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Haihuan Gong, a Zuosen Shi, b Zhanchen Cui *b and Song Zhu*a

Bonding failure is one of the main causes of failure of dental restorations. The bonding strength, aging

resistance, and polymerization shrinkage of cement can affect the stability of the bonding interface and

lead to marginal microleakage. To reduce the bonding failure rate of restorations, a novel polyurethane

(PU) cement was designed to improve the mechanical properties, hydrophobicity, degree of conversion

(DC), polymerization shrinkage, bond strength and aging resistance of cement by introducing

isophorone diisocyanate (IPDI) and hydroxyethyl methacrylate (HEMA) and adjusting the

polyester : polyether ratio to increase the degree of cross-linking. Experimental results verified that the

novel PU could increase the mechanical properties and thermal stability of the cement, reduce

polymerization shrinkage during the curing reaction, improve the bonding performance and DC, endow

the cement with hydrophobic properties, and improve its ability to resist aging in the salivary

environment to maintain the long-term stability of interfacial bonding under the influence of

comprehensive factors. The results of this study provide a new direction and insights to reduce

microleakage and improve the success rate of restorations.
Introduction

Bonding failure is one of the main causes of failure of dental
restorations. In 2005, 166 million dental restorations took place
in the United States.1 Failed prostheses that need to be replaced
within ten years account for nearly 50% of all restorative
dentistry,2 which increases the workload of clinicians.

Restorations fall off is mainly because chemical reactions
lead to polymerization shrinkage, which produces residual
stress, and the cement bonding interface dissolves and
becomes damaged. When the bonding force and residual stress
are unbalanced, tiny cracks form, and bacterial adhesion and
proliferation lead to secondary caries, eventually resulting in
bonding failure.3 This process is greatly accelerated by changes
in the oral environment and continuous masticatory stress.

With the development of modern prosthodontic bonding
technology, resin-based cement has become widely used. Self-
adhesive resin cement has become a research hotspot because
of its simple clinical procedure and great bonding performance.
Traditional etch-and-rinse bonding and self-etch bonding
systems can use a pretreatment agent primer to obtain satis-
factory bonding properties by removing and modifying the
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mation (ESI) available. See

24300
hybrid layer. However, this complex procedure is likely to
reduce bonding strength due to the humid environment in the
narrow oral cavity. Self-adhesive resin cements contain acidic
monomers that can directly bond with the hard tissue of the
tooth without pretreatment. The bonding efficiency is similar to
that of traditional resin cement, and the postoperative sensi-
tivity is less, thus gaining the attention and favor of clinicians.

Although resin-based materials are superior to traditional
cements in terms of solubility and bonding properties, they
inevitably suffer from volume shrinkage and residual stresses
due to the change in spatial conguration from chain-like to
cross-linked networks during the polymerization reaction and
the simultaneous double-bond polymerization reaction, which
reduces the molecular spacing. A high molecular weight matrix
and more ller can be introduced to reduce the relative
concentration of double-bond groups (C]C) and polymeriza-
tion shrinkage.4,5 Great results were also achieved by intro-
ducing low-shrinkage monomers or new spiro orthocarbonate
(SOC) monomers to decrease polymerization shrinkage by
reducing changes due to chain polymerization.6,7

Polyurethane (PU) system is mature elastic system that are
widely used in various applications in daily life. PU system act as
elastic buffers due to the combination of so and hard chains,
which can effectively offset the stress caused by polymerization
shrinkage and volume change. Hydrogen bonds are formed
between the adhesive and the substrate, and stable chemical
bonding is maintained by enhancing the cohesion of the
molecules. Additionally, PU system contain many hydrophobic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Synthetic scheme for four PUs with different ratios of PDGPA
and PPO

Group PDGPA PPO IPDI HEMA DBTDL

PU1 32 g 12 g 14.68 g 12.87 g 0.176 g
PU2 24 g 24 g 16 g 12.49 g 0.192 g
PU3 16 g 36 g 17.34 g 15.22 g 0.208 g
PU4 8 g 48 g 18.66 g 16.04 g 0.224 g
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segments that can reduce adsorption and damage from disso-
lution by water. Therefore, the properties of strong adhesion,
high elasticity and resistance to hydrolysis enhance the value of
PU materials in the dental eld.8

Current related research mainly focuses on regulating the
elastic cushioning effect by adjusting the different components of
PUs and so and hard segment collocation. Some researchers
prepared elastic layers adhesives that partially buffer shrinkage
stress and obtained satisfactory aging and bonding properties.9,10

However, cement-bonded prostheses require adhesives with even
better mechanical properties to perform their functions. This
research group developed a new PU system by introducing
a phenyl ring to increase the rigidity of the PU system, adjusted
the elasticity of the system by adjusting the proportions of poly-
ester and polyether, and nally synthesized a novel resin cement.
The null hypotheses were that (1) the novel PU resin cement
system cannot reduce the polymerization shrinkage of cement;
(2) the bonding performance of the new cement is worse than
that of commercial cement; and (3) the novel cement cannot
resist thermocycle aging or reduce marginal microleakage.
Materials and method
Materials

Polyester polyol (PDGPA, Mn ¼ 2000 g mol�1) was purchased
from Jinling Chemical Co. Ltd (Nanjing, China), and polyether
polyol (PPO, Mn ¼ 3000 g mol�1) was obtained from Bluestar
Dongda Co. Ltd (Zibo, China). Camphorquinone (CQ), ethyl-4-
dimethylaminobenzoate (4-EDMAB), benzoyl peroxide (BPO),
N,N-dihydroxyethyl-p-toluidine (DHEPT), isophorone diisocya-
natea (IPDI), dibutyltin dilaurate (DBTDL), 2-hydroxyethyl
methacrylate (HEMA), tetrahydrofuran (THF), and methylene
blue were purchased from Aladdin. Commercial cement (Mul-
tilink Speed (MS), Ivoclar Vivadent, Liechtenstein) was
purchased. Inorganic ller (1 mm) was obtained from Dentex
(Changchun, China). L929 cells were obtained from the School
of Life Science, Jilin University.
Synthesis and characterization

The selected PDGPA and PPO were dehydrated and dried at
120 �C for 3 h. A 4 Å molecular sieve was prepared at high
temperature, THF was added, and the material was dried for 1
week. Then, water was removed fromHEMA by anhydrousMgSO4

sulfate for 1 week. IPDI as the reactant and DBTDL as the catalyst
were placed into two three-neck, round-bottom asks. PDGPA
and PPO were dissolved in anhydrous THF in different constant
pressure dropping funnels and added dropwise to IPDI. The
mixture was then stirred and heated at 68 �C for 3 h until no OH
groups were observed in the infrared spectrum to prepare the
NCO-terminated PU prepolymer. HEMAwas added under stirring
and heating for 3 h until there were no NCO groups. The PU was
centrifuged at 35 �C to remove excess solvent and dried under
vacuum. The proportions of the four PU types are presented in
the following gures (Table 1). The main reaction process
described above is shown in Appendix Fig. 1.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Fourier transform infrared spectroscopy (FT-IR) was used to
determine the characteristic absorption peaks with wave-
numbers in the range of 4000–500 cm�1. The hydrogen spec-
trum of nuclear magnetic resonance spectrometry (1H NMR)
was measured by a Bruker AVANCE 500 MHz III nuclear
magnetic resonance instrument.
Tensile strength and elongation at break

PU/TEGDMA (1 : 1) was prepared from a PU system composed
of synthetic polyester polyurethane and polyether polyurethane
with different molar ratios (8 : 2, 6 : 4, 4 : 6, 2 : 8) and the
initiator and redox agent of 1% CQ/EDMAB (3 : 7) + 1% BPO/
DHEPT (1 : 1), which were mixed evenly under dark condi-
tions. The mixture was divided into samples with equal
proportions of the two components, A (containing photosensi-
tizer, oxidant) and B (containing reductant).

The prepared PU matrix was lled into a dumbbell mold,
covered with polyethylene lm, and cured by LED light to prepare
specimens for tensile tests. The specimen size was selected
according to the standard GB/T 1040-92 test method for the
tensile properties of plastics. A universal testing machine (AG-X
plus, Japan) with a crosshead speed of 10 mm min�1 was used
for the tensile test. Aer fracture, each sample wasmeasured aer
3 min of stabilization. The formulas for calculating the tensile
strength (MPa) and elongation at break (%) were as follows:

Tensile strength (MPa) ¼ Fmax/DH

Elongation at break (%) ¼ (C1 � C)/C

where Fmax is the maximum load at the breaking point (N); D is
the width of the breaking point (mm); H is the thickness of the
fracture point (mm); C1 is the length aer break (mm); and C is
the original length of the gauge (mm).
General properties

Synthesis of PU double-curing resin cement. The cement was
prepared from the matrix synthesized above (30%), 1 mm Ba–Sr
glass powder as ller (65%), and 10-MDP acid monomer (5%).
The cement was evenly mixed under dark conditions and
divided into two equal-proportion components, A (containing
photosensitizer and oxidant) and B (containing reductant). The
experimental groups were as follows:

(1) Commercial control group: MS double-curing resin
cement.
RSC Adv., 2022, 12, 24288–24300 | 24289
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Fig. 1 (A) 1H NMR spectra of PU based on polyester polyol. (B) 1H NMR spectra of PU based on the polyether polyol. (C) FT-IR spectra of PU based
on polyester polyol. (D) FT-IR spectra of PU based on the polyether polyol.
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(2) PU1 group: polyester: polyether molar ratio 8 : 2 double-
curing resin cement.

(3) PU2 group: polyester: polyether molar ratio 6 : 4 double-
curing resin cement.

(4) PU3 group: polyester: polyether molar ratio 4 : 6 double-
curing resin cement.

(5) PU4 group: polyester: polyether molar ratio 2 : 8 double-
curing resin cement.

Water sorption and solution. The test pieces for determining
water sorption and solution were prepared as above. The stan-
dard test pieces (n ¼ 5) were placed in a sealed desiccator with
silica gel and stored at 37 �C for 24 h. They were weighed to the
nearest 0.1 mg, and the spent desiccant was replaced with new
silica gel desiccant. The above steps were repeated until the
mass reduction of each sample was no more than 0.1 mg, and
the obtained mass was recorded as M1. The volume of the test
piece was calculated and recorded as V. The test piece was
immersed in deionized water for 7 d. The water was removed
and wiped, and the mass was recorded as M2. The above steps
were repeated to dry the test piece until the mass was constant,
which was recorded as M3. The water sorption (WSP) and water
solution (WSL) were calculated by the following formulas:

WSP ¼ (M2 � M3)/V
24290 | RSC Adv., 2022, 12, 24288–24300
WSL ¼ (M1 � M3)/V

Contact angle. PU and commercial resin cement were placed
in a hollow Teon mold with a diameter of 15 mm and
a thickness of 1 mm according to ISO 4049. Two glass plates
were placed on either side aer covering the top and bottom
with polyethylene lm. The specimens were cured for 20
seconds each time. 6 mL of water was added dropwise, and the
results were recorded with DataPhysics (OCA 20, Germany). The
water contact angle (CA) was measured at room temperature
according to the obtained photos (n ¼ 5).

Degree of conversion. A KBr sheet was pressed, and the
newly made PU cement and commercial cement were evenly
applied in a thin layer on the surface of the KBr sheet with
a small brush, aer which they were observed and scanned with
an FTIR spectrometer with an attenuated total reection device
before and aer curing for 20 seconds (n ¼ 5). The internal
parameter was the 1608 cm�1 band (phenyl C]C bond), and
the relative change in the 1637 cm�1 band (C]C bond) before
and aer curing was calculated to determine the degree of
conversion (DC). The DC formula is as follows:

DC (%) ¼ [1 � (A1637/A1608) cured/(A1637/A1608) uncured] � 100%
© 2022 The Author(s). Published by the Royal Society of Chemistry
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where A1637 is the peak area of the methacrylate C]C bond at
1637 cm�1 and A1608 is the peak area of the phenyl C]C bond at
1608 cm�1.

Thermal characterization. The PU matrix was cured for 20
seconds to prepare approximately 5 mg of sample, and the
different cements were heated from 0 to 600 �C with a thermal
hydrometer to obtain the thermogravimetric curves by a TGA
Q500 thermal analyzer. The thermal stability was analyzed at
the temperature when the weight loss was 5 wt%.
Mechanical properties

Flexural strength and modulus of elasticity. Commercial
cement and PU cement specimens were lled into 2 mm� 2 mm
� 25 mmmetal molds and cured for 20 seconds according to the
ISO 4049 standard. Then, the test pieces were stored in distilled
water at 37 �C away from light for 24 h. The exural strength and
elastic modulus of the specimens were evaluated by a universal
testing machine with a loading speed of 1 mm min�1 until the
specimen broke. The maximum load and slope were recorded,
and the exural strength (FS) and elastic modulus (EM) of the
specimen were calculated. The formulas are as follows:

FS ¼ 3Fl/2bh2

EM ¼ Fl3/4bdh3

F—maximum load (N); l—distance between supports (mm); b—
width of test piece (mm); h—height of test piece (mm); d—the
deection corresponding to F.

Compressive strength. The resin cement was put into ametal
mold with a diameter of 4mm and a height of 6mm tomake the
test pieces according to the ISO 9917 standard. The surface and
bottom of each test piece were cured for 20 seconds each, stored
in distilled water at 37 �C and kept away from light for 24 h. A
universal testing machine was used to test the compressive
strength by applying a loading speed of 1 mm min�1 until the
specimen broke. The maximum load during the fracture
process was recorded. The compressive strength (CS) was
calculated by the following formula:

CS ¼ 4F/pd2

F—maximum load; d—diameter of test piece.
Surface hardness. The resin cement was put into a metal

mold with a diameter of 6 mm and a height of 2 mm, cured for
20 seconds to prepare a round specimen, and stored in
distilled water at 37 �C for 24 h.11 A Vickers hardness indenter
was vertically loaded on the surface of the specimen to test the
surface hardness of the experimental materials.12 The loading
force was 980 mN, and the loading lasted for 10 seconds. The
digital display of the hardness value was directly recorded.
Each test piece was tested 3 times, and the average value was
taken.

Thermal cycling test. Samples for the analysis of exural
strength, compressive strength, tensile strength and surface
hardness were alternately placed into 5 and 55 �C water baths
and held for 30 seconds each time; this process was repeated
© 2022 The Author(s). Published by the Royal Society of Chemistry
10 000 times. The mechanical properties aer thermal cycling
were calculated according to the corresponding formulas.

Polymerization shrinkage kinetics

A real-time laser ranging system was used to detect the axial
shrinkage of the resin cement, and the polymerization shrinkage
kinetics were analyzed. Isolated aluminum sheets were placed at
the ends on both sides and lled with the resin cement. The laser
beam faced the center of the test end aer the baffle was carefully
removed. The displacement sensor was turned on, and the
sample was exposed to light curing for 20 seconds aer the
cement was stable for 5 min. Data were collected for another
5 min. The shrinkage strain time curve and shrinkage rate time
curve were drawn, and the volume shrinkage was calculated
according to the following formula, where lin% is the linear
shrinkage and vol% is the volume shrinkage:

vol% ¼ 3lin% � 0.03(lin%)2 + 0.0001(lin%)3

Micro-tensile bond strength and fracture mode

Fiy complete fresh isolated molars were provided by the Sto-
matology Hospital of Jilin University. Each patient signed an
informed consent form. The isolated teeth were immersed in
0.5% ammonium chloride solution at 4 �C for storage. First,
part of the enamel of the isolated molar crown was cut off with
a slow speed saw to expose the dentin. Then, 180, 360 and 600
mesh sandpapers were used to polish an E. max glass–ceramic
block under running water for 15 seconds. According to the
instructions, HF acid was used to treat the E. max glass–ceramic
block for 1 min, and silane coupling agent was lightly applied
for 1 min. The isolated teeth and ceramic block were bonded
with commercial MS and experimental PU cement, respectively,
compressed with 10 N force and cured for 20 seconds. The
samples were embedded in epoxy resin and cured. Then, the
samples were cut into 1 mm � 1 mm � 8 mm sections along
the long axis of the tooth perpendicular to the bonding surface
with a slow speed saw. The specimens were randomly divided
into two groups according to the different cement bonding
groups. One group was immediately tested with a universal
testing machine. The other group was subjected to a thermal
cycling aging test, and the micro-tensile bond strength was
evaluated. The tensile strength (MPA) was calculated as follows:

micro-tensile strength (MPa) ¼ Fmax/S

where Fmax is the maximum load at the breaking point (N) and S
is the cross-sectional area of the breaking point (mm2).

The fracture surface was observed with a stereomicroscope
(�40 magnication) and classied according to the following
three fracture modes: (1) bonding interfacial fracture, (2)
cohesive fracture (containing glass ceramics, resin cement or
dentin), and (3) mixed fracture, i.e., partial interfacial fracture
and partial cohesive fracture.

Some immediate and aged specimens were dehydrated with
an ethanol gradient, dried thoroughly and sprayed with gold.
The morphology of the bonding surface was observed under
RSC Adv., 2022, 12, 24288–24300 | 24291
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scanning electron microscopy (SEM). Rhodamine B (RB,
0.1 wt%) was evenly mixed into the resin cement, and the
bonding specimen was made according to the previous method
for specimens for micro-tensile bond strength tests. The
bonding interfacial morphology was observed directly under
confocal laser scanning microscopy (CLSM).

Margin microleakage

The isolated molars were collected as described above and
prepared to MOD type, with a depth of 3 mm and a width of
4 mm at the isthmus. E. max glass–ceramic inlays were
prepared and treated with HF and silane coupling agent. Then,
the inlays were bonded to dentin with resin cement aer curing
for 20 seconds. The test pieces were stored in deionized water at
37 �C for 24 h. The specimens were subjected to cold and hot
circulation (5 �C water bath for 30 seconds, 55 �C water bath for
30 seconds) 10 000 times. Aer that, the apical holes were
closed with self-curing plastic, and quick-drying nail polish was
applied on the detached teeth 1 mm away from the inlay
bonding line. The dried teeth were immersed in 1% methylene
blue solution for 24 h. The specimens were washed with
running water for 15 min to remove the excess dye and cut into
1 mm thin slices along the long axis of the tooth with a slow
speed saw. Photos were taken using a stereomicroscope, the dye
along the cavity wall was measured using image analysis so-
ware (KS 400 image for Windows; Carl Zeiss Ag), and the dye
penetration depth was calculated.

Cytotoxicity test

CCK-8 assay. L929 cells in the logarithmic growth stage were
inoculated into 96-well plates and co-cultured with matrix
extracts for 24 h, 48 h and 72 h. Then, 10 mL of cell counting kit-
8 (CCK-8) solution was added to each well and incubated at
37 �C 37 and 5% CO2 in an incubator for 1.5–2 h. The absor-
bance value of each well plate at a wavelength of 450 nm was
measured by a microplate reader, and the relative growth rate
(RGR) was calculated. The formula was as follows:

RGR ¼ As/Ac � 100%

where As is the absorbance of the experimental well and Ac is the
absorbance of the control well.

Live/dead cell staining. The above logarithmic L929 cells
were inoculated into 6-well plates. The extraction solution was
changed aer culturing for 24–48 h. The blank control group
was replaced with fresh culture medium for 24 h. The live/dead
cells were stained with calcein acetoxymethyl ester (calcein AM)
and propidium iodide (PI) under dark conditions. Aer 15 min,
the cell morphology was observed under an inverted uores-
cence microscope and photographed. Finally, ImageJ soware
was used to analyze the proportion of living cells, which was
consistent with the experimental results of the CCK-8 assay.

Statistics

The normal distribution and variance were assessed by the
Kolmogorov–Smirnov test and Bartlett test, respectively. SPSS
24292 | RSC Adv., 2022, 12, 24288–24300
19.0 soware was used for statistical analysis of the experi-
mental results. The data were analyzed with one-way ANOVA by
SPSS 19.0 soware, and multiple comparisons were performed
using Tukey's test and Dunnett's T3 test. The signicance level
was set at p ¼ 0.05.
Results and discussion
PU characterization

The main reaction processes of PU are based on polyester pol-
yols and polyether polyols (Appendix Fig. 1). The 1H NMR and
FT-IR (Fig. 1) results proved that PU was successfully synthe-
sized. Fig. 1(A) and (B) showed that polyester and polyether
polyols reacted with isophorone diisocyanate in turn to form
NCO-terminated prepolymers, and then HEMA was added to
obtain acrylate-modied polyester PU. Aer the addition of
isophorone diisocyanate, the NCO vibration peak was observed
at 2260 cm�1. The NCO group reacted with the hydroxyl group
to form the N–H peak in the carbamate bond (–NHCOO–) at
3340 cm�1. When the HEMA reaction was complete, the C]C
absorption peak was observed at 1638 cm�1, and the 2260 cm�1

NCO vibration peak decreased and disappeared, which
conrmed the end of the reaction.

Fig. 1(C) and (D) show the 1H NMR spectra of the polyester
and polyether PU products, respectively. The proton peak of
IPDI was at 1.04 ppm. The free terminal double-bond proton
peaks of HEMA were at 5.57–5.58 ppm and 6.12–6.13 ppm, and
the benzene ring proton peak was at 7.50–7.68 ppm. Therefore,
FT-IR and 1H NMR analyses proved that the polyester polyether
PU was successfully synthesized.
Tensile strength and fracture toughness

As mature technology for elastic buffer materials, PU is widely
used in various elds, but unmodied PU has limited perfor-
mance in applications where they undergo dental maxillary
force and aging in the presence of saliva. In contrast, mixtures
of polyester and polyether components enables the realization
of complementary advantages to enhance the comprehensive
performance of PU.13 Because polyester is more rigid and pol-
yether is more exible, these components can be mixed in
different ratios to obtain suitable tensile strength and elonga-
tion at break, which can buffer the residual stress caused by
polymerization shrinkage.14 Fig. 2 showed the effect of different
polyester : polyether ratios on the tensile and elongation prop-
erties of PUs.With a decrease in the ester–ether ratio, the tensile
strength decreased (28.37–21.85 MPa) (p < 0.05), while the
elongation at break increased (24.75–58.38%) (p < 0.05). These
opposite trends made it difficult to simultaneously optimize
both characteristics.

Upon increasing the polyether content, the polyester and
polyether mixed and dissolved more completely, which reduced
phase separation and enhanced the density of the network
structure. An increased polyether content not only can achieve
toughening but also not reduce the cross-linking density of PU
too much. Polyester polyurethanes had great cohesive energy
and strong rigidity, and the addition of a benzene ring improves
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Tensile testing. Tensile strength and elongation at break for PUs
with different molar ratios of PDGPA to PPO that could be suitable for
application in dental cements.
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its mechanical properties. When the ratio of ester to ether was
higher, the so segments of polyester gradually dispersed
among the so segments of polyether, and strong polar ester
bonds penetrated the lattice of molecular chain segments,
resulting in enhanced hydrogen bonding between molecules.
Thus, the tensile strength of the PU system was improved. The
elongation at break of polyether was better than that of poly-
ester. When the ester : ether ratio was relatively low, polyether
could obtain good elongation at break due to the large number
Fig. 3 Characterization of the PU and MS cements. (A) Water sorption
representative images of the cement surface. (D) Influence of different P
cements (mean � SD, n ¼ 5).

© 2022 The Author(s). Published by the Royal Society of Chemistry
of so segments in the system and the deformation of ether
bonds that easily rotated, which cushion the residual tensile
stress generated during the reduction in polymerization
shrinkage and mitigate unbalanced damage of the interface
under the effect of integrated stress.15
General properties

Resin materials are prone to water absorption and dissolution
in the oral environment, resulting in the degradation of mate-
rial properties. Therefore, it is important to maintain the
hydrophobicity of the materials to ensure that they do not easily
dissolve and keep the bonding interface stable.16,17 A prelimi-
nary study by this group found that among the self-adhesive
resin cements Clearl SA, MS and Rely X Unicem, MS had
good physical and chemical properties and the best bonding
and aging performance. Furthermore, a large amount of 10-
MDP can enhance the interfacial bonding performance of MS to
levels close to the experimental group.18 Therefore, MS was
selected as the commercial control group to evaluate the
performance of the new cement in this study. For the newly
synthesized PU cement, ester bonds were easily hydrolyzed and
had poor stability in liquid environments. The polyether
component, however, resisted hydrolysis and could improve the
resistance to aging of the system. As shown in Fig. 3(A) and (B),
the water absorption value of the new PU cement mixed with
polyester and polyether increased with increasing proportion of
polyether in the composition; PU4 had the highest value (p <
0.05). No signicant difference in the dissolution value was
. (B) Water solubility. (C) Contact angle of five different cements and
Us on the degree of conversion of the experimental and commercial

RSC Adv., 2022, 12, 24288–24300 | 24293
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Fig. 4 Thermal characterization of four kinds of PUs.
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observed among the PU groups (p > 0.05). The values of these
parameters were signicantly lower than those of the
commercial group (p < 0.05), indicating that the new PU cement
had good hydrolytic stability. Fig. 3(C) showed that the water
contact angles of the experimental groups aer curing gradually
decreased with increasing polyether content, but all the values
were greater than 90�, which showed hydrophobicity and veri-
ed that the water absorption capacity of the polyester
components was weaker than that of polyether components.19
Fig. 5 Mechanical properties of the cements after 24 h and 10 000 th
strength (D) hardness (mean � SD, n ¼ 8).

24294 | RSC Adv., 2022, 12, 24288–24300
Furthermore, compared with hydrophilic commercial cement
(71.40� � 3.54�), the experimental materials were more condu-
cive to resisting the invasion of water from the environment.

DC is an important index used to evaluate the polymeriza-
tion ability of polymer materials.20 Fig. 3(D) showed that the
DC of PU decreased with increasing polyether composition.
Moreover, the average DC values of the experimental group
(74.99%, 69.61%, 61.7%, 53.47%) were much greater than
those of the commercial group (37.82%). This showed that
with an increase in polyether components, polyether with
three functional groups formed a dense cross-linked network,
which increased constraints on chain segments and thus
slowed the progress of the reaction and ultimately decreased
the DC level of the PU4 group with more polyether compo-
nents. With the higher DC, more molecules cross-linked into
a dense network structure, which not only enhanced
mechanical properties such as strength and hardness but also
reduced water absorption, swelling and dissolution.21,22 Addi-
tionally, the polymerization reaction proceeded more
completely, and the residual unreacted monomers greatly
decreased, which prevented dissolution of material and
damage due to monomer precipitation as well as cytotoxicity to
organisms; this increased the biosafety of the material and
enhanced the stability of the interfacial bonding.23

Modifying the ratio of polyester to polyether not only affected
water absorption and solubility but also had a great impact on
the crystallinity, thermal stability and mechanical strength of
the material.24–26 The mechanical strength and thermal stability
ermocycles. (A) Flexible strength (B) elastic modulus (C) compressive

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04446c


Table 2 Mechanical properties of the cements after 24 h and 10 000 thermocyclesa

Mechanical property MS PU1 PU2 PU3 PU4

Flexible strength (MPa) 24 h 89.41 (3.00)Aa 98.66 (4.18)Ba 93.12 (5.84)ABa 88.97 (7.39)Aa 85.04 (5.43)Aa

10 000 31.14 (4.72)Ab 74.64 (1.91)Bb 72.05 (4.06)Bb 71.68 (4.80)Bb 70.25 (6.36)Bb

Elastic modulus (GPa) 24 h 4.97 (0.40)Aa 3.67 (0.23)Ba 3.50 (0.31)BCa 3.48 (0.52)BCa 2.97 (0.09)Ca

10 000 3.45 (0.27)Ab 2.91 (0.18)Bb 2.82 (0.25)Bb 2.86 (0.43)Bb 2.49 (0.09)Ba

Compressive strength (MPa) 24 h 186.46 (22.8)Aa 216.29 (8.58)Ba 182.15 (10.72)Aa 181.19 (12.43)Aa 170.84 (7.65)Aa

10 000 189.56 (23.43)Aa 239.13 (14.53) Ba 210.79 (23.22)ABa 205.16 (13.39) Aa 201.45 (5.09)Ab

Hardness (HV) 24 h 40.16 (1.50)Aa 44.21 (1.05)Ba 40.35 (2.13)Aa 40.27 (1.50)Aa 30.62 (1.32)Ca

10 000 28.93 (1.08)Ab 42.20 (0.65)Ba 38.06 (2.01)Ca 38.38 (1.45)Ca 29.47 (1.27)Aa

a Capital letters represent statistically signicant differences within each cement group (p < 0.05; horizontal comparisons). Lowercase letters
represent statistically signicant differences within each cement group before and aer 10 000 thermocycles (p < 0.05; vertical comparisons).
24 h, 24 hours group. 10 000, 10 000 thermocycle group. Data are expressed as the mean (standard deviation, SD).
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could be improved by hard segments. The temperature corre-
sponding to 5% mass loss in the experimental group was more
than 271 �C, which indicated that the materials could remain
stable in the oral environment (5–55 �C) (Fig. 4A). The thermal
stability, exural strength, elastic modulus, compressive
strength and surface hardness of the cement gradually
Fig. 6 Polymerization shrinkage and kinetics of the resin cements: (A) p
shrinkage, and (D) gel point (mean � SD, n ¼ 5).

© 2022 The Author(s). Published by the Royal Society of Chemistry
increased (Fig. 4, 5 and Table 2) with increasing polyester
content.27 The values were close to or better than those of the
commercial group, which conrmed that the new PU resin
cement could resist the effect of oral masticatory stress, was less
prone to internal damage and fracture than the commercial
material, and improved the durability of the cement.
olymerization volume shrinkage, (B) polymerization strain, (C) rate of
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Polymerization shrinkage

In addition to the properties of the material, the durability of
the bonding interface is affected by polymerization shrinkage,
bond strength and interface aging.28 To reduce the adverse
effects of polymerization shrinkage, high molecular weight PU
materials were chosen to reduce the concentration of double
bonds and the number of double-bond reactions, while the
volume polymerization shrinkage was compensated for by
intermolecular and intramolecular elastic feedback with
different proportions of so and hard segment molecular
chains.

At the beginning of polymerization, the viscosity of the
system is low, and the cement can ow freely to compensate for
the polymerization shrinkage stress. When approaching the gel
point, the viscosity of the system increases, and a “gel
phenomenon” appears. At this time, the elastic modulus and
the shrinkage stress are low, and the molecular chains could
move and deform to release stress. It has been speculated that
delaying the gel stage and increasing the buffer time can better
reduce the strain caused by polymerization shrinkage.29–31 With
the progression of the reaction, the DC and viscosity increase.
When molecular movement and diffusion are restricted by the
viscosity of the system, the reaction slows automatically until it
stops, and polymerization stress is generated rapidly. According
to previous studies, polymerization shrinkage was directly
related to DC.32 The higher DC was, the more molecules
underwent bonding reactions, which led to more shrinkage of
molecular spacing and larger volume shrinkage of the polymer.
According to the DC (Fig. 4D) and polymerization shrinkage
results (Fig. 6A), the MS group reacted fastest and ended
soonest, with the lowest DC (37.82% � 1.17%); thus, less
Fig. 7 Representative images of (A), (B) CLSM and (C), (D) SEM showing
underneath the hybrid layer (hl) are well defined. rc, resin cement; rt, re

24296 | RSC Adv., 2022, 12, 24288–24300
polymerization shrinkage occurred (2.54% � 0.11%). The PU1
group showed the slowest reaction speed (Fig. 6C) and the most
delayed gel point (Fig. 6 D), leading to the corresponding largest
DC value (74.99% � 4.19%). Although the time and degree of
polymerization shrinkage were improved by molecular chain
buffering, it was still difficult to compensate for the volume
shrinkage due to the large number of double-bond reactions. In
the end, the polymerization shrinkage was also greatest (3.38%
� 0.09%). There was still a certain potential for sliding between
chain polyester and network polyether molecules due to the
moderate ester : ether ratio of the PU3 group, which could
reduce the polymerization shrinkage. The delayed gel point
gave PU3 more time than PU4 to cushion shrinkage deforma-
tion. Therefore, the polymerization shrinkage rate (2.14% �
0.19%) was the smallest (p < 0.05), which resulted in good
elastic buffer properties. The rst null hypothesis was rejected.

Bond strength

Great bonding ability is a prerequisite for maintaining stable
interfacial bonding. Fig. 7 shows that the bonding interface had
a uniform texture and good continuity, according to the SEM
and CLSM results. Only a few short resin tags were observed at
the fracture interface, indicating that the bonding of self-
adhesive resin cement did not rely on the mechanical chime-
rism of the resin tag. PU has high viscosity, and urethane bonds
that enhance the bond strength and cohesion of the cement.33,34

Ester groups were polar groups that easily form many hydrogen
bonds with the bonding interface, which enhanced the bond
between PU cement and the interface.35,36 In addition, 10-MDP
(acid monomer) was added to modify the hybrid layer through
phosphoric acid etching and slight demineralization.
the interfacial characteristics; comparatively few short resin tags (rt)
sin tag; hl, hybrid layer.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Representative microleakage images between the tooth and cera
(E) PU4.

Fig. 8 Microtensile strength of PUs and MS after 24 h and 10 000
thermocycles. Different capital letters represent statistically significant
differences within each cement group (p < 0.05; horizontal compar-
isons). Lowercase letters represent statistically significant differences
within each cement group before and after 10 000 thermocycles (p <
0.05; vertical comparisons) (mean � SD, n ¼ 20).

Fig. 9 Distribution of three fracture modes after 24 h and 10 000
thermocycles.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Phosphoric acid groups can chelate with Ca+ to form a stable
chemical connection and enhance the bonding efficiency.37,38

Fig. 8 demonstrated that the bond strength of resin cement was
enhanced in segments with increased polyester content, but the
bond strength of the PU3 group was the greatest and close to
that of the MS commercial group (p > 0.05). The ester and ether
components of the PU3 group were well mixed, the dissolution
and distribution of so and hard segments were uniform, and
microphase separation was not signicant. PU3 not only had
sufficient uidity to inltrate the bonding surface (compared to
PU1 and PU2) but also enabled urethane bond formation.
Moreover, the polyether network was moderately cross-linked
(compared to PU4) and did not excessively restrict the ow of
10-MDP, which resulted in bonding and cross-linking and thus
showed the best bonding performance. The fracture modes of
the interfaces in Fig. 9 showed that the mixed fractures in both
the commercial group and the experimental group mainly
involved interfacial fracture, which indicated that the interfacial
bond strength was equivalent to the cohesive strength and that
the bonding interface was relatively balanced and stable.
Therefore, the second null hypothesis was rejected.
Aging and microleakage

Dental materials exposed to saliva for a long time are prone to
fatigue damage owing to the changing temperature of the
environment and the cyclic loading of masticatory forces.39,40

Due to the inconsistency of the thermal expansion coefficient,
a micro gap gradually appears between the cement and dentin,
which eventually leads to bonding failure. In this experimental
group, all the cements showed hydrophobic characteristics, and
the hydrolysis resistance of the cements was gradually
enhanced with increasing polyether content.

Thus, according to Fig. 6, the exural strength properties of
the experimental group decreased by approximately 17.39–
24.34%, the elastic modulus decreased by approximately 15.98–
20.75%, the compressive strength increased by approximately
10.56–17.91%, and the surface hardness decreased by 3.75–
5.67%. These values were much lower than those of the
commercial control group aer aging (31.62%, 30.51%, 1.66%,
mic inlay after 10 000 thermocycles. (A) MS; (B) PU1; (C) PU2; (D) PU3;
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Table 3 Microleakage depths (mm) at the margins measured using microscopya

Cement MS PU1 PU2 PU3 PU4

Depth (mm) 2.03 (0.16)bc 2.59 (0.43)b 3.48 (0.40)a 1.39 (0.35)c 2.39 (0.37)b

a Depths (mm) of microleakage between the tooth and ceramic inlay aer 10 000 thermocycles were obtained from images. (A) MS; (B) PU1; (C) PU2;
(D) PU3; (E) PU4. Data are expressed as the mean (SD). Dissimilar letters indicate values that are signicantly different from each other (p < 0.05).
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and 27.98%, respectively), which were equivalent to those
before aging; this indicated that the cement in the experimental
group maintained great mechanical properties aer aging. The
excellent tensile properties of the experimental group, espe-
cially the PU3 group (Fig. 2), could compensate for the stress
caused by differences in thermal expansion of the interface and
maintain the stability of the bonding interface. The immediate
bond performance of the experimental group was close to that
of the commercial control group (Fig. 8) and better than that of
the other PU groups. The decline in bond strength aer aging
was smaller in the experimental group than the commercial
group; therefore, the bond strength aer aging was much
higher than that of the commercial group.

The bond strength of the cement decreased to less than
20 MPa aer the thermal cycling test.41 Due to the obvious aging
of the dentin interface, the 10-MDP, silane coupling agent and
other components that increased the interfacial adhesion
appeared hydrolyzed. Therefore, many interfacial bonding
failures occurred, and the proportion of mixed fractures
decreased.

In conclusion, the experimental group resisted aging erosion
and maintained the stability of the bonding interface. Fig. 10
showed the marginal microleakage aer aging in each group.
The microleakage aer aging was more obvious in the PU2
group and reached the essential deep layer (3.48 � 0.40 mm),
while less microleakage occurred in the PU3 group and ended
only at the gingival wall (1.39� 0.35 mm). It may have been that
the adhesive force of PU2 was relatively weak, the polymeriza-
tion shrinkage was large, and the bonding interface was more
easily damaged aer aging, which resulted in more marginal
microleakage. The polymerization shrinkage, micro-tensile
strength and aging resistance of the PU3 group were close to
or better than those of the commercial MS group, so the
microleakage was the least. The above results proved that PU3
cement reduced the degree of microleakage at the margin and
improved the durability and stability of the prosthesis. In
conclusion, the third null hypothesis was rejected (Table 3).
Fig. 11 (A) Cytotoxicity of the control, MS and PU cements in different
dilutions with culture medium at 24 h, 48 h, and 72 h determined by
CCK-8 assay. The RGR was calculated. (B) Live/dead fluorescence cell
staining after L929 cells were cultured for 24 h in culture medium with
the control, MS and PUs. Living cells were stained with calcium-AM
(green), and dead cells were stained with PI (red).
Cytotoxic and live/dead staining

As a dental material, the new cement must have good biocom-
patibility in addition to ensuring good bonding properties and
interfacial stability.42 The cytotoxicity of the new cement was
evaluated by the changes in L929 cell activity and morphology.
As shown in Fig. 11(A), there was no signicant difference in cell
proliferation activity between the experimental group and the
blank control and no signicant difference between the PU and
MS groups. The relative survival rate of cells corresponding to
24298 | RSC Adv., 2022, 12, 24288–24300 © 2022 The Author(s). Published by the Royal Society of Chemistry
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each group of cement was greater than 75%, which can be
considered nontoxic.43 The results of live/dead cell staining
were shown in Fig. 11(B). The morphology of L929 cells became
longer and slightly shuttle-shaped, which was similar to the
morphology of broblasts in the blank control group, withmore
uniform cell distribution. ImageJ soware was used to count
the proportions of living and dead cells, and the results were
basically consistent with those of the CCK-8 assay. These results
showed that the experimental group exhibited great biocom-
patibility, which established a safe foundation for application
in the oral environment.
Conclusions

In summary, this research group prepared a new generation of
cement with a light-curing functionality, combinations of so
and hard segments and the ability to buffer polymerization
shrinkage stress by using the characteristics of polyester and
polyether polyurethane. The developed cement possessed good
bonding performance, small polymerization shrinkage, hydro-
phobicity, low solubility, and great aging resistance, which
ensured the permanent stability of the bonding interface and
laid the foundation for the application of PU cement in
dentistry.
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