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A B S T R A C T   

Objectives: The objective of this study was to define the impact of heating rate on the crystal growth, the me
chanical properties, and the biocompatibility of three different kinds of CAD/CAM glass-ceramics treated with a 
conventional furnace. 
Methods: Lithium disilicate (IPS EMax-CAD, Ivoclar Vivadent) (LS2) and two zirconia reinforced lithium silicate 
(ZLS) ceramics (Vita Suprinity PC, VITA Zahnfabrik; Celtra Duo, Dentsply Sirona) (ZLSS; ZLSC) were used. The 
mechanical properties and the crystal growth were evaluated on 42 specimens (n = 14 per group). The thermal 
treatments recommended by the manufacturers were carried out. All groups were tested for fracture toughness 
(Ft) and Vickers hardness (Hv). Scanning electron microscope (SEM) images were taken after a slight surface 
etching with hydrofluoric acid solution (1% for 20 s). Differential Thermal Analysis (DTA) was performed and 
cellular adhesion with human periodontal ligament stem cells (hPDLSCs) culture was qualitatively assayed. Data 
were analyzed with Repeated Measurements ANOVA and ANOVA followed by Tukey post hoc test. 
Results: The crystals’ mean size (±SD) after heat treatment was 1650.0 (±340.0) nm for LS2, 854.5 (±155.0) nm 
for ZLSS and 759.9 (±118.4) nm for ZLSC (p < 0.05 among the groups). As consequence of crystallization, the Hv 
was 6.1 ± 0.3 GPa for LS2, 7.6 ± 0.7 GPa for ZLSS and 7.1 ± 0.5 GPa for ZLSC (p < 0.05 for LS2 vs ZLSS and 
ZLSC), while the Ft was 2.2 ± 0.1 MPa m1/2 for LS2, 4.7 ± 0.8 MPa m1/2 for ZLSS and 3.8 ± 0.6 MPa m1/2 for 
ZLSC (p < 0.05 among the groups). The DTA curves showed a crystallization process for LS2, ZLSS and ZLSC at a 
temperature range 810–840 ◦C. The amount of adherent hPDLSCs was superior on LS2 than on ZLS. 
Conclusions: All the CAD/CAM materials can be properly crystallized if heat treated following the manufacturers’ 
instructions. The crystallization process highly depends on temperature. ZLS glass ceramics show significantly 
inferior crystals dimensions and higher fracture toughness and Vickers hardness than LS2 ceramic. hPDLSCs 
cultured on LS2 have a superior adhesion than those cultured on ZLS. 
Clinical significance: The value of this study relies on the demonstration that a proper heat-treatment of CAD/CAM 
lithium disilicate and ZLS glass ceramics generates products that are suitable for clinical use . The differences 
highlightable in mechanical properties and biocompatibility behavior do not affect their successful clinical 
application.   

1. Introduction 

In modern times, the increase of aesthetic perfection request as well 

as the intense research have led to the development of materials with 
high capacity of biomimicry [1]. The new materials are, much more than 
in the past, able to replicate aesthetic-functional characteristics of the 
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teeth. Metal-free restorations, thanks to their increasingly proven clin
ical efficacy and technological development, have carved out a place of 
pride for themselves within the current prosthetic treatment plans, 
becoming a viable alternative to the traditional metal ceramic restora
tions, both aesthetically and mechanically, in particular for single res
torations [2–6]. 

These new materials include a wide range of glass-ceramics and 
polycrystalline materials, such as yttria tetragonal zirconia polycrystals 
(Y-TZP). Y-TZP has excellent mechanical properties, so it finds a wide 
range of clinical indications [7]. However, it is not without drawbacks, 
such as its opaque appearance despite the improved aesthetic charac
teristics [8], and its inertness to the etching procedures for the adhesive 
application. Emerging evidences confirm that the zirconia adhesive 
cementation can be successfully achieved if proper operative protocols 
are respected, though [9,10]. Ceramic chipping and the ageing phe
nomenon of Low Temperature Degradation (LTD) are further drawbacks 
[11,12]. 

Apart from zirconia, the wide diffusion of chairside CAD/CAM sys
tems for whole digital workflow restorations has led to the development 
of specific dental materials that include a wide range of new nano- 
structured glass ceramics. Mostly of the new materials are not imme
diately applicable after the milling procedure, since they must be heat- 
treated to reach adequate mechanical and aesthetic properties [13]. The 
lithium disilicate (LS2), also supported by a remarkable background of 
clinical experience [14], has proven to be the most widely used material 
for ceramic restorations by virtue of its great aesthetic appeal. LS2 res
torations, received a broad consensus not only for their aesthetic char
acteristics and mechanical properties, but also for the excellent 
workability [13]. Lithium disilicate restorations can be fabricated either 
with traditional CAD/CAM methods or with ceramic-press methods, 
unlike zirconia which can only be processed by CAD/CAM methods 
[13]. CAD lithium disilicate glass ceramic, before the process of crys
tallization is characterized by an amorphous glassy matrix that, just after 
the heat treatment for crystallization, becomes a crystalline material 
with about 70% of crystals of orthorhombic form of lithium disilicate 
(Li2Si2O5). It is to the Li2Si2O5 that we must attribute the mechanical 
and aesthetic properties, and the most important is the high trans
lucency [15]. Recently, a new ceramic material for dental restorations 
has been introduced. Zirconia reinforced lithium silicate (ZLS) is based 
on a significant phase of lithium metasilicate (Li2SiO3) and a less rep
resented phase of lithium orthophosphate crystals (Li3PO4). The glassy 
matrix is reinforced by around 10% of zirconium dioxide (ZrO2), which 
after the final process of crystallization, leads to the formation of a very 
fine-grained microstructure (Li2O-ZrO2-SiO2). ZLS is marketed in a 
pre-crystallized or crystallized form. The partially crystallized, to facil
itate the CAD/CAM production, is subsequently treated to complete 
crystallization, getting so the final color and its latest and optimal me
chanical properties [16]. The organization of microstructure before and 
after treatment of crystallization appears to be extremely different, 
showing the presence within the melt of a multicomponent system due 
to nucleation process that takes place after heat treatment. From 
microstructural analyzes, it emerged that it is impossible to highlight 
zirconia, which is dispersed in the glassy matrix and therefore an inte
gral part in the crystal lattice. The structure described is to be consid
ered, therefore, the main difference compared to materials such as 
zirconia and the lithium disilicate [17]. Thermal crystallization treat
ment appears crucial for mechanical and optical properties of the ma
terial [18]. 

For a controlled crystallization of the glass ceramics, without causing 
deformation and achieve the wished characteristics, a precise heat 
treatment schedule is provided by manufacturers. Despite this, as the 
manufacturer’s instructions often refer to a specific dental furnace, 
various problems arise in everyday practice. The different types of 
existing dental furnaces may bring to an imprecise thermal calibration 
and undesired final products. 

In the present state of knowledge, data regarding the 

biocompatibility of ZLS materials are scarce and controversial, espe
cially in comparison with CAD LS2 [16]. No study examines the 
biocompatibility with human periodontal ligament stem cells 
(hPDLSCs). In dentistry, hPDLSCs have been the mostly utilized 
mesenchymal stem cells (MSCs) population. The major advantage of 
their use for in vitro model to assess cell cytocompatibility of different 
materials consists in their easy isolation and manipulation [19,20]. 

Therefore, the aims of the present study were to evaluate the crystal 
growth and the mechanical properties as Vickers hardness (Hv) and 
fracture toughness (Ft) of LS2 and two ZLS CAD/CAM glass-ceramics 
(ZLS VITA Suprinity PC and ZLS Celtra Duo) after heat treatment in a 
conventional furnace. Biocompatibility through hPDLSCs adhesion was 
qualitatively assessed, too. The null hypothesis (H0) under test consid
ered no statistically significant differences in Vickers hardness, fracture 
toughness and crystal dimensions among LS2, ZLS Suprinity and ZLS 
Celtra Duo after heat treatment. 

2. Materials and methods 

To determine the appropriate sample size for the quantitative eval
uations, the sample size calculation using Sigma Stat 3.5 (Systat Soft
ware, San Jose, CA, USA) was performed. A recent similar work was 
consulted to set up the a priori parameters [21]. About the mechanical 
tests, to ensure a power of the study (1-β) > 0.80, with an α = 0.05, a 
minimum detectable difference in means of 0,3 and expected standard 
deviation of 0,2 the study required a group size of 10. About the 
microstructural analysis, for a 1-β > 0.80, with an α = 0.05, a minimum 
detectable difference in means of 0,3 and expected standard deviation of 
0,05 the study required a group size of 2. 

2.1. Specimens’ preparation 

42 parallelepiped shape specimens (3.5 × 3.0 × 1.0 mm) consisting 
of non-crystallized blocks (Shade A2) for CAD/CAM use were used for 
the microstructural analysis, the crystallization process, and the me
chanical tests. 

They were divided into three groups (n = 14) according to the ma
terial: LS2 IPS EMax-CAD (Ivoclar Vivadent, Schaan, Liechtenstein) 
(LS2), ZLS VITA Suprinity PC (Vita Zahnfabrik, Bad Säckingen, Ger
many) (ZLSS), ZLS Celtra Duo (Dentsply Sirona, Charlotte, NC, USA) 
(ZLSC). Crystallization by heat treatment was achieved with a ceramic 
conventional furnace (Programat EP 510, Ivoclar Vivadent, Schaan, 
Liechtenstein) using a honeycomb firing tray. Compositions of the glass 
ceramics used are summarized in Table 1. 

Table 1 
Manufacturers (in parenthesis) and chemical composition (weight%) of CAD LS2 
and ZLS used in the study.  

Chemical 
component 

LS2 IPS EMax-CAD 
(Ivoclar Vivadent) 

ZLS VITA Suprinity 
PC(VITA Zahnfabrik) 

ZLS Celtra Duo 
(Dentsply Sirona) 

SiO2 57–80 56–64 58 
Li2O 11–19 15–21 18.5 
K2O 0–13 1–4  
P2O5 0–11 3–8  
ZrO2 0–8 8–12 10.1 
ZnO 0–8   
Al2O3 0–5 1–4 1.9 
MgO 0–5   
La2O3  0.1  
Tb4O7   1 
CeO2  0–4 2 
P4O10   5 
Pigments 0–8 0–6  

SiO2: silicon dioxide; Li2O: lithium oxide; K2O: potassium oxide; P2O5: phos
phorus pentoxide; ZrO2: zirconium dioxide; ZnO: zirconium oxide; Al2O3: 
aluminium oxide; MgO: magnesium oxide; La2O3: lanthanum oxide; Tb4O7: 
terbium oxide; CeO2: cerium oxide; P4O10: phosphorus pentoxide. 
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The LS2 specimens were heat treated from 400 to 840 ◦C, passing 
through a first step at 770 ◦C with a holding time of 5 min, and a second 
phase at 850 ◦C with a holding time of 7 min. The ZLSS specimens were 
heat treated starting from 400 ◦C until to 840 ◦C with heating rate of 
55 ◦C/min and a holding time of 8 min, while the ZLSC specimens were 
heat-treated starting from 500 ◦C until to 820 ◦C with heat rate of 60 ◦C/ 
min and a hold time of 2 min. A vacuum was applied twice to LS2 group, 
once to ZLSS group, and it was not applied to ZLSC group. Specific data 
about the thermal treatment (given by the manufacturers) are reported 
in Table 2. 

2.2. Microstructural analysis 

For the microstructural analysis and to assay the Vickers hardness 
and the fracture toughness, the same methods of a previously published 
work were applied [18]. Six specimens (n = 2 per group) were prepared 
for the microstructural analysis with a slight acidic surface treatment in 
order to dissolve the vitreous matrix and expose the crystal lattice. The 
treatment was performed with a hydrofluoric acid solution (1% for 20 s), 
the specimens were washed with distilled water, the smear was removed 
in an ultrasonic bath (Puresonic, Kiaccessori, Nola, Italy) in ethyl acetate 
for 5–10 min and the specimens were stored in ethyl alcohol 96–100% 
until SEM investigation. Prior to the investigation, the specimens were 
let completely dry at room temperature, then they were coated with a 
very thin layer of gold by vacuum sputter using an Emitech K 550 
(Emitech, Ashford, Kent, UK). Ten scanning electron microscope (SEM) 
(Zeiss EVO 50 XVP, Carl Zeiss SMT, Cambridge, UK) images (30,000×
and 80,000×) per specimen were used to determine the dimension of 
crystals. The measure (length of the crystals taken on the maximum 
diameter) was made using Image-Pro-Plus vers. 6.0 (Media Cyber
netics). The software was calibrated for each experimental image using 
the calibration function. The number of pixels forming the scale bar 
reported on each digital SEM image was used for linear remapping of the 
distance in nanometres. The mean and standard deviation were deter
mined considering more than 400 crystals counted. 

2.3. Vickers indentation 

The specimens were embedded in acrylic resin (Acrylic VLXB, Kemet 
International, Kent, UK), wet polished up to 1000-grit silicon carbide 
paper and polishing liquid on a grinding device (TMA2, Grottammare, 
Italy) to a high-lustre finish and clamped in position before the inden
tation tests. Fifty indentations were made on each group (five on each 
specimen, n = 10 per group). The indentations were made using a dia
mond Vickers indenter (angle 136◦ and area-depth ratio A = 24.5 hc

2) 
fixed with the load cell at a universal testing machine (Lloyd 30 K, Lloyd 
Instruments, Segensworth, UK) under constant load of 50 N for 5 s in a 
controlled displacement mode at 0.5 mm/sec. To determine the stress 
intensity, present at the crack tip due to the indentation, the crack tip 
profile was determined using SEM with LaB6 (Carl Zeiss SMT, Cam
bridge, UK). The length of radial cracks emanated from each of the four- 
indented corner sources were measured using Image-Pro-Plus ver. 6.0 
(Media Cybernetics, Bethesda, USA). To ensure accuracy, the software 

was calibrated for each experimental image using a software feature 
named “Calibration Wizard” which reported the number of pixels be
tween two selected points (scale bar). The linear remapping of the pixel 
numbers was used to calibrate the distance in µm. Hv was calculated 
from the standard formula for force divided by contact area: 

Hv = 1.8544
P
d2 (1)  

where P is the indenter load in N and d is the length of the diagonal in 
mm. 

2.4. Fracture toughness 

Fracture toughness of the material was estimated using cracks pro
duced by the hardness indents. It was represented by the term K1C (Mode 
1 critical stress intensity factor) and was defined as the critical value of 
the stress intensity factor at a crack tip necessary to produce catastrophic 
failure under simple uniaxial loading [22]; the “1′′ stands for mode one 
(uniaxial) and the “C” stands for critical. To determine fracture tough
ness the Palmqvist equation was used [23]: 

K1C = β0

(
P
l

)1
2

(2)  

where P was the applied load, l was the crack length from the tip of the 
indentation to the crack end, and βo was an empirical parameter, usually 
set equal to 7 for a Vickers indenter [23]. Palmqvist cracks were char
acteristic in that they have an l − 0.5 dependence. The units of K1C are 
MPa m1/2. 

2.5. Differential thermal analysis (DTA) 

Three specimens (n = 1 per group) were analyzed by heating from 
room temperature to 1000 ◦C with a heating rate of 5 ◦C/min (2 h in 
total, with a slow cooling), under flowing nitrogen with a Pt/Rh crucible 
filled with Al2O3 (alumina) as reference in a thermoanalyzer (EXSTAR 
6000, Seiko Instrument Inc., Tokyo, Japan). DTA was used to determine 
the crystallization process. An endothermic reaction is an indication of 
the nucleation process, the melting, or the glass transition (Tg) in the 
glass, while an exothermic one indicates a crystallization process since 
the peak height of the exotherm was proportional to the heat evolved 
during the crystallization. 

2.6. Cell culture and specimens’ preparation for SEM cellular analysis 

For the human periodontal ligament biopsies, the protocol and 
informed consents came from a previous published work, accepted by 
Medical Ethics Committee (no. 266/17.04.14), as well as the procedures 
for cell culture and hPDLSC characterization [24]. The formal consent 
form was subscribed by all patients prior to sample collection. The 
Department of Medical, Oral and Biotechnological Sciences and the 
Laboratory of Stem Cells and Regenerative Medicine are certified in 
accordance with the quality standard ISO 9001:2015 (certificate no. 32, 

Table 2 
Parameters of the thermal treatment protocol used for crystallization of the evaluated glass-ceramics.  

Material Initial 
temperature ( 
◦C) 

Heating 
rate 1 ( ◦C/ 
min) 

Vacuum 1 
(◦) 

Intermediate 
temperature ( 
◦C) 

Holding 
time (min) 

Heating 
rate 2 ( ◦C/ 
min) 

Final 
temperature ( 
◦C) 

Vacuum 2 
( ◦C) 

Holding 
time (min) 

Cooling ( 
◦C) 

IPS Emax- 
CAD 

400 60 From 550 
to 770 

770 5 (in air) 30 840 From 770 
to 840 

7 (in air) Up to 700 

Suprinity 400 55 From 410 
to 840 

na na na 840 na 8 min Up to 680 

Celtra 
Duo 

500 60 na na na na 820 na 2 min Up to 750 

na = not applicable. 
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031/15/S). 
Five human periodontal ligament biopsies were scraped from human 

premolar teeth (extracted for orthodontic reasons) of patients in general 
good health conditions. The tissue was obtained by scaling the roots 
using Gracey’s curettes [25,26]. The specimens were washed five times 
with phosphate buffered saline (PBS) (LiStarFish) and cultured using 
TheraPEAK™ MSCGM™ CD BulletKit serum free, chemically defined 
(MSCGM-CD) medium for the growth of human mesenchymal stem cells 
(hMSCs) (Lonza, Basel, Switzerland). The medium was changed twice a 
week, and cells migrating from the explants tissue after reaching about 
80% of confluence, were trypsinized (LiStarFish), and after, were sub
cultured until passage 2nd (P2). 

Three glass ceramic specimens (n = 1 per group) were immersed in 
absolute ethanol and sterilised with UV-C (200–280 nm) exposure for 
30 min on each side inside a laminar flow workstation. Next, they were 
placed in sterile Petri dishes before cell seeding. They were cultured with 
hPDLSCs for 21 days and successively were fixed for 4 h at 4 ◦C in 4% 
Glutaraldehyde in 0.05 M phosphate buffer (pH 7.4), dehydrated in 
growing ethanol concentrations, and then critical point dried. They were 
then mounted on aluminium stubs and sputter gold coated before SEM 
imaging. 

2.7. Statistical analysis 

The statistical analyzes were performed using IBM SPSS Statistics 
(IBM Corp, Armonk, NY, USA). Mean and standard deviation (SD) of 
crystal dimension, Hv and Ft were obtained. For each variable, the 
normality and the equality of variance were assessed. The differences in 
the mean values among the groups were analyzed. In the case of crystals 
dimensions, the repeated measurements required the application of 
Repeated Measurements ANOVA. For Hv and Ft, one-way ANOVA was 
used. In both cases, post hoc Tukey test was applied for multiple com
parisons. The threshold to detect statistically significant differences was 
set at p < 0.05. 

3. Results 

3.1. Microstructure 

The microstructure observed in the glass ceramics before the heat 
treatment for crystallization showed homogeneous fine structure ma
terials with some differences. LS2 showed a predominant presence of 
sub-microns platelet-shaped crystal of lithium metasilicate (Li2SiO3) and 
a lesser amount of rounded nanometric crystallites of lithium ortho
phosphate (Li2PO4). ZLSS appeared to be in a nucleated and pre- 
crystallized microstructure. ZLSC appeared to be in an advanced state 

Fig. 1. SEM images of the glass ceramics’ 
microstructure on representative specimens, 
before and after thermal treatment for crystal
lization. In (a) LS2 IPS Emax-CAD (Mag. 30kx), 
in (b) ZLS Vita Suprinity (Mag. 30kx) and in (c) 
ZLS Celtra Duo (Mag. 30kx) before thermal 
treatment. The structure of all groups consists 
of nanoparticles of homogeneous material 
immersed in the glassy matrix. ZLSC showed an 
advanced state of crystallization even before 
the thermal treatment (c); c: crystallites 
detectable in ZLSC pre-crystallization state. In 
(d) LS2 (Mag. 30kx), in (e) ZLSS (Mag. 30kx) 
and in (f) ZLSC (Mag. 30kx) after respective 
thermal treatment. The structures appeared to 
be changed, with the presence of nanocrystal 
nucleation and growth into the matrix. LS2 
showed a major extent of the glassy matrix (d); 
*: representative crystallites. The morpholog
ical differences (needle-shaped crystals in LS2 
and globular/rod-like crystals in ZLS) can be 
noticed both before (more evidently) and after 
thermal treatment for crystallization.   
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of crystallization (useful for clinical use) with an almost similar 
composition of the ZLSS (Fig. 1a–c). 

After the crystallization process, LS2 showed a predominant presence 
of interlocking needle-shaped crystals of lithium disilicate (Li2Si2O5) 
embedded in a glassy matrix. Both ZLSS and ZLSC showed rounded and 
road-like crystals of lithium disilicate/metasilicate, lithium mono
silicate, aluminium silicate and a glassy matrix enriched with tetragonal 
zirconia. Basically, LS2 is featured by needle-shaped crystals, inter
locked, and embedded in the glassy matrix, ZLS materials show instead a 
homogeneous fine crystalline structure with rounded and rod-like 
crystals, more evident in the post-crystallization state (Fig. 1d–f). 

After heat treatment a full crystallized state was obtained, charac
terized by a crystalline phase with a mean (±SD) crystal size of after heat 
treatment was 1650.0 (±340.0) nm for LS2, 854.5 (±155.0) nm for ZLSS 
and 759.9 (±118.4) nm for ZLSC. Statistically significant differences 
emerged among the mean values comparisons of all groups (p < 0.05) 
(Fig. 2). 

3.2. Vickers hardness 

The Hv values (mean ± SD) were 6.1 ± 0.3 GPa for LS2, 7.6 ± 0.7 GPa 
for ZLSS and 7.1 ± 0.5 GPa for ZLSC. Statistically significant differences 
emerged between the mean values of the two ZLS and LS2 (both with p <
0.05), but not between the two ZLSS and ZLSC (p > 0.05) (Fig. 3). 

3.3. Fracture toughness 

The Ft (mean±SD) measured as K1C 2.2 ± 0.1 MPa m1/2 for LS2, 4.7 
± 0.8 MPa m1/2 for ZLSS and 3.8 ± 0.6 MPa m1/2 for ZLSC. Statistically 
significant differences of the mean values were detected in all the 
comparisons among the groups (p < 0.05) (Fig. 4). 

3.4. Differential thermal analysis 

The DTA results are reported in Fig. 5. Specifically, it can be noted a 
first endothermal event that correspond to the Tg temperature at 580 ◦C 
for LS2, 620 ◦C for ZLSS and 600 ◦C for ZLSC. The crystallization process 
(exothermal peak) for LS2 occurred at a temperature of 840 ◦C, for ZLSS 
at 820 ◦C and ZLSC at 810 ◦C. 

3.5. Cellular adhesion 

Human PDLSCs did not show any significant morphological varia
tions but exhibited different adhesion capability on the three glass 
ceramic surfaces (Fig. 6a–c). It was possible to note a major amount of 

cell adherent to LS2 than on both ZLS surface. The cells preserved their 
characteristic spindle fibroblast-like shape, although they differently 
spread upon the surfaces. 

4. Discussion 

The present investigation mainly aimed to evaluate the influence of 
the thermal treatment carried out with a conventional furnace on the 
mechanical properties and the crystal growth of LS2 and two different 
ZLS intended for CAD/CAM use. After heat treatment, LS2 showed sta
tistically significant superior crystal dimension and inferior Vickers 
hardness and fracture toughness than ZLS Suprinity and ZLS Celtra Duo. 
The null hypothesis (H0) was therefore rejected. 

Regarding crystals shape and dimensions, it is known that crystallites 
(mainly lithium metasilicate) in the glassy matrix show different di
mensions in ZLSC (about 1 μm) compared to ZLSS (about 0.5 μm) [27, 
28], and in both cases smaller than LS2 crystals, with length comprised 
between 0.5 and 4 μm [29]. In the present study, it was confirmed that 

Fig. 2. Representation of crystals dimension (nm) means (±SD) of the three 
glass ceramics. The differences among the groups were all statistically signifi
cant (p < 0.05) (RM-ANOVA and Tukey test). 

Fig. 3. DTA charts for LS2 (red), ZLSS (blue) and ZLSC (green). Tg is identified 
as the endothermal peak at 580 ◦C, 620 ◦C and 600 ◦C, respectively for LS2, 
ZLSS and ZLSC. The exothermal peak of crystallization was at 840 ◦C for LS2, 
820 ◦C for ZLSS and 810 ◦C for ZLSC. ΔT: temperature difference (in µw/mg) of 
the sample with the reference (Al2O3) (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article). 

Fig. 4. Representation of Vickers hardness’ (GPa) means (±SD) of the three 
glass ceramics. The differences between LS2 and the ZLSS and between LS2 and 
ZLSC were statistically significant (p < 0.05). There was not statistically sig
nificant difference between ZLSS and ZLSC (p > 0.05) (ANOVA and Tukey test). 
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ZLS crystals are smaller than LS2 ones. It has to be noted that the LS2 
crystals dimension here was 1650.0 (±340.0) nm, so in agreement with 
the literature data, but for ZLSS (854.5 ± 155.0 nm) and for ZLSC (759.9 
± 118.4 nm) crystals dimensions were inferior to the data reported in 
literature. In addition, statistical differences were detected not only in 
ZLSS and ZLSC vs LS2, but also between ZLSS and ZLSC (Fig. 2). A reason 
for this discrepancy can likely be the different methods of analysis used, 
and the furnace used for the thermal treatment. Here it was a conven
tional furnace, and in the previous studies the dedicated one. 

To date, there are controversial data on the mechanical properties of 
ZLS. It must be considered that this issue may be attributed to the 
multiplicity of in vitro research designs and testing modalities. The 
comparisons are therefore difficult, as well as the possible correlations 
with the biomechanical attitude in vivo. Here, the Hv of the two ZLS were 
significantly superior to LS2, but (even if ZLSS Hv was the highest one, 
7.6 ± 0.7 GPa) no differences between the two ZLS were found (Fig. 4). 
On the contrary, significant differences among all groups were found 
regarding Ft, with ZLSS showing the highest value (4.7 ± 0.8 MPa m1/2) 
(Fig. 5). The collected data demonstrated that ZLS exhibits superior 
mechanical properties compared to lithium-disilicate glass ceramics. 
The indentation cracking method used is suitable to determine the 
surface fracture toughness of hard brittle materials because it is easy to 
perform, while causing negligible surface damage [30,31]. Fracture 
toughness (K1C) represents the intrinsic properties of a material to resist 
crack propagation under an applied load, and it is a parameter usually 
applied to a homogeneous, linear elastic material and is useful for 
providing a failure criterion for brittle materials [32]. It is a measure of 
the maximum energy a material could absorb before fracture takes place 
[33]. Fracture occurs when the intensity of the stress field reaches this 
threshold. Fracture toughness strongly depends on composition and the 
microstructure of the material: the crack-microstructure interactions 
can affect crack propagation and hence the fracture toughness [34]. 
Interestingly, Sieper et al. [35] found that in ZLS the presence of semi
circular arrest lines close to the origin of failure constitutes an effective 
mechanism of crack interruption. The crack formation and propagation 
might be hindered by the transformation of the tetragonal zirconia 
phase. In fact, in ZLS zirconia fillers are the responsible for this addi
tional toughening mechanism, determining its superior Ft [36]. This 
issue has been questioned by some authors, though [29]. 

The presented findings show that the finer grained structure of ZLS 
with respect to LS2 clearly has an impact on the resistance to permanent 
deformation (Hv) and on the ability of containing a crack to resist 
further fracture (Ft). It can be speculated that the difference in crystal 
dimension and Ft between ZLSS and the ZLSC, but not in Hv, can be 
caused by the difference in their chemical composition, in their crys
tallization thermal treatment or even by their industrial production 
process. It is interesting to note that ZLSS showed higher values of Ft 
even with a significant superior mean crystals dimension than ZLSC, 
suggesting that the crystals dimension may not be the paramount 
parameter influencing Ft. Further studies are needed to address this 
issue. Notwithstanding this, it has to be noticed that the Ft of the dental 
enamel was reported as ranging between 0.7 ± 0.2 MPa m1/2 and 
1.77±0.2 MPa m1/2 while, the Hv values showed 4.7 ± 0.3 GPa [37], 
therefore all the tested materials can be suitable for clinical application, 
also in the molar area, where the masticatory load can even reach 
600–900 N in case of severe bruxism [38]. 

DTA analysis was performed to identify the transformation temper
atures for each type of material considered in the present study (Fig. 3). 
The Tg of the different materials was highlighted at a range temperature 
580–620 ◦C. It reflects the kinetic transition mainly attributable to the 
glassy phase of the material. The crystallization process is an exothermal 
process instead, that exhibit typical peaks in the DTA evaluations for 
glass ceramics. Exothermal peaks occurred between 810–840 ◦C. All the 
curves reveal sharp peaks in the respective temperature interval, indi
cating an internal, bulk crystallization, since sharp peaks implies bulk 
crystallization while a broad peak signifies surface crystallization [39]. 

Fig. 5. Representation of fracture toughness (K1C) (MPa m1/2) means (±SD) of 
the three glass ceramics. The differences among the groups were all statistically 
significant (p < 0.05) (ANOVA and Tukey test). 

Fig. 6. SEM images (Mag. 50x) of hPDLSCs culture on the three glass ceramics: 
(a) LS2; (b) ZLSS; (c) ZLSC. The spindle fibroblast-like shape of the cultured 
cells was preserved, but a major number of adherent cells can be noted on LS2 
with respect to ZLS ceramics. The more represented glassy matrix of LS2 can 
influence the cellular adhesion. 
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Typically, the shape of a DTA peak depends on specimen’s weight and 
the heating rate used. Here it was chosen to apply a slow heating rate, 
since lowering the heating rate is roughly equivalent to reducing spec
imen weight, both lead to sharper peaks with improved resolution. The 
influence of heating rate on the peak shape and disposition can be used 
to advantage in the study of decomposition reactions, but for kinetic 
analysis, as crystallization, it is important to minimise thermal gradients 
by reducing specimen size or heating rate [40]. 

SEM analysis showed that cell adhesion was superior on LS2 speci
mens compared to ZLS ones, with a pristine morphological appearance 
of hPDLSC in all cases. The major content of the glass phase in the LS2 
structure can be the factor determining this superior cellular adhesion. 
This indicates that entirely crystallized and polished CAD LS2 provides 
more favourable tissues’ response than ZLS. As reported by a recent 
literature review [16], only one recent study quantitatively compare 
biocompatibility of ZLS and CAD LS2 [41]. The findings herein quali
tatively presented agree with those of the cited study, even if the authors 
evaluate biocompatibility studying cell viability and collagen secretion 
using human gingival fibroblasts, rather than cellular adhesion param
eters. It is clear that also in the cytocompatibility field, data about ZLS 
are scares and heterogeneous, considering the newness of the material, 
as well as, surprisingly, CAD LS2. There is a need for further research to 
shed more light on this theme. 

The main limitation of this study is not to have a clinical counterpart 
to match the results with, to obtain a thorough comprehension of the 
studied glass ceramics’ performance and biological response. Data re
ported by in vitro studies should be further corroborated by in vivo results 
of clinical, long-term survival rates. Nevertheless, the important finding 
that optimal chemical and mechanical properties can be achieved even 
processing these materials with conventional furnaces if the given 
thermal treatment protocol is respected, is of worth. 

5. Conclusion 

The results of this study demonstrated that:  

(1) CAD/CAM lithium disilicate and ZLS glass ceramics showed a 
crystallization process highly dependant to temperature. 

(2) After crystallization treatment, ZLS glass ceramics show signifi
cantly inferior crystals dimensions and higher fracture toughness 
and Vickers hardness than LS2. Differences in crystals dimension 
and fracture toughness exist between ZLS Suprinity and ZLS 
Celtra Duo as well.  

(3) Respecting the manufacturers’ thermal treatment schedule, it is 
possible to achieve adequate chemical and mechanical properties 
of CAD/CAM lithium disilicate and ZLS glass ceramics. 

(4) In vitro qualitative analysis showed that human periodontal lig
ament stem cells better adhere onto CAD/CAM lithium disilicate 
than onto ZLS surfaces.  

(5) Notwithstanding the above, the differences highlighted among 
the materials are compatible with their successful application in 
the clinical scenario. 
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