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cured resin cements containing Sr-bioactive glass nanoparticles and calcium
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The aim was to develop dual-cured resin cements containing Sr-bioactive glass nanoparticles (Sr-BGNPs; 5 or 10 wt%) and monocalcium
phosphate monohydrate (MCPM; 3 or 6 wt%). Effects of additives on degree of monomer conversion (DC), biaxial flexural strength/
modulus, shear bond strength (SBS), mass/volume change, color stability, ion release, and cytotoxicity were examined. Controls
included material without reactive fillers and Panavia SA Plus (PV). Experimental cements showed higher DC than PV regardless
of light activation (p<0.05). Mean SBS and color stability were comparable between experimental cements and PV. Cell viability
upon the exposure to sample extracts of experimental cements was 80%—92%. High additive concentrations led to lower strength and
modulus than PV (p<0.05). The additives increased mass change, reduced color stability, and promoted ion release. The experimental
resin cements demonstrated acceptable mechanical/chemical properties and cytotoxicity. The additives reduced the strength but

provided ion release, a desirable action to prevent recurrent caries.
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INTRODUCTION

Indirect restorations or fixed dental prostheses are
needed for restoring severely damaged permanent
teeth?. These treatments require cementation steps to
fix the restoration to the tooth structure. It was reported
that secondary caries is one of the major causes of failure
for indirect restorations*®. A possible cause could be due
to the inadequate marginal seal at the cement interface
may result in an irregular surface or microleakage®.
This may promote the accumulation of food debris,
dental biofilms™®, marginal discoloration®, and tooth
demineralization. Such failure could potentially lead to
pulpal complications, requiring complicated restorative
treatments or tooth extraction®.

Resin cements capable of ion release may promote
remineralization to control dental caries at the tooth-
restoration interace'®'V. The mineralizing actions of
these cements may shift the caries balance toward
mineral gain, thus controlling caries'?'?. The release of
calcium and phosphate ions is essential for encouraging
the mineralizing actions for resin composites or dental
adhesives. This can be achieved by the incorporating
of monocalcium phosphate monohydrate (MCPM) or
tricalcium phosphate'*'®., A primary concern with
hydrophilic calcium phosphate fillers is the increase
in water sorption, which can reduce the physical and
mechanical properties of resin-based materials over
time!?. The absorption of water, which act as plasticizer,
may reduce polymer rigidity, strength, and color/optical
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properties of dental materials?”. This may subsequently
compromise the functions of restorations. However,
water sorption is essential for solubilizing calcium
phosphate and enabling ion release?V.

The incorporation of antimicrobial agents was
expected to decrease bacterial colonization??. The
use of bioactive glass nanoparticles enabled both
remineralization and antibacterial actions®. The release
of multiple ions, such as Ca, Si, P, and Sr, may contribute
to the enhanced antibacterial actions. These ions could
potentially modify osmotic pressure or pH, thereby
promoting an environment that could reduce bacterial
colonization?*?%, Moreover, the release of Sr ion inhibited
the growth and reproduction, synthesis of cell walls, cell
metabolism, and chromosomal replication of bacteria®®.
Furthermore, a study reported that Sr enhanced weak
antibacterial action but also promoted radiopacity and
dentin remineralization®”. It was reported that the
biological and chemical effects of bioactive glass on cells
were influenced by particle diameter®®. Hence, their
potential cytotoxic effect is of concern.

This study’s objective was to prepare resin cements
that exhibit ion-releasing action. Additionally, the effects
of incorporating varying concentrations of Sr-bioactive
glass nanoparticles (Sr-BGNPs; 5 or 10 wt%) and MCPM
(3 or 6 wt%) were determined. Effects of the fillers on the
degree of monomer conversion, biaxial flexural strength
and modulus, shear bond strength with ceramic,
color stability, mass/volume changes, ion release,
and cytotoxicity of restorative materials. This study’s
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hypotheses were as follows: (i) different concentrations of
Sr-BGNPs and MCPM show no significant effects on the
tested properties of resin cements, and (ii) the physical/
mechanical properties of experimental resin cements
shall not differ significantly from those of a commercial
resin cement.

MATERIALS AND METHODS

Synthesis of Sr-BGNPs

Sr-BGNPs were synthesized using a protocol described in
a previous study'® and all chemicals in the protocol were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Silica nanoparticles were first synthesized, followed
by ion incorporation through a post-functionalization
process. A base catalyst (ammonium hydroxide) was
employed to control particle’s size and decrease particle
agglomeration?”. A purified water (12.3 mL) was mixed
with ammonium hydroxide (1.5 mL), and ethyl alcohol
(98.7 mL) and stirred (600 rpm) in a 250 mL Erlenmeyer
flask for 30 min. Then, the mixture was added with 7.5 mL
of tetraethyl orthosilicate and stirred for an additional
8 h to complete the reaction. The obtained suspension
was centrifuged to collect the silica nanoparticles. The
obtained particles were resuspended in deionized water
and then doped with calcium (Ca) and strontium (Sr)
through the addition of calcium nitrate tetrahydrate
(3.97 g) and strontium nitrate (10.67 g). The nominal
molar ratio of Si:Ca:Sr was 1:0.5:1.5. The obtained
particles were dried and heated (heating rate of 3°C/min)
until the temperature reached 680°C. A heat treatment
process at 680°C (holding time of 3 h) was used to dope
the glass particles with Ca and Sr.

After washing with ethanol, the particles were coated
for 45 s with gold at a current of 23 mA (Q150R ES,
Quorum Technologies, East Sussex, UK). Particle size
and composition were then examined using a scanning
electron microscope (SEM; JSM 7800F, JEOL, Tokyo,
Japan) with an energy-dispersive X-ray instrument
(EDX; X-Max 20, Oxford Instruments, Abingdon, UK).

Preparation of experimental resin cements
The liquid phase of the experimental resin cements
was prepared as in previous studies (Table 1)2%30, It
contained urethane dimethacrylate (UDMA; Sigma-
Aldrich), triethyleneglycol dimethacrylate (TEGDMA,;
Sigma-Aldrich), 2-hydroxyethyl methacrylate (HEMA;
Sigma-Aldrich), 10-methacryloyloxydecyl dihydrogen
phosphate (10-MDP; Watson International, Jiangsu,
China), and camphorquinone (CQ; Sigma-Aldrich).
Additionally, benzoyl peroxide (BPO; Sigma-Aldrich)
and N-dimethyl-p-toluidine (DMPT; Sigma-Aldrich)
were used as an initiator and activator, respectively.
The powder phase of the cement contained silanated
boroaluminosilicate glass (Esstech, Essington, PA,
USA), Sr-BGNPs, and MCPM (Himed, Old Bethpage,
NY, USA). Powders were formulated with varying levels
of Sr-BGNPs (10 or 5 wt%) and MCPM (6 or 3 wt%), and
a control was prepared without either of these materials
(Fig. 1, Table 2). Each formulation’s powder phase was
manually mixed with initiator or activator liquids at
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Fig. 1 SEM image of powder phase.

Table 1 Composition (wt%) of the liquid phases
Liquid formulation UDMA TEGDMA HEMA 10-MDP BP CcQ DMPT
Initiator liquid 70 22.75 3 0.75 0.5 0
Activator liquid 70 22.75 3 0 0.5 0.75
Table 2 Composition (wt%) of the experimental resin cements
Formulation/component (approximate particle diameter) M6S10 M6S5 M3S10 M3S5 MOS0
Boroaluminosilicate glass (7 pm) 33.6 35.6 34.8 36.8 40
Boroaluminosilicate glass (0.7 pm) 33.6 35.6 34.8 36.8 40
Boroaluminosilicate glass (180 nm) 16.8 17.8 17.4 18.4 20
MCPM (10 um) 6 6 3 3 0
Sr-BGNPs (200 nm) 10 5 10 5 0
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Table 3 Composition of the commercial comparison (Panavia SA Cement Plus)

Material Component Instruction
bisphenol-A-diglycidyl methacrylate, triethylene glycol dimethacrylate, Attach mixing
Panavia SA 2-hydroxyethyl methacrylate, sodium fluoride, silanated barium glass filler, tip and extrude

Cement Plus

silanated colloidal silica, 10-methacryloyloxydecyl dihydrogen phosphate,
PV) hydrophobic aromatic dimethacrylate, hydrophobic aliphatic dimethacrylate,

the two pastes.
Light cure for

dl-camphorquinone, peroxide, accelerators, catalysts, pigments 10 s.

a ratio of 2.7:1 (mass ratio) for 20 s until homogenous
appearances wereobtained. The mixed pastes wereloaded
into double-barrel syringes (medmix Switzerland, Haag,
Switzerland). The cements were mixed using the syringe
mixing tip and dispenser (medmix Switzerland). The
commercial self-adhesive resin cement for comparison
was Panavia SA cement plus (lot no. 210308, Kuraray
Noritake Dental, Okayama, Japan) (Table 3).

Degree of monomer conversion (DC)

The DC of materials was determined using an
attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR; Nicolet 1S5, Thermo Fisher
Scientific, Waltham, MA, USA) (n=6). For DC upon
light activation, the cements were injected into a metal
ring (10 mm in diameter and 1 mm in thickness) placed
over the ATR diamond. The FTIR spectra (700—4,000
cm™) with 8 repetitions and a resolution of 4 cm™ were
obtained from the bottom of the specimen at initially
and after curing for 20 s. The specimens were cured
with an LED light-curing unit (irradiance of 1,200 mW/
cm?, SmartLite Focus Pen Style, DENTSPLY Sirona,
York, PA, USA). The distance between the light-curing
and specimen’s surface was approximately 1 mm. The
equation for calculating DC is provided as follow?®.

DC

= wO(AAAi‘iTAA‘) Equation 1

where AA, and AA; represent the peak’s height at
of C-O of methacrylate group (1,320 cm™)?Y above the
background level at 1,335 cm™ before curing and at
the time (t) after initiating curing, respectively. For
conversion without light activation, the cements were
placed on the ATR diamond and covered with a metal
plate to avoid any exposure to natural light. Then, FTIR
spectra were recorded from the bottom of specimens for
30 min. The linear extrapolation of late-time DC was
then calculated®?.

Biaxial flexural strength (BFS) and modulus of elasticity
(BFM)

The BFS and BFM of the materials were assessed
using a ball-on-ring testing jig and a mechanical testing
frame (AGSX, Shimadzu, Kyoto, Japan) (n=7)'%. Disc
specimens (10 mm in diameter and 1 mm in thickness)
were produced using a metal ring (Springmasters,
Redditch, UK). The specimens were covered on top and
bottom surfaces with acetate sheets. They were light-

cured for 20 s on each side with an LED light-curing
unit®®. The specimens were allowed to post-cure at
room temperature for an additional 24 h®. Then, the
specimens were removed from the ring and placed in
deionized water (10 mL) for 24 h and 4 weeks at 37°C.
The thickness of each specimen was measured with a
vernier caliper. They were subjected to a 500 N load cell
and 1 mm/min crosshead speed. The BFS (Pa) and BFM
(Pa) were analyzed using the following equations.

BFS=dEZ{(1+v)[0.485ln(ar)+0.52]+0.48} Equation 2

2
BFM= (%)x( B&? ) Equation 3

Where F is the failure load (N), d represents the
thickness of the disc specimens (m), r represents
the radius of the circular support of the ball-on-ring
testing jig (m), and v represents Poisson’s ratio (0.3)3.
Furthermore, % represents the rate of change of the
load about the central deflection or gradient of force
versus the displacement curve (N/m)'®. B. and q represent
the center deflection function (0.5024) and the ratio of
the support radius to the specimen radius, respectively.
The fracture surfaces of representative specimens of
each material were additionally examined using SEM-
EDX.

Shear bond strength (SBS) to lithium disilicate ceramic
(LDS)

The macro-SBS of resin cements to LDS was tested using
a SBS testing jig (n=6)%). LDS plates (dimensions of
14.5%14.5x1.5 mm?, IPS E.max CAD, Ivoclar Vivadent,
Schaan, Liechtenstein) were cut (Accutom-50, Struers,
Cleveland, OH, USA), followed the sintering in a high-
temperature furnace (Ivoclar EP3000, Volar Vivadent).
The heating rate was 60°C/min with a holding time of
15 min at the final temperature of 815°C. The plates
were embedded in an autopolymerizing acrylic resin.
Bonding surfaces were then polished using 220, 320,
500, and 800-grit silicon carbide abrasive papers under
water coolant using a polishing machine (Tegramin-
25, Struers). They were subsequently washed in an
ultrasonic bath for 10 min. The exposed bonding surface
of the LDS was etched with 4.5% hydrofluoric acid for
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20 s and then thoroughly washed with water and air-
dried. Then, the surface was cleaned using a universal
cleaning paste (Ivoclean, Ivoclar Vivadent) for 20 s. The
surface was again washed for 20 s with a water syringe
and air-dried for 10 s. Prior to the addition of cements, a
primer (Clearfil ceramic primer plus, Kuraray Noritake
Dental) was applied to the LDS surface, which was then
air-dried for 10 s.

The cements were injected into a mold (Ultradent
Products, South Jordan, UT, USA) on the LDS surface
to produce a cylinder (2.38 mm in diameter and 3 mm
in height). The excess cement was removed with a
microbrush and cured using an LED light-curing unit
for 40 s. The jig was then removed. The specimens were
left at room temperature for 24 h. They were then placed
in deionized water and maintained at 37°C for 24 h. The
SBS was tested using a SBS testing jig and a universal
testing machine. The test was conducted using a 500 N
load cell and a crosshead speed of 1 mm/min. The SBS
(Pa) was then calculated (Equation 4).

SBS= ZF Equation 4

Where F' and A represent the load at failure (N)
and the area of the bonding interface (m?), respectively.
The failure mode at the ceramic-cement interface was
examined with a stereomicroscope (Leica Zoom 2000,
Leica Microsystems, Wetzlar, Germany).

Color changes or color stability (AE* )

An intraoral digital spectrophotometer (Easyshade
V, VITA Zahnfabrik, Bad Sickingen, Germany) was
employed to assess the color stability (AE*y) of the
materials after immersion in deionized water. The
test was conducted following a protocol described in a
previous study®”. Disc specimens (1 mm thick and 10
mm in diameter) were prepared as described above
(n=5). They were immersed in deionized water (10
mL) and kept at 37°C. The measurement of CIELAB
coordinates (CIE L*, a*, b*, C*, and h°) for the samples
were performed before water immersion and at 24 h and
4 weeks of water storage. Lightness and values on the
red-green and yellow-blue axes are indicated by L*, a*,
and b*. The chroma and hue angle are represented by C*
and h°, respectively. The CIEDE2000 formula (equation
5)3 was used o determine the changes in color or color
stability (AE*y,) upon immersion in water.

. AL AC’ AH’ R AC" , AH' .,
AE =g+ (g st ®.s.) TR s) K5,
Equation 5

where AL’, AC’, and AH’ represent the differences in
lightness, chroma, and hue, respectively, before and
after immersion. Ry is a rotation function related to the
interaction between the chroma and hue differences in
the blue region. Furthermore, S;, Sc, and Sy are weighting
functions, and K, K¢, Ky are the correction terms for
experimental conditions. The complete formulae were

provided in a previous study®®.

Mass and volume changes in water

Gravimetric studies were employed to determine the
mass/volume changes of the materials (n=5). Disc
specimens (1 mm in thickness and 10 mm in diameter)
were prepared and placed in deionized water (10 mL)
at 37°C. The mass and volume of the specimens were
recorded for up to 8 weeks using an analytical scale
and density kit (MS-DNY-43, METTLER TOLEDO,
Columbus, OH, USA)??. The changes of mass and volume
of specimens upon water immersion were calculated
using the following equations.

_ 100[Mt-Mo] .
AM= Mo Equation 6

_ 100[Vt—Vo] .
AV= Ve Equation 7

where M; and V, represent the mass and volume
of the specimens obtained at time ¢, respectively.
Additionally, M, and V, represent the mass and volume
of the specimens recorded initially before immersion,
respectively.

Ion release

The inductively coupled plasma—atomic emission
spectroscopy (ICP-OES, Optima 8300, PerkinElmer,
Waltham, MA, USA) was employed to measure the
release of Ca, Sr, and P ions in deionized water. Disc
specimens (1 mm thick and 10 mm in diameter) were
placed in deionized water (10 mL) and kept at 37°C
(n=5). The water was collected and refreshed with a new
solution at 24 h, 2 weeks, and 4 weeks. Prior to analysis,
the storage solutions were mixed with 3 vol% nitric
acid. Instrument calibration was conducted using a
calibration standard (PerkinElmer Plus, PerkinElmer).
The detection thresholds for Ca, Sr, and P were 0.1-50
ppm, 0.1-50 ppm, and 0.5-20 ppm, respectively. The
results were displayed as cumulative release values.

Cytotoxicity

Cytotoxicity testing of the extracts from disc specimens
was performed using a protocol described in a previous
study®®. Disc specimens (0.5 mm thick and 6 mm in
diameter) were prepared and sterilized under UV
irradiation for 30 min on both top and bottom sides
(n=3). The specimens were placed in 200 pL of Dulbecco’s
modified Eagle medium (DMEM; Gibco, Thermo Fisher
Scientific, Grand Island, NY, USA) added with 10%
FBS (Gibco, Thermo Fisher Scientific), 1% penicillin/
streptomycin (Gibco, Thermo Fisher Scientific) and
1% L-glutamine (Gibco, Thermo Fisher Scientific).
The specimens were left for 5 h at room temperature,
the specimens were removed. Then, the medium was
pipetted (50 uL, mixed with an equal volume of fresh
medium (two-fold dilution), and subsequently placed
into 96-well plates. The plates were then seeded with
mouse fibroblast L292 cells (density of 8X10° cells/well).
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The negative control was plain culture medium.

The cells were cultured at 37°C in a humidified
atmosphere containing 5% CO, for 72 h. Subsequently,
the MTT solution (0.5 mg/mL, Invitrogen, Thermo Fisher
Scientific) was added to each well for 30 min. The reaction
was terminated by 100 pL of dimethylsulfoxide (Sigma-
Aldrich) The final product’s color, with the absorbance
measured at 570 and 650 nm (OD, optical density), was
recorded using a microplate reader spectrophotometer
(Varioskan LUX Multimode, Thermo Fisher Scientific).
The results were present as the relative cell viability
(%) compared with the control using the following
equation® 9, The test was conducted in triplicate.

OD of the test group
OD of the control x100
Equation 8

Relative cell viability=

Statistical analysis

The values reported in the current study are means
and SDs. Statistical analysis was performed using
GraphPad Prism 9.4.0 for Mac OS (GraphPad Software,
San Diego, CA, USA). The data were first determined
for normality by Shapiro-Wilk test. Then the data
were analyzed by one-way ANOVA followed by post
hoc pairwise comparisons using Tukey’s HSD. Paired
t-tests and one-way repeated ANOVA were additionally
employed to analyze the color stability and ion release of
the materials at different time points. The significance
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value was set at p=0.05.

G*Power version 3.1.9.6 (University of Diisseldorf,
Disseldorf, Germany) was employed to perform
power analysis using results from previous studies to
calculate the effect size (Cohen’s f) and the sample size.
The protocols were provided in previously published
studies**?. The sample size was chosen to provide a
power greater than 0.95 at alpha=0.05 using one-way
ANOVA. In addition, a factorial analysis was used to
analyze the effect of increasing concentrations of MCPM
(from 3 to 6 wt%) and Sr-BGNPs (from 5 to 10 wt%) on
the tested properties'.

RESULTS

Preparation of Sr-BGNPs

The SEM images indicated that spherical, monodisperse
Sr-BGNPs had a diameter of approximately 100 nm
(Fig. 2A). Ca and Sr were detected on the surface of
the particles (Fig. 2B). These ions, however, exhibited
a minimal effect on the FTIR spectrum (Fig. 2C). There
was a broad band from 1,200 to 1,000 cm™ due to an
asymmetric Si—O-Si stretching vibration. The peak at
approximately 800 cm™ and 460 cm™ were consistent
with a symmetric Si-O stretching vibration and Si-
0-Si rocking, respectively*®. Furthermore, the XRD
pattern of the particles revealed broad diffraction
halos at approximately 20—30 (20), which represent an
amorphous state (Fig. 2D).

Spectrum 2
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(A) SEM image demonstrating spherical particles of Sr-BGNPs, and (B) the elemental

composition, (C) FTIR spectrum, and (D) XRD pattern of Sr-BGNPs.
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DC

The highest and lowest DCs with light activation
were measured for MOSO (63.5+2.0) and PV (33.6+3.2),
respectively (Fig. 3A). That of PV was significantly lower
than that of M6S10 (61.2+1.4%), M6S5 (58.7+6.3%,
p<0.001), M3S10 (62.4+2.0%, p<0.001), M3S5 (62.2+1.4%,
p<0.001), and MOS0 (p<0.001). The DC without light
activation of PV (46.1+3.3) was also lower than that of
all experimental resin cements. Additionally, the DC
without light activation of experimental resin cements
increased more rapidly than that of PV (Fig. 3B). A
significant difference in DC with and without light
activation was detected for M6S5 (p=0.0002) and PV
(»<0.001). Furthermore, factorial analysis indicated
that increasing Sr-BGNPs and MCPM concentrations
had a negligible effect on the final DC.

I Light-activation

80 Il No light-activation

IS £y
3 =
1 L

Degree of monomer conversion (%)
g

0=

M6S10 M6S5 M3S10 M3S5 MOS0 PV

Fig. 3
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BFS and BFM

The highest BFS at 24 h was observed for MOS0 (182+22
MPa) (Fig. 4A). This was significantly higher than that
of M6S10 (12814 MPa, p<0.001), M6S5 (139+29 MPa,
p<0.001), M3S10 (135+10 MPa, p<0.001), M3S5 (132+24
MPa, p<0.001), and PV (122+14 MPa, p<0.001). The
experimental resin cements containing additives also
exhibited a BFS comparable to that of PV. At 4 weeks,
the highest BFS was observed for MO0OSO (182+18.3
MPa).

The highest BFM at 24 h was observed for M0S0O
(5.2£0.6 GPa) (Fig. 4B). The BFM of M6S10 (4.4+1.1
MPa) was comparable to that of PV (3.7+0.3 GPa,
p=0.204) but lower than that of M3S10 (5.7+0.4 GPa,
p=0.005) and M3S5 (5.4+0.3 GPa, p=0.03). At 4 weeks,
the BFM of MOS0 (5.9+1.0 GPa) was significantly higher

—-M6S10
—-M6S5
~=-M3S10
M3S5
—-MO0S0
-=-PV

20
Time (min)

10

30 40

(A) DC with and without light activation.

The same lowercase and uppercase letters indicate a significant difference (p<0.05) in
DC with and without light activation, respectively. The asterisk (*) indicates p<0.05
for the DC with and without light activation of the same material. The error bars
indicate SD (n=5). (B) DC of materials without light activation increasing over time.

250 M 24h
B 4 weeks
*
200+ |

Biaxial flexural strength (MPa)

M6S10

M6S5 M3S10 M3S5 MOS0 PV

I 24h
I 4 weeks

M6S10 M6S5 M3S10 M3S5 MOS0

PV

(A) BFS and (B) BFM at 24 h and 4 weeks for all materials.

The same lowercase and uppercase letters indicate significant differences (p<0.05) among
different materials at 24 h and 4 weeks, respectively. The asterisk (*) indicates p<0.05
when comparing values of the same material. The error bars indicate SDs (n=7).
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Representative SEM images of fracture surfaces after BFS testing at 4 weeks for

The filled arrows indicate MCPM particles, while the unfilled arrows indicate the

Fig. 5
each material.
glass and resin matrix.
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M6S10 M6S5 M3S10 M3S5 MOS0 PV

Fig. 6 SBS to ceramic at 24 h of all materials after
immersion in water.
The error bars indicate SD (n=6).

than that of M6S10 (4.4+0.3 GPa) and M6S5 (5.0+0.8
GPa). The fracture surface of the experimental resin
cement contained the particles of MCPM, glass, and
polymer matrix (Fig. 5). The fracture surface of PV was
less irregular than the surface of the experimental resin
cements.

Factorial analysis showed that an increase in
the MCPM concentration from 3 to 6 wt% caused a
significant reduction in the BFM by 15+11% and 19+6%
at 24 h and 4 weeks, respectively. However, the effect of
increasing the Sr-BGNP concentration from 5 to 10 wt%
was negligible.

W 24h
61 I 4 weeks

ES
1

Color stability (AE" )

~
1

M6S10 M6SS M3S10 M3S5 MOS0 PV

Fig. 7 Color difference (color stability) after immersion in
water.

The same lowercase and uppercase letters indicate
significant differences in color stability among the
various materials at 24 h and 4 weeks, respectively.
The asterisk (*) indicates p<0.05 when comparing
two time points for a given material. The error bars
indicate SD (n=5).

SBS to ceramic

The highest and lowest SBSs (Fig. 6) were observed for
M3S10 (9.4+3.6 MPa) and PV (7.3+2.7 MPa). The SBS
of PV was comparable to that of M6S10 (9.3+2.5 MPa,
p=0.915), M6S5 (8.6+2.6 MPa, p=0.986), M3S10 (9.4+3.6
MPa, p=0.894), M3S5 (9.4+5.3 MPa, p=0.902), and M0S0O
(7.3+3.0 MPa, p>0.05). No significant differences among
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experimental materials were detected. The failure mode
observed from the debonded interface was mostly mixed
failure. Additionally, no significant effects of MCPM and
Sr-BGNP concentrations on the SBS of experimental
resin cements from the factorial analysis.

Color difference or color stability (AEy,)

At 24 h, the color difference (AEy) of all materials
after immersion was comparable (Fig. 7). At 4 weeks, a
significant increase in AEy, compared with that at 24 h
was detected for M3S10 (p=0.0159), M3S5 (p=0.0212),
and MOSO (p<0.0001) but not the other materials. At
4 weeks, MOS0 exhibited the highest AEy (4.5+0.3),
which was significantly higher than that of PV (1.7+0.2,
p<0.001), M6S10 (2.7+1.4, p=0.030) and M6S5 (2.7+0.5,
p=0.013). Furthermore, the AEy, of PV was comparable
to that of M6S10 (p=0.2428) and M6S5 (p=0.9506). No
significant effect of the additives on the color change at
24 h was detected. At 4 weeks, the increase in MCPM

concentration slightly reduced the color change by
24+17%. The effect of the Sr-BGNP concentration was
minimal.

Mass and volume changes

The early mass change of the set materials in water
increased linearly with the square root of time, as
expected with diffusion-controlled water sorption (Fig.
8A). The highest and lowest mass gains of the materials
at 8 weeks were detected for M6S10 (1.63+0.11 wt%)
and MOSO (0.85+0.07 wt%), respectively. The mass
gain of M6S10 was also significantly higher than that
of M3S10 (1.22+0.13 wt%, p=0.005), M3S5 (1.10+0.23
wt%, p=0.012), MOS0 (p<0.001), and PV (1.16+0.08 wt%,
p=0.036). The increase in the MCPM concentration
enhanced the mass gain by approximately 35+20%, while
the effect of increasing the Sr-BGNP concentration was
negligible. The late-time volume gain of the materials
was similar to the mass gain (Fig. 8B).

A
® MsSI0
® M6SI0 O M6SS
O M6S5 A M3S10
1.5 A M3SI0 A M3S5
= A M3SS 41 § m MOSO
< m MOS0 & 0O PV
E S
< o pv )
) £
£ 1.0 Py
< ="
- -]
o
= E T 1 1
0.5+ ] % 30 40
S
é % 2 Time (h’5)
0.0 T T T 1
0 10 20 30 40 4
Time (h"®)
Fig. 8 (A) Mass and (B) volume changes of all materials versus the square root of immersion
time in water, measured at up to 8 weeks.
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Fig. 10 The relative cell viability of fibroblasts exposed to
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Ion release

Cumulative ion release from MOS0 and PV was not
detected. The cumulative Ca ion release at 4 weeks
(Fig. 9A) of M6S10 (8.2+2.5 ppm) was significantly
higher than that of M6S5 (3.0+0.7 ppm, p=0.047) and
M3S5 (1.5+0.2 ppm, p=0.013). M6S10 also exhibited the
highest P release (6.5+0.9 ppm) and Sr release (19+9
ppm) at 4 weeks (Figs. 9B, C). Factorial analysis showed
that doubling the Sr-BGNPs and MCPM concentrations
enhanced the cumulative release of P ions by 74+13%
and 24+18%, respectively. Additionally, increasing
the concentration of Sr-BGNPs from 5 to 10 wt%
substantially enhanced the cumulative release of Ca and
Sr ions at 4 weeks by almost 4 times (223+53%) and 16
times (880+644%), respectively. The effect of increasing
the MCPM concentration was negligible.

Cytotoxicity

The highest and lowest cell viability was observed in the
presence of extracts for PV (98+1%) and M6S10 (78+1%),
respectively (Fig. 10). The cell viability of M6S10 was
significantly lower than that of M3S10 (94+4%, p<0.001),
M3S5 (92+2%, p<0.001), MOS0 (96+1%, p<0.001), and
PV (p<0.001). PV exhibited cell viability comparable to
that of M3S10 (p=0.0607) and MOS0 (p=0.797). Doubling
the MCPM concentration reduced the cell viability by
12+1%, but the effect of Sr-BGNPs was negligible.

DISCUSSION

This study formulated ion-releasing dual-cured resin
cements. The effect of MCPM and Sr-BGNPs on physical
properties and mechanical strength of the cements were
also determined. The first null hypothesis was rejected

because the additives significantly affected properties
such as the BFS and ion release of the experimental
cements. Furthermore, the results indicated that the DC,
BFS/BFM, SBS, mass/volume changes, ion release, and
in vitro cytotoxicity of the experimental resin cements
of all formulations were not similar to those of the
commercial material. Hence, the second null hypothesis
was also rejected.

It was proposed that a high monomer conversion
could potentially lead to the enhanced mechanical
strength with a low risk toxic monomer release for
resin-based materials***. A study reported that adding
strontium phosphates at 25 wt% into powder phase
significantly decreased the DC of experimental resin
composites upon light-curing, which could presumably
due to the enhanced light scattering'®. The additives
employed in the current formulations showed negligible
effects on the DC. This could be attributed to the use
of additives at low concentrations. The DC of the
experimental cements with or without light activation
was higher than that of PV, which could be explained by
the use of different base monomers. UDMA monomers
often exhibit higher DCs than bisphenol A-glycidyl
methacrylate (Bis-GMA) monomers due to the lower
glass transition temperature of UDMA (-35°C) compared
with to that of Bis-GMA (-8°C)***9, Furthermore, the
chain transfer reactions of the -NH- groups in UDMA
could enhance the conversion of the monomers*®. The use
of UDMA as a base monomer was expected to enhance
monomer conversion and reduce the concern regarding
potential BPA impurities in Bis-GMA monomers*?.

Doubling the concentrations of Sr-BGNPs (from 5 to
10 wt%) and MCPM (from 3 to 6 wt%) in the current
formulations showed no significant effect on the BFS.
There was, however, a significant decrease in the BFS
compared with that of the MOS0 formulation. The
addition of MCPM and Sr-BGNPs reduced the BFS of
the experimental cements by approximately 30 MPa. A
primary cause for this reduction is likely the absence of
silane-coupling agents on their surfaces. However, the
additives were not silanized to enhance the release of
ions upon exposure to water or oral fluid. Despite the
negative effect of reactive fillers, the flexural strength
of the materials was within the acceptable range (20
MPa) required by the ISO/TS 16506:2017*¥. This study’s
limitation was that the experimental resin cement pastes
were prepared by hand-mixing, which may inevitably
lead to air entrapment.

It was speculated that the increase in dark-cured
polymerization could enhance polymer rigidity*®. This
may help mitigate the negative effects of hygroscopic
expansion caused by hydrophilic fillers. Moreover, MCPM
particles were still observed in the bulk of the materials
even after 4 weeks. This observation suggests that the
increased rigidity of the polymer network might also
slow down water diffusion and limit filler dissolution.
This could consequently facilitate the sustained release
of ions without causing a rapid and substantial reduction
in the strength of the materials. Long-term immersion
for up to 6-12 months may be needed in future work to
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determine the long-term strength of the materials.

The similarity in bonding performance between
experimental cements and the commercial material
could be attributed to the identical surface treatment
protocol performed for all materials. Furthermore, the
same adhesive monomer (10-MDP) was also contained
in all groups. The obtained SBS was in accordance with
that reported in other studies (2—-15 MPa)®°>Y, The SBS
was assessed at an early time point (24 h), following test
type 1 in ISO/TS 11405:2015°?. A longer aging period
with thermocycling (e.g., 10,000 to 30,000 cycles) may be
needed to ensure the long-term bonding performance of
the materials.

The addition of MCPM, a highly soluble calcium
orthophosphate (Ca/P ratio=0.5), inevitably results in
an increase in mass mainly due to water sorption. The
degree of mass and volume changes in the experimental
materials were found to be comparable to those of a resin
composite reported in a previously published study (1 to
3 wt%)?». The absorbed water was expected to encourage
hygroscopic expansion. This expansion may help relieve
the polymerization shrinkage stress of resin-based
materials®. The effect of Sr-BGNPs on the mass gain
of the materials was minimal compared to the effect of
MCPM. This could be potentially due to the low water
solubility of Sr-BGNPs.

Marginal discoloration of indirect restorations
caused by poor color stability of resin cement has been
detected in 30% to 40% of restorations®. It was also
proposed that the yellowish appearance of resin cements
could be due to the degradation of residual amines and
the oxidation of the remaining double bonds in the
cements®®. The color difference (AEy,) perceptibility
and acceptability levels of tooth-colored materials are
0.8 and 1.8, respectively. At 24 h, all materials except
for M6S5 and M3S10 exhibited values comparable with
these values. At 4 weeks, the experimental resin cements
showed a substantial increase in color difference, which
was higher than the recommended maximum. A study
showed that the color change of resin composites,
containing bioactive glass (diameter of approximately 2
pm and 20—40 pm), increased from 2.6 to a range of 5.5—
15.4 after immersion in water for 30 days®”. The possible
explanation for this could be the increase in surface
irregularities caused by the dissolution of bioactive
glass. Furthermore, the increase in color change was
predominantly affected by the type of storage solution®®.
This is a variable that should be examined in future
work. Additionally, the experimental resin cements may
contain larger glass particles than commercial materials.
It was suggested that the larger particle size in resin
composites may reduce color stability upon water aging
compared with composites containing smaller particle
sizes?80, The size and distribution of fillers in resin
composites also affect the light reflectivity and optical
properties of the materials®.

Calcium and strontium release were substantially
enhanced by increasing the concentration of Sr-BGNPs.
It was hypothesized that the high surface area of
nanoparticles, in combination with the surface-doped

Ca and Sr, could enable a high release of ions upon
exposure to fluid®®. The ability to promote ion release
from materials is expected to enable remineralizing/
antibacterial actions and acid neutralization'®, which
should be examined in a long-term study. The release
of nanoparticles, ions, or residual monomers from the
experimental resin cements may induce cytotoxic effects
on gingival tissues. The level of reactive fillers in the
current study exhibited low in vitro toxic effects on cells.
The diffusion of ions and Sr-BGNPs may be limited
by the polymerized network of resin cements. A study
showed that the release of Sr?* into culture media at a
concentration of 2 to 6 pg/mL resulted in low cytotoxic
effects?. Significant toxic effects have been induced by
the bioactive glass with particle diameters that were
smaller than 10 nm or larger than 10 pm%). Hence, the
use of bioactive glass with a diameter of approximately
100 to 200 nm in the current study may result in
cytotoxic effects that are below an unacceptable level.
Increasing the concentration of hydrophilic MCPM
may result in cytotoxic effects due to the increase in
water plasticization or the degradation of the polymer
network. This may increase the risk of releasing toxic
monomers®”. The composition of the extracts should be
confirmed using HPLC in future studies.

It should be mentioned that the current study is an
in vitro study, thus, further in vivo tests are required
to determine the clinical benefits. It was, however,
anticipated that the use of ion-releasing resin cement
could potentially help decrease the risk of secondary
caries, which is one of the common reasons for the failure
of fixed protheses treatments.

CONCLUSION

This study successfully prepared ion-releasing resin
cements containing Sr-BGNPs and MCPM. The
experimental cements exhibited a higher DC compared
to the commercial product. The experimental materials
also demonstrated lower color stability compared to
the commercial material, but they showed ion release
action and a low cytotoxic effect. Furthermore, the
additives showed no detrimental effects on monomer
conversion. The additive, however, reduced the strength
of the experimental materials, but strength values still
remained within the acceptable range.
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