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ARTICLE INFO ABSTRACT
Keywords: Background/purpose: Recently, a group of universal single-shade resin-based composites (RBCs)
Universal single-shade RBCs has been developed to simplify the process of shade selection. Excellent mechanical and physical
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properties are crucial for the ultimate success and clinical longevity of restorations. Therefore,
evaluating the properties of the single-shaded RBCs is imperative. This study aimed to determine
the flexural strength (FS) and degree of conversion (DC) of universal single-shade RBCs.
Materials and methods: In this study, four commercial RBCs were used; three universal single-
shade RBCs; Omnichroma (OC), Charisma® Diamond ONE (CD), and Vittra APS Unique (VU),
and a conventional nanohybrid composite Filtek™ 7250 XT (FT) which was used as a control.
Sixty composite beams and 40 composite discs were used for FS and DC, respectively. A universal
test machine with a three-point bending test was used to measure the FS, whereas the DC was
measured using a Fourier-transform infrared spectrometer (FTIR). Three fractured specimens
from each resin composite group were qualitatively analyzed using scanning electron microscopy.
Results: ANOVA was used to compare the mean values of FS and DC among the four RBCs (OC,
CD, VU, and FT). Highly significant differences were observed in the mean FS and DC values (F =
673.043, p < 0.001 and F (=782.4, p < 0.0001), respectively. The highest FS was observed in the
CD group, followed by FT and VU groups; the lowest value was observed in the OC group. In
addition, a statistically significant difference was identified in DC values. The highest DC value
was observed in VU, followed by OC and CD, and the lowest DC value was observed in FT.
Conclusion: Universal single-shade RBCs demonstrated a good FS, except for OC, which exhibited
a significantly low FS. The DC of the universal single-shade RBCs was higher than that of the
conventional nanohybrid composite restorative material.

1. Introduction

Resin-based composites (RBCs) are frequently used in daily dental practice because of their esthetic appearance and good me-
chanical properties [1]. Advances in restorative dentistry have enabled composites to maintain the functionality and esthetics of
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natural tooth structures [2]. A comprehensive understanding of RBCs’ different characteristics will help with the appropriate selection
of restorative materials and, consequently, optimal clinical outcomes [3]. Flexural strength (FS) is the maximum stress that a material
can withstand before it fails under flexural loading and it is an important property of RBCs specifically when the restorative material is
used in areas subjected to heavy masticatory forces notably in posterior regions [4,5]. One of the most significant and common
techniques for determining the mechanical behavior of dental materials is the three-point bending test [6].

Another crucial feature of resin-based composites (RBCs) is the degree of conversion (DC), which directly impacts their mechanical
and physical attributes, ultimately affecting the longevity of the restoration [7]. Several intrinsic factors, such as the chemical structure
of the dimethacrylate monomer and the concentration of the photoinitiator, as well as extrinsic factors, such as polymerization
conditions, play an important role in determining the final DC [8]. Notably, the FS increases with an increase in DC [9]. Thus, the
higher the conversion of double bonds, the greater the mechanical strength of RBCs [10].

Shade matching of resin composite restorations is challenging and is considered a crucial factor for patient satisfaction with dental
treatments [11,12]. Color matching techniques involving shade selection and multilayer filling approaches require considerable
professional skill and more clinical time to perform [13]. The blending effect is a term that describes the ability of a material to display
a color similar to that of the surrounding tooth structure [14]. Therefore, this characteristic has enabled the innovation of new dental
resin-based composites to facilitate clinical techniques, reduce treatment time, and increase the efficiency of the color selection process
[15]. Recently, a new concept emerged “single shade” where resin-based composites are designed to mimic all shades aesthetically
using just one shade [16,17]. Commercially available universal single-shade RBCs include Omnichroma (OC) (Tokuyama Dental,
Tokyo, Japan) [18], Charisma ® Diamond ONE (CD) (Kulzer GmbH, Hanau, Germany) [19], and Vittra APS Unique (VU) (FGM,
Joinville, SC, Brazil) [20] which have recently been introduced into the market. Several studies have investigated the color matching of
universal single-shade RBCs, they demonstrated acceptable and positive results [21-28].

The ultimate success and clinical longevity of restorations are greatly reliant on the mechanical and physical properties of the
restorative material. Compared to conventional composites, universal single-shade RBCs are relatively new; therefore, there is
insufficient information about their properties. Consequently, further research is required to gain a deeper insight into the properties of
these novel restorative materials, the most significant of which are their DC and FS. Therefore, the purpose of this study was to
determine the FS and DC of universal single-shade RBCs. The null hypotheses were as follows: 1- There would be no statistically
significant difference in the FS between the universal single-shade RBCs and a conventional nanohybrid composite. 2- There would be
no significant difference in the DC between universal single-shade RBCs and a conventional nanohybrid composite. 3- There would be
no significant correlation between FS and DC of the universal single-shade RBCs and a conventional nanohybrid composite.

2. Materials and Methods

Four RBCs available in the market were the main materials chosen for this study (Table 1) [29]. The universal single shade RBCs
were OC (Tokuyama Dental, Tokyo, Japan) [18], CD (Kulzer GmbH, Hanau, Germany) [19], and VU (FGM, Joinville, SC, Brazil) [20]
and the conventional resin composite Filtek ™ Z250 XT (FT) (3 M ESPE, St. Paul, MN, US) [30] was used as a control. A total of 100

specimens were used: 60 beams (n = 15) were used to test the FS, and 40 discs (n = 10) were used to evaluate the DC.

e Sample Size Determination

Table 1
List of resin-based composites (RBCs) used in this study.
Material Composition Filler Type (wt/vol) Lot.no Manufacturer
OMNICHROMA (0OC) [18] Filler: Uniform-sized supra-nano spherical filler (Si02-ZrO2 Supra-Nanofilled. (030E81) Tokuyama Dental, Tokyo,
(One Shade) 260 nm), round-shaped composite filler (containing 260 nm (79 wt%, 68 vol%) Japan

spherical Si02-Zr02).
Base resin: UDMA, TEGDMA

Charisma® Diamond Filler: Barium Aluminium Boro Fluor Silicate Glass (contains Nanohybrid (81 wt (K010022) Kulzer GmbH, Hanau,
ONE (CD) [19] (One approximately 64 % filer by volume, its filler particle sizeis % 64 vol%) Germany
Shade) 5 nm-20 pm).

Base resin: TCD-Urethaneacrylate, Silica, UDMA, TEGDMA.
Titanium Dioxide, Fluorescent Pigments, Metallic oxide
Pigments, Organic Pigments, Aminobenzoic acid-ester, BHT,
Camphorquinone. Bisphenol A (BPA) free products
Vittra APS UNIQUE (VU) Filler: boron-aluminum-silicate glass. Base resin: A mixture Nanohybrid (72-80 (230,921) FGM Joinville, SC Brazil
[20] (One Shade) of methacrylate monomers, a Photoinitiator with an wt %, 52-60 vol%)
advanced polymerization system (APS), co-initiators,
stabilizers, and silane. Bisphenol A (BPA) free products

Filtek™ Z250 XT (FT) Filler: Silica particle 20 nm and Zirconia/Silica particle. Nanohybrid (82 wt (NE58072) 3 M Dental Products ESPE,
[30] (Shade A2) Base resin: BIS-GMA, UDMA, BIS-EMA, TEGDMA and % 68 vol%) St. Paul, Minnesota, United
PEGDMA States

Abbreviations: Bis-GMA = Bisphenol A diglycidyl dimethacrylate; UDMA=Urethane dimethacrylate; TEGDMA = Triethylene glycol dimethacrylate;
Bis-EMA = Bisphenol A ethoxylated dimethacrylate; PEGDMA=Polyethylene glycol dimethacrylate; HEMA, = 2-hydroxyethyl methacrylate. TCD,
tricyclodecane; BHT, butylhydroxytoluene [29].
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The sample size was determined using G Power v3.1.9.4 software (Diisseldorf, Germany).

According to Cohen’s guidelines [31], the required sample size to achieve 85 % power for detecting a medium effect at a signif-
icance criterion of o = 0.05 was N = 60 (15 per group for the FS) and N = 40 (10 per group for the DC) for analysis of variance (ANOVA)
test. Therefore, the sample sizes obtained, 60 for FS and 40 for DC, were adequate to test the study hypotheses.

e Measurement of Flexural Strength

Fifteen specimens of each type of RBC were prepared, totaling 60 beams used to measure the FS using a three-point bending test.
Following the ISO 4049 specifications, a transparent polymer matrix tape was placed on a glass slide, and a stainless-steel split mold
(25 mm x 2 mm x 2 mm) was positioned on it. The resin composite was then inserted into a mold and covered with matrix tape. The
pressure was manually applied to the composites using another glass plate. The specimen was irradiated at a distance of 1 mm from the
top of the RBCs in three overlapping steps of 20 s each using a blue phase light curing unit (LCU) with a tip diameter of 10 mm and an
irradiance of 1200 mW/cm? (Ivoclar Vivadent, Schaan, Liechtenstein, Switzerland). The polymerized specimen was removed from the
mold, all sides were polished using 1200-grit SiC paper. Additionally, the dimensions of the specimens were reevaluated to ensure
compliance with ISO standards. The prepared specimens were stored in distilled water at 37 °C in the dark for 48 h.

The specimens were subjected to a three-point bending test (span length = 20 mm) using a universal testing machine (Instron,
model 5965, Instron Corp., Canton, USA) at a load of 5 kN and a crosshead speed of 1.0 mm/min until the breaking point. The FS was
measured using a computer-controlled universal testing machine and calculated using the following formula [32]:

_ 3LS
"~ 2WH?

Where F is the FS, L is the maximum load, S is the span, and W is the specimen width.
and H = height.

e Scanning Electron Microscopy (SEM) Observation

Following the three-point bending test, three specimens from each RBC group were selected (highest, median, and lowest FS
values). The representative fractured surface of each specimen was sputter-coated with gold (JEOL ION SPUTTER JFC-1100; JEOL,
Tokyo, Japan) for 5 min at a current of 10 mA. Each specimen was scanned using an SEM (JEOL JSM-6360LV; JEOL, Tokyo, Japan) at
an accelerating voltage of 15 kV. Representative photomicrographs for each sample were taken at x 50 to x 2000 magnification [33].

e Measurement of Degree of Conversion

Forty discs (10 mm diameter and 2.0 mm depth) were used to measure the DC. Ten specimens of each RBC were prepared using a
customized split stainless-steel mold for the DC samples. First, the RBCs were inserted into the molds. Next, a clear Mylar strip (Mylar
Uni-strip, Caulk/Dentsply, Milford, Delaware, United States) and a 1-mm thick glass plate were fixed atop every mold in order to
flatten the surface and eliminate extra material extruded.

The mold was positioned on a dark non-reflective surface for bottom measurements both before and after polymerization. The
reflectance of a Fourier-transform infrared (FTIR) spectrometer (Thermo Scientific, NICOLET iS10, US) was implemented to acquire
absorbance and transmission peaks. The uncured composite spectra were recorded as references. The absorbance and transmission
peaks were obtained using the reflectance mode. DC (%) was calculated as the ratio of the absorbance intensities of the aliphatic C=C

peak relative to the internal reference aromatic C—=C peak. For FT, the aliphatic C—=C peak was observed at 1638 cm-1 and the internal
reference aromatic C=C peak was detected at 1608 cm-1. For OC, CD, and VU, the aliphatic C=C peak was observed at 1637 cm-1 and
the internal reference aromatic C—=C peak was noted at 1531 cm-1. The DC was determined using the following equation [34,35]:

Aliphatic peak height P
. Aromatic peak height after polymerziation
DC(%) =100 |1 — —— .
Aliphatic peak height 1o (e polymerziation

Aromatic peak height

e Statistical Analysis

The data were analyzed using IBM SPSS Statistics version 26.0 for Windows (IBM, Inc., Chicago, USA). Descriptive statistics,
including mean and standard deviation (SD), were employed to summarize the quantitative outcome variables. The results were
initially tested for normality using the Shapiro-Wilk test. The assumption of homogeneity of variances was assessed using Levene’s test
for equality of variances. One-way ANOVA was performed to compare the mean values of FS and DC among the study materials. Post
hoc multiple comparison tests were used to compare the mean values of FS and DC in each pair of study materials. A p-value of <.05
was used to report the statistical significance. As the distribution of both variables (FS and DC) departed from normality, as indicated
by the Shapiro-Wilk test (p < .01). A Spearman’s correlation test, a non-parametric method, was utilized to assess the correlation
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between FS and DC for each of the four materials tested.
3. Results

e Flexural Strength

The Welch’s ANOVA was utilized due to the violation of the assumption of homogeneity of variances for the FS values as judged by
Levene’s test for equality of variances (p = .009). Welch’s ANOVA demonstrated a significant difference in FS among the four tested
materials (Welch’s F (3, 29.67) = 673.043, p < 0.001). Games-Howell post hoc analysis revealed that the highest mean FS was
identified in CD (M = 194, SD = 7.82) followed by FT (M = 172, SD = 3.79), VU (M=170, SD = 8.54), and the lowest mean value was
observed in OC (M = 102, SD = 5.45).

Multiple comparisons of the FS values (Table 2) revealed statistically significant mean differences among all the tested RBCs (p <
0.0001), except between VU and FT (p < 0.868).

e SEM Observation

Representative SEM images of the fractured surfaces of each resin composite after the three-point bending test are displayed in
Figures [1 (a-d) and 2 (a-d)]. The features of the fractured composite surfaces were generally similar to those of ceramics (fracture
origin, radial marks, and compression curl). SEM micrographs of OC, CD, VU, and FT exhibited typical macroscopic fracture patterns
such as fracture origin (asterisk), radial marks (dotted arrows), and compression curl (solid white arrows). The SEM images of the OC
displayed a slightly smooth fracture surface with radial marks and a compression curl (Fig. 1 [a and b]). SEM images of CD demon-
strated a rough fracture surface with cracks and cleavage facets, radial marks, and compression curl (Fig. 1 [c and d]). The SEM images
of VU exhibited a rough fracture surface with multiple radial marks, fracture origins, compression curls, and crack lines (Fig. 2 [a and
b]). The SEM images of FT displayed a rough fracture surface with multiple radial marks, crack lines, and a compression curl (Fig. 2 (c
and d]).

e Degree of Conversion

Homogeneity of variances was observed as assessed using Levene’s test for equality of variances (p = 0.827). One-way ANOVA
demonstrated a significant difference in DC among the four tested materials (F (3,36) = 782.4, p < 0.0001). Tukey post hoc analysis
revealed that the highest DC was obtained in VU (M = 69.4, SD = 1.26) followed by OC (M = 59.7, SD = 1.42), CD (M = 53.30, SD =
1.16), and the lowest value was obtained in FT (M = 43.00, SD = 1.15).

Multiple comparisons of the DC values (Table 3) revealed statistically significant mean differences between all the tested RBCs (p <
0.0001).

e Correlation Between FS and DC

Both variables (FS and DC) were not normally distributed, as indicated by the Shapiro-Wilk test (p < .01); therefore, a non-
parametric Spearman’s correlation test was selected.

Multiple Spearman’s correlation tests were performed to determine whether any statistically significant correlation was present
between FS and DC among the tested resin composites. No statistically significant correlation was observed between the FS and DC
among the tested materials. However, a moderately positive correlation was identified in FT, r5 (13) = 0.623, p = .0549 (Fig. 3[A-D]).

Table 2
The flexural strength mean, standard deviation values, and multiple comparisons of mean values across pairs of the tested resin-based composites.
Resin Composite Material (n = 15) Mean and Standard Deviation Mean difference p-value 95 % Confidence Interval
Lower bound Upper bound
OMNICHROMA (0OC) CD 102 + 5.45 —91.98 <0.001 —98.44 —85.53
VU —67.69 <0.001 —74.15 —61.24
FT —69.56 <0.001 —76.02 —63.11
Charisma® Diamond ONE (CD) ocC 194 +7.82 91.98 <0.001 85.53 98.44
44 24.29 <0.001 17.84 30.75
FT 22.42 <0.001 15.96 28.87
Vittra APS UNIQUE (VU) ocC 170 + 8.54 67.69 <0.001 61.24 74.15
CD —24.29 <0.001 -30.75 —17.84
FT -1.87 0.868 —8.33 4.58
Filtek™ Z250 XT (FT) ocC 172 £ 3.79 69.56 <0.001 63.11 76.02
CD —22.42 <0.001 —28.88 —15.96
VU 1.87 0.868 —4.58 8.33
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Fig. 1. Scanning electron microscopy (SEM) micrographs of the fractured surfaces. (a) SEM image of Omnichroma displays fracture origin
(asterisk), radial marks (dotted arrows), and compression curl (solid white arrows). (b) SEM images at a high magnification demonstrate a slightly
smooth fracture surface with multiple radial marks. (c) SEM image of Charisma® Diamond ONE displays fracture origin (asterisk), radial marks
(dotted arrows), and compression curl (solid white arrows). (d) SEM images at high magnification exhibit a rough fracture surface with cracks and
cleavage facets (solid black arrows).

4. Discussion

This in vitro study determined the FS and DC of three universal single-shade RBCs. OC (Tokuyama Dental) is the first supra-nano-
filled single-shade RBC with novel technology and contains no pigments. The optical features of OC depend on structural color, a
“smart chromatic technology” wherein the RBC precisely reflects a particular wavelength within the tooth color space in response to
light waves of a given frequency [21]. Also, CD (Kulzer) is a nanohybrid single-shade universal RBC with the concept of “adaptive light
matching” which involves absorbing wavelengths reflected from the surrounding tooth shade in order to create the restoration shade
[25]. In addition, VU (FGM) is another nanohybrid single-shade RBC featuring an exclusive Advanced Polymerization System (APS)
technology. This technology incorporates a blending effect that mirrors the shade of the tooth substrate during polymerization. Ac-
cording to the manufacturer, APS technology enhances the curing effectiveness of the LCU by utilizing a range of photoinitiators that
interact synergistically. Consequently, APS facilitates strong polymerization, leading to high conversion rates and improved me-
chanical properties [36].

FS indicates a material’s capability to withstand fracture under stress. The results of FS testing help ascertain the suitability and
longevity of the material for application [4]. The simplicity of sample preparation and testing is an advantage of the flexural test. The
fact that the results of this testing method are sensitive to the specimen, loading geometry, and strain rate all are drawbacks of this test.
The flexural test resulted in compressive stress on the force application side and tensile stress on the opposite side of the material. This
created an area of shear along the midline. This complex stress distribution is similar to that observed in clinical conditions. Various
methods, such as uniaxial and biaxial flexural tests, can be used to test the FS of dental materials. Uniaxial flexure tests were conducted
in the form of three- and four-point bends [37]. Generally, the literature suggests that the strength may be higher when tested in a
three-point as opposed to a four-point bending test [38]. Other than that, the two tests could be carried out in the same way and on
specimens with identical dimensions [39]. The biaxial flexure test is typically used for brittle materials, such as ceramics, and has only
infrequently been used for dental composites [40]. Therefore, the three-point bending test is one of the most important and widely used
methods for characterizing the mechanical behavior of RBCs [6].

The FS of resin-based composite materials must be at least 80 MPa, according to the ISO standards [32,41]. Based on the results of
this study, the FS values were higher than 80 MPa for all tested materials, and significant differences in FS were identified among the
four tested RBC materials. Thus, the first null hypothesis was rejected. The highest FS was observed in CD, which is likely due to the
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Fig. 2. Scanning electron microscopy (SEM) micrographs of the fractured surfaces. (a) SEM image of Vittra APS Unique displays fracture
origin (asterisk), radial marks (dotted arrows), compression curl (solid white arrows), and crack line (solid black arrows). (b) SEM image at high
magnification exhibits a rough fracture surface. (c) SEM image of Filtek™ Z250 XT demonstrates a void (asterisk), compression curl (solid white
arrows), and crack line (solid black arrows) (X40). (d) SEM image at high magnification displays a slightly rough fracture surface with multiple
radial marks.

tricyclodecane-urethane-based matrix. This unique matrix forms a robust three-dimensional network, contributing to high strength
and favorable mechanical properties [42-44]. OC presented significantly lower FS values than those of the other tested materials,
despite having a high filler content. This could be due to the composition of the OC, which is known to consist of uniformly sized
spherical fillers with constant interparticle spacing. Therefore, crack propagation in OC tends to be easy, leading to low fracture
resistance and low FS [45]. VU and FT were not significantly different in FS, which could be a result of the filler size or matrix
composition, which was not disclosed by the manufacturer. The findings of this study are consistent with those of previous studies that
investigated the FS of universal single-shade RBCs [45-47]. Consequently, CD, VU, and OC achieved the ISO standards requirements
for dental resin-based composite and demonstrated FS values comparable to those of conventional nanohybrid composites.

Polymers may exhibit brittle behavior that is not greatly affected by the strain rate. Flexural testing demonstrated the polymers’
susceptibility to brittle fracture and cracking. This susceptibility could be attributed to any local inhomogeneity in the specimen that
causes local tensile stress, which can initiate brittle failure [48]. Fractography enables precise examination of the microscopic char-
acteristics of fractured surfaces, indicating the precise direction of the fracture origin site. In the current study, the microscopic surface
and subsurface fracture characteristics that pinpoint the location of the crack origin and propagation direction inside each composite
resin material were detailed employing qualitative fractography [49]. The investigated composite resin materials exhibited several
composite resin fracture pattern characteristics, including fracture origins, radial lines, and compression curls. When the specimens
were loaded for flexural testing, a crack was formed and propagated perpendicular to the tensile surface, indicating the origin of the
crack. Radial marks are lines on the fracture surface formed by the junction of brittle fractures that propagate at different levels and
radiate outward from their origins. As the crack progressed closer to the compression side of the sample, it slowed down forming a
compression curl that indicated the fracture’s termination at the compression side of the beam. The presence of compression curl is a
significant characteristic as it shows that the sample will bend when loaded. The fracture origin is frequently located on the opposite
side of the compression curl [50-52].

The DC is the percentage of polymerizable double bonds converted to single bonds and is considered a critical factor for the success
of RBCs [53]. The ultimate degree of conversion (DC) in present-day dental composites typically falls within the range of 50 %-80 %,
indicating that a notable proportion of double bonds remain [7]. A low polymer conversion rate has a significant effect on the RBCs’
properties resulting in reduced mechanical properties, poor color stability, and biocompatibility [8]. Various methods are available for
measuring the DC of resin-based composites, including the halogenation of residual carbon double bonds, differential scanning
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Fig. 3. Scatter plots of Spearman’s correlations between flexural strength and degree of conversion for each tested resin composite material.

Table 3
The degree of conversion mean and standard deviation values and multiple comparisons of mean values across pairs of the tested resin-based
composites.

Resin Composite Material (n = 10) Mean and Standard Deviation Mean difference p-value 95 % Confidence Interval
Lower bound Upper bound
OMNICHROMA (0C) CD 59.7 + 1.42 6.4 <0.001 4.88 7.91
VU -9.7 <0.001 -11.21 -8.18
FT 16.7 <0.001 15.18 18.21
Charisma® Diamond ONE (CD) oC 53.3 +£1.16 —6.4 <0.001 —-7.91 —4.88
VU —-16.1 <0.001 -17.61 —14.58
FT 10.3 <0.001 8.78 11.81
Vittra APS UNIQUE (VU) ocC 69.4 + 1.26 9.7 <0.001 8.18 11.21
CD 16.1 <0.001 14.58 17.61
FT 26.4 <0.001 24.88 27.91
Filtek™ Z250 XT (FT) ocC 43.0 £1.15 -16.7 <0.001 —18.21 —15.18
CD -10.3 <0.001 -11.81 —8.78
VU —26.4 <0.001 —27.91 —24.88
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calorimetry, differential thermal analysis, and infrared spectroscopy, which is the most commonly used method, and more specifically,
FTIR spectroscopy [54,55]. Moreover, indirect methods such as surface micro-hardness are also available for the analysis of DC
[56-58]. FTIR spectrometer is a non-destructive test with a wide range of applications and offers several advantages such as high scan
speed, high resolution, and high sensitivity [54,55].

The materials tested in this study demonstrated significant differences among the four tested RBC materials; hence, the second null
hypothesis was rejected. These findings are consistent with those of a previous study that investigated the DC of universal single-shade
RBCs [46]. The highest DC was obtained with VU, which was probably due to the combination of different photoinitiators that resulted
in an advantageous polymerization system which led to the high performance of the polymeric matrix formation and consequently
resulted in the highest DC value [36,59].

Generally, the universal single-shade composites exhibited higher DC than that displayed by the conventional RBC, which could be
due to the matrix structure of FT containing bisphenol A diglycidyl dimethacrylate, a monomer with low mobility and reactivity, which
may have caused the low conversion rates [60,61]. On the other hand, urethane dimethacrylate (UDMA) and triethylene glycol
dimethacrylate (TEGDMA) monomers were included in the matrix structure of both VU and OC; CD monomer comprises UDMA,
TEGDMA, and a special low shrinkage monomer TCDI-HEA, which promotes the reactivity of urethane groups [62]. This may have
increased polymer crosslinking, and therefore, increased the DC values [63]. Interestingly, VU and FT demonstrated vastly different DC
values, but their FSs were comparable. FT had a high filler content, which may have improved the FS and compensated for the superior
DC of VU.

The concentration and type of photoinitiator can affect DC and the polymerization of RBCs. Evidence exists that increased con-
centrations of photoinitiators improve the DC and mechanical properties of the RBCs [7,64,65]. Unfortunately, no benefits are
observed above a certain threshold, which may affect esthetics owing to the yellow color of camphorquinone (CQ) [66,67]. Although
yellowing might be reduced during the photoactivation process, some photoinitiators may remain unreacted owing to insufficient
irradiation [68]. Moreover, the existence of unconverted carbon double bonds can render the material more prone to degradation,
potentially resulting in color instability and the release of substances that could be toxic [69]. Therefore, adequate photoactivation is
required for resin composites to achieve the desired esthetic, biological, and mechanical properties [57,58].

The most commonly used photoinitiator is CQ, which is associated with tertiary amine [70]. CQ is a solid yellow diketone com-
pound that leads to unfavorable yellow discoloration of the light-cured restoration [71]. Other photoinitiators such as
phenyl-propanedione (PPD), diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (TPO), and phenylbis (2,4,6-trimethylbenzoyl)
phosphine oxide have been suggested as alternatives to CQ in dental resin-based composites to improve esthetic appearance by
reducing CQ and its yellowing effect, especially for bleach shades [72].

Additionally, OC contains CQ as a photoinitiator [18], while CD contains, CQ, PPD, and TPO as photoinitiators [19]. Several studies
have discovered that composites containing TPO have a higher DC and better polymerization efficiency than those containing CQ
[73-76]. VU contains a small amount of CQ that is used only to initiate the polymerization reaction and has an APS that contains other
initiators that are not disclosed by the manufacturer [20]. The exact type and concentration of photoinitiators in most of the tested
materials are unknown; therefore, deriving a conclusion on the effect of photoinitiators on the polymerization of these materials is
difficult.

The color stability of RBCs is strongly associated with their DC [68]. Low conversion rates and the presence of degradable unreacted
residual monomers diminish the mechanical properties and promote staining resulting in a considerable color shift [77,78]. Although
single-shade RBCs demonstrated a high DC in the present study, several studies that evaluated the color stability of single-shade RBCs
have shown that these composites had more color change than other materials [79-82]. Further studies are required to examine the
behavior of these materials and evaluate the correlation between color stability and DC.

The findings revealed that there was no statistically significant correlation between the FS and DC among the four tested resin-
based composites (RBCs). Our results contradict those of previous studies, which reported that mechanical strength increases with
more conversion of double bonds of RBCs [10,83,84]. This may be due to the implementation of different methodologies and the
selection of RBCs with varying compositions.

5. Conclusion
Given the limitations of this study, the following conclusions can be made.

e The universal single-shade RBCs demonstrated good FS and DC compared to the conventional nanohybrid composite restorative
material.

o The highest FS was obtained in CD, and the highest DC was obtained in VU followed by OC. No statistically significant correlation
was detected between the FS and DC among the tested materials.

e Universal single-shade RBCs meet the ISO requirements for dental resin composites. They can be a viable option to restore teeth
with simplified shade selection, making the process less time-consuming while providing restorations with good esthetic and
mechanical properties.
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