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ik ke s e Objectives: To evaluate mineral loss and lesion depth of enamel adjacent to different
ion-releasing resin composites in conjunction with artificial caries induction, and to

evaluate shear bond strength to enamel.

Methods: Three ion-releasing resin composites (ACTIVA™ BioACTIVE-RESTOR-
ATIVE™, BEAUTIFIL Injectable X and Cention® N) with or without adhesive system
were investigated in comparison with a conventional resin composite (Filtek™ Z350
XT). Effect of Caries Inhibition in Adjacent Enamel — 36 human premolars with cylin-
drical cavities and filled with restorative materials underwent 14 days of artificial caries
induction and were sectioned into two cross-sectional specimens (n=12). Mineral loss
and lesion depth were measured at 10, 260, 510, and 760 pm from the tooth-restoration
interface and analyzed using repeated measures ANOVA and pairwise comparison for
within group comparisons (p<0.05) and One-way ANOVA with Tukey’s post hoc test for
comparisons among groups (p<0.05). Shear bond strength test — 108 human premolars
were embedded in self-curing acrylic resin. A polyethylene tube was placed on each
surface and filled with restorative materials. Each group was divided into 2 subgroups
(n=9) whether the specimens were thermocycled or not. Shear bond strength was tested
with the Instron® 5566 universal testing machine. Failure analysis was conducted using a
stereomicroscope. Shear bond strength was analyzed using two-way ANOVA and Tukey’s
multiple comparison test (p<0.05).

Results: At 14 days post-caries simulation, ACTIVA™ BioACTIVE-RESTORATIVE™
and Cention® N with and without adhesive demonstrated an ability to inhibit caries for-
mation at 10 pm from the restoration-enamel interface. Shear bond strength to enamel of
Cention® N with adhesive had the highest values for both non-thermocycling (21.68+1.86
MPa) and thermocycling (21.17+2.4 MPa) condition, being significantly higher than other
groups except for the conventional resin composite (20.3=1.85 MPa for non-thermocy-
cling and 19.16+2.29) MPa for thermocycling condition.

Conclusions: The use of Cention® N with adhesive provides the optimal combination of
shear bond strength and caries inhibition effect, which is potentially a superior candidate
for clear aligner attachments.
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Introduction

Orthodontic treatment is a field that combines both
physics and biomechanics to correct malocclusions in
addressing three main goals: function, occlusal stability,
and aesthetics.(!) In recent years, clear aligner treatment
has been considered a more comfortable and esthetic
alternative to conventional fixed appliance orthodon-
tics, offering certain advantages such as better aesthetics,
removability, and smaller dimensions.? Attachments are
bonded to the tooth surface and work with clear aligners
to move teeth in the desired direction.®)

The selection of attachment materials must consider
both physical and mechanical properties. The attachment
materials should resist staining and appear similar to that
of natural teeth.* Mechanically, the material should
maintain its shape and integrity throughout the treatment,
enduring the forces exerted during eating and the insertion
and removal of clear aligners, to effectively facilitate tooth
movement throughout the treatment duration.>®

A common issue during treatment with clear remo-
vable appliances is the development of initial caries, or
white spot lesions around the attachments. This occurs
because the appliances or materials attached to the tooth
surface make cleaning difficult, leading to the accumu-
lation of plaque and an increase of cariogenic bacteria,
which results in demineralization of the enamel.(”)

The choice of restorative materials can affect the
mineral shifts (demineralization and remineralization)
of tooth structures. lon-releasing resin composite that
can release ions, such as fluoride ions, calcium ions, and
phosphate ions, can help reduce mineral loss and promote
remineralization of the tooth structure.®) Additionally, hy-
droxyl ions help neutralize the acidic environment created
by bacteria.®) These ions play a crucial role in enhancing
the tooth structure's resistance to caries.

ACTIVA™BioACTIVE-RESTORATIVE™ (Activa)
is a self-adhesive, bioactive material in a self-mixing
syringe that contains high molecular weight polyacrylic
acid, similar to that in resin-modified glass ionomers, but
without methacrylate polymerizable groups. It includes
urethane dimethacrylate monomers and dimethacrylate
phosphate, which enhance its mechanical properties and
bond strength.!!? It lacks bisphenol A (BPA), bisphenol
A-glycidyl methacrylate (bis-GMA), and BPA derivatives,
thus avoiding polymerization shrinkage and stress. The

fillers used are silanized fluoroaluminosilicate (FAS) and
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silanized nonreactive fillers, contributing to the material's
wear resistance and esthetics.(') Moreover, when used in
conjunction with an adhesive system, Activa has demon-
strated comparable bond strengths to nanocomposite.(?
BEAUTIFIL Injectable X (X, ), leveraging Giomer
technology, is known for its self-leveling properties,
which enhance handling and adaptation to cavity walls.
The new nano surface pre-reacted glass-ionomer (S-PRG)
fillers offer an optimal balance of light transmission and
diffusion for a perfect shade match.(!314)

Cention® N, an alkasite material supplied as a hand-
mixed powder and liquid, can be used in bulk, serving as
an alternative to amalgam according to the manufacturer.
It has reactive silanized fluoro-alumino-silicate glass
similar to those used in glass ionomer cement and adver-
tised as highly reactive especially in an acidic environ-
ment. It releases fluoride and calcium ions, preventing
demineralization and enhancing remineralization of tooth
structure,'>) as well as hydroxyl ions, neutralizing acidic
conditions."® An in vitro study reported that Cention® N
can form apatite on its surface, thereby remineralizing the
underlying dentin.') This property classifies Cention® N
as a bioactive material, making it a resin composite with
proven bioactivity.!”) In terms of bonding properties,
Cention® N showed a superior shear bond strength com-
pared to nanohybrid composite and Fuji IX after being
exposed to water aging and exhibited lesser marginal
leakage.(!®)

Previous studies have characterized the fundamental
changes that occur in natural white spot lesions (WSLs)
from both materials and microstructural perspectives.
Huang et al., demonstrated a correlation between elastic
modulus and mineral density for the enamel component
of WSLs using nanoindentation and computed x-ray
microtomography (micro-CT).!"”) Micro-CT is a powerful
tool to study the demineralization and remineralization
of teeth.?*2!) The data on mineral loss and lesion depth
in tooth structures obtained from micro-CT indicate the
ability of restorative materials to enhance tooth structures
resist mineral loss under simulated caries conditions.*?
Additionally, micro-CT provides distinct advantages, such
as non-destructive, high-resolution 3D imaging, enabling
precise quantification of mineral loss and lesion depth
across different depths of enamel and dentin.*®

Moreover, choosing the most suitable resin com-

posite type to produce durable attachments is consid-
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ered challenging. Bonding performance of the attachment
material to enamel is important and directly affects the
efficiency of tooth movements and treatment outcomes.
Research on clear aligner technology is constantly pro-
gressing, but studies on the selection of optimal attach-
ment materials to enamel remain relatively limited.>*2>)
Two primary types of composite resins are commonly
used for fabricating attachments: high-viscosity packable
composites and low-viscosity flowable composites. While
there is still no consensus on the optimum shear bond
strength required for attachments to enamel, previous
studies have reported a range of values. High-viscosity
composites generally exhibit higher shear bond strength
compared to their low-viscosity counterparts.>®) This
finding aligns with the study by Chen ez al. in 2021, which
evaluated the shear bond strength of these materials on
extracted premolars. The study found that the flowable
composite, Filtek™ Z350 XT Flowable, used with
two-step total etch adhesive (Adper™ Single Bond 2
Adhesive), demonstrated a lower shear bond strength
(15.34£2.33 MPa) compared to the packable composite,
7350 with the two-step total-etch adhesive (20.53+2.59
MPa).(24) Building on this gap, the present investigation
aims to analyze three ion-releasing resin composites to
compare their effect on caries inhibition in adjacent enamel
and shear bond strength to enamel, in order to identify
which material is more suitable for attachment reproduc-
tion in clear aligner treatment, with and without the use
of an adhesive system. The null hypothesis tested was that
different restorative materials with or without adhesive
would not affect mineral loss and lesion depth on the

contiguous enamel or the shear bond strength to enamel.

Materials and Methods

This study was approved by the Human Experi-
mentation Committee, Faculty of Dentistry, Chiang Mai
University, Thailand (NO.20/2023).

Materials

Three commercial ion-releasing resin composites:
ACTIVA™ BioACTIVE-RESTORATIVE™ (Pulp-
dent, Massachusetts, USA), BEAUTIFIL Injectable Xgo
(Shofu, Kyoto, Japan), Cention® N (Ivoclar Vivadent,
Schaan, Liechtenstein) and a conventional nanofilled resin
composite, Filtek™ Z350 XT Universal Restorative (3M
ESPE, Minnesota, USA) were selected. The composi-

tions and product instructions of experimental restorative
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materials and an adhesive system are shown in Table 1.

Specimen preparation

One hundred and forty-four sound human premolars,
extracted for orthodontic and periodontal reasons, were
used in this study. All teeth were free of caries, resto-
rations, and dental anomalies. The exclusion criteria were
teeth with crown defects, caries, cracks, or restorations.
The teeth were immersed in a 0.1% thymol solution
at room temperature and used within 3 months of
storage.

Effect of caries inhibition in adjacent enamel

The teeth were randomly assigned for two ex-
periments. Thirty-six premolars were sectioned at the
cemento-enamel junction using a precision diamond saw
(IsoMet™ 1000, Buehler, USA). The buccal sides with
enamel surfaces facing up were embedded in self-curing
acrylic resin. These surfaces were ground with 600 grit
silicon carbide paper to create a flat surface and cleaned
with deionized water in an ultrasonic cleaner (BioSonic®
UC125: Whaledent Inc., USA) for 10 minutes. Prepara-
tions were made at buccal surface with 2 mm wide and 2
mm deep occlusogingivally. The specimens were assigned
into six groups based on the restorative materials used:
ACTIVA™ BioACTIVE-RESTORATIVE™ (A), BEAU-
TIFIL Injectable Xy (B), Cention® N (C), and Filtek™
7350 XT Universal Restorative (F), with Adper™ Single
Bond 2 Adhesive (S) as the adhesive system. Activa and
Cention® N can be used with or without an adhesive, while
X and Z350 requires the use of an adhesive. There-
fore, the groups were categorized as follows: Group 1: A,
Group 2: AS, Group 3: BS, Group 4: C, Group 5: CS, and
Group 6: FS. The prepared cavities were filled with the
materials according to the manufacturer’s recommended
directions (Table 1). Filled specimens were stored in de-
ionized water at 37°C for 24 hours. The outer surface of
all restored specimens was serially polished with silicon
carbine papers of 600, 800, 1000 and 1500 grit to remove
the excess and to define the boundary of prepared res-
toration before being cleaned in ultrasonic cleanser for
10 minutes. Each specimen surface was coated with nail
varnish, leaving exposed only half of the restoration and
1 mm of the adjacent enamel beyond the margin on the
occlusal side, to allow exposure to the demineralizing and
remineralizing solutions. The sound tooth structure on the
cervical side, protected by the nail varnish, served as the

control within each specimen.
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Table 1: The details of the materials and adhesive system.

Materials
ACTIVA™ BioACTIVE-
RESTORATIVE™

(Pulpdent, Massachusetts, USA)

Lot 210618, shade A2*
Lot 230404, shade A3**

BEAUTIFIL Injectable Xg
(Shofu, Kyoto, Japan)
Lot 052204, shade B1*,**

Cention® N

(Ivoclar Vivadent, Schaan,
Liechtenstein)

Lot Z04YLR, shade A2* **

Filtek™ 7350 XT Universal
Restorative

(3M ESPE, Minnesota, USA)
Lot 9712738, shade A1*,**

Scotchbond™ Etchant
(3M ESPE, Minnesota, USA)
Lot 9637865*,**

Adper™ Single Bond 2 Adhesive

(3M ESPE, Minnesota, USA)
Lot 9753157* **

Composition
Resin matrix: patented ionic resin matrix, shock-
absorbing rubberized resin (diurethane and other
methacrylates with modified polyacrylic acid
44.6%)
Filler: reactive ionomer glass fillers (amorphous
silica 6.7%, sodium fluoride 0.75 %, 55.4 wt% of
bioactive glass and sodium fluoride)
Resin matrix: bis-GMA, bis-MPEPP, TEGDMA
Filler: F-B-Al-Si-glass (63.4 wt%, 41.7 v%, 0.1-0.8
um, 0.4 mean) aluminofluoro-borosilicate glass,
AlLO,, S-PRG filler
Resin matrix: UDMA, DCP, aromatic aliphatic-
UDMA, PEG-400 DMA
Filler: barium aluminium silicate glass, ytterbium
trifluoride, isofiller, calcium barium aluminium
fluorosilicate glass, calcium fluorosilicate glass
(78.4 wt%, 57.6 v%, 0.1-35 um)
Powder/liquid ratio (g/g) = 4.6/1.0
Resin matrix: bis-GMA, UDMA, TEGDMA,
bis-EMA (6) resins
Filler: non-agglomerated/non-aggregated 20 nm
silica filler, non-agglomerated/non-aggregated 4-11
nm zirconia filler, and aggregated zirconia/silica
cluster filler (comprised of 20 nm silica and 4-11
nm zirconia particles)
37% Phosphoric acid

bis-GMA, HEMA, dimethacylates, ethanol, water,
photoinitiator, methacrylate functional copolymer of
polyacrylic and poly (itaconic) acids, 5 nm spherical
silica particles (10 wt%)

Instructions
- Dispense the material into the cavity
through a spiral nozzle
- Allow the material to self-cure for 20
seconds

- Light-cured for 20 seconds

- Dispense the material into the cavity

- Light-cured for 20 seconds

- Mix the material with a powder-to-liquid
ratio of 1:1 (mixing time: 40-60 seconds
and setting time: 5 minutes)

- Light-cured for 20 seconds

- Place the material into the cavity

- Light-cured for 20 seconds

- Apply on enamel for 20 seconds

- Rinse thoroughly with water for 10
seconds

- Air-dry gently for 2 seconds

- Rub adhesive on enamel for 20 seconds
to ensure thorough penetration

- Air-dry gently for 5 seconds

- Light-cured for 20 seconds

*lot used in the test for effect of caries inhibition in adjacent enamel, **1ot used in shear bond strength test

(bis-GMA: bisphenol A-glycidyl methacrylate, DCP: dicalcium phosphate, DMA: dimethacrylate, HEMA: hydroxyethyl methacrylate,

PEG: polyethylene glycol, S-PRG: surface pre-reacted glass-ionomer, TEGDMA: triethylene glycol dimethacrylate, UDMA: urethane

dimethacrylate)

Artificial caries induction by pH-cycling

All specimens were subjected to 14 days of artificial
caries induction or pH-cycling process. Each specimen
was submerged in an 8 ml of demineralizing solution (2.2
mM of CaCl, , 2.2 mM of KH,PO, , 0.05 M of acetic
acid; pH 4.4) for 6 hours and in an 8 ml of remineralizing
solution (1.5 mM CaCl,, 0.9 mM KH,PO,, 0.15 M KCl,
20 mM HEPES; pH 7.0) for 18 hours.?” All specimens

were carried out in an incubator at 37°C.

Mineral loss and lesion depth measurement

After 14 days of artificial caries induction, each spec-
imen was perpendicularly sectioned through the buccal
enamel. The illustration of the cross-sectional specimen,
the area of measurements of mineral loss (AZ) and lesion
depth (LD) are shown in Figure 1 and Figure 2. Both
values were performed by a micro computed tomography
(microCT35; SCANCO Medical AG, Switzerland) under
standardized conditions of 70 kV voltage, 114 pA current,
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Figure 1: The cross-sectional specimen, along with the locations for mineral loss and lesion depth measurements. E: Enamel, N: Nail

varnish, R: Restoration. (Modified from Kuphasuk et al., 2022)

10um 260pum 510pm 760 pm

E

Figure 2: Cross-sectional specimen obtained from micro-CT imaging, along with the locations for mineral loss and lesion depth measure-

ments. E: Enamel, N: Nail varnish, R: Restoration.

and 5 um voxel dimensions. The radiolucency and radi-
opacity of the micro-CT images were calibrated against a
phantom with known mineral density standards to obtain
quantitative mineral profiles for each specimen. Mineral
loss was calculated as the integrated difference in mineral
volume between the demineralized region and sound
enamel using an image processing program (Rasband,
W.S., ImagelJ, U.S. National Institutes of Health, USA).
Lesion depth was determined as the distance where
the mineral content dropped below 95% of the mineral
density of sound enamel, indicating significant deminer-

alization.®® Both parameters were evaluated at four pre-

defined distances from the restoration-enamel interface:
10 pm, 260 pm, 510 pm, and 760 pm, measured across
a depth of 500 um from the tooth surface.*”) The evalu-
ation procedure, including the preparation of specimens
and the pH cycling model, is summarized and illustrated
in Figure 3.

Shear bond strength test

One hundred and eight premolars were sectioned at
the cemento-enamel junction using a precision diamond
saw. The buccal sides with the enamel surface facing
up were embedded in self-curing acrylic resin (18 mm

diameter, 10 mm height). The enamel surfaces were
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Figure 3: The procedures for specimen preparation to evaluate the effect of ion releasing resin composite material on caries-inhibition

potential in conjunction with pH cycling. B: buccal, D: dentin, DS: demineralizing solution, E: enamel, Li: lingual, N: nail varnish, P: pulp,

RS: remineralizing solution, S-AR: self-curing acrylic resin.

ground flat with 600-grit silicon carbide paper and cleaned
in an ultrasonic cleanser for 10 minutes. A polyethylene
tube (1.8 mm internal diameter, 2 mm height) was placed
on each surface and filled with different restorative ma-
terials per group. All specimens were stored in deionized
water at 37°C for 24 hours and inspected for defects under
the stereomicroscope. Each group was divided into two
subgroups (n=9): one subgroup underwent 10,000 thermo-
cycling cycles, and the other was assigned as non-thermo-
cycling. Shear bond strength was tested with the Instron®
5566 universal testing machine using a knife edge chisel
at a cross-head speed of 1 mm/min. Failure mode analy-

sis was performed with a stereomicroscope and digital

Premolars (108 teeth)

Shear bond strength testing N°"'"':';"9°°V ol »,
Instron® 5566 universal testing machine b
{(Instron Engineering Corporation, USA)

Knife-edge chisel
Cross-head speed 1mm/min

Thermocycling (10000 cycles) Stereomicroscope
n=9

camera, categorizing failure modes into four types:%)

* Type 1: Adhesive failure (over 80% at the resto-
ration-enamel interface)

* Type 2: Mixed failure (combination of adhesive
failure at the interface and cohesive failure in restoration
and/or enamel)

* Type 3: Cohesive failure in enamel (over 80% in
the underlying enamel)

* Type 4: Cohesive failure in restoration (over 80%
in the adhesive resin and/or restoration)

The procedures for preparing specimens to evaluate
the shear bond strength of ion-releasing resin composite

to enamel, are summarized and illustrated in Figure 4.

<>
A2 —GRa__
1 Polishing #600 P N 7 BB N
10mm ) ‘ I |
Ultrasonic cleaning | Restorations | |
’ S e )
Storage
(Deionized water 37°C 24 hr)

&

T
c\sﬂr{AR __~ polyethelene tube

Figure 4: The procedures of specimen preparation to evaluate the effect of ion-releasing resin composite material on shear bond strength

to enamel. B: buccal, Li: lingual, P: polyethylene tube, R: restoration, S-AR: self-curing acrylic resin.
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Table 2: Means and standard deviations of mineral loss (mgHAP/m?) at different distances for each group after 14 days of artificial caries
induction. Different superscript lowercase letters indicate significant differences within the same row (p<0.05). Different superscript

uppercase letters indicate significant differences within the same column (p<0.05).

ACTIVA™ BioACTIVE-  no bonding A 19.3742.66*  104.69+17.25"*  130.13+18.72°*  162.91+18.984
RESTORATIVE™ with two-ste
P AS  48.59+3.22°BC  143.50+13.25"BC  189.10+19.38°BC  221.39+16.739B
total etch
BEAUTIFIL Injectable with two-ste
! . BS  73.094551°0  125.83+14.12"B 1724429638  207.96:11.719
XSL total etch
Cention® N no bonding C 23.2144.51*"  150.45+15.31°P  195.33+18.30°P  249.23+11.794C
with two-ste
P CS  38.16£2.90°B  172.39+18.04°PE  216.19+14.63°PE  255.05+10.744C
total etch
Filtek™ Z350 XT with two-step

Universal Restorative total etch

FS  113.79+19.73%F

223.744+7.22°F  250.21+10.29F  301.34+15.089P

Table 3: Means and standard deviations of lesion depth (ium) at different distances for each group after 14 days of artificial caries induction.

Different superscript lowercase letters indicate significant differences within the same row (p<0.05). Different superscript uppercase letters

indicate significant differences within the same column (p<0.05).

ACTIVA™ BioACTIVE-  no bonding A 3939+6.02B  162.75427.06"%  215.29+30.314  261.5+30.25%

RESTORATIVE™ with two-step ~ AS  63.73+7.76°C 222.42+26.85°8  291.73+21.07°B¢  321.62+27.4298
total etch

BEAUTIFIL Injectable X, with two-step ~ BS ~ 120.72421.69aDE  226.59+28.35"®  278.52+30.58°®  307.53+20.98%"
total etch
no bonding C 37.018.74%A 222.7+18.07°8  304.14+11.96°BP  375.26+41.519¢

Cention® N with two-step  CS  60.89£0.25°BC  251.87+34.33°8C  321.03+21.08°P  370.63+28.069C
total etch

Filtek™ Z350 XT Universal with two-step ~ FS  168.54+£26.87°"  324.73+20.23°®  366.35+23.9F  423.61+22.19P

Restorative total etch

Statistical analysis Result

Statistical analysis was conducted using IBM SPSS
Statistics Version 25 (IBM Corporation, Armonk, NY,
USA) at a 95% confidence level. Normality and homo-
geneity tests were performed to confirm normal distribu-
tion and homogeneity of variances. Repeated measures
ANOVA and pairwise comparison were used to compare
mineral loss and lesion depth within group, while One-
way ANOVA with Tukey’s post hoc test for compari-
sons among groups (p<0.05). Shear bond strength was
analyzed using two-way ANOVA and Tukey’s multiple
comparison test (p<0.05).

Effect of caries inhibition in adjacent enamel

Mineral loss and lesion depth values of the adjacent
enamel at various distances for each group are detailed
in Table 2 and Table 3. X-ray images obtained from the
micro-CT machine showing the enamel adjacent to each
restoration group are presented in Figure 5. Within the
same sample, every group exhibited significant differ-
ences in mineral loss and lesion depth values at different
distances from the restoration-enamel interface (p<0.05).
When comparing mineral loss and lesion depth values

among groups at a distance of 10 pm, group A showed the
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Table 4: Means and standard deviations of shear bond strength (MPa) to enamel before and after thermocycling 10000 cycles and percent-

age of each mode of failure. Superscript uppercase letters indicate significant differences between different storage conditions within each

material tested. Asterisk (*) indicates significant differences between groups within the same material (p<0.05).

no bonding
ACTIVA™ BioACTIVE-

RESTORATIVE™
with two-step total etch

BEAUTIFIL Injectable Xg; with two-step total etch

no bonding
Cention® N

with two-step total etch
Filtek™ Z350 XT with two-step total etch

Universal Restorative

24 hours 14.10 +2.03P
10,000 thermocycles A-tl 7.10 + 0.80%"

24 hours AS-, 15.13 + 1.76°
10,000 thermocycles AS-t 13.99 + 1.74P
24 hours BS-t, 17.90 + 1.455C
10,000 thermocycles BS-t, 16.38 + 1.54P
24 hours C-t, 7.52+1.19"

10,000 thermocycles Ct, 4.08 051"

24 hours CS-t, 21.68 = 1.86"
10,000 thermocycles CS-t, 21.17 +£2.404
24 hours FS-t, 2030 + 1.85P
10,000 thermocycles FS-t, 19.16 £ 2.294B

Figure 5: X-ray images obtained from the micro-CT machine show the enamel adjacent to each restoration group after 14 days of pH
cycling. A: ACTIVA™ BioACTIVE-RESTORATIVE™, AS: ACTIVA™ BioACTIVE-RESTORATIVE™ with two-step total etch, BS:
BEAUTIFIL Injectable XSL with two-step total etch, C: Cention® N, CS: Cention® N with two-step total etch, E: enamel, FS: Filtek™

7350 XT with two-step total etch, R: restoration.

lowest value and significant differences compared to the
other groups, except for the group C. Group FS exhibited
the highest, showing significant differences compared
to the other groups (p<0.05). At distances of 260, 510
and 760 um, group A remained the lowest and Group FS
remained the highest in mineral loss and lesion depth

value and showed significant differences compared to

the other groups.

Shear bond strength test

The comparison of shear bond strength values be-
tween groups as shown in Table 4 revealed that Cention®
N with an adhesive system had the highest values for both
thermocycling and non-thermocycling conditions, which

was significantly higher than other groups except that of
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u Percentage of adhesive failure

Figure 6: Percentage of failure mode.

the conventional resin composite with an adhesive system.
Conversely, Cention® N without an adhesive system had
the lowest values, significantly different from all other
groups (p<0.05).

When considering the shear bond strength within
the group, by comparing conditions with and without
thermocycling, it was found that the group subjected to
10,000 cycles of thermocycling exhibited lower shear
bond strength than the group that did not undergo ther-
mocycling. The lower value was statistically significant in
the group without an adhesive system (p<0.05). Whereas
in the group with adhesive system, although a lower value
of shear bond strength was observed, the difference was
not statistically significant (p>0.05).

Failure mode analysis (Figure 6) showed that
adhesive failure was predominant in the groups without an
adhesive system. Cohesive failure within the restoration
was predominantly observed in group AS and BS, whereas

mixed failure was primarily noted in group CS and FS.

Discussion

Composite attachments serve as a component that
bonds to the tooth surface, working in conjunction with
clear aligners; it increases the surface area in contact with
the aligners, allowing for better control of tooth movement
in the desired direction.® Therefore, selection of com-
posite attachment plays a crucial role for the long-term
stability of the attachments’ shape and for their structural

FS tO FS-t1

C-t0 C-t1 CS t0 Cs-t1

u Percentage of cohesive failure in restoration

integrity.

Ion-releasing resin composites signify a notable
advancement in dental restorative materials. These inno-
vative composites are designed to restore the structural
integrity of teeth while actively preventing secondary
caries through the release of therapeutic ions."

The caries inhibition effects of restorative materials
manifest in two distinct forms based on the alterations in
tooth structure. The first form is the caries inhibition zone,
which develops adjacent to fluoride-releasing materials
due to ion infiltration and fluoride accumulation, enhanc-
ing the acid resistance in that area.3>*3) The second form
is the acid-base resistant zone beneath the hybrid layer,
which shows greater resistance to environmental acids and
bases than normal tooth structure.3*3% Previous studies
have demonstrated that 10-MDP in primers or bonding
agents forms stable, low-solubility salts with calcium in
hydroxyapatite, which are crucial for creating an acid-base
resistant zone in the enamel. 3637)

When considering the lesion depth of enamel
columns at a distance of 10 um from the restoration-enamel
interface, it was found that groups A, AS, C, and CS
exhibited lesion depths of less than 100 pm (Table 3). In
contrast, groups BS and FS exhibited lesion depths of
more than 100 pm at all distances. Studies have shown
that the lesion depth of initial caries ranges from 100 to
500 pm."%3%) This indicates that at 14 days post-caries

simulation, the use of Activa and Cention® N with and
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without adhesive demonstrated the ability to inhibit caries
formation in columns 10 um from the restoration-enamel
interface. According to the study by Ruengrungsom
etal., Cention® N exhibited a higher and more substantial
fluoride ion release compared to Activa.®) The results
align with the trend observed in recent studies.'") This is
due to the fluoride-containing fillers in Cention® N, which
release fluoride ions in deionized water, whereas bioactive
glass typically releases fluoride ions under acidic condi-
tions.®!) Additionally, Cention® N was found to release
a higher amount of calcium ions than Activa, attributable
to its composition of calcium fluorosilicate glass or bio-
active glass-like phase, and calcium barium aluminum
fluorosilicate glass or ionomer glass-like phase, similar
to those in glass ionomer cements. Activa, on the other
hand, contains only the ionomer phase. However, Activa
was found to release a high amount of phosphate ions, due
to its phosphate-containing fillers.®

The caries-inhibitory potential of ion-releasing
restorative materials is primarily linked to their ability
to release beneficial ions, with fluoride playing a crucial
role in this process.®%#?) Studies indicate that Cention®
N releases significantly greater quantities of fluoride
and calcium ions compared to conventional resin com-
posites, with concentrations approximately 300-400 times
higher.®!1*1) This enhanced ion release is associated
with a notable reduction in Streptococcus mutans colo-
nization, a key contributor to biofilm formation and the
progression of carious lesions.*?) This substantial ion re-
lease may account for the reduced lesion depth and lesser
demineralization at all depths, compared to the control
resin composite.*>) Conversely, Activa has been shown
to release minimal amounts of calcium and relatively low
concentrations of fluoride, which are unlikely to signifi-
cantly reduce biofilm formation.(®!1:4?)

Giomer incorporates pre-reacted glass (PRG)
filler technology, utilizing ionomer-like fluorosilicate
glasses that pre-reacted with polyacrylic acid and are
dispersed in the resin matrix.** Fluoride release in
giomers occurs through water diffusion. When bioactive
glass containing fluoride is included ion-releasing resin
composite, the bioactive glass functions as an ion source,
releasing ions such as Ca, P, and F. This process is initiated
upon contact with fluid, even under neutral pH condi-
tions, enabling controlled fluoride release.'") The level

of fluoride release from ion-releasing resin composite is
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affected by the hydrophilic and acidic properties of their
resin matrices.*>) However, PRG fillers combined with
bis-GMA/TEGDMA resin have shown a lower capacity to
facilitate fluoride diffusion in deionized water compared
to other materials.®

When comparing the use of an adhesive system
with the same restorative material, the micro-CT
evaluation revealed that at a distance of 10 pm from the
restoration-enamel interface, group A exhibited signifi-
cantly less mineral loss than group AS. Similarly, group
C showed significantly less mineral loss than group CS
(Table 2). These findings align with several studies that
have reported that the presence of an adhesive layer
can interfere the release of fluoride ions from fluoride-
releasing resin composites.*%*?) This interference occurs
because fluoride release is facilitated by the infiltration
and diffusion of water into the material. Therefore, when
an adhesive is used, water must first penetrate the adhesive
layer. A study by Burrow et al., found that physical proper-
ties such as water sorption and desorption of the adhesive
are crucial factors in controlling fluoride release.®)

Analysis of mineral loss and lesion depth in enamel for
the same restorative material group, at varying distances
from the restoration-enamel interface, revealed that all
groups exhibited a gradient of increasing mineral loss and
lesion depth from column 1 to column 4 (Table 2 and Table
3). Each column showed statistically significant differenc-
es, indicating that enamel closer to the restoration-enamel
interface had less mineral loss and shallower lesion depths
than enamel further away from the interface. This effect
is attributed to higher fluoride exposure near the restor-
ative material, consistent with multiple studies reporting
that the tooth structure near fluoride-releasing restorative
materials had mineral density and surface hardness similar
to normal tooth structure, and higher than tooth structure
further from the restoration-enamel interface.?>*?) The
ion-releasing mechanisms of the experimental restor-
ative materials vary significantly. Activa releases fluoride,
calcium, and phosphate ions through an acid-base reac-
tion, similar to glass ionomers, and promotes remineral-
ization via its polyacrylic acid component.® Cention®
N releases fluoride, calcium, and hydroxyl ions primar-
ily under acidic conditions, aiding in remineralization
and neutralizing oral acids. It achieves this through its
unique alkaline fillers.®:13-10) X, features S-PRG fillers

that release fluoride and other ions. These differences in
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ion releasing behavior directly influence the gradient of
mineral loss observed in the enamel with materials that
have more active and targeted ion release, such as Activa
and Cention® N, showing localized effects near the res-
toration-enamel interface and leading to reduced lesion
depth and mineral loss in adjacent enamel.

Selecting an attachment material with optimal bond-
ing properties to the enamel surface is crucial for the
success of clear aligner orthodontic treatment. The effec-
tiveness of clear aligners in moving teeth to the desired
positions depends on the stability of the attachment bond.*?)
If the attachment bond is insufficient, the attachments may
detach, resulting in poor control of tooth movement and
prolonged treatment duration.C")

The analysis of shear bond strength values to enamel
indicated that ion-releasing resin composites exhibit-
ed significantly lower shear bond strength compared to
conventional resin composites. However, Cention® N,
when used with an adhesive system, demonstrated no
significant difference in shear bond strength compared
to the conventional resin composite group in both ther-
mocycling and non-thermocycling conditions (Table 4).
One key factor contributing to the differences in shear
bond strength among various materials is the amount of
inorganic filler. Higher inorganic filler content results in
lower polymerization shrinkage, thereby enhancing bond
strength.*?) Specifically, the inorganic filler content is
78.5% by weight for 2350, 78.4% for Cention® N, 63.4%
for X, , and 55.4% for Activa. The higher filler content
in Z350 and Cention® N contributes to their improved
bond strength due to reduced polymerization shrinkage,
compared to X, and Activa.

Activa exhibits bend before failure due to its low
flexural modulus.®3 A low flexural modulus leads to
high distortion, an undesirable property in materials.*¥
This can affect material strength and cause uneven stress
distribution from chewing forces.*>3¥ This study found
that using Activa with an adhesive resulted in cohesive
failure within the composite resin layer during shear bond
strength tests. In contrast, groups using Cention® N and
7350 exhibited mixed failure modes. This difference is
likely due to the higher mechanical strength and shear
bond strength of Cention® N and the conventional resin,
resulting in a combination of cohesive failure within the
composite resin layer and adhesive failure at the bonding

interface. Across all experimental groups, the observed
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failure modes included adhesive failure, mixed failure,
and cohesive failure within the composite resin layer.
Notably, no cohesive failures were observed within the
enamel layer, indicating that the enamel remained intact.
This finding highlights the safety and clinical suitability
of the adhesives and restorative materials evaluated in
this study for use in attachment bonding in clear aligner
therapy.

Factors such as depth of cure (DoC) and Knoop
microhardness also impact the bond strength to tooth
structure. A study by Daabash et al., found that Cention®
N has a greater DoC than Activa and Z350.°% Cention®
N initiates polymerization with both chemical and light
activation, aided by Ivocerin™ and acyl phosphine oxide,
which absorb visible light between 370 and 460 nm, and
its high translucency enhances light transmission. In con-
trast, despite manufacturer claims, Activa, with a stated
DoC of 4 mm and a combination of acid-base and photo-
polymerization reactions, showed no DoC enhancement
after 24 hours, indicating a less effective chemical cure
compared to Cention®™ N.C% This aligns with a study
by Hughes et al., which reported Activa's limited self-
curing ability despite being marketed as a dual-cure
material. 5>

Selecting restorative materials for orthodontic
attachments requires balancing adequate bond strength
and the added benefit of caries inhibition. The study results
indicate that Cention® N, with its high filler content and
fluoride release, excels in both bond strength and caries
inhibition, although its hand-mixing requirement can be
a downside. Z350 also demonstrates superior mechan-
ical properties, making it a reliable choice for durable
attachments. X, exhibited a lower shear bond strength
than Cention® N, comparable to Z350, and higher than
Activa, but lacks caries inhibition effects, similar to Z350.
Activa, while beneficial for its caries inhibition effect,
shows limitations in mechanical strength and shear bond
strength. Notably, all materials showed significantly lower
shear bond strength without an adhesive system, which
is insufficient to withstand the insertion and removal of
clear aligner trays. These insights guide the selection
of materials to improve the efficacy and safety of clear
aligner treatments.

In vitro pH cycling models remain widely used as
they simulate daily pH changes in the oral cavity and

mimic the dynamic processes of mineral changes asso-
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ciated with caries formation.*”) The duration of the de-
mineralization phase was regulated to replicate both high-
and low-cariogenic pH cycling scenarios, as demonstrated
in Wierich's study.®® Longer demineralization process
are more representative of individuals at high caries risk,
where the oral environment remains predominantly in
a state of demineralization.0%>7 A six-hour demineral-
ization period is commonly employed in in vitro studies
to replicate the acidic exposure that occurs during
and after meals, particularly in high-cariogenic environ-
ments.>33% This duration reflects typical acid challenge
scenarios within the oral cavity and provides a controlled
framework for evaluating the material's response under
conditions that mimic real-life clinical situations.®”)
Moreover, after 14 days of pH-cycling, the formation
of demineralized lesions was the result of a continuous
process involving both demineralization and remineral-
ization. The ion-releasing resin composite demonstrated
reduced lesion depth and mineral loss compared to the
conventional resin composite.

The limitations of this in vitro study include its in-
ability to fully replicate the complexity of in vivo con-
ditions, such as the ionic composition of diectary foods
and drinks, intraoral pH fluctuations, and the presence of
salivary enzymes.®>%) While this study used a controlled
environment to isolate and assess specific factors, future
investigations should incorporate biological elements
such as salivary proteins and enzymes, which play signif-
icant roles in remineralization.(®> While the ion-releasing
effects of the materials tested are likely influenced by
interactions with both tooth structure and the surrounding
media, the controlled environment employed in this study
provides a close approximation of the material's behavior
in clinical scenarios. Future studies should develop exper-

imental models that better simulate the oral environment.

Conclusions

The null hypothesis of this study was rejected. The
results of this in vitro study indicated that Cention® N,
when used with an adhesive system, provides the optimal
combination of shear bond strength and caries inhibition

effect for the clear aligner attachments.
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