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ABSTRACT: Dental curing light with blue emission acts as the excitation source for
the photopolymerization of the dental composite resin to achieve dental repairing.
However, the current repair methods still suffer from a low monomer conversion
degree and incomplete resin curing. In this study, novel dental resin composites
(DRCs) were prepared by combining Sr,MgSi,O,:Eu**,Dy** (SMSED), a photo-
luminescent material with a blue long afterglow, and dental resin composites. The
curing depth, double bond conversion, elastic modulus, compressive strength, water
absorption and solubility, and cytotoxicity were investigated systematically. The
results suggest that adding 1 wt % SMSED to dental resin composites can maximize
the curing depth and double bond conversion rate of DRCs and reduce its water
absorption capacity without affecting the mechanical properties and biological toxicity.
This work explores the practical applications of SMSED in dental resin composites,
which provides an important reference for further improving the effect of dental caries

repair.

1. INTRODUCTION

Caries is a kind of dental hard tissue damage caused by a
variety of factors in the oral cavity, manifested as inorganic
demineralization and decomposition of organic matter.' > The
continuous development of caries can cause chewing disorders
and even tooth loss, which has severe influence on the living
quality of patients. As a major common oral disease, caries is
listed as one of the three priority diseases for frevention and
treatment by the World Health Organization.” How to treat
caries effectively is recognized as a very important research
topic. At present, caries treatment involves first removing the
infection in the cavity and then filling the cavity with
professional materials to stop the development of the lesion.
Subsequently, the appearance and function of the teeth
gradually recover to prevent further infection of the pulp.
Clinical studies indicate that silver amalgam, glass ionomer
cement, and dental resin composites (DRCs) are the most
commonly used materials for filling and repairing caries.’
Compared with the other two materials, DRCs have excellent
mechanical properties, good biocompatibility, and aesthetic
appearance, and hence, they gradually occupy a major position
in the field of dental restoration. DRCs consist of a viscous
bisphenol-A glycidyl dimethacrylate (Bis-GMA), a reactive
diluent triethyleneglycol dimethacrylate (TEGDMA), and a
photoinitiator such as camphorquinone (CQ), which can be
photopolymerized using blue light to repair caries.”” The use
of bulk-filled composite materials is a recent development in
dental technology that aims to simplify the process of filling
deep cavities. Unlike the layered filling technology, which
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requires multiple layers of resin to be applied and cured
separately, bulk-filled composites can fill 4—5 mm at once,
saving time and reducing the risk of gaps and contamination
between layers.” However, despite widespread applications,
DRC:s still suffer from a low monomer conversion degree and
incomplete resin curing. The incomplete conversion of the
monomer would lead to residual monomers in the resin
composites, which could reduce the biocompatibility,
durability, and mechanical properties of the dental resin
composites.” Moreover, the residual monomer would leak into
the saliva and stimulate the growth of bacteria around the
restoration, resulting in the formation of secondary caries.”’
Likewise, insufficient light curing tends to cause the leaching of
uncured components and the formation of gaps between the
restoration and the tooth, leading to secondary caries.'""”
Therefore, improving the curing efficiency and increasing the
curing depth (CD) are the main means to enhance the effect of
DRC restoration and prevent the occurrence of secondary
caries.

The long afterglow photoluminescent materials can absorb
and store photon energy in the intrinsic structure and then
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release the energy in the form of light with a certain
wavelength.[3 Under the excitation of an external light source,
some excited electrons in the luminescent center of long
afterglow materials could be captured and stored by traps with
different energy levels."* When the external light source is
removed, these captured electrons could be released
spontaneously to produce continuous luminescence.'” As a
new generation of blue light long afterglow photoluminescent
material, Sr,MgSi,0,:Eu’*,Dy** (SMSED) has remarkable
advantages over other luminescent materials in terms of the
chemical and physical stability and afterglow time.'°”'*
Meanwhile, it provides the possibility for the application of
the material in the field of dental repair. Clinical studies
indicate that CQ_is the most common photoinitiator system in
DRCs, whose light absorption band lies between 400 and 500
nm (A, = 468 nm)."” Tertiary amine could be added as a co-
initiator to form a photoexcited complex with CQ, instigating
and promoting the polymerization via bimolecular interac-
tions.”” According to the national standard (YY 0055-2018),
the operating wavelength of the dental light curing instrument
is 365—515 nm, which is used to activate the photoinitiator.”"
Attractively, the required excitation wavelength of SMSED
partially coincides with the operating wavelength of the curing
light. It suggests that the use of curing light can not only cure
DRCs but also stimulate SMSED to produce blue photo-
luminescence and long afterglow, which can promote the
further deep curing of DRCs by CQ.

Based on the above-mentioned considerations, in this work,
novel dental resin composites (SMSED/DRCs) were prepared
by combining SMSED with DRCs. The curing ability of DRCs
was enhanced through the synergistic effect of the curing light
irradiation and the blue emissions of SMSED.

2. EXPERIMENTAL SECTION

2.1. Materials. Bisphenol A-glycidyl methacrylate (Bis-
GMA, 98%), triethyleneglycol dimethacrylate (TEGDMA,
95%), ethyl-4-dimethylaminobenzoate (4-EDMAB, 99%),
and camphorquinone (CQ, 98%) were purchased from
Sigma-Aldrich (Shanghai, China). The silane-modified SiO,
fillers modified from 3-(methacryloxy)propyltrimethoxysilane
(y-MPS, KHS70) and particle size ranges from 20 nm were
obtained from Yong Wow Wear Resistant Material Co., Ltd.
(Hebei, China), and the long afterglow material
Sr,MgSi,0,:Eu*",Dy** (SMSED) was purchased from Rui
Ying New Material Technology Co., Ltd. (Guangdong, China).
All reagents were used directly without purification.

2.2. Preparation of the Dental Restorative Material.
The dental restorative material SMSED/DRCs consist of a
dental resin matrix and inorganic fillers, including the silane-
modified SiO, and long afterglow material SMSED. Typically,
Bis-GMA and TEGDMA were placed in a magnetic mixer with
a ratio of 24.75:24.75 and mixed for 1 h. Then, CQ_and 4-
EDMAB were added to the above-mentioned hybrid system in
the ratio of 0.25:0.25 and mixed for 1 h. The mixed organic
matrix accounted for 50% of the total proportion of DRCs.
The long afterglow material SMSED (0.5, 1, 2, 4, 6%) and
silane-modified SiO, fillers were placed in a mortar with
anhydrous ethanol to be ground. After drying in an oven at 70
°C for 30 min, the mixture was taken as the inorganic fillers for
the resin. The resin matrix and inorganic fillers were mixed in a
ratio of 50:50 and stored in a light-proof bottle.

2.3. Curing Depth Measurement. The curing depth
(CD) of all samples was determined according to ISO

4049:2019. DRCs were filled into a stainless-steel mold with
a diameter of 4 mm and a height of 15 mm and irradiated with
curing light from one side for 20 s. Then, the samples were
removed from the mold and the uncured part was scraped off
with a plastic scraper. The remaining length L (mm, accurate
to 0.01) was measured with an electronic vernier caliper, and
each group tested five samples separately. The CD value was
calculated using eq 1
L

=3 )

2.4. Double Bond Conversion (DBC) Measurement. A
Fourier transform infrared spectrometer (FTIR) was used to
analyze the effect of the SMSED filler on the conversion rate of
DRCs. The spectra of the uncured samples were collected first,
and then, the spectra of the cured samples were tested after
irradiation with curing light for 20 s. The double bond
conversion of each SMSED/DRC group was calculated from
the ratio of the height of the C=C peak at 1636 cm™" to the
height of C=0 at 1720 cm™' (H,436 and H,,, represent the
maximum height of the band at 1636 and 1720 cm™},
respectively). Each group tested five samples separately, and
the double bond conversion (DBC) was calculated using eq 2

H .../H
( 1636 1720)cured % 100%
(His36/ Hi720)uncured (2)

2.5. Elastic Modulus (EM) and Flexural Strength (FS)
Test. The elastic modulus (EM) and flexural strength (FS)
were evaluated according to the specifications of ISO
4049:2019. The stainless-steel mold (2 mm X 2 mm X 25
mm) was placed on a polyester film, and then, the samples
were filled into the mold and covered with another polyester
film, followed by a glass sheet. The samples were irradiated five
times for 20 s at a time with partial overlap using wireless
curing light. The cured samples were removed from the excess
with sandpaper, and the edges were polished and stored away
from light at 37 °C for 24 h. A three-point bending test (span
20 mm) was performed using a universal testing machine
(AGS-10KN, Shinmazu, Kyoto, Japan) with a crosshead speed
of 1.00 mm/min to evaluate EM and FS.

2.6. Compressive Strength (CS) Test. The samples were
filled into a stainless-steel mold with a diameter of 4 mm and a
height of 6 mm and removed from the mold after 20 s of
irradiation with curing light, and five samples were prepared for
each group. After curing, the samples were tested on a
universal testing machine at a speed of 10 mm/min. The actual
diameter d of each resin sample was measured, and the
maximum loading force P (N) was recorded until it was
damaged. The compressive strength (CS) was calculated using
eq3

DBC (%) = |1 —

4P
nd* (3)

2.7. Water Absorption (WS) and Solubility (SL) Tests.
The uncured DRCs containing SMSED were added to a disc-
shaped poly(tetrafluoroethylene) (PTFE) mold with an inner
diameter of 15 mm and height of 1 mm, which was cross-
irradiated 8 points from the center to the periphery with each
point for 20 s, and then removed from the mold for the next
step. The samples were stored in a 37 °C oven, and their
weighing was repeated every 24 h until a constant mass was
obtained, recorded as m,;. The thickness and diameter of each

CS =
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Figure 1. (a) FTIR spectra of the modified SiO,, SMSED, and DRCs; (b) XRD patterns of SMSED and DRCs with different SMSED contents;

and (c) local enlarged XRD patterns.

sample were measured, and the volume (V) was calculated.
The samples were individually immersed in 10 mL of distilled
water and placed in a 37 °C oven. After 30 days of immersion,
the samples were removed, blotted dry with absorbent paper,
and weighed immediately, recorded as m,. Then, the samples
were stored in a desiccator, and the weighing was repeated
every 24 h until a constant weight was obtained, recorded as
m;. The water absorption (WS) and solubility (SL) values
were calculated according to the following eqs 4 and 5,
respectively

(m, — m3)

WS (%) = X 100%

(4)

(m — m3)

SL (%) = X 100%

©)

2.8. Cytotoxicity. 2.8.1. Cell Viability Assay. Referring to
the method GB/T 16886.5-2017, the samples were prepared
with 15 mm-diameter, 1 mm-thick circular specimens (surface
area of about 400 mm?®) and sterilized overnight under
ultraviolet light. A 6-well plate was used, and Dulbecco’s
modified Eagle medium (DMEM, Gibco) culture solution
containing 10% horse serum was added at an immersion ratio
of 1.25 cm*:1 mL according to the surface area of the specimen
and culture solution, soaked for 24 h at 37 °C in a 5% CO,
constant-temperature incubator, and filtered through a 0.2 ym
filter to obtain the sample immersion solution. Each 24-well
plate was inoculated with 1.5 X 10* logarithmic growth-phase
L929 cells, which was cultured in the incubator overnight.
After cell adhesion, the control group and the experimental
group were set up, and 1 mL of complete medium was added
to each well. The cells were continued to be cultured for 1, 2,
and 3 days, and cell viability was detected using the CCK-8 Kit.

2.8.2. Live/Dead Cell Assay. Specimens of 15 mm diameter
and 1 mm thickness were used for live/dead cell experiments.
Each 96-well plate was inoculated with 1 X 10* logarithmic
growth-phase L1929 cells and placed in the incubator overnight.
After sticking to the wall, the control group and the
experimental group were set up, and two subwells were set
up for each group, and the cells were continued to be cultured
for 1 day. Live—dead staining was performed using the LIVE/
DEAD cell imaging kit (488/570). The 2X staining solution
configured in advance was added and placed at room
temperature for 15 min and observed and photographed
under a fluorescence microscope.

2.9. Other Characterizations. The chemical structure of
DRCs, SMSED, and the modified SiO, was characterized by
the KBr pellet method using a Thermo Nicolet NEXUS FTIR
spectrometer (V70, BRUKER OPTICS, Germany). The phase
analysis of DRCs and SMSED was performed using an X-ray
diffractometer (XRD-6100, SHIMADZU, Japan). The fluo-
rescence spectra and afterglow decay curves of SMSED were
measured using a fluorescence spectrophotometer (Omni-
A300i, ZOLIX, China) equipped with an afterglow tester
(PR30S, SENSING, China). The surface morphology of DRCs
and SMSED was analyzed through a field emission scanning
electron microscope (Quanta 650 FEG, FEI, Czech Republic)
after Au coating,

3. RESULTS AND DISCUSSION

In order to verify the successful modification of SiO, and
doping of SMSED into the DRCs, the composite materials and
SMSED were characterized by FTIR. The FTIR spectra of the
modified SiO,, SMSED, and DRCs are shown in Figure la. For
the modified SiO,, the absorption peaks at 471 and 806 cm™!
are attributed to the bending vibration of the Si—O bond and
Si—C bond, respectively. The characterization peaks appearing
at 2962, 2868, and 1720 cm™' are symmetric and asymmetry
stretching vibrations toward —CH, and the stretching vibration
absorption peak of the C=O group, respectively, indicating
the presence of organic matter on the surface of SiO, and the
chemical grafting reaction with the coupling agent, which
verifies the successful modification of $SiO,.”*** The absorption
bands of silicate groups are clearly evident in the observed
FTIR spectrum of SMSED. The absorption peak at 567 cm™!
belongs to the Si—O—Si bending vibration, which can also be
attributed to the presence of the SiO, group or Sr—O bending
vibration. The peaks at 837 and 1639 cm™" can be attributed to
the bending vibrations of Mg—O and Mg*', respectively. The
above-mentioned characteristics confirm the presence of Mg
and Sr in SMSED.”*™*” However, these absorption bands
almost shift or disappear in the spectra of DRCs, indicating
that the SiO, and SMSED are involved in the DRCs. In
addition, the phase analysis of SMSED and DRCs was
conducted by X-ray diffraction measurements, as shown in
Figure 1b,c. It is clearly found that all the diffraction peaks of
SMSED are consistent with those in the JCPDS file, indicating
that SMSED is a pure phase. The diffraction peaks of DRCs
show the characteristic peaks of SMSED at 30.42 and 43.29°,
which correspond well with those of SMSED. It indicates that
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Figure 2. SEM images of (a) modified SiO,, (b) SMSED, and (c—f) DRCs containing 0, 1, 4, and 6% SMSED.
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Figure 3. (a) Excitation and emission spectra of SMSED; (b) afterglow decay curve and corresponding optical images of SMSED; and (c) cured

depth and (d) double bond conversion of SMSED/DRCs.

SMSED has been successfully doped into DRCs, which is
consistent with the result of FTIR.

The SEM images of the modified SiO,, SMSED, and DRCs
are shown in Figure 2. The modified SiO, has an obvious
agglomeration phenomenon and irregular morphology of
particles (Figure 2a), and the SMSED shows irregular and
tightly packed particles with good surface morphology (Figure
2b). Fracture surfaces of DRCs containing 0, 1, 4, and 6%

32399

SMSED were selected to study their interfacial interactions
(Figure 2c—f). Compared with DRCs without SMSED, DRCs
containing SMSED have a relatively loose and finer fracture
surface. With the increase of the content, the high
concentration of SMSED cannot be evenly dispersed in the
matrix, and the agglomerates of SMSED will act as areas of
stress concentration where cracks are more likely to initiate. In
addition, SMSED is completely coated with the matrix without

https://doi.org/10.1021/acsomega.3c01855
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Figure 4. Mechanical properties of DRCs: (a) elastic modulus; (b) compression strength; (c) flexural strength; (d) water absorption; and (e) water

solubility.

exposure, indicating that the matrix has interfacial adhesion
ability.

The photoluminescence spectra and afterglow decay curve
of SMSED are shown in Figure 3. The excitation spectrum is
recorded in the range of 250—450 nm, and the emission
spectrum is collected in the range of 400—600 nm (Figure 3a).
It is observed that both of the spectra are broad. The excitation
band monitored at 465 nm should be attributed to the
transition of Eu** from the (4f") ground state to the excited
state 4£°5d' (4f — 4f°5d') configuration. The emission
spectrum excited at 352 nm is attributed to the characteristic
emission of Eu** (4£°5d' — 4f7). The optimal excitation and
emission wavelengths of SMSED are 352 nm and 465 nm,
respectively, which well match the operating wavelength
(365—515 nm) of the dental photocuring instrument. The
SMSED also exhibits a prominent afterglow after removing the
excitation source. The afterglow decay curve monitored at 465
nm was measured after 10 min of irradiation, and the digital
images were taken every S min (Figure 3b). The luminescence
afterglow first decays rapidly after the light source is removed,
followed by prolonged phosphorescence. The afterglow of
SMSED shows high brightness and blue color. The above-
mentioned phenomenon indicates that the dental light curing
instrument can stimulate the photoluminescence of SMSED in
the DRCs while repairing caries, and the blue afterglow
property of SMSED is further helpful for the deep curing of
SMSED/DRCs.

CD depends on the nature of the cure of the resin, such as
the contained monomer and the initiator, the nature of the
filler, and the thickness of the resin.”**° Meanwhile, CD is also
influenced by the light source, such as wavelength and curing
time.”” The CD results of DRCs are shown in Figure 3¢ with

32400

the increase of the SMSED content. It is found that the CD of
DRCs increases first and then decreases and reaches the
maximum depth of 5.47 mm when the content of SMSED is
1%. This may be because SMSED particles can be more
dispersed in the matrix, so that it can be more fully excited by
the light source to emit light. When the content of SMSED is
less than 1%, the CD of DRCs increases with the increase of
the SMSED content. The main reason is that the photo-
luminescence and afterglow properties of SMSED are
enhanced, thus improving the CD of DRCs. On the contrary,
the excessive SMSED will agglomerate in the matrix and form
stress concentration areas, resulting in DRCs being more prone
to crack and also unable to achieve the deep curing effect.
According to the ISO 4049, the CD of DRCs with a value
higher than 2 mm could meet the requirements of clinical
applications. The addition of SMSED can significantly improve
the CD of DRCs and reduce the workload and cost of dental
caries repair. The CD of DRCs is evaluated by FTIR. As shown
in Figure 3d, the double bond conversion of all DRCs after
light curing is higher than that of the blank group without
adding SMSED. When the SMSED content is 1%, the DBC of
DRCs reaches the maximum 67.29%. These results are
consistent with those of CD, confirming that the addition of
SMSED has a significant increase in the curing efficiency of the
resin. It is well known that the higher DBC and CD could lead
to higher volumetric shrinkage of the DRCs. However, it
should be noted that the employed resin composites have been
doped by SiO, with a weight ratio of 50% and aim toward bulk
filling in clinical applications, which could effectively reduce
the volume shrinkage of the DRCs.*"** Therefore, the effects
of the increased DBC and CD by SMSED on the volumetric
shrinkage of the resin composite should be very limited.
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Figure S. (a) Cytotoxicity test of DRCs and (b) fluorescence images of the live—dead cell.

The dental restorative materials should have sufficient
mechanical properties to guarantee their service life. Therefore,
it is of great clinical significance to study the mechanical
properties of these materials. One of the main reasons for the
failure of dental composite prosthesis is the fracture due to
insufficient mechanical properties.”** The mechanical proper-
ties are affected by the curing efficiency. In addition, the
inorganic fillers also play important roles in improving the
mechanical properties. As shown in Figure 4, the mechanical
properties of DRCs, including the elastic modulus (EM)
(Figure 4a), compressive strength (CS) (Figure 4b), and
flexural strength (FS) (Figure 4c), were tested using a universal
testing machine. The addition of the SMSED filler has almost
no effect on the EM and FS of DRCs, while the CS value
shows a slight increase with the increase of the SMSED
content. Generally speaking, the addition of a micron inorganic
filler can improve the mechanical properties of the material to
a certain extent. Moreover, the SMSED can improve the
mechanical properties of DRCs by increasing the curing depth
of the material. However, the different rigidities of the organic
matrix and inorganic filler as well as the large packing size can
increase the stress concentration at the packer—matrix
interface, which makes it more prone to crack. Therefore,
the mechanical properties of dental composites are limitedly
improved.

The water absorption capacity and solubility are important
indexes to evaluate the repair effect of restorative materials.
When the aqueous solution comes into contact with the dental
material, the water molecules can penetrate and diffuse into the
polymer chains of the material, causing the material to slightly
expand or deform, leading to its separation from the tooth or
even fall out.”*** The solubility of dental restorative materials
can cause dimensional instability, crack formation, and
loosening of the material under internal stress and eventually
lead to the fracture of the restorative material.>® Therefore, the
water absorption capacity (Figure 4d) and solubility (Figure
4e) of DRCs are evaluated. Compared with the blank group
without SMSED, the DRCs containing 1% SMSED show
significantly lower water absorption, which should relate to its
relatively dense surface. Moreover, the solubility of DRCs
containing SMSED exhibits no significant change compared
with the blank group without SMSED. It indicates that DRCs
containing 1% SMSED have good structural and dimensional
stability, meeting the ISO 4049 standard.

Biocompatibility is an important indicator for the biomedical
materials, and the cell viability assay is commonly used to
assess cytotoxicity. The extracts of DRCs were incubated with
L1929 fibroblasts for 1, 2, and 3 days, and the test results are

shown in Figure Sa. The results suggest that DRCs with
different SMSED contents have no obvious toxicity to cells at
the incubation time of 1, 2, and 3 days. In addition, the survival
rate of the corresponding cells is more than 70%, which is
considered safe for DRCs. Therefore, it is promising for the
future application in oral cavity. The fluorescence images of the
live—dead cells are shown in Figure Sb, where green and red
represent living and dead cells, respectively. The experimental
results indicate that the presence of DRCs has no significant
effect on the death of L929 cells, which provides feasibility for
clinical use.

4. CONCLUSIONS

In summary, this work provides a systematic analysis of a novel
dental composite to provide high curing efficiency without
compromising other properties of the resin. The incorporation
of 1% SMSED into dental composites shows the best curing
properties with little influence on mechanical properties.
Compared with the control group without SMSED, the
water absorption of DRCs is significantly decreased, and the
solubility is not significantly changed. Furthermore, the
cytotoxicity of the dental DRCs shows good results on cell
viability. The presence of SMSED in DRCs shows negligible
cytotoxicity against the 1929 cell line.
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