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Abstract: Due to the low mechanical performances of 3D-printed denture base resins, ZrO, nanopar-
ticles (ZrO,NPs) were incorporated into different 3D-printed resins and their effects on the flexure
strength, elastic modulus, impact strength, hardness, and surface roughness were evaluated. A total
of 286 specimens were fabricated in dimensions per respective test and divided according to materials
into three groups: heat-polymerized as a control group and two 3D-printed resins (NextDent and
ASIGA) which were modified with 0.5 wt.%, 1 wt.%, 3 wt.%, and 5 wt.% ZrO,NPs. The flexure
strength and elastic modulus, impact strength, hardness, and surface roughness (um) were measured
using the three-point bending test, Charpy’s impact test, Vickers hardness test, and a profilometer,
respectively. The data were analyzed by ANOVA and Tukey’s post hoc test (o« = 0.05). The results
showed that, in comparison to heat-polymerized resin, the unmodified 3D-printed resins showed a
significant decrease in all tested properties (p < 0.001) except surface roughness (p = 0.11). In between
3D-printed resins, the addition of ZrO,NPs to 3D-printed resins showed a significant increase in
flexure strength, impact strength, and hardness (p < 0.05) while showing no significant differences
in surface roughness and elastic modulus (p > 0.05). Our study demonstrated that the unmodified
3D-printed resins showed inferior mechanical behavior when compared with heat-polymerized
acrylic resin while the addition of ZrO,NPs improved the properties of 3D-printed resins. Therefore,
the introduced 3D-printable nanocomposite denture-base resins are suitable for clinical use.

Keywords: 3D printed resin; ZrO, nanoparticles; denture base PMMA; mechanical testing; reinforcement

1. Introduction

The geriatric population has increased due to advancement in the health sector and
expertise that have resulted in a rise in life expectancy [1]. Complete edentulism is consid-
ered one of the most common oral health problems affecting the geriatric population [2,3].
Although there are many methods of treatment, complete dentures are the preferred
choice [4,5]. The materials used in the fabrication of complete removable dentures require
certain characteristics to be accepted in the oral cavity, such as adequate strength within the
minimum acceptable clinical ISO recommendation [6]. Polymethyl methacrylate (PMMA)
is the most common denture-base material used in the manufacturing of complete dentures.
The advantages that make PMMA the material of choice include its low cost, high aesthet-
ics, good stability in the mouth, biocompatibility, and ease of fabrication and repair [7-9].
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However, PMMA shows low strength, polymerization shrinkage, great susceptibility to
microbial colonization, and low resistance to wear in an aqueous environment [10-12].

Attempts have been made to overcome these drawbacks, reinforcement being one of
these [13-16]. The use of nanoparticles (NPs) was suggested to improve the properties of
PMMA denture base [17]. The main motivation for NP implementation in nanomedicine
was attributed to NPs’ synthesis process, which is sustainable, safe, and economical [18]. In
previous studies, both zirconia (Zr) and zirconium dioxide (ZrO,) have been suggested, but
ZrO; has an advantage over Zr as it has a double bond with the acrylic after preforming
through the silanization process [19]. However, Zr has a unique mechanical properties
that can mimic the appearance of natural teeth and decrease peri-implant inflammatory
reactions [20]. Among NPs, it was found that adding zirconium dioxide nanoparticles
(ZrO,;NPs) to the PMMA will enhance its characteristics [14]. ZrO; is a biocompatible metal
dioxide with high strength, fracture toughness, and surface hardness [21,22]. Moreover,
ZrO; has resistance to corrosion [23], thermal stability [24], and antibacterial and antifungal
effects on C. albicans and Aspergillus niger [25]. Several studies found that incorporating
specific concentrations of ZrO,NPs into PMMA increased the surface hardness, flexure
strength, impact strength, and fracture toughness of the resin and enhanced it [15,16].

Digital manufacturing technologies have been largely used in dentistry in recent years.
The fabrication of removable dentures can be performed at present using the technology of
computer-aided design and computer-aided manufacture (CAD-CAM), which includes
subtractive methods and additive methods, commonly known as 3D printing and rapid
prototyping [26,27]. As a term, 3D printing is used to describe a manufacturing approach
that builds objects one layer at a time [26,27]. Three-dimensional printing is a rapidly
developing technology that has been tested by a lot of users. The reason for its rapid
development is that it provides multiple advantages compared to conventional methods. It
is also described as the key technology for the next industrial revolution [26,27].

Due to the revolution of 3D printing in dentistry, the fabrication of a complete denture
base without the need of molds or cutting tools can be performed easily due to the ability
of 3D-printing technologies in directly receiving CAD data and quickly creating a new
digital model [28]. Another advantage of 3D printing is that the unnecessary materials
are not consumed in the polymerization process because of the selective concentration
of a laser beam on the selected part of the material [29]. In addition to the reduced time
taken by procedures along with the lab work [30], it also shows advantages in terms of
the improvement of tissue adaptation and the ease of duplicating existing dentures [31].
Even though PMMA is lower in cost than 3D-printed resins, both share some advantages,
such as high aesthetics and biocompatibility with oral tissues. However, the 3D-printing
method is more accurate compared to the conventional method, as it eliminates the errors
made by lab technicians [7-9,31].

Even though the 3D-printing technology is the trend in fabricating complete remov-
able denture bases at present, it still has some drawbacks related to its mechanical and
physical properties [32-35]. Moreover, a study resulted in inferior double-bond conversion
in 3D printing when compared to conventional acrylic resins [32]. Recent studies have
shown that heat-polymerized resin displays superior elastic modulus, flexural strength,
impact strength, and hardness values than 3D-printed resin, but showed inferior surface
roughness [33,34]. Several studies showed the effect of additives on 3D-printed mate-
rial [24,36-38]. A study that was conducted by Aati showed an improvement in provisional
restorations modified with ZrO, made by 3D-printed resin from a long-term perspec-
tive [24]. Mubarak et al. showed improvement in tensile strength, tensile modulus, and
flexural strength after adding <1wt% of silver—titanium dioxide nanofiller to a 3D-printed
material [36]. Chen et al. showed that a 3D-printed resin modified with cellulose nanocrys-
tals and silver nanoparticles showed improvement in flexural strength and impact strength
(0-0.1wt%) [37]. Another recent study was conducted to evaluate the surface and mechan-
ical properties of 3D-printed resin with incorporated silicon dioxide nanoparticles, and
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the results showed general improvement in impact strength, flexural strength, and the
hardness of the 3D-printed resin [38].

ZrO,;NPs could be a suitable reinforcement method for 3D printing material [39]. To
the best of the authors” knowledge, no previous studies have investigated the effect of the
addition of ZrO,NPs on the properties of 3D-printed resins for denture-base fabrication.
Therefore, the aim of this study was to evaluate the effect of adding ZrO,NPs to 3D-printed
denture-base resins on the flexure strength, elastic modulus, impact strength, hardness, and
surface roughness in comparison to conventional heat-polymerized acrylic resin. The null
hypothesis was that there was no effect on the flexure strength, impact strength, surface
hardness, and surface roughness of 3D-printed material modified with ZrO,NPs.

2. Materials and Methods

The sample size of this in vitro study was counted using power analysis, using the
World Health Organization formulae and determining a study power of 80%, a 5% level of
significance and a 5% marginal error for the study.

2.1. Nanocomposites Mixture Preparation

One heat-polymerized PMMA and two 3D-printed resins Denture 3D+ (Denture 3D+,
NextDent, Soesterberg, The Netherlands) and DentaBase (DentaBase; ASIGA, Sydney,
Australia) were used in this study. ZrO,NPs (99.9% purity, Sigma-Aldrich, St. Louis, MO,
USA) were added to 3D-printed resins in various concentrations (0.5wt%, 1wt%, 3wt%,
5wt%) while one group per resin remained without addition (unmodified group) [40]. Each
group was printed at each percentage to have 286 specimens as a total number for the
study, 110 for flexural strength (n = 10), 66 for impact strength (n = 6), and 110 for surface
roughness and hardness (n = 10). The ZrO,NPs had an average granularity of 40 nm and a
surface area of 9 m?/g, according to previous SEM and TEM analyses [41-43]. ZrO,NPs
were treated with the silane-coupling agent TMSPM (Shanghai Richem International Co.,
Ltd. in Shanghai, China), as described in a previous study [44]. An electronic scale was
used to weigh the silanized ZrO,NPs, which were then added in amounts of 0.5wt%, 1wt%,
3wt%, and 5wt% to both 3D-printing resins (“NextDent” and “ASIGA”). Fluid resins
containing ZrO,NP were thoroughly mixed and stirred for 30 min as detailed in previous
studies [13,45].

2.2. Specimens’ Preparations

According to the ISO 20795-1: 2013 standard [46], a rectangular bar with dimensions
of (64 x 10 x 3.3 £ 0.2 mm) was designed to be used for a flexure-properties test, while
other specimens were designed with dimensions of (50 X 6 x 4 mm) with a 1.2 mm
edgewise V-notch, leaving a residual depth of 4.8 mm under the notch to measure the
impact strength, whereas roughness and hardness test specimens were designed with
dimensions of (15 x 2 mm).

Heat-polymerized PMMA specimens were fabricated from (Major.Base.20 MAJOR,
Prodotti Dentari S.p.A. via Einaudi 23, 10,024 Moncalieri (TO)—ITALY) to be used as
a control group. A metal mold was used to fabricate a wax pattern of the dimensions
needed. The wax was invested in stone inside the flask to prepare it for de-waxing. A
heat-polymerized acrylic resin was packed and then placed in a thermal polymerization
unit (Wapo-Mat III, WASSERMANN Dental-Maschinen GmbH Rudorffweg 15-17 21,031
Hamburg, Germany) to be processed at 73 °C for 90 min then at 100 °C for an additional
30 min [47].

On the other hand, the 3D-printed specimens were designed using an open-source
CAD system (123D design, Autodesk, version 2.2.14, California, USA), saved as an STL
file, and printed by (NextDent 5100, NextDent, Soesterberg, The Netherlands) and (ASIGA
MAXTM; ASIGA, Sydney, Australia), using 3D-printed machines, with the mentioned
dimensions. Pure resin was placed on the machine (LC 3D Mixer, NextDent, Soesterberg,
and The Netherlands) to be mixed before adding the nanoparticles for a period of 120 min;
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after adding the nanoparticles and distributing the resin into several bottles with different
concentrations, each bottle was shaken for 30 min before proceeding to the printing process.
Each layer was printed with a 50 um layer thickness and 90 degree orientation [48], then
exposed to a UV light with an intensity of 405 nm to be polymerized. After printing, all
the specimens were cleaned using isopropyl alcohol (99.9%), then immersed in a bowl
containing glycerol. According to the manufacturer’s guidance, the post-curing process had
a duration of 20 min for the ASIGA specimens (ASIGA Flash, ASIGA, Sydney, Australia)
and 10 min for the NextDent specimens (LC-3DPrint Box, NextDent, Soesterberg, The
Netherlands) [49].

All specimens were trimmed of excess resin using low-speed rotary instruments.
Finishing was undertaken sequentially using silicon carbide grinding paper (800, 1500, and
2000 grit). All specimens (heat-polymerized and 3D-printed) were polished conventionally
using a 0.050-um suspension (Master Prep polishing suspension; Buehler GmbH) combined
with a polishing cloth (TexMet C10in, 42-3210; Buehler GmbH, Diisseldorf, Germany )
and polishing machine (Metaserv 250 grinder-polisher; Buehler GmbH, Lake Bluff, IL,
USA) in wet conditions [50]. All specimens were polished by only one operator, in order
to ensure comparable pressure of the polishing tools on the specimens. The specimens
were rinsed with water followed by coarse and fine rubber tips before subjecting them
to a thermo-cycling process. A total of 5000 cycles were performed in the thermocycling
machine (Thermocycler THE-1100/THE-1200, SD MECHATRONIK GMBH Miesbacher
Str. 34 - 83,620 Feldkirchen-Westerham Germany) at a temperature between 5-55 °C with
30 s of dwell time and 5 s for dripping, to simulate the temperature changes occurring
intraorally over half a year [51,52].

2.3. Testing Procedures

Before testing, the specimens were immersed in a water bath for 50 = 1 h at 37 °C.
Immediately following this, the specimens were removed from the water and placed in
containers immersed in room-temperature water [53].

2.3.1. Flexural Strength and Elastic Modulus

A three-point test was used to evaluate the flexure strength and elastic modulus. The
load was applied at the center of the specimen until fracture. The fracture load (N) was
recorded to calculate the flexural strength (MPa) using the equation FS = 3F1/2bh?, as well
as elastic modulus using the equation EM = SI3/(4bh3d) (MPa).

2.3.2. Surface Morphology and Chemical Bonding (SEM and FTIR)

The fractured surfaces of PMMA and both groups (ASIGA and NextDent) were
analyzed using a scanning electron microscope (SEM, FEI, Inspect S50, Czech Republic
at 20 kV), evaluating the evenness of the distribution of ZrO,NPs within the resin matrix.
The bonding of the specimens (ASIGA and NextDent groups) prepared under various
ZrO,NP concentrations (Owt, 0.5wt, 1wt, 3wt, and 5wt%) were explored using Fourier
transform infrared spectroscopy (FTIR) (Nicolet 6700, FTIR spectrometer). The specimens
were scanned between 4000 and 400 cm ™! to obtain the FTIR spectra.

2.3.3. Impact Strength

Impact strength was measured by Charpy’s impact test (Digital Charpy Izod impact
tester, XJU 5.5; Jinan Hensgrand Instrument Co., Ltd., Jinan, China) [54,55]. Each specimen
was horizontally positioned with a certain distance between the two fixed supports. A
500 g weight was then dropped at the mid-span of the specimen on the opposite side to the
notch, and the value of the impact strength (k] /m?) was digitally recorded.

2.3.4. Hardness

Hardness was measured using a Vickers tester (Wilson Hardness; ITW Test and
Measurement GmbH, Shanghai, China) and each specimen was subjected to a 50 N of load
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for 10 s on three different sites. The final hardness (VHN) value of each specimen was
arithmetically calculated by obtaining the average of the three readings.

2.3.5. Surface Roughness (Ra, pm)

A non-contact profilometer (Contour Gt-K1 optical profiler; Bruker Nano, Inc., Tuc-
son, AZ, USA) was used for the measurement of the specimens’ surface roughness. The
specimens were radially scanned 3 times at different points with 0.01 mm resolution and
the average surface roughness (um) for each specimen was calculated. Finally, to ascer-
tain pit features, a software package was used to analyze the obtained images (Vision64;
Bruker Nano, Coventry, UK).

Statistical Analysis

To test the data normality, the Shapiro-Wilk test was used, and insignificant results
revealed that the data were normally distributed, hence parametric tests were used for data
analysis. Therefore, a one-way ANOVA was used to test any significance in the variation in
tested properties of the materials due to changes in the concentration levels. Furthermore,
Tukey’s post hoc test was used for the pairwise comparison of means. In addition, a two-
way ANOVA was used to test the combined effect of concentration levels and materials on
the tested properties. p-values less than 0.05 were considered statistically significant.

3. Results
Ftir Results

The FTIR results for ASIGA and NextDent at different ZrO, concentrations (0 wt%,
0.5wt%, 1wt%, 3wt%, and 5wt%), along with pure PMMA, are displayed in Figure 1.
By comparing the spectra, it is obvious that the bands of 3D-printed resins (ASIGA and
NextDent) are different than those for pure PMMA, especially in the 1600 and 400 cm ™!
range of the spectra, suggesting a different structure for the 3D-printed resins. For the
ASIGA group, the strongest and widest bands appeared at ~1026 and ~465 cm™~! while
~1060 and ~457 cm ! are the most intense bands for the NextDent resins. On the other hand,
FTIR spectra showed some similar bands, highlighting the common characteristic features
between 3D-printed resins (ASIGA and NextDent) and pure PMMA resin. The common
bands of 3D-printed and pure PMMA matrices are attributed to CH3 and CHj stretching
vibrations (2920 cm™!) and carbonyl groups (1705 cm ™) in the PMMA chain [56,57]. The
appearance of 1151 cm ™! bands confirmed C-O-C stretching vibrations of different modes.
The FTIR spectra of pure PMMA and the two 3D-printed resins were found to be different
from each other, suggesting that the chemical structure is different to some extent for ASIGA
and NextDent groups compared to pure PMMA base denture. However, the comparison
provides almost identical features and bands between the two groups (ASIG and NextDent),
confirming the homogeneous dispersion of ZrO, NPs into the 3D-printed resins.

The mean and standard deviation and significance levels of all tested properties for
NextDent and ASIGA are summarized in Tables 1 and 2, respectively, along with Figure 2
and Figures 5-8. The highest mean of flexure strength was recorded for 1%-NextDent
(89.8 & 2.1 MPa) and the lowest was 0 wt.%-NextDent (60.8 + 4.7 MPa). Tukey’s post hoc
test showed a significant decrease in flexural strength of 0%-NextDent when compared
with control (p < 0.05). With the addition of ZrO,NPs, the flexural strength was signif-
icantly increased compared to 0%-NextDent (p = 0.001). The highest flexural strength
value was recorded with 5%-ASIGA (106.3 + 16.9 MPa) and the lowest was 0%-ASIGA
(76.7 == 11.2 MPa). According to Tukey’s post hoc results, there were no significant differ-
ences between control and 0%-ASIGA (p = 0.09) while with the addition of ZrO,NPs, the
flexural strength was significantly increased compared to 0%-ASIGA (p = 0.001) except for
0.5%-ASIGA, and this increase was concentration dependent.
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Figure 1. FTIR spectra of ASIGA and NextDent groups at different ZrO, concentrations (0, 0.5, 1, 3,
and 5 wt.%). The FTIR spectrum of pure PMMA specimen is also shown.
Table 1. Mean, SD, and significance of properties between groups concerning ZrO, NP concentration
for NextDent.
ZrO; Nanoparticles Flexural Strength  Elastic Modulus Impact Strength  Hardness Surface Roughness
Control 82.5(7.6) 2 igb(i%‘ﬁ (679.3) 2.31(0.2)2 33.5(3.8) #Pcde 0,63 (0.1)
0% 60.8 (4.7) abcde 751.8 (35.2) &t 1.9 (0.7) bed 17.9 (0.81) 2 0.67 (0.03)
0.5% 73.7 (5.6) PA8 1029.1 (109.9) 3.1(0.67)b 19.1 (2.7) ® 0.66 (0.03)
1% 89.8 (2.1) of 1244.3 (105.6) f 3.3 (0.58) &< 18.1(1.6) © 0.67 (0.08)
3% 83.6 (5.9) 4 1034.2 (49.1) 4 3.1(0.56) 4 17.0 (3.1) 4f 0.75 (0.09)
5% 88.1 (15.6) & 1022.9 (46.7) € 2.4 (0.22) 21.1 (1.9) ot 0.75 (0.12)
p-value 0.000 * 0.000 * 0.000 * 0.000 * 0.11
* Statistically significant at 0.05 level of significance. Same small letters in each column show the significant
difference between the pairs.
Table 2. Mean, SD, and significance of properties between groups concerning ZrO, NP concentration
for the ASIGA.
. Flexural .
ZrO;, Nanoparticles Strength Elastic Modulus  Impact Strength  Hardness Surface Roughness
Control 82.5 (7.6) @b 1909.4 (679.3) 231(0.2)@bede  335(38)abede 063 (0.1) 2P
0% 76.7 (11.2) edef 1776.9 (99.6) 1.36 (0.17) 2 24.4 (4.5)2 0.73 (0.03) @
0.5% 93.6 (11.0) 1722.7 (122.1) 1.29 (0.12) b 221 (1.9)° 0.73 (0.03) b
1% 96.4 (15.8) 4 1749.0 (66.3) 1.34(0.1) ¢ 20.6 (1.9) € 0.72 (0.08)
3% 99.2 (9.6) ¢ 1773.1 (59.8) 1.23 (0.27) 4 202 (2.3)d 0.71 (0.09)
5% 106.3 (16.9) b 2031.2 (77.2) 1.39 (0.3) € 23.1(2.2)¢ 0.68 (0.13)
p-value 0.000 * 0.15 0.000 * 0.000 * 0.025 *

* Statistically significant at 0.05 level of significance. Same small letters in each column show the significant
difference between the pairs.

SEM analysis (Figures 3 and 4) showed characteristic changes between control, un-
modified, and ZrO,NP-modified 3D-printed denture-base resins (ASIGA and NextDent
groups). At low concentrations, both materials showed a homogenous and good distribu-
tion of nanoparticles within the resin matrix (see Figure 3C,D and Figure 4C,D), while at
high concentrations some clusters of the particles were displayed on the fractured surfaces
(Figures 3F and 4E,F). In the control specimens (Figures 3A and 4A), random faint lamellae
are observed, highlighting the brittle type of fracture. For unmodified NextDent and ASIGA
specimens, the features of the resin displayed small lamellae with a smooth background
(Figures 3B and 4B), while these features were gradually changed from a smooth to a rough
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surface with the appearance of nanoparticles for the modified specimens, especially at
higher concentration of ZrO,NPs (see Figures 3C-F and 4C-F).

Flexural strength (MPa)

140
120
100

[

6
PMMA NextDent ASIGA

o O

4
2

o O

M 0-ZrO;NP  m0.5%-ZrO,NP  m 1%-ZrO,NP 3%-ZrONP  ® 5%-ZrO,NP

Figure 2. Flexural strength values and comparison between tested groups.

Figure 3. SEM images of ASIGA group at different concentrations of ZrO,NPs (0, 0.5, 1, 3, and
5 wt.%). (A) pure PMMA, (B) 0 wt.% ASIGA, (C) 0.5 wt.% ASIGA, (D) 1 wt.% ASIGA, (E) 3 wt.%
ASIGA and (F) 5 wt.% ASIGA. The scale bars are 100 um.
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Figure 4. SEM images of NextDent group at different concentrations of ZrO,NPs (0, 0.5, 1, 3, and
5wt.%). (A) pure PMMA, (B) 0 wt.% NextDent, (C) 0.5 wt.% NextDent, (D) 1 wt.% NextDent,
(E) 3 wt.% NextDent and (F) 5 wt.% NextDent. The scale bars are 100 um.

One-way ANOVA analysis showed significant differences in elastic modulus for
NextDent (p < 0.001) while showing no significant difference for ASIGA (p = 0.15). The high-
est mean of elastic modulus was recorded for NextDent (the control) (1909.4 4+ 679.3 MPa)
and the lowest was (0%) (751.8 &£ 35.2 MPa). For NextDent, Tukey’s post hoc showed signif-
icant decreases in elastic modulus for 3D-printed groups compared with the control group
(p < 0.001). The unmodified NextDent significantly showed the lowest elastic modulus com-
pared with ZrO,NP-modified NextDent, while there was no significant difference between
ZrO;NP-modified NextDent samples. The highest elastic modulus value was recorded
with ASIGA (5%) (2031.2 4+ 77.2 MPa) and the lowest was (0.5%) (1722.7 £+ 122.1 MPa)
(Figure 5).

For NextDent (Figure 6), the highest impact strength value was 1%-NextDent
(3.3 £ 0.58 k] /m?) and the lowest 0%-NextDent (1.9 + 0.7 kJ/m?). For pairwise compar-
ison, Tukey’s post hoc showed no significant difference between control and unmodi-
fied NextDent. With the addition of ZrO,NPs, the impact strength was increased sig-
nificantly (p < 0.001) and the highest impact strength was recorded with 1%-NextDent
(3.3 + 0.58 kJ/m?). For ASIGA (Figure 6), the control significantly showed the highest
impact strength value in comparison to all tested groups (p < 0.05) while no significant
differences between unmodified and modified and ASIGA groups were observed.
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Elastic Modulus (MPa)
3000
2500
2000
1500 I
1000 [
500 i
0

PMMA NextDent ASIGA

HO0-ZrO,NP  m0.5%-ZrO,NP  m 1%-ZrO,NP 3%-ZrO,NP  ® 5%-ZrO,NP

Figure 5. Elastic modulus values and comparison between tested groups.

Impact Strength (kJ/m?)

4.5

3.5

2.5
1.5
0.5

0

PMMA NextDent ASIGA

N

[N

B 0-ZrO;NP  m0.5%-ZrO;NP  m 1%-ZrO,NP 3%-ZrO.NP  ® 5%-ZrO,NP

Figure 6. Impact strength values and comparison between tested groups.

Heat-polymerized PMMA showed a significant increase in hardness compared with
unmodified and ZrO,NP-modified NextDent and ASIGA (p < 0.001). Pairwise compari-
son of NextDent showed that 5%-NextDent significantly displayed the highest hardness
value 21.1 & 1.9 VHN). For ASIGA, no significant differences were found between un-
modified and ZrO;NP-modified ASIGA. In between the modified groups, 5%-ASIGA
showed the highest value (23.1 & 2.2 VHN), while (3%) showed the lowest hardness value
(20.2 + 2.3 VHN) (Figure 7).

For NextDent, there are no significant differences in Ra between all test groups. The
highest Ra value was recorded with 5%-NextDent (0.75 &= 0.12 pm) and the lowest was
recorded with the control (0.63 £ 0.1 um). For ASIGA, the control showed a significant
decrease in Ra when compared with 0%-ASIGA and 0.5%-ASIGA which showed the
highest Ra values (0.73 £ 0.03 pm and 0.73 £ 0.03 pum, respectively). In between the
ZrO;NP-modified groups, as the concentration increased above 1%, the Ra decreased,
while 5%-ASIGA showed the lowest Ra value (0.68 & 0.13 um) (Figure 8).
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As we can see in Table 3, the 3D-printed specimens showed inferior results to PMMA.
However, the addition of ZrO,NP enhanced the results in flexure strength by 47.6% and
38.5% when comparing the modified group with the unmodified for both NextDent and
ASIGA, respectively. Furthermore, the results also showed that the modified specimens
from both materials were better than PMMA by 8.8% and 28.8%. For the elastic modulus,
the modified group showed superior results over both unmodified 3D-printed specimens
by 65.5% and 14.3%. Nonetheless, only the modified ASIGA group showed better results
than the PMMA. For the impact test, the modified NextDent group showed superior results
when compared to the unmodified group and PMMA by 73.6% and 42.8%, respectively.
However, the modified ASIGA group showed better results compared to the unmodified
group by a percentage of 2.2% only. Although the modified group was smoother than the
unmodified by 1.5% and 6.9%, PMMA was the most superior overall. Finally, for hardness,
the modified NextDent group was 17.8% better when compared to the unmodified group.
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Table 3. Summary of results based on ZrO, NP addition.
. Tested Properties
Materials ZrO,;NP
FS EM SR SH IS

NextD Modified vs. PMMA 8.8% —34.9% —4.7% —-37.1% 42.8%

extDent Modified vs. Unmodified 47.6% 65.5% 1.5% 17.8% 73.6%
ASIGA Modified vs. PMMA 28.8% 6.3% —7.9% —31.1% —39.9%

Modified vs. Unmodified 38.5% 14.3% 6.9% —5.4% 2.2%

4. Discussion

In this in vitro study, the effects of the addition of ZrO,NP on the properties of 3D-
printed denture-base resins were tested. The null hypothesis was rejected due to the
significant difference in values showed by 3D-printed resin compared to conventional
heat-polymerized resin and ZrO,NP-modified 3D-printed resins. All the tested properties
of NextDent had significant findings except for surface roughness. In contrast, ASIGA
exhibited significant findings among all tested properties except for elastic modulus.

When the denture is in clinical use, it is subjected to an oral environment with thermal
stresses, so specimens were subjected to thermal cycling for 5000 cycles, simulating the
changes that happen in the oral cavity in half a year of clinical use [51]. The flexural
strength of 3D-printed resin was tested because it is considered the primary mode of
clinical failure [58]. Both groups of 3D-printed resin tested in the present study showed
lower flexural strength values compared to heat-polymerized PMMA. The 3D-printed resin
was printed layer by layer and polymerized via photo polymerization, which resulted in
low flexural strength [59]. During specimen printing, the air entrapped within the resin
fluid may have resulted in some void formation in and in between the printed layers.
The presence of these voids affected the mechanical properties of the printed object [34].
Additionally, the polymerization techniques, in terms of the monomer conversion rate,
could be another reason for the decreased flexural strength of 3D-printed resins [60].

Based on the findings of the present study, the flexural strength of 3D-printed resins
was increased with the addition of ZrO,NPs, and this increase was concentration-dependent
in the ASIGA resin. This is in agreement with previous studies that have investigated the
effect of different nanoparticles on 3D-printed resins: denture-base resin modified with
SiO,NPs [38] and provisional resins modified with nanodiamond [61] and ZrO,NP [24]
showed an increase in the flexural strength for modified resins. This increase may be
attributed to the homogenous distribution of ZrO,NPs within the resin matrix as con-
firmed by SEM finding that ZrO,NPs fill the interpolymeric spaces in addition to the
transformation-toughening property of ZrO,NPs when load is applied, making the rein-
forced materials more resistant to crack propagation [38,61]. SEM displayed the ductile
mode of fracture with ZrO,NPs, which required more energy for specimen fracture [61],
confirming the effect of ZrO;NP on the strength of 3D-printed denture-base resins in addi-
tion to good bonding between ZrO,NPs and the resin matrix according to FTIR findings.

Many factors could lead to increased flexural strength, such as size, shape, concentra-
tion of filler, homogenous distribution within resin matrix, and the silanization process [17].
A previous study showed [39] ZrO,NPs added in different concentrations (3, 5, and 10 wt.%)
and stated that as the concentrations increased the flexural strength increased up to 5% then
an insignificant decrease occurred as the concentration increased up to 10%. The increase
in flexural strength with ZrO,NP-modified ASIGA was concentration-dependent; as the
concentrations increased, the flexural strength increased in ASIGA resin while in NextDent
the highest was reported with 1%, without a significant difference in the 3 and 5% groups.
This may be due to different compositions of 3D-printed resins. In the present study, the
flexural strength of ZrO,NP-modified 3D-printed resins was higher than ISO recommenda-
tions (65MPa) in addition to some modified groups (1-5%) that exhibited higher values
than the conventional PMMA resin we investigated in present study. That is considered a
promising result, necessitating further investigations into long-term clinical effects.
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Denture-base resins should have a high elastic modulus to prevent permanent de-
formation [62]. In this study, all 3D-printed resin showed lower elastic moduli compared
to heat-polymerized PMMA. This can be explained by the combination of the reactivity
of monomers of 3D-printed resin and the curing condition, which resulted in a lower
degree of double-bond conversion when compared to conventional acrylic resins [53].
Another cause for the lower mechanical properties could be the weak interlayer bonding
due to the degree of printing orientation [63,64]. According to this study, the addition of
ZrO,;NPs into the 3D-printed resin showed a significant increase in elastic modules for
NextDent, which shows an agreement with Mangal” study [61] who reported an increase in
elastic modulus after adding nanodiamonds to a 3D-printed provisional resin. Similarly,
Aati et al. [24] showed that the addition of ZrO,NPs increased elastic modulus significantly
in provisional restorations. This increase can be related to the micron distance between
the nanoparticles, which reduces the immobilization of the polymer chain. Moreover, the
influence of ZrO,NPs on the strength of 3D-printed denture-base resins was proven by
the modulus’s resilience, in which it absorbs the energy and stresses till deformity and
fracture. [61]. Regarding the percentages of nanoparticles that were added, the ASIGA
group showed no significance. However, in the NextDent group, all 3D-printed resins were
less than the control group. Moreover, the unmodified group had the lowest value among
all groups, although it started to increase as we increased the percentage of nanoparticles
till it reached a peak value at 1%, where there was a significance difference between it
and the 0%, following which the elastic modulus values started to drop again after more
nanoparticles were added. In agreement with a previous study [24], adding different
concentrations of ZrO,NP in (1, 2, 3, 4 and 5 wt.%) concentrations showed lower values
than the control group, started to increase to a peak, and then started to drop gradually.

Accidentally dropping dentures is a common cause of denture fracture [65]. Therefore,
the denture base should have materials incorporated into it that increase impact strength.
The main cause of maxillary denture fracture is impact and fatigue forces while mandibular
denture impact forces are responsible for 80% of fractures [66]. In the present study, heat-
polymerized resin showed higher impact strength compared to unmodified 3D-printed
resin. This decrease may be attributed the nature of the printing, where specimens were
printed layer by layer, as discussed, for flexural strength. Hence, specimens were printed
at 90 degrees; the load applied in parallel to the printing layer could be an explanation for
the decreased impact strength [34].

In the current study, adding ZrO,NPs to 3D-printed resin resulted in a significant
increase in impact strength. This finding was in line with Mangal [61] and Gad [38], who
reported an improvement in impact strength when adding nanodiamond particles and
SiO,;NPs to 3D-printed resins, respectively. Concerning the concentration affect, as the
concentration of ZrO,NPs increased, the impact strength increased. This improvement
could be due to the fine particle size and appropriate ZrO,NP distribution, which could also
lead to a prolonged crack length during the fracturing process. Energy absorption before
fracture can be increased by increasing crack length before fracture [61]. In agreement
with a previous study [38], adding ZrO,NPs in different concentrations (0.25 and 0.5 wt.%)
increased the impact strength of 3D-printed material. The addition of ZrO,NPs to ASIGA
did not result in an improvement in impact strength. Therefore, the results of impact
strength must be interpreted with caution. These variations may be due to the difference
in material composition, which needs further investigation to understand the behavior of
ASIGA in terms of impact strength.

Hardness is a surface property that measures material resistance to localized plas-
tic deformation induced by abrasion or mechanical indentation. A denture base that is
fabricated with low-surface-hardness materials can be affected with mechanical brush-
ing, resulting in color changes and plaque accumulation, which can reduce the denture’s
integrity [53]. In this study, 3D-printed resins showed lower hardness values compared
with heat-polymerized PMMA. The surface hardness could be adversely affected by the
level of residual monomers, since their contents may have an impact on hardness [67].
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In addition, water absorbed during thermal cycling acts as a plasticizer and decreases
the mechanical performance of 3D-printed resins [34]. The addition of ZrO,NPs to the
3D-printed resins also resulted in an insignificant decrease in hardness values compared
to unmodified resin. In contrast, Aati et al. [24] showed that the addition of ZrO,NPs
increased the hardness significantly in provisional restorations. Similarly, Gad [38] reported
that the incorporation of SiO,NPs into 3D-printed resin increased the hardness compared
to unmodified 3D-printed resin. The material composition and type of nanoparticles and
their concentration might be the cause of conflict. For each resin, the hardness values were
insignificantly increased with the addition of 5% ZrO,NPs. This increase may be due to the
saturation of printed specimens with high concentrations of ZrO,NPs, which resulted in
the presence of NPs on the specimens’ surface in addition to the well-bonding silanated
NPs and resin matrix [24].

Rough denture bases are easy to stain and provide a nest for microbial adherence
leading to denture stomatitis [68]. Thus, the finishing and polishing of dental prostheses
are required to reduce surface roughness [68]. In the present study, all 3D-printed resins
showed higher surface roughness compared to heat-polymerized PMMA. The increased
Ra may be attributed to the printing technology (layer by layer and printing orientation).
In addition, the printing orientation (90°) resulted in more compact step-wise edges on
the specimens’ surfaces, making the surface rougher between layers. On the other hand,
ZrO,;NP particle addition did not result in significant changes in Ra, and this accords
with previous studies’ findings [24,38]. This explanation could be confirmed also with the
addition of ZrO,;NPs, which resulted in insignificant differences in Ra for the NextDent
and ASIGA groups, with the exception of the unmodified and 0.5%-ASIGA groups. Hence,
printing technology and printing parameters have a greater effect on Ra, and further
investigations on different printing parameters’ effects on surface roughness are required.

According to the results of the present study, clinicians should consider the emergence
of digitally produced dentures, although 3D-printed resin does have lower mechanical and
surface properties compared to PMMA. Improving the 3D-printed resin by composition
modification or strengthening is recommended to get the most out of the digital fabrication
process. Furthermore, the addition of ZrO,NPs showed a promising result to overcome the
drawbacks of 3D-printed resin properties. Moreover, the mechanical properties improved
when using the introduced-nanocomposite 3D-printed resins, allowing for the clinical ap-
plication of 3D-printed resin for denture-base fabrication. However, further investigations
on the biocompatibility of nanocomposite 3D-printed resins are recommended.

The limitation of this study is using only one nanoparticle and one printing orien-
tation. Furthermore, the specimen did not simulate the denture configuration, thermal
cycling represented only a half year of intraoral use, and there was a lack of dynamic
loading. Thus, this report suggests investigating different 3D-printed materials fabricated
in a denture configuration and subjected to thermal and mechanical stresses similar to
the intraoral environment, as well as using different nanoparticles, concentrations, and
printing orientations.

5. Conclusions

Our 3D-printed resins showed inferior mechanical behavior and surface properties
when compared with heat-polymerized acrylic resin. The addition of ZrO,NPs improved
the properties of 3D-printed resins compared to heat-polymerized acrylic resins. Nanocom-
posite 3D-printed resins are suitable for clinical use and their limitations are decreasing.
Flexural strength was concentration-dependent in the ASIGA group; the higher the con-
centration was, the higher the FS. On the other hand, NextDent did not show the same
relationship. Unlike NextDent, the impact strength in the ASIGA group showed almost the
same results for all concentrations added and all showed inferior impact strength compared
to heat-polymerized acrylic resin. The addition of ZrO,NPs did not increase the elastic
modulus or hardness in either group. On the other hand, both groups showed an increase
in surface roughness.
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