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Abstract: Due to the questionable durability of dental restorations, there is a need to increase the
lifetime of composite restoration. The present study used diethylene glycol monomethacrylate/4,4’-
methylenebis(cyclohexyl isocyanate) (DEGMMA /CHMDI), diethylene glycol monomethacrylate/
isophorone diisocyanate (DEGMMA /IPDI) monomers, and bis(2,6-diisopropylphenyl)carbodiimide
(CHINOX SA-1) as modifiers of a polymer matrix (40 wt% urethane dimethacrylate (UDMA), 40 wt%
bisphenol A ethoxylateddimethacrylate (bis-EMA), and 20 wt% triethyleneglycol dimethacrylate
(TEGDMA)). Flexural strength (FS), diametral tensile strength (DTS), hardness (HV), sorption, and
solubility were determined. To assess hydrolytic stability, the materials were tested before and after
two aging methods (I-7500 cycles, 5 °C and 55 °C, water and 7 days, 60 °C, 0.1 M NaOH; II-5 days,
55 °C, water and 7 days, 60 °C, 0.1 M NaOH). The aging protocol resulted in no noticeable change
(median values were the same as or higher than the control value) or a decrease in the DTS value
from 4 to 28%, and a decrease in the FS value by 2 to 14%. The hardness values after aging were more
than 60% lower than those of the controls. The used additives did not improve the initial (control)
properties of the composite material. The addition of CHINOX SA-1 improved the hydrolytic stability
of composites based on UDMA /bis-EMA /TEGDMA monomers, which could potentially extend
the service life of the modified material. Extended studies are needed to confirm the possible use of
CHINOX SA-1 as an antihydrolysis agent in dental composites.

Keywords: dental composites; hydrolytic stability; aging; clinical performance; urethane-dimethacrylate
derivatives; anti-hydrolysis agent; CHINOX SA-1

1. Introduction

The literature is divided on the clinical longevity of composite dental restorations.
Some sources report that premolars and molars require replacement after five or six
years [1,2]. On the other hand, some researchers show that at least 60% of reconstruc-
tions made correctly with appropriate materials have a chance of surviving for more than
ten years [3]. Due to the questionable durability of dental restorations, much research has
focused on ways to increase the lifetime of composite restoration, particularly the polymer
matrix, filler, and coupling agent.

The polymer matrix is one of the most important components of the composite. Due
to its chemical structure, it is exposed to chemical reactions that can cause degradation. The
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new monomers synthesized for the needs of dentistry can be classified as (I) methacrylate
monomers, (II) vinyl monomers, (III) click chemistry monomers, and (IV) ring-opening
polymerization monomers [4]. There is no extensive research into how new polymer
matrices are resistant to long-term use in the oral cavity. New monomers are charac-
terized by certain desirable features such as low water sorption values, high values of
the degree of conversion or a homogeneous structure, which may increase resistance to
hydrolytic degradation.

Compared to the matrix, the filler plays a greater role in the development of the
strength of the composite material. One promising trend in filler research is nanotechnology.
Nanofillers are characterized by various shapes and morphology, and using them as a
co-filler may have a positive effect on improving the structure and degree of filling. A
certain combination of micron size fillers (or nanoclusters) with a nano size filler has been
shown to exhibit the best packing, yielding very good mechanical properties and increased
abrasion resistance [5,6]. A high degree of filling and homogeneity of the system increase
the stability of composite materials over time [7].

The last issue related to the longevity of dental composites in the oral environment
is the coupling agent. The filler compatibility in a dental composite can be improved by
chemical surface modification, typically with silanes [8-10]. Hydrolysis can be reduced at
the matrix—filler interface by increasing the hydrophobicity of the silane molecule. This
can be done using molecules with an alkoxy group instead of the C=C bond, e.g., in
octyltrimethoxysilane [11]. Additionally, the so-called cross-linking silanes can be used,
which contain two silicon atoms each with three alkoxy groups, e.g., bis-1,2-(triethoxysilyl)
ethane, or bis-1,6-(trichloroxysilyl) ethane. These compounds are able to form extensive
networks that hinder the diffusion of molecules into the bulk of the material, thus increasing
the hydrolytic stability of the dental composite [12].

Composite materials introduced into the market must be evaluated as biomaterials,
and they are often evaluated using the ISO 4049 standard. However, such evaluation is
limited and it cannot be predicted how the material will behave during long-term use
in the oral environment, which due to its variable temperature and pH, friction, and
various biological factors, will limit the time of the restoration [13]. Research using complex
and aggressive environmental factors is very popular in other industries to determine a
product’s lifetime. Hence, there is a need to evaluate the stability of dental materials in a
complex operating environment when developing new materials [14-17].

The present study used diethylene glycol monomethacrylate/4,4'-methylenebis(cyclohexyl
isocyanate) (DEGMMA /CHMDI) and diethylene glycol monomethacrylate/isophorone di-
isocyanate (DEGMMA /IPDI) monomers developed by Prof. I. Barszczewska-Rybarek [18].
These monomers are characterized by good strength properties and relatively low wa-
ter sorption (Table 1). The structure of the DEGMMA /CHMDI and DEGMMA /IPDI
monomers used in the study is presented in Figure 1A.

Table 1. The properties of the used monomers: molecular weight (MW), flexural strength (FS),
flexural modulus (E), water sorption (WS), degree of conversion (DC).

Monomer MW [g/mol] FS [MPa] E [GPa] WS [ug/mm?3] DC [%]
UDMA 470 1342 1.82 4232 724
Bis-EMA 540 872 1.12 21.32 762
TEGDMA 286 992 1.72 28.82 834
DEGMMA /CHMDI 611 139b 3.4b 185P 41b
DEGMMA /1PDI 571 141b 28b 29.9b 66 P

a—taken from [19]; b—taken from [18]. UDMA—urethane dimethacrylate, bis-EMA—Dbisphenol A ethoxylated-
dimethacrylate, TEGDMA—triethyleneglycol dimethacrylate, CHINOX SA-1—bis(2,6-diisopropylphenyl)carbodiimide,
DEGMMA /CHMDI—diethylene glycol monomethacrylate/44’-methylenebis(cyclohexyl isocyanate), DEGMMA /
IPDI—diethylene glycol monomethacrylate/isophorone diisocyanate.
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Figure 1. Structures of monomers (A) (DEGMMA /CHMDI—diethylene glycol monomethacrylate/4,4'-
methylenebis(cyclohexyl isocyanate), DEGMMA /IPDI—diethylene glycol monomethacrylate/isophorone
diisocyanate) and (B) CHINOX SA-1—bis(2,6-diisopropylphenyl)carbodiimide, used as modifiers.

In addition, being a pilot study, bis(2,6-diisopropylphenyl)carbodiimide (CHINOX
SA-1) was added to the composite as an anti-hydrolysis agent in order to improve its
hydrolytic stability (Figure 1B). The industry uses such additives that can increase the
stability of polymeric materials [20]. Although its chemical structure may reduce its
composite biocompatibility, it seems reasonable to conduct research with the use of minor
additives not yet used in dental composites.

The authors did not find information in the literature indicating the use of both
urethane derivatives and an antifhydrolysis agent as modifiers of composites based on
UDMA, bis-EMA, and TEGDMA monomers. In addition, studies evaluating the durability
of new experimental dental composites are not a common approach; however, taking
into account the methods of evaluating materials in other industries, such an assessment
should be a standard procedure. The null hypothesis was that the DEGMMA /CHMDI and
DEGMMA /IPDI monomers or the agent CHINOX SA-1 would not affect the properties or
the hydrolytic stability of the composite assessed based on two aging protocols.

2. Results

The data regarding the composite modified with DEGMMA /CHMDI and DEGMMA /IPDI
are presented in Table 2.

The applied aging protocols had some impact on the selected materials compared to
the control group. In all samples, a significant difference was noted for the hardness values
after aging.

The percentage changes of the measured properties of composites modified with
the DEGMMA /CHMDI and DEGMMA /IPDI monomers after the thermo_NaOH aging
protocol and water_NaOH aging protocol are presented on Figures 2 and 3, respectively.

The thermo_NaOH aging protocol (7500 cycles, 5 °C and 55 °C, water and 7 days,
60 °C, 0.1 M NaOH) yielded greater changes than the water_NaOH aging protocol (5 days,
55 °C, water and 7 days, 60 °C, 0.1 M NaOH).

The obtained results of the composite modified with the CHINOX SA-1 anti-hydrolysis
agent are presented in Table 3.

After application of the aging protocols, significant changes were observed in the hardness.

The percentage changes in the measured properties of the composites modified with
CHINOX SA 1 after the thermo_NaOHaging protocol and water_NaOH aging protocol are
presented on Figures 4 and 5, respectively.

The CHINOX SA-1-modified materials yielded smaller percentage changes compared
to the non-modified control material.

Box-and-whisker plots of the collected results and exact p-values are provided in
Appendix A (Figures A1-A6).

The sorption and solubility of the tested materials are presented in Table 4.

The applied modifications slightly increased the sorption value. The solubility of the
tested materials increased.
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Table 2. The results of the flexural strength (FS), diametral tensile strength (DTS), and hardness
(HV) of the tested materials modified with DEGMMA /CHMDI and DEGMMA /IPDI after selected
aging protocols. The results with the same assigned letter or uppercase and lowercase letters are
significantly different (p < 0.05). Median values are presented with the interquartile range (IQR).

DTS [MPa] (IQR) FS [MPa] (IQR) HV (IQR)
Number of Samples in the n=9 ne7 n=9
Study Group B B B
None, Control 39.14 ¢ 2.29 93.8abede 11.6 32 Ala-h) 1
None, thermo_NaOH 36.33 8.64 78.7 12.7 13 2
None, water_NaOH 40.13 abcd 1.20 8261 15.1 13 1
IPDI(2.5)_CHMDI(2.5), control 36.90 5.60 86.7 81 21.6 29 Bla-h) 1
IPDI(2.5)_CHMDI(2.5), b Ab,Bb,Cb,Ea
thermo, NaOH 34.36 2.81 64.5 9.8 10 1
IPDI(2.5)_CHMDI(2.5), 32.94 7.29 62.3 afgh 7.0 10 AaBaCa 1
water_NaOH
CHMDI(5), control 37.42f 2.66 72.9 8.4 30 Clah) 1
9 Ac,Bc,Cc,Da,
CHMDI(5), thermo_NaOH 33232 2.56 69.2 ¢ 9.3 EbFa 1
CHMDI(5), water_NaOH 37.288 1.76 79.2h 14.9 146 1
CHMDI(10), control 35.35 1.79 83.1 17.9 28 Dla-d) 1
9 Ad,Bd,Cd,Db,
CHMDI(10), thermo_NaOH 34.18b 3.01 64,54 23.7 Ec.Fb 1
foh 8 Ae,Be,Ce,Dc,
CHMDI(10), water_NaOH 30.38 cef8 477 73.0 13.8 EdFeG 1
IPDI(5), control 34.17 2.68 80.6 8.1 29 E@a-g) 1
IPDI(5), thermo_NaOH 33.34 452 65.1¢ 10.9 9 AfBECEDd Ee, Fd 1
IPDI(5), water_NaOH 37.18h 2.89 80.7 229 13 1
IPDI(10), control 35.99 1.80 73.7 14.9 27 Fla=d) 2
IPDI(10), thermo_NaOH 33.90 6.80 71.0 12.0 10 A8Bg Cg Ef 1
IPDI(10), water_NaOH 32.104 591 70.7 5.8 10 Ah/Bh,ChEg 1
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Figure 2. Percentage change in the flexural strength (FS), diametral tensile strength (DTS), and
hardness (HV) after the thermo_NaOH aging protocol (7500 cycles, 5 °C and 55 °C, water and 7 days,
60 °C, 0.1 M NaOH) compared to control values.
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Figure 3. Percentage change in the flexural strength (FS), diametral tensile strength (DTS), and
hardness (HV) after the water_NaOH aging protocol (5 days, 55 °C, water and 7 days, 60 °C, 0.1 M
NaOH) compared to the control value. 0—no change; negative value—the selected property was
higher than the control value after application of the protocol.

Table 3. The results of the flexural strength (FS), diametral tensile strength (DTS), and hardness (HV)
for tested materials modified with CHINOX SA-1 after selected aging protocols. The results with the
same assigned letter or uppercase and lowercase letters are significantly different. FS is presented
as the mean with standard deviation (SD), while DTS and HV are presented as the median with the
interquartile range (IQR).

DTS [MPa] IOR FS [MPa] SD HV IOR
Number of Samples in the _ _ _
Study Group =9 n=7 n=9

None, Control 39.14 2.29 95.0 A@-h) 7.6 32 abede 1
None, thermo_NaOH 36.33 8.64 77.0 AaCla=) 6.5 122 3
None, water_NaOH 40.13 abc 1.20 82.5 AbBla—e) 8.1 12 2
CHINOX(0.5), control 34132 2.33 73.0 AcBaE 7.2 29 fighi 1
CHINOX(0.5), thermo_NaOH 35.00 2.98 69.5 Ad.Bb 10.6 10 b 2
CHINOX(0.5), water_NaOH 31.28b 7.13 77.7 AeDla—) 5.4 11 o8k 2
CHINOX(1.5), control 33.89¢ 1.64 65.0 AfBcCa.Da 11.5 28 Jklm 2
CHINOX(1.5), thermo_NaOH 35.38 2.37 62.7 Ag/Bd,Cb,Db.E 9.0 11 dhl 1
CHINOX(1.5), water_NaOH 34.71 481 66.0 Ah/BeCeDe 85 10 &im 2
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Figure 4. Percentage change in the flexural strength (FS), diametral tensile strength (DTS), and
hardness (HV) after the thermo_NaOH aging protocol (7500 cycles, 5 °C and 55 °C, water and 7 days,
60 °C, 0.1 M NaOH) compared to controls. 0—no change; negative value—the value was higher than
the control values after application of the protocol.
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Figure 5. Percentage change in the flexural strength (FS), diametral tensile strength (DTS), and
hardness (HV) after the water_NaOH aging protocol (5 days, 55 °C, water and 7 days, 60 °C, 0.1 M
NaOH) compared to controls. 0—no change; negative value—the value was higher than the control
values after application of the protocol.

Table 4. The results of sorption and solubility. The results are shown as the mean with standard
deviation (SD).

Control CHMDIQ.5)_IPDI(2.5 CHMDI(5)  CHMDI(10) IPDI(5) IPDI(10) CHINOX(0.5 CHINOX(1.5)
Sorption n=5 2542 (0.53) 28.96 (0.40) 26.55 (1.07) 32.40 (1.56) 26.81 (0.60) 32.64 (2.41) 32.97 (1.53) 3291 (0.73)
Solubility n=5 0.70 (0.20) 0.68 (0.15) 1.05 (0.28) 1.46 (0.42) 1.31 (0.08) 1.48 (0.48) 1.26 (0.71) 2.00 (0.29)

3. Discussion

There is a pressing need to identify a composite with increased resistance to hy-
drolytic degradation and hence a longer lifetime [21,22]. It should be borne in mind that
the oral environment has a significant impact on composite durability. As such, it is
crucial that materials are evaluated under accelerated aging conditions with increased
environmental factors.

Our findings indicate that the selected modification did indeed influence the prop-
erties of the control (base) material, thus rejecting the null hypothesis. However, the use
of the DEGMMA /CHMDI, DEGMMA /IPDI monomers and the addition of CHINOX
SA-1 did not improve the initial (control) strength properties. The initial values of the
tested properties were lower than those of the base material, but not all differences were
statistically significant.

The properties of a composite material are influenced by its composition. Considering
that the materials have the same filler, the observed differences in the properties will depend
on the composition of the polymer matrix [23,24]. The tested materials, which consisted
of a basic polymer matrix (40 wt% of UDMA, 40 wt% of Bis-EMA, 20 wt% of TEGDMA),
was modified with two monomers (DEGMMA /CHMDI, DEGMMA /IPD) in different
weight percentages. As the used monomers had two oxyethylene units (DEGMMA), the
molecule showed limited flexibility. Additionally, the monomers contained cycloaliphatic
diisocyanates: CHMDI or IPDI, which differed in their structure symmetry. The monomer
with IPDI is more elastic than the one with CHMDI, which may result in higher DC
and modulus [18]. In our research, a small addition (max 10 wt%) of the cycloaliphatic
urethane-dimethacrylate derivatives did not improve the strength properties. However, the
TEGDMA, Bis-EMA, or UDMA homopolymers demonstrated lower flexural strength and
flexural modulus than the resins used as modification (Table 1). Even so, it should be taken
into account that the properties of the composite result from complex relationships and
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interactions between individual components that cannot be predicted under the current
state of science. It is most likely that the addition of further substances could hinder
the movement of macromolecules during polymerization due to their chemical structure
(Figure 1A) [18]. Composite materials modified with CHMDI or IPDI monomers could
achieve lower DC values resulting in lower FS and DTS values.

In addition, the modification with the anti-hydrolysis agent did not improve the
control values. CHINOX SA-1 includes two phenyl groups connected to each other by a
short carbodiimide group (Figure 1B). This stiff structure, similar to bis-GMA, may prevent
the free movement of macromolecules during polymerization, resulting in a lower degree
of conversion by the composite [25,26]. The lower DC can explain the decreased FS, DTS,
and HV values and the increased sorption of modified composites with CHINOX SA-1.

Although dental materials placed on the market must meet certain requirements, such
as biocompatibility, the relevant ISO and ADA standards include no tests for assessing the
stability of materials in the oral cavity. Water sorption can be used to assess the behavior of
materials in a water environment. The ISO 4049 standard specifies that the sorption of the
composite material cannot be higher than 40 pg/mm ™3 at a solubility of 7.5 ug/mm~3 [27].
For the tested modified monomers, the sorption was relatively low (Table 1). Regarding
the DEGMMA /CHMDI monomer, the low sorption values are due to the presence of
symmetrical cycloaliphatic moieties, which causes a reduction in the space between the
polymer chains. In contrast, the asymmetric core in IPDI can create more free space in the
polymer network for water to enter, resulting in higher sorption. In the study, composites
modified with selected urethane derivatives showed similar sorption values as the control
materials. Minor amounts of selected monomers were added (max. 10 wt%); therefore, the
effect on sorption was small. The sorption values increased noticeably in comparison with
the control when CHINOX SA-1 added, but these values were still at an acceptable level.
There was also no difference between the addition of 0.5 and 1.5%. The solubility of the
tested materials compared to the control material increased. The observed changes may
also be related to the structure of the used modifiers, which could have resulted in a lower
degree of the conversion values. Materials with lower DC showed higher sorption and
solubility values [28].

Of the two tested aging protocols, the thermocycler approach (7500 cycles, 5 °C and
55 °C, water and 7 days, 60 °C, 0.1 M NaOH) reduced the value of the tested properties more
effectively (Figures 2-5) than water (5 days, 55 © C, water and 7 days, 60 °C, 0.1 M NaOH).
It has been shown that thermocycles affect the degradation of the polymer matrix as well as
the stability of the matrixfiller interface [29,30]. Boussés et al. reported slow degradation of
at the filler—matrix interface for the first 5000 thermocycles, while significant changes were
noted after 10,000 thermocycles [31]. From a chemical point of view, composite samples
take up water during aging, resulting in hydrolysis of the polymer matrix and interface.
Firstly, the matrix protects the interface from degradation until the polymer structure is
saturated with water. Once water reaches the interphase, the siloxane bonds are exposed to
hydrolysis. Unfortunately, this type of bond, which results from filler silanization, is not
resistant to hydrolytic degradation [10,32]. Thermocycling causes successive contractions
and expansions of the material due to temperature variations. In addition, due to different
thermal expansion coefficients, local overstress is generated at the interface. This may
cause the occurrence of micro-cracks and interface damage, leading to a greater decrease
in strength [31]. In the present study, the effect of the thermocycler was enhanced by
NaOH; this causes accelerated degradation of dental polymer materials due to a high
amount of hydroxyl ions, which are responsible for the hydrolysis of the bonds present in
the polymer matrix, the coupling agent or the interphase [33-35]. It is worth mentioning
that the phenomenon of degradation of dental materials does not occur only under the
influence of substances and physical conditions (aqueous environment, temperature, pH,
chewing forces, friction) occurring in the oral cavity. Aging of materials also develops under
the influence of biological factors—salivary enzymes and bacterial activity. It has been
shown that these factors also cause the hydrolysis of chemical bonds found in composite
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materials [36]. However, enzyme-based analyses are costly and more demanding than the
proposed aging protocols.

Research has shown that the top layer is the most susceptible to aging and degradation.
For most of the studied groups, the hardness values after aging were more than 60% lower
than those of the controls. The aging medium reduces hardness by affecting the matrix and
weakens the siloxane bonds in the silane coupling agent [37]. The alkalinity provides a large
amount of hydroxyl ions, which are responsible for hydrolysis [38]. The microstructure of
the dental composite changes after chemical or thermal aging. Plucking out, fractures of
filler particles, and degradation—-delamination of the matrix were observed [14,34,39,40].
The aging protocol resulted in no noticeable change (median values were the same as or
higher than those of the control value) or a decrease in the DTS value from 4 to 28% and
a decrease in the FS value by 2 to 14% (Figures 2-5). Considering the lower percentage
changes in strength, it appears that the degradation effect is more superficial and does not
propagate into the bulk of the material. However it should be underlined that in the oral
environment, the top aged layer will be successively lost due to the continuous friction
applied by chewing forces, allowing the restoration to be continually eroded [41].

No relationship was found between the percentage composition of the polymer matrix
and the hydrolytic resistance, identified by changes in selected properties. Smaller changes
in DTS and FS were observed in the CHMDI(5) and the IPDI(5) and (10) groups; these values
were very close to those of the control. No significant improvement in stability against hy-
drolytic degradation was noted for most composites, which was probably more dependent
on the network structure of the materials and the complex interaction between the used
monomers. The UDMA monomer and its cycloaliphatic derivatives (DEGMMA /IPDI and
DEGMMA /CHMDI) have urethane bonds, which are prone to form strong hydrogen bonds.
These bonds acts as physical crosslinks in the resulting polymer network. The enrichment
of the studied system with DEGMMA /IPDI and DEGMMA /CHMDI may cause increase
in the physical crosslinked density. Hence, monomers of the UDMA /bis-EMA /TEGDMA
matrix could form less homogeneous structures, which would influence the changes in the
tested properties after aging. Some inhomogeneity in materials may create a spot where a
stress accumulates, resulting in microcracks and treatment failure. It should be remembered
that any imperfection in the material can influence its durability.

The addition of CHINOX SA-1 improved the hydrolytic stability of the tested materials.
The percentage changes in the DTS and FS values following aging were limited, even at low
CHINOX SA-1 concentrations (0.5%). Unfortunately, no data regarding this concentration
in dental materials could be found in previous studies; however, research conducted,
for example, with poly (lactic acid) has shown that carbodiimide compounds increase
the resistance to hydrolytic degradation due to the water reacting with anti-hydrolysis
compounds, producing urea derivatives [42,43]. It is most likely that the reaction of
the CHINOX SA-1 anti-hydrolysis agent and water molecule proceeds according to the
equation presented in Figure 6.

CHs CHa

TI-

CHs CHs

Figure 6. Reaction of bis(2,6-iisopropylphenyl)carbodiimide (CHINOX SA-1) with water.

As small additions have been found to be effective in increasing hydrolytic stability, it
is likely that the cellular response will not be impaired. However, future studies are still
needed to determine the biocompatibility of such composites.
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4. Materials and Methods

The basic material used in this work was a polymer matrix consisting of 40 wt%
UDMA, 40 wt%, bis-EMA, and 20 wt% TEGDMA. A resin matrix was prepared according
to the weight percentage of the selected monomers. UDMA, TEGDMA, and bis-EMA
were delivered by Esstech Inc. (Essington, PA, USA). Such a resin matrix was additionally
modified with a specific amount of selected urethane monomers or anti-hydrolysis agent
(Table 5). Each mixture contained camphorquinone (<1 wt%) and N, N-dimethylaminoethyl
methacrylate. Monomers were synthesized, and their structure was confirmed as described
previously [18,44]. CHINOX SA-1 was delivered by TCI Chemicals (Fukaya, Japan).

Table 5. Matrix composition of the tested composites, which contained 45 wt% of silanized silica.

Material Signature Base Material Modification
Control None
DEGMMA /CHMDI 2.5 wt%
CHMDI(2.5)_IPDI(2.5) and DEGMMA /IPDI 2.5 wt%
CHMDI(5) UDMA 40 wt% DEGMMA /CHMDI 5 wt%
CHMDI(10) bis-EMA 40 wt% DEGMMA /CHMDI 10 wt%
IPDI(5) TEGDMA 20 wt% DEGMMA /IPDI 5 wt%
IPDI(10) DEGMMA /IPDI 10 wt%
CHINOX(0.5) CHINOX SA-1 0.5 wt%
CHINOX(1.5) CHINOX SA-1 1.5 wt%

UDMA—urethane dimethacrylate, bissEMA—bisphenol A ethoxylateddimethacrylate, TEGDMA—triethyleneglycol
dimethacrylate, CHINOX SA-1—bis(2,6-diisopropylphenyl)carbodiimide, DEGMMA /CHMDI—diethylene
glycol monomethacrylate/4,4'-methylenebis(cyclohexyl isocyanate), DEGMMA /IPDI—diethylene glycol
monomethacrylate /isophorone diisocyanate.

After modification, 45 wt% filler was added to each of the prepared polymer ma-
trices using a mortar. The filler was silica (Arsil, Zaktady Chemiczne “RUDNIKI” S.A.,
Rudniki, Poland) silanized with y-Methacryloxypropyltrimethoxy silane (Unisil Sp. Z o. O.,
Tarnow, Poland).

Two different ageing protocols were used (Table 6) to evaluate the hydrolytic stability
of the tested materials. The flexural strength, diametral tensile strength, and hardness
were determined with and without the influence of the aging protocols. The protocols
were selected on the basis of previous research [14]. Briefly, hydrolytic degradation was
accelerated by NaOH solution. Thermocycles and increased temperature affect sorption and
dissolution. The combination of thermal and chemical factors better mimic the prolonged
influence of the oral environment on restoration. Accelerated aging with more aggressive
or greater amounts of factors can be used to evaluate the lifetime performance of dental
composite in vivo [14,45]. It can be assumed that the proposed aging protocols will simulate
several years in the oral environment; however, such a prediction is very complex and
difficult to make.

Table 6. Description of selected aging protocols used to evaluate the tested materials.

Ageing Protocol Signature Description
control 24 h, 37 °C, distilled water
thermo_NaOH 7500 cycles, 5 °C and 55 °C, water and 7 days, 60 °C, 0.1 M NaOH
water_NaOH 5 days, 55 °C, water and 7 days, 60 °C, 0.1 M NaOH

The NaOH solution was prepared in a volumetric flask. The NaOH (Avantor Perfor-
mance Materials, Gliwice, Poland) was measured on an analytical balance (Radwag XA
82/220/X, Puszczykowo, Poland). The samples were placed in plastic dishes in a DZ-2BCII
Vacuum Drying Oven (ChemLand, Stargard Szczecinski, Poland) for a period (Table 6) or
were subjected to 7500 thermocycles (water, 20 s dwell time, 5 and 55 °C) using a THE
1200 thermocycler (SD Mechatronic, Feldkirchen-Westerham, Germany).
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Flexural strength (FS) was determined based on ISO 4049:2019. Seven measurements
were made for each study group, using rectangular samples (25 mm long, 2 mm wide,
2 mm thick). Nine cylindrical samples (diameter 6 mm and thickness 3 mm) for each study
group were used to establish the diametral tensile strength (DTS). The FS and DTS tests
were performed using a Z020 universal testing machine (Zwick-Roell, Ulm, Germany). The
traverse speed was 2 mm/min in the DTS test and 1 mm/min in FS. Nine measurements
of Vickers hardness (1000 g applied load, 10 s penetration time) were carried out for each
study group. The Zwick ZHV2-m hardness tester (Zwick—Roell, Ulm, Germany) was
used in this study. In addition, water sorption and the solubility of the tested materials
were evaluated, based on ISO standard (4049:2019 Dentistry—Polymer-based restorative
materials). Five cylindrical samples (15 mm in diameter, 1 mm in width) were prepared for
each composite.

Water sorption (W) and solubility (W) were calculated for each specimen using the

following equations:
Wp = %-100% )
Wep = W-m()% @)

where m; is the conditioned mass of the specimen, mj; is the mass of the specimen af-
ter immersion in water, mjs is the reconditioned mass of the specimen, and V is the
specimen volume.

The Shapiro-Wilk test was used to assess the normality of the distribution of the data.
Based on the results, either the Kruskal-Wallis test with multiple comparisons of mean
ranks or one-way ANOVA was applied, followed by Tukey’s post hoc test. The accepted
level of significance was o = 0.05. Data with a normal distribution and homogeneity of
variance are presented as mean values with standard deviation (SD), while those without
are presented as median values with the interquartile range (IQR). All analyses were
performed using Statistica version 13 software (StatSoft, Krakow, Poland).

5. Conclusions

These studies examined one composite, albeit as five variants with DEGMMA /CHMDI,
DEGMMA /IPDI monomers, and two modifications with the CHINOX SA-1 anti-hydrolysis
agent. Further research is needed with a wider group of materials and more testing methods.
Nevertheless, our findings indicate the following:

e  Theadditives (DEGMMA /CHMDI, DEGMMA /IPDI, CHINOX SA-1) did not improve
the initial (control) properties of the composite material.

e No relationship was found between the percentage composition of the polymer matrix
and hydrolytic stability, tested by changes in selected properties after aging.

e  The addition of CHINOX SA-1 improved the hydrolytic stability of the composites
based on the UDMA /bis-EMA /TEGDMA monomers.

e In all materials, the hardness dropped dramatically after the aging protocols. This
may prove that the degradation of materials takes place mainly in the top layer.

The standardization of the aging protocol for dental materials is a separate project
(funded by National Science Centre, Poland grant number: UMO-2020/37/N/ST5/00191, 2021).
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Abbreviations

List of abbreviations:

bis-EMA bisphenol A ethoxylateddimethacrylate,
CHINOX SA-1 bis(2,6-diisopropylphenyl)carbodiimide,
CHINOX(0.5) addition of 0.5 wt% CHINOX SA-1,
CHINOX(1.5) addition of 1.5 wt% CHINOX SA-1,
CHMDI(10) addition of 10 wt% DEGMMA /CHMDI,

CHMDI(2.5)_IPDI(2.5)

addition of 2.5 wt% DEGMMA /CHMDI and 2.5 wt% DEGMMA /IPDI,

CHMDI(5) addition of 5 wt% DEGMMA /CHMDI,

Control 24 h, 37 °C, distilled water,

DEGMMA /CHMDI diethylene glycol monomethacrylate/4,4’-methylenebis
(cyclohexyl isocyanate),

DEGMMA /IPDI diethylene glycol monomethacrylate/isophorone diisocyanate

DTS diametral tensile strength [MPa],

EFS flexural strength [MPa],

HV hardness [-],

E flexural modulus [GPa],

WS water sorption [ug/mm?],

DC degree of conversion [%],

IPDI(10) addition of 10 wt% DEGMMA /IPD],

IPDI(5) addition of 5 wt% DEGMMA /IPD],

MW molecular weight [g/mol],

TEGDMA triethyleneglycol dimethacrylate,

thermo_NaOH

UDMA
water_NaOH

aging for 7500 cycles, 5 °C and 55 °C, water and 7 days, 60 °C,
0.1 M NaOH,

urethane dimethacrylate,

aging for 5 days, 55 °C, water and 7 days, 60 °C, 0.1 M NaOH.



Int. . Mol. Sci. 2023, 24, 4336 12 of 17

Appendix A
50 —
(e)
45 (ab,c,d) (f) o ")
40t @+
T E;ll!' qu] @ %] ® (e 5
o L f.g,h 1
g 3 |JE] II}['I ghg I;”]
@ 30+ .
o
25
20
15 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
5 L £ 3 £ £ 3 £ X pg I I B ICI
§83528588§588;88¢§¢8°¢%
D L e e O B B A
[0] [ I~ [CR~] o = Q I~ o = [
S E T 8 E3 L ESEEST LS ETEEE
ggiceszizggiog iz 2
; g O T B8 =2 29 - =@ o <9
2 s 5§ a0 I S o = S <
s =z Jd o = = 0O 0O - = = 0O - =
= o < o = = 0 Qo o = 0O
s g =35 Sz =° g¢&
g o A 5 ° £ O =
- w
= © ) (&)
I ~o o
O E a
=
% (_I) o0 Median
o [] 25%-75%
modification, aging protocol T Min-Max

Figure Al. Box-and-whisker plot of the diametral tensile strength (DTS) of the tested mate-
rials. Statistically significant differences were detected between the following: (a,b,c,d) None,
water_NaOH vs. (a) CHMDI(5), thermo_NaOH (p = 0.0261), (b) CHMDI(10), thermo_NaOH
(p = 0.0272), (c) CHMDI(10), water_NaOH (p = 0.00002), (d) IPDI(10), water_NaOH (p = 0.0087);
(e,f,g,h) CHMDI(10), water_NaOH vs. (e) None, control (p = 0.0005), (f) CHMDI(5), control
(p = 0.0082), (g) CHMDI(5), water_NaOH (p = 0.0421), (h) IPDI(5), water_NaOH (p = 0.0095).
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Figure A2. Box-and-whisker plot of the flexural strength (FS) of the tested materials. Statistically significant
differences were detected between the following: (a,b,c,d,e) None, control vs. (a) CHMDI(2.5)_IPDI(2.5),
water_NaOH (p = 0.00004), (b) CHMDI(2.5)_IPDI(2.5), thermo_NaOH (p = 0.0005), (c) CHMDI(5),
thermo_NaOH (p = 0.0151), (d) CHMDI(10), thermo_NaOH (p = 0.0103), (e) IPDI(5), thermo_NaOH
(p = 0.0034); (afgh) CHMDI2.5)_IPDI(2.5), water NaOH vs. (f) None, water NaOH (p = 0.0165),
() CHMDI(2.5)_IPDI(2.5), control (p=0.0051), (h)CHMDI(5), water NaOH (p = 0.0254);
(i) CHMDI(2.5)_IPDI(2.5), control vs. (i) CHMDI(2.5)_IPDI(2.5), thermo_NaOH (p = 0.0459).
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Figure A3. Box-and-whisker plot of the Vickers hardness (HV) of the tested materials. Statisti-
cally significant differences were detected between the following: (A(a—h)) None, control vs. (Aa)
CHMDI(2.5)_IPDI(2.5), water_NaOH (p = 0.0005), (Ab) CHMDI(2.5)_IPDI(2.5), thermo_NaOH
(p = 0.0004), (Ac) CHMDI(5), thermo_NaOH (p = 0.0000), (Ad) CHMDI(10), thermo_NaOH
(p = 0.0000), (Ae) CHMDI(10), water_NaOH (p = 0.0000), (Af) IPDI(5), thermo_NaOH(0.0000),
(Ag) IPDI(10), thermo_NaOH (p = 0.0001), (Ah) IPDI(10), water_NaOH (p = 0.0001); (B(a-h))
CHMDI(2.5)_IPDI(2.5), control vs. (Ba) CHMDI(2.5)_IPDI(2.5), water_NaOH (p = 0.0298), (Bb)
CHMDI(2.5)_IPDI(2.5), thermo_NaOH (p = 0.0212), (Bc) CHMDI(5), thermo_NaOH (p = 0.0001), (Bd)
CHMDI(10), thermo_NaOH (p = 0.0001), (Be) CHMDI(10), water_NaOH (p = 0.0000), (Bf) IPDI(5),
thermo_NaOH(0.0007), (Bg) IPDI(10), thermo_NaOH (p = 0.005366), (Bh) IPDI(10), water_NaOH
(p = 0.0049); (C(a-h)) CHMDI(5), control vs. (Ca) CHMDI(2.5)_IPDI(2.5), water_NaOH (p = 0.0080),
(Cb) CHMDI(2.5)_IPDI(2.5), thermo_NaOH (p = 0.0055), (Cc) CHMDI(5), thermo_NaOH (p = 0.0000),
(Cd) CHMDI(10), thermo_NaOH (p = 0.0000), (Ce) CHMDI(10), water_NaOH (p = 0.0000), (Cf) IPDI(5),
thermo_NaOH(0.0002), (Cg) IPDI(10), thermo_NaOH (p = 0.0013), (Ch) IPDI(10), water_NaOH
(p = 0.0011); (D(a—d)) CHMDI(10), control vs. (Da) CHMDI(5), thermo_NaOH (p = 0.0022); (Db)
CHMDI(10), thermo_NaOH (p = 0.0016), (Dc) CHMDI(10), water_NaOH (p = 0.0001), (Dd) IPDI(5),
thermo_NaOH (p = 0.0106); (E(a—g)) IPDI(5), control vs. (Ea) CHMDI(2.5)_IPDI(2.5), thermo_NaOH
(p = 0.0401), (Eb) CHMDI(5), thermo_NaOH (p = 0.0003), (Ec) CHMDI(10), thermo_NaOH (p = 0.0002),
(Ed) CHMDI(10), water_NaOH (p = 0.0000), (Ee) IPDI(5), thermo_NaOH(0.0016), (Ef) IPDI(10),
thermo_NaOH (p = 0.0107), (Eg) IPDI(10), water_NaOH (p = 0.0097); (F(a—d)) IPDI(10), control
vs. (Fa) CHMDI(5), thermo_NaOH (p = 0.0022); (Fb) CHMDI(10), thermo_NaOH (p = 0.0016), (Fc)
CHMDI(10), water_NaOH (p = 0.0001), (Fd) IPDI(5), thermo_NaOH (p = 0.0106); (G) CHMDI(5),
water_NaOH vs. (G) CHMDI(10), water_NaOH (p = 0.0289).
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Figure A4. Box-and-whisker plot of the diametral tensile strength (DTS) of the tested materials.
Statistically significant differences were detected between the following: (a,b,c) None, water_NaOH vs.
(a) CHINOX(0.5), control (p = 0.0440); (b) CHINOX(0.5), water_NaOH (p = 0.0170), (c) CHINOX(1.5),
control (p = 0.0340).
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Figure A5. Box-and-whisker plot of the flexural strength (FS) of the tested materials. Statisti-
cally significant differences were detected between the following: A(a-h)) None, control vs. (Aa)
None, thermo_NaOH (p = 0.0002), (Ab) None, water_NaOH (p = 0.0075),(Ac) CHINOX(0.5), con-
trol (p = 0.0000), (Ad) CHINOX(0.5), thermo_NaOH (p = 0.0000), (Ae) CHINOX(0.5), water_NaOH
(p = 0.0003), (Af) CHINOX(1.5), control (p = 0.0000), (Ag) CHINOX(1.5), thermo_NaOH (p = 0.0000),
(Ah) CHINOX(1.5), water_NaOH (p = 0.0000); B(a—e) None, water_NaOH vs. (Ba) CHINOX(0.5),
control (p = 0.0389), (Bb) CHINOX(0.5), thermo_NaOH (p = 0.0057), (Bc) CHINOX(1.5), control
(p =0.0003), (Bd) CHINOX(1.5), thermo_NaOH (p = 0.0001), (Be) CHINOX(1.5), water_NaOH
(p =0.0006); C(a—c) None, thermo_NaOHvs. (Ca) CHINOX(1.5), control (p = 0.0104), (Cb) CHI-
NOX(1.5), thermo_NaOH (p = 0.0026); (Cc) CHINOX(1.5), water_ NaOH (p = 0.0187); D(a—c)
CHINOX(0.5), water_NaOH vs. (Da) CHINOX(1.5), control (p = 0.0070), (Cb) CHINOX(1.5),
thermo_NaOH (p = 0.0017); (Cc) CHINOX(1.5), water_NaOH (p = 0.0128); (E) CHINOX(0.5), control
vs. (E) CHINOX(1.5), thermo_NaOH (p = 0.0272).



Int. . Mol. Sci. 2023, 24, 4336 15 of 17

40
(a,b,c,
35 de)
(f.9,h,i) (k)
30 t ? @
25 t
>
I
20 t
(a)
157 @ @ (btj) (©9k) @hl) (eim)
10 | cfh @
5 I I I I I I I I I
° T T ° T T I T T
e 8 8 £ 8 8 £ & 8
8 Z, Z 8 Z Z 8 Z Z
s g g & g &8 & g 3B
S g : g 9 T T & g
< = ; X = - X £ A
- o) > = a -~
g 5 z & g z -
> = 5 S X P ) <
i ° 5 ¢ ° 5 8
z = > Z
T 5 T 5 o0 Median
© o [ 25%-75%
maodification, protocol T Min-Max

Figure A6. Box-and-whisker plot of the Vickers hardness (HV) of the tested materials. Statistically
significant differences were detected between the following: (a,b,c,d,e) None, Control vs.(a) None,
thermo_NaOH ( p = 0.0237), (b) CHINOX(0.5), thermo_NaOH (p = 0.0000), (c¢) CHINOX(0.5), wa-
ter_NaOH (p = 0.0001), (d) CHINOX(1.5), thermo_NaOH (p = 0.0000), (e) CHINOX(1.5), water_NaOH
(p = 0.0000); (f,g,h,i) CHINOX(0.5), control vs. (f) CHINOX(0.5), thermo_NaOH(p = 0.0007), (g) CHI-
NOX(0.5), water_NaOH (p = 0.0143), (h) CHINOX(1.5), thermo_NaOH(p = 0.0059), (i) CHINOX(1.5),
water_NaOH (p = 0.0006); (j,k,LLm) CHINOX(1.5), control vs. (j) CHINOX(0.5), thermo_NaOH
(p =0.0018), (k) CHINOX(0.5), water_NaOH (p = 0.0335), (I) CHINOX(1.5), thermo_NaOH (p =
0.0146), (m) CHINOX(1.5), water_NaOH (p = 0.0013).

References

1.  Forss, H.; Widstrom, E. Reasons for restorative therapy and the longevity of restorations in adults. Acta Odontol. Scand. 2004,
62, 82-86. [CrossRef] [PubMed]

2. Brunthaler, A.; Konig, F.; Lucas, T.; Sperr, W.; Schedle, A. Longevity of direct resin composite restorations in posterior teeth. Clin.
Oral Investig. 2003, 7, 63-70. [CrossRef] [PubMed]

3. Kubo, S. Longevity of resin composite restorations. Jpn. Dent. Sci. Rev. 2011, 47, 43-55. [CrossRef]

4. Aminoroaya, A.; Neisiany, R.E.; Khorasani, S.N.; Panahi, P,; Das, O.; Madry, H.; Cucchiarini, M.; Ramakrishna, S. A review of
dental composites: Challenges, chemistry aspects, filler influences, and future insights. Compos. Part B Eng. 2021, 216, 108852.
[CrossRef]

5. Wang, R,; Zhang, M.; Liu, F; Bao, S.; Wu, T; Jiang, X.; Zhang, Q.; Zhu, M. Investigation on the physical-mechanical properties of
dental resin composites reinforced with novel bimodal silica nanostructures. Mater. Sci. Eng. C 2015, 50, 266-273. [CrossRef]

6. Wang, R.; Bao, S.; Liu, F; Jiang, X.; Zhang, Q.; Sun, B.; Zhu, M. Wear behavior of light-cured resin composites with bimodal silica
nanostructures as fillers. Mater. Sci. Eng. C 2013, 33, 4759-4766. [CrossRef] [PubMed]

7. Finer, Y.; Santerre, J.P. Influence of silanated filler content on the biodegradation of bisGMA/TEGDMA dental composite resins.
J. Biomed. Mater. Res. Part A 2006, 79, 963-973. [CrossRef]

8.  Aydmoglu, A.; Yorug, A.B.H. Effects of silane-modified fillers on properties of dental composite resin. Mater. Sci. Eng. C 2017,
79, 382-389. [CrossRef]

9.  Antonucci, ].M.; Dickens, S.H.; Fowler, B.O.; Xu, HH.K.; McDonough, W.G. Chemistry of Silanes: Interfaces in Dental Polymers
and Composites. J. Res. Natl. Inst. Stand. Technol. 2005, 110, 541-558. [CrossRef]

10. Karmaker, A.; Prasad, A.; Sarkar, N.K. Characterization of adsorbed silane on fillers used in dental composite restoratives and its
effect on composite properties. J. Mater. Sci. Mater. Med. 2007, 18, 1157-1162. [CrossRef]

11. Karabela, M.M.; Sideridou, I.D. Effect of the structure of silane coupling agent on sorption characteristics of solvents by dental

resin-nanocomposites. Dent. Mater. 2008, 24, 1631-1639. [CrossRef]


http://doi.org/10.1080/00016350310008733
http://www.ncbi.nlm.nih.gov/pubmed/15198387
http://doi.org/10.1007/s00784-003-0206-7
http://www.ncbi.nlm.nih.gov/pubmed/12768463
http://doi.org/10.1016/j.jdsr.2010.05.002
http://doi.org/10.1016/j.compositesb.2021.108852
http://doi.org/10.1016/j.msec.2015.01.090
http://doi.org/10.1016/j.msec.2013.07.039
http://www.ncbi.nlm.nih.gov/pubmed/24094185
http://doi.org/10.1002/jbm.a.31004
http://doi.org/10.1016/j.msec.2017.04.151
http://doi.org/10.6028/jres.110.081
http://doi.org/10.1007/s10856-007-0145-y
http://doi.org/10.1016/j.dental.2008.02.021

Int. . Mol. Sci. 2023, 24, 4336 16 of 17

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Karkanis, S.; Nikolaidis, A.K.; Koulaouzidou, E.A. Effect of Silica Nanoparticles Silanized by Functional/Functional or
Functional /Non-Functional Silanes on the Physicochemical and Mechanical Properties of Dental Nanocomposite Resins. Appl.
Sci. 2022, 12, 159. [CrossRef]

Gornig, D.C.; Maletz, R.; Ottl, P.; Warkentin, M. Influence of artificial aging: Mechanical and physicochemical properties of dental
composites under static and dynamic compression. Clin. Oral Investig. 2022, 26, 1491-1504. [CrossRef]

Szczesio-Wlodarczyk, A.; Fronczek, M.; Ranoszek-Soliwoda, K.; Grobelny, J.; Sokolowski, J.; Bociong, K. The First Step in
Standardizing an Artificial Aging Protocol for Dental Composites—Evaluation of Basic Protocols. Molecules 2022, 27, 3511.
[CrossRef]

Jamali, R.; Bordbar-Khiabani, A.; Yarmand, B.; Mozafari, M.; Kolahi, A. Effects of co-incorporated ternary elements on biocorrosion
stability, antibacterial efficacy, and cytotoxicity of plasma electrolytic oxidized titanium for implant dentistry. Mater. Chem. Phys.
2022, 276, 125436. [CrossRef]

Lee, J.; Son, C.; Kim, S.; Mohammed, N.B.; Daily, Z.A.; Alsharbaty, M.H.; Abullais, S.S. Effect of PMMA sealing treatment on
the corrosion behavior of plasma electrolytic oxidized titanium dental implants in fluoride-containing saliva solution Effect of
PMMA sealing treatment on the corrosion behavior of plasma electrolytic oxidized titanium. Mater. Res. Express 2022, 9, 125401.
Oja, J.; Lassila, L.; Vallittu, PK.; Garoushi, S. Effect of Accelerated Aging on Some Mechanical Properties and Wear of Different
Commercial Dental Resin Composites. Materials 2021, 14, 2769. [CrossRef]

Barszczewska-Rybarek, .M. Characterization of urethane-dimethacrylate derivatives as alternative monomers for the restorative
composite matrix. Dent. Mater. 2014, 30, 1336-1344. [CrossRef]

Gajewski, V.E.S.; Pfeifer, C.S.; Frées-Salgado, N.R.G.; Boaro, L.C.C.; Braga, R.R. Monomers used in resin composites: Degree of
conversion, mechanical properties and water sorption/solubility. Braz. Dent. ]. 2012, 23, 508-514. [CrossRef]

Holcapkova, P; Stloukal, P.; Kucharczyk, P.; Omastova, M.; Kovalcik, A. Anti-hydrolysis effect of aromatic carbodiimide in
poly(lactic acid) /wood flour composites. Compos. Part A 2017, 103, 283-291. [CrossRef]

Gonyalez-Bonet, A.; Kaufman, G.; Yang, Y.; Wong, C.; Jackson, A.; Huyang, G.; Bowen, R; Sun, J. Preparation of Dental Resins
Resistant to Enzymatic and Hydrolytic Degradation in Oral Environments. Biomacromolecules 2016, 118, 3381-3388. [CrossRef]
Fugolin, A.PP; Pfeifer, C.S. New Resins for Dental Composites. ]. Dent. Res. 2017, 96, 1085-1091. [CrossRef]

Randolph, L.D.; Palin, W.M.; Leloup, G.; Leprince, ].G. Filler characteristics of modern dental resin composites and their influence
on physico-mechanical properties. Dent. Mater. 2016, 32, 1586-1599. [CrossRef]

Yadav, R.; Kumar, M. Dental restorative composite materials: A review. J. Oral Biosci. 2019, 61, 78-83. [CrossRef]

Sideridou, I.; Tserki, V.; Papanastasiou, G. Effect of chemical structure on degree of conversion in light-cured dimethacrylate-based
dental resins. Biomaterials 2002, 23, 1819-1829. [CrossRef] [PubMed]

Barszczewska-Rybarek, I.; Jurczyk, S. Comparative Study of Structure-Property Relationships in Polymer Networks Based on
Bis-GMA, TEGDMA and Various Urethane-Dimethacrylates. Materials 2015, 8, 1230-1248. [CrossRef] [PubMed]

Miiller, ]J.A.; Rohr, N.; Fischer, J. Evaluation of ISO 4049: Water sorption and water solubility of resin cements. Eur. J. Oral Sci.
2017, 125, 141-150. [CrossRef]

AL-Rawas, M.; Johari, Y.; Mohamad, D.; Khamis, M.E.; Ahmad, WM.A.W.; Ariffin, Z.; Husein, A. Water sorption, solubility,
degree of conversion, and surface hardness and topography of flowable composite utilizing nano silica from rice husk. J. Mater.
Res. Technol. 2021, 15, 4173-4184. [CrossRef]

Pieniak, D.; Przystupa, K.; Walczak, A.; Niewczas, A.M.; Krzyzak, A.; Bartnik, G.; Gil, L.; Lonkwic, P. Hydro-thermal fatigue of
polymer matrix composite biomaterials. Materials 2019, 12, 3650. [CrossRef]

Pala, K.; Tekge, N.; Tuncer, S.; Demirci, M.; Oznurhan, E; Serim, M. Flexural strength and microhardness of anterior composites
after accelerated aging. J. Clin. Exp. Dent. 2017, 9, e424-e430. [CrossRef]

Bousses, Y.; Brulat-bouchard, N.; Bouchard, P. A numerical, theoretical and experimental study of the effect of thermocycling on
the matrix-filler. Dent. Mater. 2021, 37, 772-782. [CrossRef]

Ferracane, ].L.; Berge, H.X.; Condon, J.R. In vitro aging of dental composites in water—effect of degree of conversion, filler volume,
and filler/matrix coupling. J. Biomed. Mater. Res. 1998, 42, 465-472. [CrossRef]

Kriger, J.; Maletz, R.; Ottl, P.; Warkentin, M. In vitro aging behavior of dental composites considering the influence of filler
content, storage media and incubation time. PLoS ONE 2018, 13, e0195160. [CrossRef] [PubMed]

Sarkar, N.K. Internal corrosion in dental composite wear: Its Significance and Simulation. J. Biomed. Mater. Res. 2000, 53, 371-380.
[CrossRef]

Szczesio-Wlodarczyk, A.; Sokolowski, J.; Kleczewska, J.; Bociong, K. Ageing of dental composites based on methacrylate resins—A
critical review of the causes and method of assessment. Polymers 2020, 12, 882. [CrossRef]

Delaviz, Y.; Finer, Y.; Santerre, ].P. Biodegradation of resin composites and adhesives by oral bacteria and saliva: A rationale for
new material designs that consider the clinical environment and treatment challenges. Dent. Mater. 2014, 30, 16-32. [CrossRef]
Al Sunbul, H.; Silikas, N.; Watts, D.C. Surface and bulk properties of dental resin- composites after solvent storage. Dent. Mater.
2016, 32, 987-997. [CrossRef]

Moon, J.-D.; Seon, E.-M.; Son, S.-A.; Jung, K.-H.; Kwon, Y.-H.; Park, J.-K. Effect of immersion into solutions at various pH on the
color stability of composite resins with different shades. Restor. Dent. Endod. 2015, 40, 270. [CrossRef]

Palin, W.M.; Fleming, G.J.P,; Burke, FJ.T.; Marquis, PM.; Randall, R.C. The influence of short and medium-term water immersion
on the hydrolytic stability of novel low-shrink dental composites. Dent. Mater. 2005, 21, 852-863. [CrossRef]


http://doi.org/10.3390/app12010159
http://doi.org/10.1007/s00784-021-04122-0
http://doi.org/10.3390/molecules27113511
http://doi.org/10.1016/j.matchemphys.2021.125436
http://doi.org/10.3390/ma14112769
http://doi.org/10.1016/j.dental.2014.09.008
http://doi.org/10.1590/S0103-64402012000500007
http://doi.org/10.1016/j.compositesa.2017.10.003
http://doi.org/10.1002/cncr.27633.Percutaneous
http://doi.org/10.1177/0022034517720658
http://doi.org/10.1016/j.dental.2016.09.034
http://doi.org/10.1016/j.job.2019.04.001
http://doi.org/10.1016/S0142-9612(01)00308-8
http://www.ncbi.nlm.nih.gov/pubmed/11950052
http://doi.org/10.3390/ma8031230
http://www.ncbi.nlm.nih.gov/pubmed/28787999
http://doi.org/10.1111/eos.12339
http://doi.org/10.1016/j.jmrt.2021.10.024
http://doi.org/10.3390/ma12223650
http://doi.org/10.4317/jced.53463
http://doi.org/10.1016/j.dental.2021.01.010
http://doi.org/10.1002/(SICI)1097-4636(19981205)42:3&lt;465::AID-JBM17&gt;3.0.CO;2-F
http://doi.org/10.1371/journal.pone.0195160
http://www.ncbi.nlm.nih.gov/pubmed/29630621
http://doi.org/10.1002/1097-4636(2000)53:4&lt;371::AID-JBM11&gt;3.0.CO;2-N
http://doi.org/10.3390/polym12040882
http://doi.org/10.1016/j.dental.2013.08.201
http://doi.org/10.1016/j.dental.2016.05.007
http://doi.org/10.5395/rde.2015.40.4.270
http://doi.org/10.1016/j.dental.2005.01.004

Int. . Mol. Sci. 2023, 24, 4336 17 of 17

40.

41.

42.

43.

44.

45.

Ghavami-Lahiji, M.; Firouzmanesh, M.; Bagheri, H.; Jafarzadeh Kashi, T.S.; Razazpour, F.; Behroozibakhsh, M. The effect of
thermocycling on the degree of conversion and mechanical properties of a microhybrid dental resin composite. Restor. Dent.
Endod. 2018, 43, e26. [CrossRef]

Chadwick, R.G.; McCabe, ].E,; Walls, A.W.G.; Storer, R. The effect of storage media upon the surface microhardness and abrasion
resistance of three composites. Dent. Mater. 1990, 6, 123-128. [CrossRef]

Porfyris, A.; Vasilakos, S.; Zotiadis, C.; Papaspyrides, C.; Moser, K.; Van Der Schueren, L.; Buyle, G.; Pavlidou, S.; Vouyiouka, S.
Accelerated ageing and hydrolytic stabilization of poly(lactic acid) (PLA) under humidity and temperature conditioning. Polym.
Test. 2018, 68, 315-332. [CrossRef]

Stloukal, P,; Jandikova, G.; Koutny, M.; Sedla, V. Carbodiimide additive to control hydrolytic stability and biodegradability of
PLA. Polym. Test. 2016, 54, 19-28. [CrossRef]

Barszczewska-rybarek, I.; Gibas, M.; Kurcok, M. Evaluation of the network parameter in aliphatic poly(urethane dimethacrylate)s by
dynamic thermal analysis. Polymer 2000, 41, 3129-3135. [CrossRef]

Szczesio-Wlodarczyk, A.; Kopacz, K.; Szynkowska-Jozwik, M.I.; Sokolowski, J.; Bociong, K. An Evaluation of the Hydrolytic
Stability of Selected Experimental Dental Matrices and Composites. Materials 2022, 15, 5055. [CrossRef]

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.


http://doi.org/10.5395/rde.2018.43.e26
http://doi.org/10.1016/S0109-5641(05)80042-9
http://doi.org/10.1016/j.polymertesting.2018.04.018
http://doi.org/10.1016/j.polymertesting.2016.06.007
http://doi.org/10.1016/S0032-3861(99)00530-3
http://doi.org/10.3390/ma15145055

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Conclusions 
	Appendix A
	References

