and ads color by stain dying 
cores before sintering. The type of additives, sintering tem-
perature, sintering atmosphere conditions, and temperature 
heat rate have already been mentioned as factors contributing 
to altering zirconia behavior after ceramic application.13,23,27 
Another study28 pointed out the same factors to explain opac-
ity differences found between Cercon (Dentsply, USA), Kavo 
Everest (Kavo, Germany), and NobelProcera (Nobel Biocare, 
Sweden) zirconia. It also mentioned a statistically significant 
difference in the mean contrast ratio between NobelProcera 
alumina and all the white zirconia tested, which was not 
found with the transmittance method.

The observed exact reduction in %T (68%) in all colored 
zirconia between the two stages indicates that pigmentation 
might act as a factor to eliminate the initial differences be-
tween zirconia core materials, as reductions among white zir-
conia were not the same after the glaze stage. The results sug-
gest no different influences between zirconia cores’ color 
pigmentation techniques.

Dental support for restorations can be of various materials 
with different colors, over tooth or implants. Thus, it is important 
to understand the interaction between restoration core materi-
als, ceramic layering material, and dental substrates on color 
perception. This information can be crucial for material selection 
on esthetic rehabilitation. The present study observed significant 
∆E* differences between the two stages tested. Applying 1.2 mm 
of ceramic over 0.4-mm alumina/zirconia cores reduced ∆E* val-
ues of all core materials, independently of the substrate used. 
The null hypothesis H02 was rejected since ∆E* differences 
among core materials were observed for both stages.

Initially, colored cores showed lower ∆E* values than white 
cores, but, except for alumina over polished Ag-Au-Pt or den-
tine, they all performed above the clinically acceptable thresh-
old (∆E*>3.7),20 thus showing no inherent capacity to, at a 
thickness of 0.4 mm, camouflage the substrate color. These 
results agree with various studies using zirconia and other 
ceramic materials that also registered high ∆E* values and con-
cluded that specimens with total thicknesses below 1.5 mm 
could not mask the substrate.9,23,29-34

This study also observed that the more translucent the 
colored core, the more significant the differences to the less 
translucent white cores. A relation between the material’s col-
or and %T with the reduction of ∆E* over the different sub-
strates was noticeable. However, it was impossible to quantify 
each factor isolated. Translucency and color are highly cor-
related properties of a ceramic restoration.7,35,36

After the glaze stage, all core materials tested had substan-
tially lower ∆E* values over all substrates, below the clinical 
acceptability threshold. Two of the zirconia cores (NPZRW and 
NPZRC) registered ∆E*<1.6, below the clinical perceptibility 
threshold (except for NPZRC over polished Ag-Au-Pt, which 
registered ∆E*=1.7). NPALU also performed accordingly in four 
of the eight substrates. Among all zirconia, NPZRW was the 
only one to register ∆E*<1. These values originated statistical-
ly significant differences between NPZRW and ZZRPW over six 
of the eight substrates, except polished Ag-Au-Pt and zirconia. 
Over those two substrates, NPALU registered ∆E*<1.1 and sig-
nificant differences to ZZRPW.

The results showed that NPZRW changed its performance 
from being the zirconia material with the worst %T and ∆E* 
results at the core stage to becoming the best material after 
the glaze stage. ZZRPW demonstrated the opposite behavior, 
as it performed best at the core stage and worst at the glaze 
stage. Although the literature indicates a stable optical behav-
ior of zirconia cores after the sintering stage,37 some authors 
recently suggested that this altered behavior of zirconia cores 
could also result from structural differences induced by the 
composition, processing method, and initial sintering protocol 
that accounts for alterations at the sintering of layering ceram-
ic stages.19,27,38

The core material color does not seem to be a determinant 
factor for the ∆E* values obtained. Initially, all colored cores 
performed better than white ones, but at the glaze stage, there 
was no tendency to maintain or contradict that behavior. 
Among zirconia, NPZRW and NPZRC registered ∆E*>0.5 and 
<1.7, ZZRTW and ZZRPC registered ∆E*>2 and <2.5, and ZZRPW 
and ZZRTC registered ∆E*>3 and <3.7. NPALU performed closer 
to the two best zirconia core materials. This behavior should 
be considered in core material selection when a decision has 
to be made between materials from the same manufacturer 
or between manufacturers. The thickness of the restoration 
should also be considered since materials that performed clos-
er to the clinically acceptable threshold of 1.6 mm might eas-
ily exceed it if thickness decreases.

Regarding substrates, initially, all core materials registered 
significant differences, but after the glaze stage, the Zirkon-
zahn materials presented no statistically significant differenc-
es (∆E*<0.5 between the substrates). Similar results were ob-
served in a in vivo test with posterior restorations made with 
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0.4-mm zirconia cores (Zeno, Wieland Dental and Technik 
GmbH & Co, Germany) and layered to 1.5-mm with ZirLiner 
and IPS e.max Ceram (Ivoclar Vivadent AG, Liechtenstein) ce-
mented with neutral cement over metallic or composite post 
cores.19 Authors reported no differences between the two sub-
strates, even though it may affect the restoration color. How-
ever, in the present study, Nobel Biocare core materials still 
presented significant differences at the glaze stage (∆E*>0.5 
and <1 between the substrates). Thus, the null hypothesis H03 
was rejected.

Over polished Ag-Au-Pt or zirconia substrates, NPALU spec-
imens presented considerably lower ∆E* values than the zir-
conia materials. One study39 suggested using gold post cores 
under high translucent restorations due to their esthetic re-
sult, biomechanics, and biocompatible properties. Although it 
observed spectrophotometric differences, it found no differ-
ences between lithium di-silicate and In-Ceram Alumina 
crowns cemented over ceramic, metal/ceramic, and gold pol-
ished/sandblasted cores on clinical conditions.39

Two different processes produced the high-strength ce-
ramic cores tested. NPALU, NPZRW, and NPZRC were all pro-
duced by dry-pressed technology and showed the best ∆E* 
results. Light scattering on polycrystalline ceramic materi-
als results from two different phenomena: irregular phase 
distribution, spaces or voids at grain boundaries, or grain 
optical anisotropy.7,17 Structural analyses should further in-
vestigate processing techniques’ potential role in these 
characteristics.40

The present study has some limitations. Tooth-shaped 
specimens could replicate clinical restorations better than 
the disk-shaped specimens used. Also, increasing the sample 
size might produce more consistent results. Despite the great 
diversity of zirconia materials available on the market, this 
study only included a limited number of zirconia materials 
due to the need to control for study variables. So, this study 
can be replicated using other zirconia materials with differ-
ent compositions, sintering temperatures, or color processing 
techniques to better understand their relevance to resto-
ration color. The present study could not use a spectropho-
tometer with an integrated sphere, which would help mea-
sure the dispersion in the zirconia materials tested and 
provide better information for interpreting the results. How-
ever, using a transmittance spectrophotometer helped obtain 
information about the degree of translucency of zirconia, 
which is important to understand the color behavior and in-
fluence of the substrate.

Conclusions

Ceramic application decreases the translucency of all core 
materials, making all colored zirconia cores behave uniform-
ly. Core materials influenced ∆E*, with alumina showing lower 
values than all zirconia over polished Ag-Au-Pt and zirconia 
substrates. All high crystalline ceramic systems tested, after 
1.2 mm ceramic application, performed under the clinically 
acceptable threshold over all substrates. Substrates influ-
enced ∆E*, being more critical at the core stage than at the 
glaze stage.

Acknowledgements 

The authors are thankful to Nobel Biocare (Grant number 
2010-904) and Zirkonzahn for the specimens’ material and to 
VITA for the use of an EasyShade spectrophotometer. 

Conflict of interest

The authors have no conflicts of interest to declare.

Ethical disclosures

Protection of human and animal subjects. The authors 
declare that no experiments were performed on humans or 
animals for this study.
 
Confidentiality of data. The authors declare that no patient 
data appear in this article.
 
Right to privacy and informed consent. The authors declare 
that no patient data appear in this article.

CRediT authorship  contribution statement

João Carlos Roque: Conceptualization, Data curation, Formal 

Analysis, Investigation, Methodology, Resources; Software, 

Writing – original draft. Joana Lima Hermínio: Writing - re-

view & editing. Diogo Viegas: Data curation, Visualization. 

João Martins: Methodology, Supervision. Luís Santos: Concep-

tualization, Formal Analysis, Methodology, Resources, Super-

vision, Software, Writing – review & editing. Jaime Portugal: 

Conceptualization, Formal analysis, Methodology, Supervi-

sion, Writing – review & editing.

o r c i d

João Carlos Roque  0000-0002-9012-073X

Joana Lima Hermínio  0000-0003-1623-1586

Diogo Viegas  0000-0002-6545-7875

João Martins  0000-0001-9330-772X

Luís Santos  0000-0003-0986-9880

Jaime Portugal  0000-0001-5058-6554

r e f e r e n c e s

1. Lim H-N, Yu B, Lee Y-K. Spectroradiometric and 
spectrophotometric translucency of ceramic materials. J 
Prosthet Dent. 2010;104:239-46.

2. Sahin V, Uludag B, Usumez A, Ozkir SE. The effect of repeated 
firings on the color of an alumina ceramic system with two 
different veneering porcelain shades. J Prosthet Dent. 
2010;104:372-8. 

3. Zarone F, Russo S, Sorrentino R. From porcelain-fused-to-
metal to zirconia: Clinical and experimental considerations. 
Dent Mater. 2011;27:83-96.

10 rev port estomatol med dent cir maxilofac. 2023;64(1) :3-11

https://orcid.org/0000-0002-9012-073X
https://orcid.org/0000-0002-9012-073X
https://orcid.org/0000-0003-1623-1586
https://orcid.org/0000-0003-1623-1586
https://orcid.org/0000-0002-6545-7875
https://orcid.org/0000-0002-6545-7875
https://orcid.org/0000-0001-9330-772X
https://orcid.org/0000-0001-9330-772X
https://orcid.org/0000-0003-0986-9880
https://orcid.org/0000-0003-0986-9880
https://orcid.org/0000-0001-5058-6554
https://orcid.org/0000-0001-5058-6554
https://doi.org/10.1016/S0022-3913(10)60131-X
https://doi.org/10.1016/S0022-3913(10)60131-X
https://doi.org/10.1016/S0022-3913(10)60131-X
https://doi.org/10.1016/S0022-3913(10)60169-2
https://doi.org/10.1016/S0022-3913(10)60169-2
https://doi.org/10.1016/S0022-3913(10)60169-2
https://doi.org/10.1016/S0022-3913(10)60169-2
https://doi.org/10.1016/j.dental.2010.10.024
https://doi.org/10.1016/j.dental.2010.10.024
https://doi.org/10.1016/j.dental.2010.10.024


4. Guazzato M, Walton TR, Franklin W, Davis G, Bohl C, 
Klineberg I. Influence of thickness and cooling rate on 
development of spontaneous cracks in porcelain/zirconia 
structures. Aust Dent J. 2010;55:306-10.

5. Carter CB, Norton MG. Ceramic Materials: Science and 
Engineering. Springer Science& Business Media, 2007.

6. Sadan A, Blatz MB, Lang B. Clinical considerations for densely 
sintered alumina and zirconia restorations: Part 1. Int J 
Periodontics Restorative Dent. 2005;25:213-9. http://www.ncbi.
nlm.nih.gov/pubmed/16001733

7. Baldissara P, Llukacej A, Ciocca L, Valandro FL, Scotti R. 
Translucency of zirconia copings made with different CAD/
CAM systems. J Prosthet Dent. 2010;104:6-12.

8. Yılmaz Savaş T, Aykent F. Effect of fabrication techniques on 
the optical properties of zirconia-based systems. J Prosthet 
Dent. 2021;125:528.e1-8.

9. Al Hamad KQ, Obaidat II, Baba NZ. The Effect of Ceramic Type 
and Background Color on Shade Reproducibility of All‐
Ceramic Restorations. J Prosthodont. 2020;29:511-7.

10. Odman P, Andersson B. Procera AllCeram crowns followed for 
5 to 10.5 years: a prospective clinical study. Int J Prosthodont. 
2001;14:504-9. http://www.ncbi.nlm.nih.gov/
pubmed/12066695

11. Gomes I, Lopes LP, Fonseca M, Portugal J. Effect of zirconia 
pigmentation on translucency. Eur J Prothodont Restor Dent. 
2018;26:136-42.

12. Shah K, Holloway JA, Denry IL. Effect of Coloring with Various 
Metal Oxides on the Microstructure, Color, and Flexural 
Strength of 3Y-TZP. J Biomed Mater Res B Appl Biomater. 
2008;87:329-37.

13. Ebeid K, Wille S, Hamdy A, Salah T, El-Etreby A, Kern M. Effect 
of changes in sintering parameters on monolithic 
translucent zirconia. Dent Mater. 2014;30:e419-24.

14. Luo XP, Zhang L. Effect of veneering techniques on color and 
translucency of Y-TZP. J Prosthodont. 2010;19:465-70.

15. Al-Wahadni A, Shahin A, Kurtz KS. An In Vitro Investigation 
of Veneered Zirconia-Based Restorations Shade 
Reproducibility. J Prosthodont. 2018;27:347-54.

16. Spyropoulou PE, Giroux EC, Razzoog ME, Duff RE. 
Translucency of shaded zirconia core material. J Prosthet Dent. 
2011;105:304-7.

17. Heffernan MJ, Aquilino SA, Diaz-Arnold AM, Haselton DR, 
Stanford CM, Vargas MA. Relative translucency of six 
all-ceramic systems. Part II: Core and veneer materials. J 
Prosthet Dent. 2002;88:10-5.

18. Brodbelt RHW, O’brien WJ, Fan PL. Translucency of Dental 
Porcelains. J Dent Res. 1980;59:70-5. 

19. Suputtamongkol K, Tulapornchai C, Mamani J, Kamchatphai 
W, Thongpun N. Effect of the shades of background 
substructures on the overall color of zirconia-based all-
ceramic crowns. J Adv Prosthodont. 2013;5:319-25.

20. Paravina RD, Pérez MM, Ghinea R. Acceptability and 
perceptibility thresholds in dentistry: A comprehensive 
review of clinical and research applications. J Esthet Restor 
Dent. 2019;31:103-12.

21. Khashayar G, Bain PA, Salari S, Dozic A, Kleverlaan CJ, Feilzer 
AJ. Perceptibility and acceptability thresholds for colour 
differences in dentistry. J Dent. 2014;42:637-44.

22. Mendes M, Portugal J, Arantes-Oliveira S, Mesquita P. Shear 
bond strength of orthodontic brackets to fluorosed enamel. 
Rev Port Estomatol Med Dent Cir Maxilofac. 2014;55:73-7.

23. Tabatabaian F. Color in Zirconia-Based Restorations and Related 
Factors: A Literature Review. J Prosthodont. 2018;27:201-11.

24. Vichi A, Louca C, Corciolani G, Ferrari M. Color related to ceramic 
and zirconia restorations: A review. Dent Mater. 2011;27:97-108.

25. Ban S. Reliability and properties of core materials for 
all-ceramic dental restorations. Jpn Dent Sci Rev. 2008;44:3-21.

26. Jardel V, Grignoux A. Realisation de restaurations céramo-
céramique en zircone Prettau à laide su systeme 
panthograph Zirkonzahn en pratique journaliére. 
Quintessence Rev Int Próthese Déntaire. 2011;3:226-35.

27. Kim MJ, Ahn JS, Kim JH, Kim HY, Kim WC. Effects of the 
sintering conditions of dental zirconia ceramics on the grain 
size and translucency. J Adv Prosthodont. 2013;5:161-6.

28. Liu MC, Aquilino SA, Gratton DG, Ou KL, Lin CC. Relative 
Translucency and Surface Roughness of Four Yttrium-
stabilized Tetragonal Zirconia Polycrystalline-based Dental 
Restorations. J Exp Clin Med. 2013;5:22-4.

29. Nakamura T, Saito O, Fuyikawa J, Ishigaki S. Influence of 
abutment substrate and ceramic thickness on the colour of 
heat-pressed ceramic crowns. J Oral Rehabil. 2002;29:805-9.

30. Shimada K, Nakazawa M, Kakehashi Y, Matsumura H. Influence 
of abutment materials on the resultant color of heat-pressed 
lithium disilicate ceramics. Dent Mater J. 2006;25:20-5.

31. Li Q, Yu H, Wang YN. Spectrophotometric evaluation of the 
optical influence of core build-up composites on all-ceramic 
materials. Dent Mater. 2009;25:158-65.

32. Terzioğlu H, Yilmaz B, Yurdukoru B. The effect of different 
shades of specific luting agents and IPS empress ceramic 
thickness on overall color. Int J Periodontics Restorative Dent. 
2009;29:499-505.

33. Chang J, Da Silva JD, Sakai M, Kristiansen J, Ishikawa-Nagai S. 
The optical effect of composite luting cement on all ceramic 
crowns. J Dent. 2009;3:937-943.

34. Cubas GB de A, Camacho GB, Demarco FF, Pereira-Cenci T. 
The effect of luting agents and ceramic thickness on the 
color variation of different ceramics against a chromatic 
background. Eur J Dent. 2011;5:245-52.

35. Ilie N, Stawarczyk B. Quantification of the amount of light 
passing through zirconia: The effect of material shade, 
thickness, and curing conditions. J Dent. 2014;42:684-90.

36. O’Brien WJ. Double layer effect and other optical phenomena 
related to esthetics. Dent Clin North Am. 1985;29:667-72.

37. Mclean JW. New Dental Ceramics and Esthetics. J Esthet Restor 
Dent. 1995;7:141-9.

38. Guazzato M, Proos K, Quach L, Swain MV. Strength, reliability 
and mode of fracture of bilayered porcelain/zirconia (Y-TZP) 
dental ceramics. Biomaterials. 2004;25:5045-52.

39. Carossa S, Lombardo S, Pera P, Corsalini M, Rastello ML, Preti 
PG. Influence of posts and cores on light transmission 
through different all-ceramic crowns: spectrophotometric 
and clinical evaluation. Int J Prosthodont. 2001;14:9-14.

40. Bettencourt AF, Costa J, Ribeiro IAC, Gonçalves L, Arias-Moliz 
MT, Dias JR, et al. Development of a chlorhexidine delivery 
sustem based on dental reline acrylic resins. Int J Pharm. 
2023;631:122470.

11rev port estomatol med dent cir maxilofac . 2023;64(1) :3-11

https://doi.org/10.1111/j.1834-7819.2010.01239.x
https://doi.org/10.1111/j.1834-7819.2010.01239.x
https://doi.org/10.1111/j.1834-7819.2010.01239.x
https://doi.org/10.1111/j.1834-7819.2010.01239.x
http://www.ncbi.nlm.nih.gov/pubmed/16001733
http://www.ncbi.nlm.nih.gov/pubmed/16001733
https://doi.org/10.1016/S0022-3913(10)60086-8
https://doi.org/10.1016/S0022-3913(10)60086-8
https://doi.org/10.1016/S0022-3913(10)60086-8
https://doi.org/10.1016/j.prosdent.2020.10.012
https://doi.org/10.1016/j.prosdent.2020.10.012
https://doi.org/10.1016/j.prosdent.2020.10.012
https://doi.org/10.1111/jopr.13005
https://doi.org/10.1111/jopr.13005
https://doi.org/10.1111/jopr.13005
http://www.ncbi.nlm.nih.gov/pubmed/12066695
http://www.ncbi.nlm.nih.gov/pubmed/12066695
https://doi.org/10.1922/ejprd_01779gomes07
https://doi.org/10.1922/ejprd_01779gomes07
https://doi.org/10.1922/ejprd_01779gomes07
https://doi.org/10.1002/jbm.b.31107
https://doi.org/10.1002/jbm.b.31107
https://doi.org/10.1002/jbm.b.31107
https://doi.org/10.1002/jbm.b.31107
https://doi.org/10.1016/j.dental.2014.09.003
https://doi.org/10.1016/j.dental.2014.09.003
https://doi.org/10.1016/j.dental.2014.09.003
https://doi.org/10.1111/j.1532-849X.2010.00610.x
https://doi.org/10.1111/j.1532-849X.2010.00610.x
https://doi.org/10.1111/jopr.12489
https://doi.org/10.1111/jopr.12489
https://doi.org/10.1111/jopr.12489
https://doi.org/10.1016/S0022-3913(11)60056-5
https://doi.org/10.1016/S0022-3913(11)60056-5
https://doi.org/10.1016/S0022-3913(11)60056-5
https://doi.org/10.1067/mpr.2002.126795
https://doi.org/10.1067/mpr.2002.126795
https://doi.org/10.1067/mpr.2002.126795
https://doi.org/10.1067/mpr.2002.126795
https://doi.org/10.1177/00220345800590011101
https://doi.org/10.1177/00220345800590011101
https://doi.org/10.4047/jap.2013.5.3.319
https://doi.org/10.4047/jap.2013.5.3.319
https://doi.org/10.4047/jap.2013.5.3.319
https://doi.org/10.4047/jap.2013.5.3.319
https://doi.org/10.1111/jerd.12465
https://doi.org/10.1111/jerd.12465
https://doi.org/10.1111/jerd.12465
https://doi.org/10.1111/jerd.12465
https://doi.org/10.1016/j.jdent.2013.11.017
https://doi.org/10.1016/j.jdent.2013.11.017
https://doi.org/10.1016/j.jdent.2013.11.017
https://doi.org/10.1016/j.rpemd.2013.10.002
https://doi.org/10.1016/j.rpemd.2013.10.002
https://doi.org/10.1016/j.rpemd.2013.10.002
https://doi.org/10.1111/jopr.12740
https://doi.org/10.1111/jopr.12740
https://doi.org/10.1016/j.dental.2010.10.018
https://doi.org/10.1016/j.dental.2010.10.018
https://doi.org/10.1016/j.jdsr.2008.04.001
https://doi.org/10.1016/j.jdsr.2008.04.001
https://doi.org/10.4047/jap.2013.5.2.161
https://doi.org/10.4047/jap.2013.5.2.161
https://doi.org/10.4047/jap.2013.5.2.161
https://doi.org/10.1016/j.jecm.2013.01.006
https://doi.org/10.1016/j.jecm.2013.01.006
https://doi.org/10.1016/j.jecm.2013.01.006
https://doi.org/10.1016/j.jecm.2013.01.006
https://doi.org/10.1046/j.1365-2842.2002.00919.x
https://doi.org/10.1046/j.1365-2842.2002.00919.x
https://doi.org/10.1046/j.1365-2842.2002.00919.x
https://doi.org/10.4012/dmj.25.20
https://doi.org/10.4012/dmj.25.20
https://doi.org/10.4012/dmj.25.20
https://doi.org/10.1016/j.dental.2008.05.008
https://doi.org/10.1016/j.dental.2008.05.008
https://doi.org/10.1016/j.dental.2008.05.008
https://doi.org/10.1016/j.jdent.2009.07.009
https://doi.org/10.1016/j.jdent.2009.07.009
https://doi.org/10.1016/j.jdent.2009.07.009
https://doi.org/10.1055/s-0039-1698888
https://doi.org/10.1055/s-0039-1698888
https://doi.org/10.1055/s-0039-1698888
https://doi.org/10.1055/s-0039-1698888
https://doi.org/10.1016/j.jdent.2014.03.007
https://doi.org/10.1016/j.jdent.2014.03.007
https://doi.org/10.1016/j.jdent.2014.03.007
https://doi.org/10.1111/j.1708-8240.1995.tb00570.x
https://doi.org/10.1111/j.1708-8240.1995.tb00570.x
https://doi.org/10.1016/j.biomaterials.2004.02.036
https://doi.org/10.1016/j.biomaterials.2004.02.036
https://doi.org/10.1016/j.biomaterials.2004.02.036
https://doi.org/10.1016/j.ijpharm.2022.122470
https://doi.org/10.1016/j.ijpharm.2022.122470
https://doi.org/10.1016/j.ijpharm.2022.122470
https://doi.org/10.1016/j.ijpharm.2022.122470

