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prostheses.

Materials and methods: Three commercially available resins: Crowntec (CT,
Saremco), Temporary C&B (FL, Formlabs), C&B MFH (ND, Nextdent), and the experi-
mental resin: Permanent Bridge (PB, Saremco) were printed and subjected to biaxial
flexural strength test, finite element analysis, Weibull analysis, scanning electron
microscopy, cell proliferation, immunohistochemistry and cytotoxicity assays. Sam-
ples from CT, PB, and ND were provided directly from the manufacturers ensuring
ideal workflow. FL was printed using the workflow as recommended by the manufac-
turer, using a Formlabs 2 printer and their post-processing units Form Wash and
Form Cure.

Results: From the tested resins, PB yielded the best overall results in terms of
mechanical properties. Cell proliferation and cytotoxicity did not show any significant
differences among materials. PB showed higher values for probability of survival pre-
dictions (35%) when subjected to 250 MPa loads, whereas the other materials did
not reach 10%.

Significance: Despite mechanical differences between the evaluated materials, the
outcomes suggest that 3D printed provisional resins may be used in clinical settings,
following the manufacturers indications. New materials intended for long-term use,

such as the PB resin, yielded higher mechanical properties compared to the other
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1 | INTRODUCTION

As patents related to additive manufacturing (AM) continue to expire,
there is an increasing trend in the accessibility and growth of the 3D
printing (3DP) industry.! This window of opportunity has led to the
development of a range of materials for a multitude of engineering
applications, but more importantly for medicine and dentistry.?* Cur-
rently, polymeric-based materials account for the vast majority of
materials utilized in AM, most commonly referred to as 3DP.* One of
the first AM methods developed, the stereolithography apparatus
(SLA) set the basis for the development of photosensitive resin-based
materials, which was achievable using UV laser or UV LED to polymer-
ize specific regions.*>

Digital light projection (DLP) uses high-power LED to two-
dimensionally (x/y axes) polymerize the entire planar area of the build
at the same time, contrary to the dynamic laser writing that utilizes
SLA technology. While the American Section of the International
Association for Testing Materials (ASTM) categorizes DLP into the
same category as SLA, Vat-polymerized printing, due to their wide
range of similarities, their main difference is the light source,® as DLP
permits for decreased working times.

The primary advantage of SLA and DLP technologies is their com-
patibility with various resin systems available on the market. One con-
stant among all commercially available resins is their composition
principally in terms of photoinitiators, and UV absorbers that will
allow for photopolymerization.*” Many manufacturing techniques
have been developed in terms of resin compositions; for example,
monomers have the capacity to polymerize in short periods of time,
with acrylates and epoxy monomers being the most common.* Alter-
natively, photoinitiators are used in concentrations ranging between
3% and 5% wt; and 3D printers use shorter irradiation exposure, leav-
ing a significant amounts of residual initiator, thus requiring an addi-
tional post-curing process, that is, UV curing.

Currently, due to the large variety of 3D printers, post-processing
units, and resin systems, there is a wide range of operating procedures
with respect to processing and post-processing of materials for dental

applications. Among the various post-processing steps, asset of

materials. Alternative printing and post-processing methods have not yet been evalu-
ated and should be avoided until further literature is available.

Clinical significance: 3D printed resins for provisional restorations have become pop-
ular with the emergence of new technologies. In this study, we evaluated three differ-
ent commercially available resins for provisional restorations and one new
experimental resin. The results from this study indicate that commercially available
resins could be used in clinical settings under certain conditions and limited periods
of time. Following the manufacturers protocols is of paramount importance to not

compromise these properties.

3D print, 3D printed resins, additive manufacturing, finite element analysis, monomers, Weibull

process parameters is modified according to user preferences, such as
washing time, UV exposure time, and temperature. Still, most manu-
facturers do not recommend altering their specific guidelines,® which
can be a problem for users who acquire 3D printers from different
printer manufacturers, while using resins manufactured by yet another
company.

Literature reported that some materials with incomplete polymer-
ization can release/diffuse chemical components such as photo-
initiators and monomers to the adjacent tissues, affecting them and
inducing local and systemic effects, such as cell death via apoptosis
and DNA damage.” 2 The biological risk can be evaluated by per-
forming cell culture and cytotoxicity testing, in vitro.'® Primary and
permanent cell lines may be used to execute a variety of in vitro test-
ing; for example, human fibroblasts derived from periodontal ligament
are reproducible when using cells between passages 4-8, and its
behavior when in contact with different materials is paramount. Fur-
thermore, it has been established that defective PDL cells may
increase the susceptibility to periodontal disease.*>*

Mechanical properties of these materials can be affected by a
range of factors, which can be associated with (1) the printing tech-
nique itself and (2) the materials' composition. Because of the
materials' manufacturing process, the printed objects are consid-
ered anisotropic.?® The fact that these materials are polymerized
with light, their exposition time and post-curing steps are of vital
importance.

In dentistry, the performance of provisional restorations is para-
mount since they will dictate parameters to be followed and modified
according to the patient's needs.'® Materials commonly used to fabri-
cate these restorations are composite based resins, which have been
widely used and available for clinicians for several years; they present
some disadvantages associated with their low mechanical properties,
such as low-fracture toughness which can lead to critical failure and

decreased longevity.17:18

3DP technology has been garnered
increased popularity among technicians and clinicians due to the wide
variety of materials and respective applications, along with ease of
use. However, there currently is a lack of evidence with respect to

clinical performance, as well as mechanical and biological properties
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of 3D materials intended for provisional and/or permanent
restorations.

Therefore, due to the paucity of evidence and well-conducted
studies regarding mechanical and biological properties of 3D printed
polymers for oral restorations the present in vitro study aimed to eval-
uate the mechanical and biological behavior of different 3D printed
polymers for provisional, and potentially, for definitive restorations.
The following hypotheses were investigated: (1) there were differ-
ences in mechanical properties (biaxial flexural strength and survival
probability) among the evaluated resin materials, and (2) there were
differences in biological properties (cell viability, proliferation, and
cytotoxicity) among different resin materials.

2 | MATERIALS AND METHODS

2.1 | Specimen obtention

Specimens were designed using digital software Shapr3D (Budapest,
Hungary) and exported as .stl in high quality. The printing parameters
and post-processing steps for each material were strictly followed by the
manufacturers who provided the samples. Table 1 presents the composi-

tion of each material. Workflow for each material is detailed below:

211 | Formlabs (FL)

Temporary Crown and Bridge (A3, Formlabs) resin was used to fabri-
cate the specimens, which were loaded into the PreForm software
(Formlabs, MA, USA) and the parameters were set to 50-micron layer
thickness using the specific exposure time provided by the software
for this specific resin. Prints of the specimens were obtained using
Formlabs 2 (Formlabs, MA, USA), an automated printer, which auto-
matically set the resin temperature at 35°C. After printing, specimens
subjected to the FormWash (Formlabs, MA, USA) for 3 min, an auto-
mated washing machine (using 99% isopropyl alcohol [IPA]), used to

remove uncured resin from the specimens.

TABLE 1 Material composition
information given by the manufacturer

Material

Crowntec (CT)

Permanent bridge (PB)
Formlabs (FL)

Nextdent (ND)

Post-curing was done with FormCure (Formlabs, MA, USA). The
curing time was set to 60°C for 20 min as recommended by the

manufacturer.

212 | Crowntec(CT)

The printing process was performed by the manufacturer as follows;
AG Saremco print-Crowntec (A3, Saremco, Dental AG, Switzerland)
resin was used to fabricate the specimens, which were loaded into
Asiga's Composer software (Asiga, Sydney, Australia). Layers of
50-micron thickness were set, as parameters and exposure time was
automatically selected depending on the chosen resin.

After printing, cleaning was done by removing excess material
with an alcohol-soaked (96%) cloth or brush. All-around cleaning was
performed on all specimens until the surface had a matte appearance
(specimens are not soaked in alcohol). After cleaning, specimens were
air dried with an air syringe. The final curing process was performed
with a UV-light box with a wavelength of 320-500 nm, Signum HiLite
Power (Kulzer, Hanau, Germany) twice, for 180 s each, turning the

specimens between exposure cycles.

2.1.3 | Permanent bridge resin (PB)

Printing process was performed by the manufacturer using PB mate-
rial (not commercially available, Saremco, Dental AG, Rebstein,
Switzerland) resin. The same printing and post-curing process of the

CT group were used, according to the manufacturer's guidelines.

214 | Nextdent (ND)

The printing process was performed by the manufacturer, C&B MFH
(N1, Nextdent, 3D Systems, Rock Hill, SC, USA) was shaken by hand
for 5 min and then mixed using the LC-3DMixer (Nextdent,
3DSystems, Rock Hill, SC, USA) for 2.5 h. Printing parameters were

Substance name Concentration (%)

BisEMA 50 - <70
Trimethylbenzonyldiphenylphosphine oxide 01-<1
No component disclosure -
Esterification products of 4,4'- > =50 - <75
isopropylidenediphenol, ethoxylated and
2-methylprop-2-enoic acid
diphenyl(2,4,6-trimethylbenzoyl)phosphine <2.50
oxide
Methacrylic oligomer >60
Glycol methacrylate 15-25

Phosphine oxide <2.50
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set using 3D Sprint software (3DSystems, Rock Hill, SC, USA),
50 microns was set as layer thickness, all other parameters were set
automatically by the software upon resin selection. Specimens were
printed using Nextdent 5100 (Nextdent, 3Dsystems, Rock Hill, SC,
USA). After printing was complete, specimens were cleaned in 91%
IPA in an ultrasonic unit for 5 min, carefully dried, and placed into a
post-curing unit (LC-3DPrint box, Nextdent, 3D Systems, Rock Hill,
SC, USA) for 30 min.

2.2 | Biaxial flexural strength

Disc-shaped specimens (n = 30 per group) with 1.2 mm thickness and
14 mm diameter were tested to determine the biaxial flexural strength
following ISO 6872:2015 guidelines. The test was performed using a
piston-on-three-balls device attached to a universal testing machine
(Instron 5566 universal test system, Instron, Norwood, MA, USA)
equipped with a £1000 N load cell. The test was performed at a con-
stant rate of 1 mm/min until failure. The maximum load at failure (N),
was recorded for each specimen and the following equations were
used to calculate biaxial flexural strength (MPa) as per ISO 6872:2015

guidelines:

~0.2387P(X~Y)
c=——F———=
b2

X=(1+v)In <E>2+ <¥> <%>2
Y=(1+v) <1+In mz> +(1—v)(%>2,

where, ¢ = biaxial flexural strength (MPa), P = load at fracture (N),

)

b = disc specimen thickness at fracture site, v = Poisson ratio,
r, =radius of support circle, r, =radius of loaded area, and r3 =radius
of the sample. Additionally, Young's modulus was quantified within
the linear domain of the stress-strain curve through mechanical test-
ing and quantified using the slope of the line generated within the
elastic region (Hooke's Law).

The fractured specimens were examined through Scanning Elec-
tron Microscopy (TM400 Plus, Hitachi, Tokyo, Japan) to assess
fractographic marks evidence of the fracture origin and direction of
propagation. Micrographs of all experimental groups were obtained at
5 kV, with x40 and x 100 magnifications using SE detector.

2.3 | Finite element analysis

3D finite element analysis (FEA) was conducted, reproducing the same
parameters of the biaxial flexural strength testing. SolidWorks 2013
software (Solidworks Corp., Waltham, MA, USA) was used to con-
struct a solid disc (@14 x 1.2 mm?-thick) centrally positioned onto a

3 ball-shaped support. A virtual indenter tip was centrally positioned

onto the disc. The model was exported to the Ansys Workbench for
numerical simulation.

A 3D mesh was created using tetrahedral-quadratic elements;
the maximum size of each element (0.50 mm) was set after a 5% of
convergence analysis. The support balls were fully constrained
(X, Y, and Z) axis.

The material properties measured at the previous biaxial testing
(Young modulus), were used for mechanical characterization. A single
FE model is representative of the entire group for most applications.
However, considering geometric dimensioning and tolerancing
(GDNT) to be one of the limitations of 3DP, it was essential that the
FE models be adjusted accordingly. In order to increase accuracy of
FEA data, geometry (thickness and diameter) of each of the discs that
were utilized for mechanical analysis (biaxial flexural testing) were
recorded and were used to generate a custom FE model of that
particular disc.

A total of n = 30 models per group were created using mechani-
cal properties of the specific materials. The models were considered
isotropic, homogeneous, and nonlinearly elastic. A vertical displace-
ment was applied onto the tip toward the disc; loading parameters
were set after the pilot test. Data were quantitatively evaluated fol-
lowing the tensile and compression stress and qualitatively evaluated
according to the peak-stress distribution. The FEA data was compared
to the mechanical testing results.

24 | Scanning electron microscopy

High-resolution scanning electron microscopy (SEM) (Hitachi TM400
Scanning Electron Microscopy (Hitachi, Tokyo, Japan) was performed
on the specimens (n = 3 per group) for surface characterization to
assess for topographical information. The SEM micrograph was per-
formed at 15 kV, using SE mode.

2.5 | Assessment of cell viability, proliferation, and
cytotoxicity

Thirty disc-shaped specimens (1.2 mm thickness and 6 mm diameter)
per group were tested to determine the cell viability and proliferation.
After fabrication and sterilization of the materials, the desired number
of cells, human periodontal ligament fibroblasts (hPDLF) were seeded
(5 x 10*/sample) into each well containing one of the materials
(n = 6/group), plus one control group without material, maintained in
an incubator at 37°C with 5% CO, levels, and finally assessed for cell
viability and proliferation at 24, 48, 72 h, 5 days, and 7 days. Cell via-
bility and proliferation were evaluated using the resazurin-based Pres-
toBlue assay (#A13262, Invitrogen, CA, USA). Metabolically active
cells reduce the PrestoBlue reagent, therefore the colorimetric
changes in the media is used to quantify the viability of cells in cul-
ture.? Fresh media containing PrestoBlue reagent as 1:10 dilution
was added to each of the wells and plates were incubated for 30 min.

Subsequently, 100 pl of media was removed from each well and
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placed into a 96-well plate; absorbance measurements were per-
formed at 570 nm excitation and 600 nm emission wavelengths.

Extracellular lactate dehydrogenase (LDH) in the media can be
quantified in which LDH catalyzes the conversion of lactate to pyru-
vate via Nicotinamide adenine dinucleotide (NAD+) reduction to
NADH. Diaphorase then uses NADH to reduce a tetrazolium salt to a
red formazan product that can be measured at 490 nm.

The level of formazan formation is directly proportional to the
amount of LDH released into the medium. After treatment of cells
with extracts, the 50 pl medium was separated from each group into a
new 96-well plate. The LDH reaction was performed using a Pierce
LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific, NY, USA) fol-
lowing the manufacturer's instructions. The percentage of cytotoxicity

was obtained using the following formula:

%cytotoxicity =
Compound treated LDH activity — Spontaneous LDH activity

100,
Maximum LDH activity — Spontaneous LDH activity X

where the compound treated LDH activity correspond to the cells cul-
tured together with the different materials, the spontaneous LDH activ-
ity correspond to cells cultured with ultrapure water, and the maximum

LDH activity correspond to cells cultures without any extra compounds.

2.6 | Immunohistochemistry
After 7 days of PrestoBlue analysis, cells were washed with 250 ul of
PBS and fixed with 4% paraformaldehyde solution (PFA) overnight at
4°C. After this, three consecutive washes with PBS were performed.
Blocking buffer containing 3% BSA, 10% FBS, and 0.2% Triton-X in
PBS was added to each sample and kept for 60 min after which was
washed with PBS and then incubated with blocking buffer (3% BSA,
10% FBS without Triton-X) containing the primary antibody Phalloidin
(Thermo Fisher Scientific, MS, USA) in 1:400 dilution overnight at
4°C. Samples were washed in PBS 3x for 5 min and secondary anti-
body solution Hoechst 33258 (Thermo Fisher Scientific) in 1:400 dilu-
tion was added to the plates, which was covered for 1 h and kept at
room temperature. After this time, another wash with PBS was done
and samples were kept in PBS.

Images were taken with an Inverted Laboratory Microscope (Leica
DM IL LED, Leica, Germany) and channels were merged using ImageJ.

2.7 | Statistical analysis

Data from FEA, cell viability, proliferation and cytotoxicity were
tabulated and subjected to descriptive analysis, normality, and homo-
scedasticity test. Data were statistically evaluated through repeated-
measures analysis of variance following post-hoc comparisons by
Tukey test, with significance level set at p < 0.05. Data are presented
as a function of estimated mean values. All analyses were performed
using SPSS (IBM SPSS v23, IBM Corp., Armonk, NY).

Biaxial flexural strength data were analyzed using Weibull
2-parameter distribution (Synthesis 9, Weibull ++-9, Reliasoft, Tucson,
AZ, USA). Weibull modulus (m) and characteristic stress (MPa) were
calculated for all experimental materials and a contour plot was
graphed to determine differences between groups (2-sided 95% confi-
dence interval). Additionally, the probability of survival (reliability) as
function of characteristic stress was calculated to stresses of 50, 150
and 250 MPa to evaluate their potential clinical performance for pro-

visional restorations.

3 | RESULTS
3.1 | Biaxial flexural strength and probability of
survival predictions

Table 2 summarizes the results of the mechanical properties of all
tested groups, where Weibull parameters are presented as a function
of mean and 95% CI. The calculated Weibull modulus and characteris-
tic stress are depicted in the contour plot presented in Figure 1, where
significant differences are detected by the absence of overlap
between the contour plots. Regarding characteristic stress, which rep-
resents the stress at a failure probability of 62.3%, significantly higher
values were observed for PB (249.09 MPa) when compared to CT
(208.03 MPa), FL (187.73 MPa), and ND (153.51 MPa), with no differ-
ences between CT and FL.

Regarding Weibull modulus (Figure 2), used as a measure to
expresses the structural reliability of the material, significantly lower
values were observed for FL when compared to CT, PB, and ND, with
no statistical differences found between the three groups. Young's
modulus was found to be higher for FL (4.671 MPa) when compared
to the other materials. CT and PB presented intermediate values (4.04
and 4.001 MPa, respectively) with no significant difference between
them, and ND presented the lowest Young's modulus (2.878 MPa)
among all tested materials.

The reliability at 50, 150, 250 MPa with the corresponding 95%
confidence intervals are presented in Table 3. Analyses of reliability at
50 MPa vyielded similar probability of survival for all groups. At
150 MPa, PB presented higher reliability (98%) regarding CT (93%), FL
(61%), and ND (43%). Finally, at 250 MPa only PB presented probabil-
ity of survival above 10% (35%), being significantly superior to the
other experimental groups.

All 3D printed polymers presented similar fracture patterns after
biaxial flexural strength testing. SEM images evidenced fractographic
features such as compression curl (CC), opposite to the surface sub-
jected to tensile stress, and Hackle lines (h), which were used to sug-

gest the origin and direction of the crack propagation (Figure 3).

3.2 | Finite element analysis

Data measurements from FEA are depicted in Table 4. The 3D-printed
resin material with the maximum principal (tensile stress) was the ND
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TABLE 2 Weibull modulus (m) and characteristic stress (n) with their upper and lower 95% confidence bounds for the different materials

Upper bound
Characteristic stress (MPa)
Lower bound

Upper bound

Weibull modulus (m)

Lower bound

m)

Weibull Modulus (

Probability of Failure (%)

Crowntec (CT)
217.83
208.03
198.69
10.87
8.2
6.19

Contour Plot

w

Characteristic Stress (MPa)

Use Level Probability Weibull

Characteristic Stress (MPa)

Permanent bridge (PB)
259.75
249.09
238.87
11.89
9.02
6.84
Contour
Cowntec\Gowrtec
Weibull2P
MLE RM MED M
F=30/5=0
— Q5%
EvenSronger\EvenSonger

1000

Weibull2P
MLE RM MBED "M

Formabs\Formabs
Weibull2P
MLE RM MED AM
F=2/5=0

95%

NextDe rt W extDent
Weibull2P
MLE RM MBD ™1

=0
95%

Proba hility-Weibul
CB@%%2-Sded [TR

Cowntec\Gowrtec
Weibull2P
MLE RM MED AM

® Daa Poirts
Probabiity Line

EvenSonger\EvenSorger
Weibull2P
MLE RM MED M
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Fornfabs\Forniabs
Weitull2P
MLE RM MED M

® Daa Poirts
. PobabiityLine

Nex tDe rt W et Dent
Weitull2P
MLE RM MED M

© Daa Poirts

FormLabs (FL) NextDent (ND)
211.75 161.73
187.73 153.51
166.43 145.72
4.28 9.64
3.18 7.23
2.37 542
FIGURE 1 Contour plot showing “m”

as an indicator of reliability (Weibull
modulus) versus characteristic stress (n),
which indicates the stress in which 63.2%
of the specimens of each group may fail.
The overlap between the groups indicate
they are homogeneous

FIGURE 2 Use level probability
Weibull, cumulative failure probability
plots according to flexural strength (MPa)
of 3D-printed resins
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TABLE 3 Reliability of different materials under compressive
forces as a percentage (%) of the total. Upper and lower bounds are
also reported

50 MPa 150 MPa 250 MPa
Crowntec (CT) 100 (99-100) 93 (84-97) 1(0-5)
Permanent 100 (100-100) 98 (95-99) 35 (22-49)
bridge (PB)
Formlabs (FL) 98 (94-99) 61 (44-74) 8(2-18)
NextDent (ND) 99 (99-100) 43 (28-56) 0

FIGURE 3 Fractography analysis.

(A) Crowntec, (B) Permanent bridge,

(C) FormLabs, (D) NextDent. CC,
compression curve; h, Hackle area. *,
suggested fracture origin. All figures with
the number 1 were taken at 50x and the
figures with number 2 were taken at 150x

~
Ve

NYU
M4000 0009 5kV 9.9mm L-X:

NYU

with 71.65 MPa followed by CT and FL both with 57.37 MPa and last
PB with 57.34 MPa. For the minimum principal (compression stress),
CT, PB, and FL presented statistically homogenous values, with
103.27 MPa for CT and FL, PB showed values of 103.37 MPa. ND
showed values of 93.13 MPa being the lowest one for this parameter.
The maximum flexural load was 236.1 MPa for PB material. This value
was the greatest of all, with significant differences from all other
materials. CT had 196.1 MPa and also had significant differences with
all other materials. The third was FL with 167.4 MPa and ND with
143.6, these two had no significant differences in these values.

2.00mm

2.00mm

TM4000 0017 5kV 8.9mm L-X40 SE M 02/06/2021 11:27 2.00mm

NYU

M4000 0007 5kV 10.4mm L-X40 SE M 02/06/2021 10:42 2.00mm

NYU
TM4000 0008 5kV 10.4mm L-X100 SE M 02/06/2021 10:44 1.00mm
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TABLE 4 Tensile, compression, shear stress, flexural load, and young's modulus (MPa) of the discs according to the properties of the different

materials
Maximum principal
(tensile) (MPa)
Crowntec (CT) 57.37
Permanent bridge (PB) 57.34
Formlabs (FL) 57.37
NextDent (ND) 71.65
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(A1-B1): Isometric view of the disc's top surface under tensile (A1) and compression stress (B1). (A2-B2): Isometric view of the
disc's bottom surface under tensile (A2) and compression stress (B2)
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Isometric view of the disc's top surface under tensile and compression

stress is illustrated in Figure 4.

3.3 | Cell viability, proliferation, and cytotoxicity

Images shown in Figures 5 and 6 correspond to cell viability and prolifera-
tion with immunohistochemistry. There was no significant difference in cell
proliferation of hPDLF cells in contact with different 3D-printed materials.

(A1) (A2)

FIGURE 5

A repeated-measures ANOVA determined that mean proliferation percent-
age does not differ significantly across the time points (F = 2.982
p = 0.060). When compared time and groups, there was no significant dif-
ference between groups (p = 0.053). When evaluating the mean of the
materials through all the evaluation time the only one with a significant dif-
ference was CT with ND after the Tukey post hoc test (p = 0.028).

During the first evaluation time (24 h), ND showed a higher cell
proliferation percentage when compared with a control, achieving
86.1%. CT, PB, and FL had 65.3, 64.3, and 63.2 respectively

Immunohistochemistry were hPDLF cells were stained with Alexa Fluor 488 and Hoechst staining. (A) Crowntec, (B) Permanent

Bridge, (C) FormLabs, (D) NextDent. Figures with number 1 represent Alexa Fluor 488 staining, figure with number 2 represent Hoescht staining,
and figures with number 3 represent the merged image. hPDLF, human periodontal ligament fibroblasts
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FIGURE 6 Graphic representation of cell viability and proliferation and cytotoxicity with LDH

(Figure 6A). At the terminal evaluation, PB had the best percentage
with 71.7%, followed ND with 71.4%. Lastly, we found FL and CT
with 66.9% and 61.6% respectively.

Evaluation of cytotoxicity through the LDH assay, yielded no
cytotoxicity of the materials (Figure 6B). The highest values for cyto-
toxicity were recorded for the ND followed by FL at 13.7% and 3.8%,
respectively. Both CT and PB showed cytotoxicity values below 2%
(1.4% and 1.2% respectively).

4 | DISCUSSION

3D printed resins have gained popularity among clinicians due to
some advantages such as reduce of designing times, expedite fabrica-
tion, and improved performance. Similar to what happens to resin
composites, there are a variety of factors that can influence the final
materials properties such as particle size, shape, monomer type, flow-
ability, and viscosity, also, some inherent characteristics of these types
of materials and equipment used for its polymerization such as the

polymerization time, light source used, and its post processing steps.

Numerous clinical techniques have been published elsewhere,
however due to the increased popularity and variety of new materials
intended for oral applications, the lack of scientific literature related
to the materials inherent properties and appropriate workflows raises
a concern about the survival and the expected mechanical complica-
tions. The results from this report provide an insight onto the mechan-
ical and biological properties of different 3D printed materials
intended for provisional restorations following the manufacturers
acquisition protocol.

Fractographic analysis of the samples submitted to the single
load to failure test confirmed the absence of critical defects in the
corner area of the fracture surface. This finding along with
fractographic features suggests that the maximum tensile stresses
were concentrated at the central area of the discs, where the fail-
ure initiated. Such concentration of stress allows an accurate mea-
surement of the load necessary to fracture the specimens and has
been considered a reliable method to assess the mechanical prop-
erties of restorative materials. Furthermore, the analyses of the
data through Weibull statistics allowed for the calculation of the

Weibull modulus, that represents the structural reliability of the
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material, and the characteristic stress, that indicates the stress at
which 63.2% of the specimens would fail. Among all the materials
tested in the present study, PB presented the higher mechanical
performance. This was observed not only in terms of characteristic
stress, but also in the probability of survival analyzed at 150 and
250 MPa, where PB presented higher reliability when compared to
the other groups.

At the lower stress (50 MPa), which is considered a minimum
flexural strength requirement for polymer-based crowns, all the
materials tested demonstrated high reliability. However, it is note-
worthy to mention that the minimum requirement of 50 MPa
established at the ISO 10477 was based on flexural strength test on
a three-point bending fixture. While a lack of consensus has been
observed in the mechanical evaluation of resin composite materials
in dentistry, it has also been suggested that biaxial flexure testing
methods provide more reliable results than three-point flexure.
Nevertheless, considering the differences in three-point bending
and biaxial flexural strength tests, comparisons among studies
should be made with caution.

The FEA showed that, tensile stress peak was located at the
opposite surface of the loading tip (compression peak) regardless of
material property which corroborates with fractography findings. One
parameter that has been shown to affect the mechanical properties of
3D printed materials is the printing orientation which also affects
printing accuracy, surface characteristics, among others, meaning that
polymerization of the monomers also varies with the object orienta-
tion, due to the fact that light must penetrate a specific depth into the
monomer, and that adhesion between successive layers is weaker
than the strength within the same layer.!

When evaluating the biological properties, among different mate-
rials, ND and PB yielded the most favorable results in terms of cell via-
bility and proliferation. Different materials were subjected to different
printing and post-processing protocols, following the manufacturer's
guidelines. This is important, as different resins made for 3DP have
specific components, such as monomer composition, photoinitiatiors
and pigments.

In terms of cell proliferation, there was a higher proliferation of
hPDLF cells in the ND material after 24 h, which decreased after
48 h. This change in proliferation explains the higher degrees of LDH
present. It should be noted that the present study did not evaluate
LDH for longer time points, although it is expected to observe a
decrease in this value and a tendency to achieve similar results to the
other materials in line to what we observed in the proliferation
analysis.

There is evidence supporting the correlation between degree of
conversion, mechanical performance, and biological effects of differ-
ent dental resin composites,” which suggests that residual mono-
mers have the capacity to induce cytotoxicity and cause genotoxic
effects.’® The present results did not indicate cytotoxic effects
(LDH assay) nor affected cell proliferation significantly, which high-
light the importance of following the manufacturer's guidelines when
acquiring materials intended for intraoral use, diminishing possible

side effects due to, for example, incomplete resin polymerization

and presence of residual monomers. It is unclear which parameters
each manufacturer uses for their specific resins since the profiles
are preloaded in their software. Further studies comparing alterna-
tive printing protocols should be carried out to validate different
printers and resin polymerization parameters.

In the present study, CT and PB groups achieved Characteristic
Stress results similar to some CAD/CAM, bulk/fill, and conventional
resin materials, which might indicate its potential use as long-term
restorative materials. However, further in vitro studies evaluating the
mechanical performance of these materials in anatomical samples sub-
mitted to cyclic loading, as well as controlled clinical trials are
warranted.

It is important to note that manufacturers do not provide the spe-
cific chemical composition of their resin, that is, the organic composi-
tion, or inorganic fillers (wt%). The only information provided is the
use of monomer-based acrylic esters with Class lla CE certification,
which allows the installation of this material in the body for up to
30 days.® The absence or the use of different filler particles and
amounts, can affect the final properties. This might restrain the use of
their material in 3D printers other than theirs.

Another aspect that this current article did not evaluate is the
fact that different polishing protocols may have a significant effect
on the mechanical and biological properties of these materials. It has
been reported in the literature, especially regarding zirconia, that dif-
ferent type of cellular unions can be formed depending on this
aspect.

Therefore, factors such as resins' composition (monomers, fillers,
pigments, among others), light intensity/exposure, and printing orien-
tation affect the mechanical and biological properties of 3D printed
resins. It is of paramount importance, for both research and evidence-
based dentistry, to follow the manufacturers' guidelines when indicat-
ing these materials to avoid misinterpretation of its inherent

properties.

5 | CONCLUSION

Within the limitations of this study, it was concluded that: (1) There
were differences in BFS and Probability of survival prediction among
the different evaluated resin materials intended for 3DP use, and
(2) There were no differences in cell viability, cell proliferation, and cell
toxicity among different evaluated resin materials.
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