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Abstract: This study aimed to assess the mechanical and biocompatibility properties of dental resin
reinforced with different nanoparticle additives. Temporary crown specimens were 3D-printed and
grouped based on nanoparticle type and amount, including zirconia and glass silica. Flexural strength
testing evaluated the material’s ability to withstand mechanical stress using a three-point bending
test. Biocompatibility was tested using MTT and dead/live cell assays to assess effects on cell viability
and tissue integration. Fractured specimens were analysed using scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS) for fracture surface examination and elemental com-
position determination. Results show that adding 5% glass fillers and 10-20% zirconia nanoparticles
significantly improves the flexural strength and biocompatibility of the resin material. Specifically,
the addition of 10%, 20% zirconia, and 5% glass silica by weight significantly increases the flexural
strength of the 3D-printed resins. Biocompatibility testing reveals cell viabilities greater than 80%
in all tested groups. Reinforced 3D-printed resin holds clinical potential for restorative dentistry, as
zirconia and glass fillers have been shown to enhance mechanical and biocompatibility properties of
dental resin, making it a promising option for dental restorations. The findings of this study may
contribute to the development of more effective and durable dental materials.

Keywords: additive manufacturing; three-dimensional printing; temporary crown; mechanical properties

1. Introduction

In the past few years, there has been rapid advancement in the field of three-dimensional
(8D) printing. This technology has become more precise and dependable, making it a
desirable choice for dental and medical applications. Three-dimensional printing has been
utilised for new applications in many healthcare sectors, including medicine, dentistry,
orthopaedics, and medical devices [1-3]. The process of transforming digital 3D models
into tangible objects can be quickly accomplished using this technology. First, a digital file
is created in standard tessellation language (STL) format, and then the design is printed
through the joining, bonding, or polymerization of small-volume elements [4]. Many types
of 3D printing techniques have been developed and utilised for different dental purposes,
including, but not limited to, stereo-lithography (SLA), digital light projection (DLP), fused
deposition modeling (FDM), powder bed fusion (PBF), and inkjet printing [5,6].

Choosing the appropriate 3D-printing material for dental purposes depends on the
intended use of the final product. For example, dental restorations require materials with
strong mechanical properties and slow biodegradation rates to withstand the forces gener-
ated during chewing. Additionally, successful dental restorations rely on materials that
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can integrate well with the oral tissue [7]. When designing dental restorations, especially
temporary crowns, it is crucial to consider all the significant requirements, such as superior
mechanical and physical properties, appropriate biocompatibility, ease of handling, and
cost-effectiveness of the material. Polymer-based materials are popular resins that are used
to produce dental prostheses using additive technology. Composite resin-based materials
are frequently used to fabricate provisional restorations. These materials consist of filler
particles, a coupling agent, a resin matrix, and a catalyst, all of which are blended to create
a uniform mixture [8].

Consequently, to enhance the performance of provisional dental resins, which include
improvement of longevity and biocompatibility, various materials have been used to reinforce
dental-based composites, such as metals, fibres, and various oxides (aluminum, zirconium,
and titanium), which have resulted in both positive and negative outcomes [9-15]. Most of
these recent attempts focused on modifying the resin matrix by incorporating nanofillers
and particles to create nanocomposites with better properties [16]. One way to increase the
filler content and, hence, the mechanical properties is the addition of micro-fillers [17] or pre-
polymerised resin fillers into the resin matrix of microfilled composites [18]. Many studies
show that modifying dental resins with various fillers (usually micro-sized and nano-sized)
significantly improves their mechanical, physical, and biological properties [14,15,19,20].
However, some adverse effects have been reported, such as the creation of voids and porosity,
reduced biocompatibility, and a degree of polymerisation over time [21-23].

A group of researchers in dentistry studied how adding zirconium oxide (ZrO;)
particles could enhance the mechanical properties of resin-based materials [24]. They
examined parameters such as surface treatment, particle size, and the dispersive method.
The findings show that adding ZrO, particles improves properties such as the hardness
and flexural strength [23]. In addition, the distribution of particles also affects the flexural
strength. Another study found that a combination of ZrO, nanoparticles and glass fillers
significantly improved the flexural and impact strengths of dental resins [22]. The addition
of glass silica and zirconia nanoparticles to the dental resin has been found to significantly
enhance its hardness and wear resistance. Glass silica nanoparticles im-prove the material’s
hardness by creating a more compact and dense structure, increasing its resistance against
deformation and wear [25,26]. In contrast, zirconia nanoparticles reinforce the resin matrix,
further enhancing its hardness and wear resistance [27]. Reinforcement reduces the risk of
wear, chipping, or fractures over time, contributing to the longevity of dental restorations.
These combined effects make the incorporation of these nanoparticles a promising approach
for improving the mechanical properties of dental resins [26,28].

The inclusion of fillers in printable resins can increase the viscosity, leading to poor
printability and issues such as clogging, uneven flow, and decreased accuracy [29,30]. The
viscosity of the uncured resin must be as low as is feasibly possible to enable adequate
recoating of the liquid monomer on the polymerised underlayer between the vat’s surface,
and the building platform fillers can also settle over time, causing uneven distribution in the
resin and inconsistent mechanical properties in printed objects [31]. Careful consideration
of the filler type, size, and concentration is crucial to avoid these challenges and achieve
optimal printability and material properties in printable resins.

Dental resins are commonly used in different applications, such as denture base
materials, liners, and dental crowns. However, increasing concerns have arisen regarding
the biocompatibility of these resins and their safety for clinical application, owing to the
release of potentially toxic compounds from the polymer network and changes in the
physical and mechanical properties of the material under oral conditions [32]. The interim
restoration resin material may contain high levels of unpolymerised monomers, which
could harm the restoration’s physical properties and biocompatibility [33]. These residual
and leachable monomers have the potential to enter the oral cavity and cause cytotoxicity
in the tooth pulp and to surround the gingival soft tissue that comes into contact with the
3D-printed restoration [34,35].
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It is also crucial to carefully consider the biocompatibility of any material used in
the mouth, including temporary restorative resins. It is essential for materials used in
the mouth to be biocompatible in order to minimize the risk of adverse reactions and not
adversely affect cell growth, tissue integration, or overall patient safety. This requires the
use of resins with appropriate material properties, such as biodegradability, non-toxicity,
and suitable mechanical, chemical, and biological properties, to meet the specific needs of
biomedical applications.

Post-processing is critical for biocompatibility [36,37]. Additional curing, cleaning,
and surface treatments are typical post-processing procedures for 3D-printed resins [38].
Cleaning is essential for thoroughly removing any residual uncured resin, solvents, or
support structures to ensure the purity of printed objects [39]. Moreover, surface treatments,
such as polishing, sanding, and coating, play a crucial role in achieving the desired surface
quality and functionality of printed objects while maintaining their biocompatibility for
biomedical applications [40]. These post-processing processes are critical for improving the
overall performance and usability of 3D-printed resins for various biomedical applications.

The lack of studies on the biocompatibility of plasticisers and residual monomers in
temporary restorative resin materials can be attributed to the absence of comprehensive
information provided by manufacturers regarding the composition of these materials. This
gap in knowledge regarding these components and their impact on biocompatibility has
resulted in a limited understanding of the potential risks associated with the use of such
materials in dental practice. This lack of information makes it difficult for researchers to
fully understand their biocompatibility. Therefore, manufacturers must provide detailed
information about the components of their products to facilitate further research on the
biocompatibility of these materials.

Further investigation is needed to explore the manufacturing process and impact of
nanoparticle reinforcement on the mechanical and biological characteristics of 3D-printed
dental materials. The current study evaluated the effects of adding glass fillers and zirconia
nanoparticles to dental resins on the flexural strength and biocompatibility of DLP-printed
temporary crown resin materials. The null hypothesis was that the flexural strength
and biocompatibility properties of the 3D-printed resin would not significantly affect the
incorporation of the reinforced glass silica.

2. Materials and Methods
2.1. Sample Preparation and 3D-Printing

The 3D-printed reinforced composites were obtained by incorporating silane-coated
glass fillers (ultrafine GM35429) with an average particle size of approximately 1.5 pm
and silane-coated zirconia particles (ultrafine G018307) with an average particle size of
approximately 0.4 pm (Schott, Landshut, Germany) at concentrations of 5%, 10%, and 20%
(w/w). To ensure the dispersion performance of glass silica and zirconia nanoparticles in
dental resin, the nanoparticles were added to the printable resin solutions and stirred for
24 h using a magnetic stirrer. The mixture was then sonicated for 45 min in a water bath and
dispersed in a 3D-printed resin to help break up the agglomerates and promote uniform
dispersion. Table 1 presents a comprehensive list of the materials used in this study.

The printing process for bar-shaped specimens of light-cured resin material (B2 Everes
Temporary, Sisma, Italy) used for provisional restorations is as follows. Firstly, the digital
data of the bar-shaped sample in STL format were exported and imported into Asiga
Composer Software (Asiga HQ, Alexandria, NSW, Australia). The dimension used was
(25 x 2 x 2 mm) in line with ISO 4049 (International Organization for Standardization,
2019). The printing settings were then configured, including a print orientation of 90 degrees
from the print area, based on accuracy evaluations of thickness, width, and length from
a previous study [38]. Subsequently, automated printing supports were generated at the
bottom of the bar-shaped sample, with a point size of 0.5 mm, density of 0.85, and height
of 3.0 mm. These settings were replicated multiple times to create the necessary number of
samples for testing. The samples were then placed on the build platform of the Asiga MAX
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DLP printer (Asiga, Alexandria, NSW, Australia) to print using the same configuration.
The printer employs an LED light source operating at a wavelength of 385 nm. After
printing, the specimens were washed in 90% isopropyl alcohol for 5 min, following the
manufacturer’s instructions. A scraper was used to delicately remove the specimens off
the construction platform. A second rinse with fresh isopropanol was used to entirely
eliminate any leftover uncured monomers on the surface. The specimens were dried with
compressed air. The post-curing procedure was conducted utilizing a light curing unit with
a broad wavelength spectrum of 400-550 nm (Solidilite V, Shofu Dental GmbH, Ratingen,
Germany) for a duration of 10 min to facilitate the polymerization process. The sample
size for the study was determined based on the results of a previous study, resulting in a
minimum sample size of 10 per group [41]. Each group was printed at each percentage to
have a total of 105 specimens for the study, with 70 samples for flexural strength (n = 10)
and 35 samples for cell viability (n = 5). The final printed samples have been visually
captured and are presented in Figure 1.

Table 1. Material compositions that used in this study.

Material

Compositions (Wight%) Manufacturer

Everes Temporary
(dental resin)

Glass fillers
(ultrafine GM35429)
Zirconia glass
(ultrafine GM018-307)

Aliphaticdifunctional methacrylate < 50%

2.2 ethylenedioxydiethyl dimethacrylate < 40%
Aliphatic unethane acrylate < 20%
Phosphine oxide < 2.5%
Ethylenedioxydiethyl dimethacrylate < 40%
Aliphatic unethane acrylate < 20%

SiO; < 30%, CaO < 10%, Al,O3 < 30%, F < 15%,
P,0 < 10%, NayO < 10%

A1203 <5.0%, B203 < 15%, Kzo < 5%, SiOz< 65%,
ZI‘OZ <5.0%

Sisma, Italy

Shofu Inc., Ratingen, Germany

Shofu Inc., Ratingen, Germany

Control 5%GS 10%GS 20%GS 5%ZG 10%ZG 20%ZG

Figure 1. Representative 3D-printed samples of control (unmodified 3D-printed resin), glass silica
5 wt% (GS 5%), glass silica 10 wt% (GS 10%), glass silica 20 wt% (GS 20%), zirconia 5 wt% (Zir 5%),
zirconia 10 wt% (Zir 10%), and zirconia 20 wt% (Zir 20%).

2.2. Flexural Strength Test

To conduct the three-point bending test, a universal testing machine (compliant with
ISO standard 4049) was utilised. The specimens were secured between two supports with
a 20 mm span and loaded at a crosshead speed of 0.5 mm/min until they fractured. The
flexural strength was determined by taking into account the load at which the fracture
occurred and the dimensions of the specimens, which were measured using a digital
calliper. The flexural strength (o) was then calculated in megapascals using the following
formula [42]:
o =3FL/2wd? (1)

where o0 is flexural strength, F is load at the fracture point, L is length of the support span,
w is the width of specimen, d is the thickness of the specimen, and d is the deflection of the
specimen in millimetre.
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2.3. Biocompatibility Test
2.3.1. In Vitro Cell Culture

A gingival fibroblast cell line was used in this study (PCS-201-018 IS ATCC). The
experimental procedures involved culturing fibroblasts in DMEM (Thermo Fisher Scientific
Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher
Scientific Waltham, MA, USA), as well as antibiotics penicillin (60 pg/mL), streptomycin
(100 ug/pL), and L-glutamine (2 mM) in a humidified atmosphere maintained at 37 °C and
5% CO;. Only cells from the second to fourth passages were used for the experiments.

2.3.2. Eluent Preparation

The preparation of extracts from each group of samples was performed following
international standards (Iso, 2009). A total of 21 samples of 3D-printed composite resin
were divided into a control group of unmodified resin material (n = 3) and six groups
(n = 3) of modified 3D-printed resin with either glass silica or zirconia fillers of 5, 10, and
20 wt%. A culture medium containing 10% FBS was placed in a sterilised glass bottle, and
the appropriate amount of 3D-printed resin was added to it. The extraction ratio followed
the ISO 10993-12 guidelines and was set to 0.2 g/mL. The samples were then incubated
at 37 °C and 5% CO; in a humidified environment for 24 h. Subsequently, the culture
medium containing the material extracts was filtered using a 0.22 um cellulose acetate filter
(Mil-lipore, Sigma, St. Louis, MO, USA), and the extracted solution was utilised for the
MTT assay.

2.3.3. MTT Assay

The MTT assay is a colorimetric assay used to measure cell viability. This test was
conducted in accordance with ISO 10993-5. The gingival fibroblast cells were seeded
into 24 well plates (Costar, Kennebunk, ME, USA) at a density of 1 x 10% cells/well and
incubated in culture for 24 h to form a semi-confluent monolayer. After that, the media
was removed from the wells and replaced with conditioned media (sample extraction) at a
volume of 500 pL. volume in each well.

Following a 24 h incubation period, the culture medium was replaced with 50 pL of
MTT solution (1 mg/mL in phosphate-buffered saline or PBS). Subsequently, the MTT
solution was discarded, and 100 pL of isopropanol was added to each well. To determine
the endpoint of the MTT assay, the absorbance of each well was measured at 570 nm using a
microplate reader (Epoch, BioTek, Winooski, VT, USA). Each group was tested in triplicate
for the assay. The mean survival rate after 24 h was compared to the positive control group
with cell culture medium, and the viability response to the 3D-printed resins was rated
as non-cytotoxic (>85% survival), slight (60-85% survival), moderate (30-60%), or severe
(>30% survival) [43]. The percentages viability was calculated as follows:

oD —OD
Cell viabilty (%) = (‘)e;;szle(mbl :l"‘“k x 100 ?)
an

In the provided equation, the variable “OD” represents the measured optical density
of each sample. “OD_test sample” refers to the optical density value obtained from the
sample being tested. “OD_blank” corresponds to the background optical density, typically
acquired from a blank sample that does not contain cells. “OD_PC” represents the optical
density of a positive control that is cells in DMEM with 10% FBS that serves as a reference
of 100% cells viability.

2.3.4. Live and Dead Assay
M

The viability of cells was determined using a live/dead staining assay (Invitrogen™,
Waltham, MA, USA) according to the manufacturer’s protocol. Calcine AM (0.5 mL) and
ethidium homodimer-1 (2.0 mL) were dissolved in 997.5 uL PBS, added to the samples, and
incubated for 30 min in the dark at 37 °C in a humidified atmosphere with 5% CO,. The
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samples were photographed under fluorescent live cell microscope with a 10x objective
(CTR 6000, Leica, Wetzlar, Germany). Also, the quantitative analysis of LIVE/DEAD assay
was measured based on fluorescent intensity percentage (%) using ImageJ (NIH, Bethesda,
MD, USA).

2.4. Material Characterizations
2.4.1. Scanning Electron Microscopy (SEM)

The fracture site and surface microstructure of 3D-printed composite resin specimens
after the flexural strength test was examined using a scanning electron microscope (SEM)
(FE-SEM JSM6701F, Jeol Ltd., Tokyo, Japan) at different magnification; 40x, 150x, and
1000 x. Before the examination, samples were cleaned using plasma cleaner and then coated
with gold—palladium to prevent surface charging and provide a homogeneous surface for
analysis and imaging.

2.4.2. Energy-Dispersive X-ray Spectrometer (EDS)

One sample per group was characterised for surface elemental composition via a
microscope coupled with an energy-dispersive X-ray spectrometer (FE-SEM JSM6701F,
Jeol Ltd., Tokyo, Japan) to ensure the presence of reinforced glass fillers and zirconia glass
nanoparticles. The primary electron energy was 20 keV. Two different areas were selected
for each sample.

2.5. Statistical Analyses

The one-way ANOVA test was employed to assess whether there were any significant
differences in flexural strength and cell viability (biocompatibility) among the 3D-printed
resin materials under different reinforcement conditions. Levene’s test was used to verify
the homogeneity of variance in the data. All statistical analyses were conducted at a
significance level of 0.05. Tukey’s honestly significant difference (HSD) test was utilised for
pairwise comparisons of means. A 95% confidence interval was calculated.

3. Results
3.1. Flexural Strength

The results of the flexural strength data are presented in Figure 2, showing the mean
values and standard deviation (SD) of the tested groups. A 95% confidence interval was
calculated for 10 samples each group. The results of the one-way ANOVA indicate that
there are significant differences between the groups (p = 0.03). This suggests that the
flexural strength of the 3D-printed composite resin material is significantly affected by the
glass silica and zirconia reinforcement. This finding is further validated through a Tukey’s
HSD post hoc test, which demonstrates that there are statistically significant variations
among the groups examined. The mean values of the three-point bending test results
range from 80.02 to 113.80 MPa for all tested groups. When compared with the control
group (93.69 MPa =+ 5.22), significant improvements in flexural strength are observed in
groups with 10% zirconia reinforcement (112.80 MPa =+ 9.30), 20% zirconia reinforcement
(112.90 MPa = 6.42), 5% glass silica reinforcement (113.80 MPa =+ 11.03), and 10% glass silica
reinforcement (114.60 MPa =+ 4.74). However, there is no significant improvement in flexural
strength in the group with 5% zirconia reinforcement (87.36 MPa =+ 9.19 Notably, there is a
significant decrease in flexural strength in the group with 20% glass silica reinforcement
(80.02 MPa =+ 11.35). These findings suggest that the addition of zirconia reinforcement in
3D-printed resin composite material significantly improves flexural strength, whereas the
effect of glass silica reinforcement is more nuanced and depends on the concentration. These
results provide valuable insights for optimizing the mechanical properties of 3D-printed
composite resin materials for specific applications.
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Figure 2. Flexural strength values and comparison between the tested group: control (unmodified
3D-printed resin), 5% glass silica. 10% glass silica, 20% glass silica, 5% zirconia, 10% zirconia, 20%
zirconia. Star symbol indicates statistically significant difference between groups (p < 0.05).

3.2. Cell Viability (MTT Assay)

The real-time cell viability measurement of human gingival fibroblasts in the presence
of printed resin extracts over 24 h is shown in Figure 3. The one-way ANOVA shows statisti-
cally significant differences among the groups (p = 0.0021), and 95% confidence interval was
calculated. The zirconia 10% group has the highest cell viability value (94.33%), whereas
the glass silica 10% (84.67%) group exhibits the lowest cell viability value. Furthermore,
the results show that the relative viabilities of all groups are greater than 80%, indicating
that these printed resins are nontoxic [44]. Residual organic solvent, unreacted monomer
leaching, and photo-initiators are all potential sources of cytotoxicity [45]. However, the
current study’s MTT assay results indicate that the sources of toxic effects, as mentioned
above, are negligible.
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Figure 3. Cell viability (MTT assay) in control and in 3D-printed reinforced resin material groups:
control (unmodified 3D-printed resin), glass silica 5 wt% (GS 5%), glass silica 10 wt% (GS 10%), glass
silica 20 wt% (GS 20%), zirconia 5 wt% (Zir 5%), zirconia 10 wt% (Zir 10%), and zirconia 20 wt% (Zir
20%). Star symbol indicates statistically significant difference between groups (p < 0.05).

3.3. LIVE/DEAD Staining for Live-Cell Imaging

Staining cells with calcein AM and ethidium homodimer-1 (Molecular Probes, Eugene,
OR, USA) and observing the MTT assay results with fluorescent microscope provides
additional confirmation (CTR 6000, Leica, Germany). Live cells fluoresce intensely green,
whereas dead cells fluoresce intensely red (Figure 4). The fluorescent intensity percentages
were used to measure the quantitative results of the LIVE/DEAD assay (Figure 5). The
values range between 86.44% to 94.92%. Among the groups, the zirconia 10% group shows
the highest mean fluorescent intensity of live cells (94.92% =+ 1.41), while the glass silica
10% group exhibits the lowest mean value (86.44% + 1.92). As for the fluorescent intensity
of dead cells, the percentage ranges from 2.56% for the control group to 7.43% for the glass
silica 10% group. The Live/Dead Assay® image assay results match those of the MTT assay
and results test.
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Figure 4. LIVE/DEAD staining of 3D-printed temporary crown material treated after indirect contact
with gingival fibroblasts. Images represent live/dead assay of all groups tested as follows: control
(unmodified 3D-printed resin), glass silica 5 wt% (GS 5%), glass silica 10 wt% (GS 10%), glass silica
20 wt% (GS 20%), zirconia 5 wt% (Zir 5%), zirconia 10 wt% (Zir 10%), and zirconia 20 wt% (Zir 20%).
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Figure 5. Bar graph showing the total fluorescent intensity (%) of live/dead cells of all groups tested:
(A) the total fluorescent intensity (%) of live cells; (B) the total fluorescent intensity (%) of dead cells.

3.4. SEM Analyses

All 3D-printed resin samples exhibit similar fracture patterns after three-point bending
strength testing. The SEM microstructural investigations of the fractured surfaces of the
control and reinforced specimens are shown in Figure 6 at a magnification of 40, 150, and
1000x. Overall, 3D-printed resin that is reinforced with nanoparticles exhibits slightly
rougher fracture surfaces around the crack site than the control (unmodified) sample. The
3D-printed resin with 5%, 10%, and 20% glass fillers has a ductile fracture mode when
compared with the samples that are reinforced with zirconia glass at all concentrations
(5%, 10%, and 20%), which has a more brittle fracture. The control groups display a nearly
smooth, broken surface with little resistance, where the fractured surfaces are typically
well-defined, flat, compact, and organised. The incorporation of glass silica (GS) and
zirconia glass (ZG) at varying concentrations leads to significantly more irregular surface
patterning. The surface topography has a flake-like appearance, lamellae, and fissure-like
structures. The fracture pattern results in a more elevated and rougher surface at the crack
site, indicating an increase in ductility. An unfavourable fracture could have taken place in
the specimens reinforced with 5%, 10%, and 20% GS, as evidenced by the presence of voids
and cracks on the fractured surface. This may have been caused by the aggregation of the
nanofiller, which acts as a defect in the polymer matrix structure. This may lead to a poor
level of interaction between the GS and ZG nanoparticles and the 3D-printed resin matrix.

5% GS 10% GS 20% GS 5% Zir 10% Zir 20% Zir

Figure 6. Representative SEM images (magnification 40, 150, and 1000 x) of the fracture surface
of tested groups: control, glass silica 5 wt% (GS 5%), glass silica 10 wt% (GS 10%), glass silica 20 wt%
(GS 20%), zirconia 5 wt% (Zir 5%), zirconia 10 wt% (Zir 10%), and zirconia 20 wt% (Zir 20%).
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3.5. EDS Analyses

The composition of 3D-printed resin reinforced with glass fillers or zirconia glass
was analysed using an energy-dispersive X-ray spectrometer (EDX). The SEM images
and EDX element mapping images in Figure 7 demonstrate the presence of zirconia and
glass filler elements in the samples modified with GS or ZG. The distribution of modified
glass filler and zirconia nanoparticles within 3D-printed resin was observed using an
SEM-EDS mapping technique, as shown in Figure 7a—c for the glass fillers and Figure 7d—f
for the zirconia glass. The red-coloured marks in the image indicate the presence of ZrO,
nanoparticles on the surface, as detected by the EDS mapping technique. The green spots
represent the presence of silica elements on the sample surface. As the density of added
nanoparticles increases, the number of spots on the surface also increases (Figure 7). The
EDS spectra and the corresponding elemental compositions, shown in atomic and weight
percentages in Figure 8, confirm the presence of silica in the sample reinforced with glass
filler and the presence of zirconia in the sample reinforced with zirconia glass.

Si K series Si K series Si K series

250um

Zr L series Zr L series Zr L series

<ooum

f 500pum

100pm f

500um
Figure 7. SEM images (high magnification x1000) of the fractured surfaces of 3D-printed resin
that shows the distribution of glass fillers and zirconia glass nanoparticles after embedding with
3D-printed resin with different concentrations: (A) 5% glass silica; (B) 10% glass silica, (C) 20% glass
silica; (D) 5% zirconia, (E) 10% zirconia, (F) 20% zirconia. Element mapping images of glass fillers
(a—c) and zirconia glass (d—f) element in the 3D-printed resins. Notable features are indicated for
(A-F): microcracks (marked by black arrows), voids (highlighted with yellow circles), and clusters
(identified by white rectangular). These observed features offer valuable insights into the structural
characteristics and failure mechanisms of the reinforced 3D-printed resin.
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Figure 8. SEM image, EDS spectrum, and element distribution of nanoparticles that used to modify
the 3D-printed resin. (a) Glass-silica-reinforced 3D-printed resin, (b) zirconia-glass-reinforced 3D-
printed resin.

4. Discussion

The incorporation of additive technology in dentistry, such as 3D-printing, has gen-
erated significant interest among researchers. Evaluating the mechanical properties and
biocompatibility of 3D-printed materials compared to conventional counterparts is essential
to determine their suitability for long-term clinical use in dental restorations. A thorough
investigation of these factors can contribute to advancing the field of dental materials and
optimizing patient care in dentistry.

In recent times, dental research has concentrated on enhancing the quality of 3D-
printed dental materials, particularly dental bridges and crowns, so that they can be
effectively utilised in clinical practice. This entails improving their biocompatibility and
durability [46,47]. The material’s mechanical properties and biological compatibility are
crucial, as they can impact the dental prosthesis’s long-term performance [48]. In addition,
the degree of polymerisation, addition of reinforcing materials, and the printing parameters
can also affect the quality of the final product [49-51]. Therefore, careful evaluation of these
factors is crucial for selecting suitable dental materials. Mechanical properties, such as
flexural strength, are essential to withstand chewing forces. This is particularly important
for 3D-printed temporary restorations used for extended periods before the final restoration
is fabricated [14,52].
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One technique that has proven effective in enhancing the flexural strength and other
attributes of dental resin composites is the inclusion of nanoparticle fillers [14,53]. This
approach has also been shown to enhance tensile strength and wear resistance [54], and
elastic modulus, as well as a reduction in the polymerisation shrinkage of the material,
among other properties [55]. This in vitro study evaluated the effect of the reinforced
PMMA-glass fillers and zirconia composite 3D-printed specimens of various weight ratios
on this material’s flexural strength and biocompatibility properties. The first null hypothesis
that the addition of nanoparticles in the 3D-printed resin would have no statistically
significant difference in mean values compared to the control 3D-printed resin was rejected.
The second null hypothesis was also rejected based on the results of the MTT assay and the
observation of statistically significant differences in fibroblast cell viability.

It is interesting to note that 3D-printed temporary materials may have lower flexural
strength than other materials and that efforts to improve the mechanical properties of
3D-printed materials may be necessary to make them suitable for use as permanent crowns.
It is common for 3D-printed materials to have lower flexural strength than other materials,
such as materials produced by computer-aided design/computer-aided manufacturing
(CAD/CAM) and PMMA resin. This is because a material’s strength depends on various
factors, including its composition, manufacturing process, and microstructure. For example,
3D printing involves building up an object layer-by-layer using various materials, including
plastics, metals, and ceramics. The way the materials are layered by these layers can result
in a microstructure that is less homogeneous and more porous than materials produced
using other manufacturing methods, such as casting or machining. This can lead to lower
strength and other mechanical properties.

Based on the present study’s findings, the flexural strength of 3D-printed resins
increases with the addition of nanoparticles, and this increase is shown when zirconia
nanoparticles are added at concentrations of 10% and 20%, and when glass fillers are added
at concentrations of 5% and 10%. This agrees with previous studies investigating the
effect of different nanoparticles on 3D-printed resins [14,22]. The flexural strength results
ranges from 80.02 to 113.80 MPa for all tested groups, and these results are comparable
with other studies on temporary resin-based materials. However, the findings from the
flexural strength test indicate that the 3D-printed temporary material has a lower flexural
strength in comparison to the CAD/CAM and conventional PMMA resin materials studied
in earlier research [42,50,56]. The mean values of their studies for additive manufacturing,
CAD/CAM, and conventional materials are 79.54 MPa, 104.20 MPa, and 95.58 MPa, respec-
tively. These values are comparable to the flexural strengths of our reinforced 3D-printed
resin, which range from 80.02 to 113.80 MPa in other studies [57,58].

The addition of zirconia and glass filler nanoparticles to a resin matrix for use in
3D-printed denture-base materials appears to increase the strength of the material. This
may be due to the homogenous distribution of the nanoparticles within the resin and
their ability to make the materials more resistant to cracking when subjected to load. This
enhancement is explained by the presence of reinforcing fibres within a resin-composite
material, increasing overall strength by changing stress dynamics and increasing filler size
and fraction [59]. Using glass silica and zirconia nanoparticles to reinforce materials can
reduce crack propagation and improve stress distribution when tested in a three-point
bending configuration [60]. These improvements can be attributed to several factors,
including the small diameter of the nanoparticles and their ability to distribute stresses
more effectively within the material [61]. The current study finds that the flexural strength
of 3D-printed resins modified with zirconia glass and glass filler nanoparticles exceeds the
ISO recommendations of 65 MPa. Furthermore, the study finds that certain modified groups
of glass filler (5% and 10%) and zirconia glass (10% and 20%) have even higher values than
the control (unmodified) 3D-printed resin. This is a positive result that justifies additional
research to explore the long-term clinical effects of this modification. The lack of significant
improvement in flexural strength with 10 wt% and 20 wt% of glass fillers, despite the
observed improvement with zirconia particles, could be attributed to factors such as particle
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distribution and filler content-mechanical property relationship [62]. Studies conducted
in the past demonstrate that changes in the ratio of nanoparticles/fibres can positively
or negatively impact dental resins’ surface hardness and flexural strength [63,64]. It is
possible that the distribution of the glass fillers is less homogeneous at higher concentrations
(10 wt% and 20 wt%) compared to 5 wt%, resulting in uneven dispersion or agglomeration
of fillers [65]. This non-uniform distribution of fillers can create stress concentration points
and weaken the material, leading to reduced flexural strength [66,67]. Another possible
explanation is that the relationship between filler content and mechanical properties of
composite materials is often not linear. There could be an optimal filler content range for
achieving the best mechanical properties and exceeding that range may result in diminished
effects or even adverse effects on the properties, which has been mentioned in previous
studies [68,69]. It is possible that 5 wt% of glass fillers fall within the optimal range, while
10 wt% and 20 wt% exceed it, leading to reduced or negligible improvements in flexural
strength. Further investigations and optimization of these factors, including particle
distribution, and the relationship between filler content and mechanical properties, may be
necessary to better understand and explain the observed findings in a more comprehensive
manner within the context of academic research.

Figure 5 presents the SEM images of groups reinforced with glass filler (5% and
10%) and zirconia glass (10% and 20%). As can be observed, these materials display
brittle fractures with visible cracks on their surface. These cracks are the result of force
being applied. When small, durable crystalline particles, such as zirconia or glass filler
nanoparticles, are evenly dispersed within the resin matrix, it becomes more difficult for the
crack to pass through these particles as opposed to passing through the resin matrix alone.
This is referred to as “dispersion strengthening”, which effectively hinders the spread of
cracks through the resin structure [70,71].

The groups reinforced with 20% weight glass silica nanofiller have a surface that
is characterised by the presence of multiple voids and cracks. These defects are likely
caused by the agglomeration of the nanofiller within the polymer matrix structure [72]. The
agglomeration of the nanofiller acts as a weak point within the matrix, making the material
more susceptible to fracture. Furthermore, the high percentage of nanofiller used in the
material likely results in poor adhesion between the untreated nanofiller and the polymer
matrix. This poor adhesion also contributes to the undesirable fracture of the material.

In the current study, the biocompatibility of 3D-printed reinforced dental resin was
investigated by analysing the viability of fibroblast cells. Most previous studies on bio-
compatibility conducted bacteria-related in vitro cell experiments on temporary restorative
material [73,74]. However, few in vitro tests used various cell types from tooth-related
tissues, such as oral keratinocytes, gingival fibroblasts, and periodontal ligament cells, to
examine the biological effects of resin materials on human tissues [75-77]. The current
findings do not show any significant effects on cell proliferation, emphasizing the impor-
tance of adhering to the manufacturer’s guidelines when purchasing materials intended
for intraoral use, reducing the possibility of side effects caused by, for example, incomplete
resin polymerisation and the presence of residual monomers.

Figure 4 indicates that the nanoparticle fillers added to the 3D-printed resin signifi-
cantly impact cell viability. Cell viability values range from 87% to 94% compared to the
positive control (100%). Additionally, adding ZrO; nanoparticles does not affect cell prolif-
eration and shows significantly higher viability for all groups (5%, 10%, and 20%). Zirconia
groups also show higher cell viability than glass silica groups. This may be connected to
the more uniform distribution of filler, which can decrease the proportion of the organic
phase and, subsequently, decrease the amount of unpolymerised monomer [78,79]. Our
findings are consistent with previous research, which found that modifying 3D resin with
nanoparticles can result in the development of a material with a better biocompatibility
property [14,80,81]. This suggests that combining zirconia and glass silica nanoparticles
with 3D-printed provisional dental restoration materials could create effective nanopar-
ticles that would lead to biocompatible reinforced dental material. However, more re-
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search is needed to fully understand the potential advantages and disadvantages of using
nanoparticles in this way, and to confirm the safety and effectiveness of these materials for
dental restoration.

The findings of this study indicate that nanoparticle-enhanced 3D-printed crown
resin could be beneficial in a clinical setting. This type of resin may overcome some of
the limitations of traditional 3D-printed resin, such as its mechanical properties or bio-
compatibility. Additionally, using nanoparticles in the resin helps improve the material’s
clinical applicability, making it more suitable for various dental applications. However,
more research is needed to fully understand the potential benefits of nanoparticle-enhanced
3D-printed resin in clinical settings. This study is not without its limitations. First, the
geometry of the samples used in this work differs from that used in clinical settings. There-
fore, crown-shaped samples must be fabricated to simulate the clinical scenario. Another
limitation is using two different-sized nanoparticles for dental resin reinforcement. This
choice complicates evaluating and comparing their individual effects on resin properties.
Using nanoparticles of the same size would allow for a more direct comparison. However,
the rationale behind selecting different-sized nanoparticles was to explore the potential
influence of nanoparticle size variation on the reinforcement capabilities of the dental resin.
Several factors can affect the mechanical properties of 3D materials printed using digital
light processing (DLP) technology. These factors include the printing orientation, water
absorption level, long-term survival rate, colour stability, and fatigue behaviour of the 3D-
printed material. Having a deep understanding of these factors is indispensable for creating
crown and bridge materials that are suitable for extended clinical use, as well as for improv-
ing the dependability and predictability of dental treatment procedures that incorporate
3D-printed crown and bridge materials. This knowledge can enable dental practitioners to
make informed decisions, thereby enhancing the quality of patient care [38,46].

5. Conclusions
The results of this in vitro study can conclude the following:

1.  The addition of ZrO, nanoparticles and 5 and 10 wt% glass fillers shows increased
flexural strength of 3D-printed resin;

2. Incorporating zirconia and glass fillers nanoparticles creates a biocompatible 3D-
printed resin that does not negatively affect cell viability.

Author Contributions: Conceptualisation, A.A. (Abdullah Alshamrani) and A.E.; methodology, A.A.
(Abdullah Alshamrani) and A.E.; formal analysis, A.A. (Abdullah Alshamrani) and A.A. (Abdulaziz
Alhotan); investigation, A.A. (Abdullah Alshamrani), EK., and A.A. (Abdulaziz Alhotan); data cura-
tion, A.A. (Abdullah Alshamrani); Writing—original draft preparation, A.A. (Abdullah Alshamrani);
writing—review and editing, A.A. (Abdullah Alshamrani), EK., A.A. (Abdulaziz Alhotan), and A.E,;
visualisation, A.A. (Abdullah Alshamrani) and A.A. (Abdulaziz Alhotan); supervision, A.E.; project
administration, A.E. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors are grateful to the Researchers Supporting Project number (RSPD202-
3R790), King Saud University, Saudi Arabia, Riyadh.

Conflicts of Interest: The authors declare no conflict of interest.

1. Witkowski, S. (CAD-)/CAM in dental technology. Quintessence Dent. Technol. 2005, 28, 169-184.

2. Revilla-Leén, M.; Ozcan, M. Additive manufacturing technologies used for processing polymers: Current status and potential
application in prosthetic dentistry. J. Prosthodont. 2019, 28, 146-158. [CrossRef] [PubMed]

3. Jawahar, A.; Maragathavalli, G. Applications of 3D Printing in Dentistry—A Review. J. Pharm. Sci. Res. 2019, 11, 1670-1675.


https://doi.org/10.1111/jopr.12801
https://www.ncbi.nlm.nih.gov/pubmed/29682823

Polymers 2023, 15, 2523 16 of 18

*®

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Konidena, A. 3D Printing: Future of dentistry? J. Indian. Acad. Oral. Med. Radiol. 2016, 28, 109. [CrossRef]

Liu, Q.; Leu, M.C.; Schmitt, S.M. Rapid prototyping in dentistry: Technology and application. Int. . Adv. Manuf. Technol. 2006,
29, 317-335. [CrossRef]

Barazanchi, A ; Li, K.C,; Al-Amleh, B.; Lyons, K.; Waddell, ].N. Additive technology: Update on current materials and applications
in dentistry. J. Prosthodont. 2017, 26, 156-163. [CrossRef] [PubMed]

Donovan, T.E. Factors essential for successful all-ceramic restorations. J. Am. Dent. Assoc. 2008, 139, S14-S18. [CrossRef]
Fugolin, A.P.P; Pfeifer, C.S. New resins for dental composites. J. Dent. Res. 2017, 96, 1085-1091. [CrossRef]

Gutteridge, D.L. Reinforcement of poly (methyl methacrylate) with ultra-high-modulus polyethylene fibre. J. Dent. 1992, 20, 50-54.
[CrossRef]

Protopapa, P.; Kontonasaki, E.; Bikiaris, D.; Paraskevopoulos, K.M.; Koidis, P. Reinforcement of a PMMA resin for fixed interim
prostheses with nanodiamonds. Dent. Mater. J. 2011, 30, 222-231. [CrossRef] [PubMed]

Panyayong, W.; Oshida, Y.; Andres, C.J.; Barco, T.M.; Brown, D.T.; Hovijitra, S. Reinforcement of acrylic resins for provisional
fixed restorations. Part III: Effects of addition of titania and zirconia mixtures on some mechanical and physical properties.
Biomed. Mater. Eng. 2002, 12, 353-366. [PubMed]

Asar, N.V,; Albayrak, H.; Korkmaz, T.; Turkyilmaz, I. Influence of various metal oxides on mechanical and physical properties of
heat-cured polymethyl methacrylate denture base resins. J. Adv. Prosthodont. 2013, 5, 241-247. [CrossRef] [PubMed]

Lee, K.-H.; Rhee, S.-H. The mechanical properties and bioactivity of poly (methyl methacrylate)/SiO,-CaO nanocomposite.
Biomaterials 2009, 30, 3444-3449. [CrossRef] [PubMed]

Aati, S.; Akram, Z.; Ngo, H.; Fawzy, A.S. Development of 3D printed resin reinforced with modified ZrO, nanoparticles for
long-term provisional dental restorations. Dent. Mater. 2021, 37, e360—-e374. [CrossRef]

Alshaikh, A.A_; Khattar, A.; Almindil, I.A.; Alsaif, M.H.; Akhtar, S.; Khan, S.Q.; Gad, M.M. 3D-printed nanocomposite denture-
base resins: Effect of ZrO, nanoparticles on the mechanical and surface properties in vitro. Nanomaterials 2022, 12, 2451. [CrossRef]
[PubMed]

Miletic, V. Development of dental composites. In Dental Composite Materials for Direct Restorations; Springer: Berlin/Heidelberg,
Germany, 2018; pp. 3-9.

Lutz, E; Phillips, R.W. A classification and evaluation of composite resin systems. J. Prosthet. Dent. 1983, 50, 480-488. [CrossRef]
Raptis, C.N.; Fan, P.L.; Powers, ].M. Properties of microfilled and visible light-cured composite resins. J. Am. Dent. Assoc. (1939)
1979, 99, 631-633. [CrossRef] [PubMed]

Topouzi, M.; Kontonasaki, E.; Bikiaris, D.; Papadopoulou, L.; Paraskevopoulos, K.M.; Koidis, P. Reinforcement of a PMMA resin
for interim fixed prostheses with silica nanoparticles. . Mech. Behav. Biomed. Mater. 2017, 69, 213-222. [CrossRef]

Ai, M,; Du, Z,; Zhu, S.; Geng, H.; Zhang, X.; Cai, Q.; Yang, X. Composite resin reinforced with silver nanoparticles-laden
hydroxyapatite nanowires for dental application. Dent. Mater. 2017, 33, 12-22. [CrossRef]

de Castro, D.T.; Valente, M.L.d.C.; Aires, C.P.,; Alves, O.L.; Dos Reis, A.C. Elemental ion release and cytotoxicity of antimicrobial
acrylic resins incorporated with nanomaterial. Gerodontology 2017, 34, 320-325. [CrossRef] [PubMed]

Gad, M.M.; Al-Thobity, A.M.; Rahoma, A.; Abualsaud, R.; Al-Harbi, FA.; Akhtar, S. Reinforcement of PMMA denture base
material with a mixture of ZrO, nanoparticles and glass fibers. Int. J. Dent. 2019, 2019, 2489393. [CrossRef]

Alhareb, A.O.; Ahmad, Z.A. Effect of Al;O3/ZrO, reinforcement on the mechanical properties of PMMA denture base. J. Reinf.
Plast. Compos. 2011, 30, 86-93. [CrossRef]

Zhang, X.J.; Zhang, X.Y.; Zhu, B.S; Qian, C. Effect of nano ZrO; on flexural strength and surface hardness of polymethylmethacry-
late. Shanghai J. Stomatol. 2011, 20, 358-363.

Persson, C.; Unosson, E.; Ajaxon, I; Engstrand, ].; Engqvist, H.; Xia, W. Nano grain sized zirconia-silica glass ceramics for dental
applications. J. Eur. Ceram. Soc. 2012, 32, 4105-4110. [CrossRef]

Kumar, P.; Kumar, V.; Kumar, R.; Kumar, R.; Pruncu, C.I. Fabrication and characterization of ZrO, incorporated SiO,—CaO-P,0O5
bioactive glass scaffolds. J. Mech. Behav. Biomed. Mater. 2020, 109, 103854. [CrossRef]

El-Tamimi, K.M.; Bayoumi, D.A.; Ahmed, M.M.Z.; Albaijan, I.; El-Sayed, M.E. The effect of salinized nano ZrO, particles on the
microstructure, hardness, and wear behavior of acrylic denture tooth nanocomposite. Polymers 2022, 14, 302. [CrossRef]

Yadav, R.; Meena, A ; Patnaik, A. Biomaterials for dental composite applications: A comprehensive review of physical, chemical,
mechanical, thermal, tribological, and biological properties. Polym. Adv. Technol. 2022, 33, 1762-1781. [CrossRef]

de Castro, D.T.; Valente, M.L.C.; Agnelli, ]. A.M.; da Silva, C.H.L.; Watanabe, E.; Siqueira, R.L.; Alves, O.L.; Holtz, R.D.; dos Reis,
A.C. In Vitro study of the antibacterial properties and impact strength of dental acrylic resins modified with a nanomaterial. J.
Prosthet. Dent. 2016, 115, 238-246. [CrossRef] [PubMed]

Mubarak, S.; Dhamodharan, D.; Kale, M.; Divakaran, N.; Senthil, T.; Wu, L.; Wang, J. A novel approach to enhance mechanical
and thermal properties of SLA 3D printed structure by incorporation of metal-metal oxide nanoparticles. Nanomaterials 2020,
10, 217. [CrossRef]

Yang, Z.; Peng, S.; Wang, Z.; Miao, J.-T.; Zheng, L.; Wu, L.; Weng, Z. UV-curable, low-viscosity resin with a high silica filler content
for preparing ultrastiff, 3D-printed molds. ACS Appl. Polym. Mater. 2022, 4, 2636-2647. [CrossRef]

Gautam, R.; Singh, R.D.; Sharma, V.P; Siddhartha, R.; Chand, P.; Kumar, R. Biocompatibility of polymethylmethacrylate resins
used in dentistry. ]. Biomed. Mater. Res. Part. B Appl. Biomater. 2012, 100, 1444-1450. [CrossRef]


https://doi.org/10.4103/0972-1363.195081
https://doi.org/10.1007/s00170-005-2523-2
https://doi.org/10.1111/jopr.12510
https://www.ncbi.nlm.nih.gov/pubmed/27662423
https://doi.org/10.14219/jada.archive.2008.0360
https://doi.org/10.1177/0022034517720658
https://doi.org/10.1016/0300-5712(92)90012-2
https://doi.org/10.4012/dmj.2010-135
https://www.ncbi.nlm.nih.gov/pubmed/21383519
https://www.ncbi.nlm.nih.gov/pubmed/12652030
https://doi.org/10.4047/jap.2013.5.3.241
https://www.ncbi.nlm.nih.gov/pubmed/24049564
https://doi.org/10.1016/j.biomaterials.2009.03.002
https://www.ncbi.nlm.nih.gov/pubmed/19304322
https://doi.org/10.1016/j.dental.2021.02.010
https://doi.org/10.3390/nano12142451
https://www.ncbi.nlm.nih.gov/pubmed/35889675
https://doi.org/10.1016/0022-3913(83)90566-8
https://doi.org/10.14219/jada.archive.1979.0365
https://www.ncbi.nlm.nih.gov/pubmed/292720
https://doi.org/10.1016/j.jmbbm.2017.01.013
https://doi.org/10.1016/j.dental.2016.09.038
https://doi.org/10.1111/ger.12267
https://www.ncbi.nlm.nih.gov/pubmed/28436056
https://doi.org/10.1155/2019/2489393
https://doi.org/10.1177/0731684410379511
https://doi.org/10.1016/j.jeurceramsoc.2012.06.028
https://doi.org/10.1016/j.jmbbm.2020.103854
https://doi.org/10.3390/polym14020302
https://doi.org/10.1002/pat.5648
https://doi.org/10.1016/j.prosdent.2015.09.003
https://www.ncbi.nlm.nih.gov/pubmed/26545862
https://doi.org/10.3390/nano10020217
https://doi.org/10.1021/acsapm.1c01920
https://doi.org/10.1002/jbm.b.32673

Polymers 2023, 15, 2523 17 of 18

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Kim, G.-T;; Go, H.-B,; Yu, J.-H.; Yang, S.-Y.; Kim, K.-M.; Choi, S.-H.; Kwon, J.-S. Cytotoxicity, Colour Stability and Dimensional
Accuracy of 3D Printing Resin with Three Different Photoinitiators. Polymers 2022, 14, 979. [CrossRef] [PubMed]

Baldion, P.A.; Velandia-Romero, M.L.; Castellanos, ].E. Dental resin monomers induce early and potent oxidative damage on
human odontoblast-like cells. Chem. Biol. Interact. 2021, 333, 109336. [CrossRef] [PubMed]

Yang, Y.; Reichl, F-X.; Shi, J.; He, X.; Hickel, R.; Hogg, C. Cytotoxicity and DNA double-strand breaks in human gingival
fibroblasts exposed to eluates of dental composites. Dent. Mater. 2018, 34, 201-208. [CrossRef] [PubMed]

Dizon, ].R.C.; Gache, C.C.L.; Cascolan, HM.S.; Cancino, L.T.; Advincula, R.C. Post-processing of 3D-printed polymers. Technologies
2021, 9, 61. [CrossRef]

Hardiman, K. Post-Processing considerations for biomedical 3D printing of polymers. In Polymer-Based Additive Manufacturing:
Biomedical Applications; Springer: Cham, Switzerland, 2019; pp. 219-241.

Tahayeri, A.; Morgan, M.; Fugolin, A.P.; Bompolaki, D.; Athirasala, A.; Pfeifer, C.S.; Ferracane, J.L.; Bertassoni, L.E. 3D printed
versus conventionally cured provisional crown and bridge dental materials. Dent. Mater. 2018, 34, 192-200. [CrossRef]
Hwangbo, N.-K.; Nam, N.-E.; Choi, ].-H.; Kim, J.-E. Effects of the washing time and washing solution on the biocompatibility and
mechanical properties of 3D printed dental resin materials. Polymers 2021, 13, 4410. [CrossRef] [PubMed]

Quan, H.; Zhang, T.; Xu, H.; Luo, S.; Nie, J.; Zhu, X. Photo-curing 3D printing technique and its challenges. Bioact. Mater. 2020,
5,110-115. [CrossRef] [PubMed]

Alzayyat, S.T.; Almutiri, G.A.; Aljandan, ] K.; Algarzai, RM.; Khan, 5.Q.; Akhtar, S.; Ateeq, 1.S.; Gad, M.M. Effects of SiO,
incorporation on the flexural properties of a denture base resin: An in vitro study. Eur. J. Dent. 2022, 16, 188-194. [CrossRef]
Unkovskiy, A.; Bui, PH.-B.; Schille, C.; Geis-Gerstorfer, J.; Huettig, F.; Spintzyk, S. Objects build orientation, positioning,
and curing influence dimensional accuracy and flexural properties of stereolithographically printed resin. Dent. Mater. 2018,
34, €324—e333. [CrossRef]

de Almeida Rossato, T.C.; Gallas, J.A.; da Rosa, W.L.O.; da Silva, A.F; Piva, E.; Peralta, S.L.; Lund, R.G. Experimental sealers
containing metal methacrylates: Physical and biological properties. J. Endod. 2017, 43, 1725-1729. [CrossRef] [PubMed]

Chen, H,; Lee, S.-Y.; Lin, Y.-M. Synthesis and formulation of PCL-based urethane acrylates for DLP 3D printers. Polymers 2020,
12,1500. [CrossRef]

Mondschein, R.J.; Kanitkar, A.; Williams, C.B.; Verbridge, S.S.; Long, T.E. Polymer structure-property requirements for stereolitho-
graphic 3D printing of soft tissue engineering scaffolds. Biomaterials 2017, 140, 170-188. [CrossRef]

Abduo, J.; Lyons, K.; Bennamoun, M. Trends in computer-aided manufacturing in prosthodontics: A review of the available
streams. Int. |. Dent. 2014, 2014, 783948. [CrossRef] [PubMed]

Chia, H.N.; Wu, B.M. Recent advances in 3D printing of biomaterials. J. Biol. Eng. 2015, 9, 4. [CrossRef]

dos Santos, R.L.; de Sampaio, G.A.; de Carvalho, F.G.; Pithon, M.M.; Guénes, G.M.; Alves, PM. Influence of degree of conversion
on the biocompatibility of different composites in vivo. J. Adhes. Dent. 2014, 16, 15-20.

Alshamrani, A.A.; Raju, R.; Ellakwa, A. Effect of Printing Layer Thickness and Postprinting Conditions on the Flexural Strength
and Hardness of a 3D-Printed Resin. BioMed Res. Int. 2022, 2022, 8353137. [CrossRef]

Alharbi, N.; Osman, R.; Wismeijer, D. Effects of build direction on the mechanical properties of 3D-printed complete coverage
interim dental restorations. . Prosthet. Dent. 2016, 115, 760-767. [CrossRef] [PubMed]

Perea-Lowery, L.; Gibreel, M.; Vallittu, PK.; Lassila, L. Evaluation of the mechanical properties and degree of conversion of 3D
printed splint material. . Mech. Behav. Biomed. Mater. 2021, 115, 104254. [CrossRef] [PubMed]

Haselton, D.R.; Diaz-Arnold, A.M.; Vargas, M. A. Flexural strength of provisional crown and fixed partial denture resins. J. Prosthet.
Dent. 2002, 87, 225-228. [CrossRef]

Ilie, N.; Hickel, R. Investigations on mechanical behaviour of dental composites. Clin. Oral. Investig. 2009, 13, 427-438. [CrossRef]
[PubMed]

Mitra, S.B.; Wu, D.; Holmes, B.N. An application of nanotechnology in advanced dental materials. J. Am. Dent. Assoc. 2003, 134,
1382-1390. [CrossRef] [PubMed]

Curtis, A.R; Palin, WM.; Fleming, G.].P; Shortall, A.C.C.; Marquis, PM. The mechanical properties of nanofilled resin-based
composites: Characterizing discrete filler particles and agglomerates using a micromanipulation technique. Dent. Mater. 2009,
25,180-187. [CrossRef]

Digholkar, S.; Madhav, V.N.V,; Palaskar, ]. Evaluation of the flexural strength and microhardness of provisional crown and bridge
materials fabricated by different methods. J. Indian Prosthodont. Soc. 2016, 16, 328. [PubMed]

Balkenhol, M.; Mautner, M.C.; Ferger, P.; Wostmann, B. Mechanical properties of provisional crown and bridge materials:
Chemical-Curing versus dual-curing systems. J. Dent. 2008, 36, 15-20. [CrossRef]

Astudillo-Rubio, D.; Delgado-Gaete, A.; Bellot-Arcis, C.; Montiel-Company, ].M.; Pascual-Moscard6, A.; Almerich-Silla, ].M.
Mechanical properties of provisional dental materials: A systematic review and meta-analysis. PLoS ONE 2018, 13, e0193162.
Nakamura, T.; Ohyama, T.; Waki, T.; Kinuta, S.; Wakabayashi, K.; Takano, N.; Yatani, H. Finite element analysis of fiber-reinforced
fixed partial dentures. Dent. Mater. J. 2005, 24, 275-279. [CrossRef] [PubMed]

Bijelic-Donova, J.; Garoushi, S.; Lassila, L.V.J.; Keulemans, F.; Vallittu, PK. Mechanical and structural characterization of
discontinuous fiber-reinforced dental resin composite. J. Dent. 2016, 52, 70-78. [CrossRef]

Khan, I.; Saeed, K.; Khan, I. Nanoparticles: Properties, applications and toxicities. Arab. J. Chem. 2019, 12, 908-931. [CrossRef]


https://doi.org/10.3390/polym14050979
https://www.ncbi.nlm.nih.gov/pubmed/35267799
https://doi.org/10.1016/j.cbi.2020.109336
https://www.ncbi.nlm.nih.gov/pubmed/33248029
https://doi.org/10.1016/j.dental.2017.10.002
https://www.ncbi.nlm.nih.gov/pubmed/29042079
https://doi.org/10.3390/technologies9030061
https://doi.org/10.1016/j.dental.2017.10.003
https://doi.org/10.3390/polym13244410
https://www.ncbi.nlm.nih.gov/pubmed/34960960
https://doi.org/10.1016/j.bioactmat.2019.12.003
https://www.ncbi.nlm.nih.gov/pubmed/32021945
https://doi.org/10.1055/s-0041-1732806
https://doi.org/10.1016/j.dental.2018.09.011
https://doi.org/10.1016/j.joen.2017.05.018
https://www.ncbi.nlm.nih.gov/pubmed/28864215
https://doi.org/10.3390/polym12071500
https://doi.org/10.1016/j.biomaterials.2017.06.005
https://doi.org/10.1155/2014/783948
https://www.ncbi.nlm.nih.gov/pubmed/24817888
https://doi.org/10.1186/s13036-015-0001-4
https://doi.org/10.1155/2022/8353137
https://doi.org/10.1016/j.prosdent.2015.12.002
https://www.ncbi.nlm.nih.gov/pubmed/26803175
https://doi.org/10.1016/j.jmbbm.2020.104254
https://www.ncbi.nlm.nih.gov/pubmed/33333480
https://doi.org/10.1067/mpr.2002.121406
https://doi.org/10.1007/s00784-009-0258-4
https://www.ncbi.nlm.nih.gov/pubmed/19242739
https://doi.org/10.14219/jada.archive.2003.0054
https://www.ncbi.nlm.nih.gov/pubmed/14620019
https://doi.org/10.1016/j.dental.2008.05.013
https://www.ncbi.nlm.nih.gov/pubmed/27746595
https://doi.org/10.1016/j.jdent.2007.10.001
https://doi.org/10.4012/dmj.24.275
https://www.ncbi.nlm.nih.gov/pubmed/16022451
https://doi.org/10.1016/j.jdent.2016.07.009
https://doi.org/10.1016/j.arabjc.2017.05.011

Polymers 2023, 15, 2523 18 of 18

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Nejatian, T.; Nathwani, N.; Taylor, L.; Sefat, F. Denture base composites: Effect of surface modified nano-and micro-particulates
on mechanical properties of polymethyl methacrylate. Materials 2020, 13, 307. [CrossRef] [PubMed]

Ergun, G.; Sahin, Z.; Ataol, A.S. The effects of adding various ratios of zirconium oxide nanoparticles to poly (methyl methacrylate)
on physical and mechanical properties. J. Oral. Sci. 2018, 60, 304-315. [CrossRef] [PubMed]

Karci, M.; Demir, N.; Yazman, S. Evaluation of flexural strength of different denture base materials reinforced with different
nanoparticles. J. Prosthodont. 2019, 28, 572-579. [CrossRef]

Hakim, M.L.N.; Faza, Y.; Hasratiningsih, Z.; Djustiana, N.; Sunendar, B. Hardness evaluation of dental composites fabricated from
the uniform size and well-distributed zirconia-alumina-silica fillers with sol-gel technique. Padjadjaran ]. Dent. 2018, 30, 78-83.
[CrossRef]

Mustafa, B.S.; Jamal, G.M.; Abdullah, O.G. Improving the tensile, toughness, and flexural properties of epoxy resin based
nanocomposites filled with ZrO, and Y,O3 nanoparticles. Results Phys. 2022, 38, 105662. [CrossRef]

Alhotan, A.; Yates, J.; Zidan, S.; Haider, J.; Silikas, N. Flexural strength and hardness of filler-reinforced PMMA targeted for
denture base application. Materials 2021, 14, 2659. [CrossRef] [PubMed]

Taghavimehr, M.; Famili, M.H.N.; Shirsavar, M.A. Effect of nanoparticle network formation on electromagnetic properties and
cell morphology of microcellular polymer nanocomposite foams. Polym. Test. 2020, 86, 106469. [CrossRef]

Alhotan, A.; Yates, J.; Zidan, S.; Haider, J.; Silikas, N. Assessing fracture toughness and impact strength of PMMA reinforced with
nano-particles and fibre as advanced denture base materials. Materials 2021, 14, 4127. [CrossRef]

Kj, A. Phillips’ science of dental materials. St. Louis WB Saunders 2003, 596, 41-43.

Sun, L.; Gibson, R.E; Gordaninejad, F.; Suhr, J. Energy absorption capability of nanocomposites: A review. Compos. Sci. Technol.
2009, 69, 2392-2409. [CrossRef]

Kalia, S.; Kaith, B.S.; Kaur, L. Cellulose Fibers: Bio-and Nano-Polymer Composites: Green Chemistry and Technology; Springer Science &
Business Media: Berlin/Heidelberg, Germany, 2011.

Adnan, S.; Khan, F.R. Comparison of micro-leakage around temporary restorative materials placed in complex endodontic access
cavities: An in-vitro study. J. Coll. Physicians Surg. Pak. 2016, 26, 182. [PubMed]

Alifui-Segbaya, F.; Varma, S.; Lieschke, G.J.; George, R. Biocompatibility of photopolymers in 3D printing. 3d Print. Addit. Manuf.
2017, 4, 185-191. [CrossRef]

Frasheri, I.; Aumer, K.; Kefiler, A.; Miosge, N.; Folwaczny, M. Effects of resin materials dedicated for additive manufacturing of
temporary dental restorations on human gingival keratinocytes. J. Esthet. Restor. Dent. 2022, 34, 1105-1112. [CrossRef]

Bieger, V.; Thieringer, EM.; Fischer, J.; Rohr, N. Fibroblast behavior on conventionally processed, milled, and printed occlusal
device materials with different surface treatments. J. Prosthet. Dent. 2021, 28, 461-463. [CrossRef] [PubMed]

Atria, PJ.; Bordin, D.; Marti, F; Nayak, V.V.; Conejo, ].; Benalcazar Jalkh, E.; Witek, L.; Sampaio, C.S. 3D-printed resins for
provisional dental restorations: Comparison of mechanical and biological properties. J. Esthet. Restor. Dent. 2022, 34, 804-815.
[CrossRef] [PubMed]

Gad, M.M,; Fouda, S.M.; Al-Harbi, F.A.; Ndpdnkangas, R.; Raustia, A. PMMA denture base material enhancement: A review of
fiber, filler, and nanofiller addition. Int. |. Nanomed. 2017, 12, 3801. [CrossRef]

Han, Z.; Zhu, B.; Chen, R;; Huang, Z.; Zhu, C.; Zhang, X. Effect of silver-supported materials on the mechanical and antibacterial
properties of reinforced acrylic resin composites. Materials Design (1980-2015) 2015, 65, 1245-1252. [CrossRef]

Lee, J.-H.; Jo, J.-K,; Kim, D.-A.; Patel, K.D.; Kim, H.-W.; Lee, H.-H. Nano-graphene oxide incorporated into PMMA resin to
prevent microbial adhesion. Dent. Mater. 2018, 34, e63—e72. [CrossRef]

Hamid, S.K.; Alghamdi, L.A.; Alshahrani, F.A.; Khan, S.Q.; Matin, A.; Gad, M.M. In Vitro assessment of artificial aging on the
antifungal activity of PMMA denture base material modified with ZrO, nanoparticles. Int. ]. Dent. 2021, 2021, 5560443. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ma13020307
https://www.ncbi.nlm.nih.gov/pubmed/31936613
https://doi.org/10.2334/josnusd.17-0206
https://www.ncbi.nlm.nih.gov/pubmed/29925715
https://doi.org/10.1111/jopr.12974
https://doi.org/10.24198/pjd.vol30no2.18319
https://doi.org/10.1016/j.rinp.2022.105662
https://doi.org/10.3390/ma14102659
https://www.ncbi.nlm.nih.gov/pubmed/34069482
https://doi.org/10.1016/j.polymertesting.2020.106469
https://doi.org/10.3390/ma14154127
https://doi.org/10.1016/j.compscitech.2009.06.020
https://www.ncbi.nlm.nih.gov/pubmed/26975947
https://doi.org/10.1089/3dp.2017.0064
https://doi.org/10.1111/jerd.12938
https://doi.org/10.1016/j.prosdent.2021.08.015
https://www.ncbi.nlm.nih.gov/pubmed/34598769
https://doi.org/10.1111/jerd.12888
https://www.ncbi.nlm.nih.gov/pubmed/35187786
https://doi.org/10.2147/IJN.S130722
https://doi.org/10.1016/j.matdes.2014.10.023
https://doi.org/10.1016/j.dental.2018.01.019
https://doi.org/10.1155/2021/5560443
https://www.ncbi.nlm.nih.gov/pubmed/34093706

	Introduction 
	Materials and Methods 
	Sample Preparation and 3D-Printing 
	Flexural Strength Test 
	Biocompatibility Test 
	In Vitro Cell Culture 
	Eluent Preparation 
	MTT Assay 
	Live and Dead Assay 

	Material Characterizations 
	Scanning Electron Microscopy (SEM) 
	Energy-Dispersive X-ray Spectrometer (EDS) 

	Statistical Analyses 

	Results 
	Flexural Strength 
	Cell Viability (MTT Assay) 
	LIVE/DEAD Staining for Live-Cell Imaging 
	SEM Analyses 
	EDS Analyses 

	Discussion 
	Conclusions 
	References

