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CLINICAL RESEARCH

Comprehensive Evaluation of Long-Term Dentin Bond
Strength, Water Sorption, Solubility, and Degree of
Conversion of Self-Adhesive Resin Composites

Ye Yao2 / Di Wub / Carolina Cecilia Cifuentes-Jimenez¢ / Hidehiko Sanod / Pedro Alvarez-Llorete /

Monica Yamautif / Atsushi Tomokiyog

Purpose: To evaluate the long-term microtensile bond strength (LTBS) to dentin, water sorption (WSP) and solubility
(WSL), and degree of conversion (DC) of self-adhesive resin composites (SACs).

Materials and Methods: The mid-coronal dentin of human molars was exposed, and teeth were randomly assigned to
five groups according to the SACs (n=10): 1. FIT SA FO3 (FIT); 2. Experimental (EXP); 3. Fusio Liquid Dentin (FLD); 4. Vertise
Flow (VER); 5. Constic (CON). The uTBS was evaluated after 24 hours (24 h) and 6 months (6 m) storage. A scanning elec-
tron microscope examined failure modes and resin-dentin interfaces. The WSP and WSL (n=5) were evaluated following
ISO 4049:2019 specifications, and DC (n=3) was measured using Raman spectroscopy. The statistical analyses were per-
formed accepting a significance level of p=0.05.

Results: FIT, EXP, and FLD produced significantly higher uTBS median values than VER and CON after 24h and 6 m
(p<0.05). After 6m, the uTBS median of FIT and EXP significantly decreased (p<0.05), while FLD, VER, and CON showed no
significant difference (p>0.05). FLD and CON exhibited lower WSP than FIT, EXP, and VER (p<0.05). FLD presented the
lowest (p<0.05), and VER revealed the highest WSL (p<0.05). FIT and EXP showed the highest (p<0.05), and VER demon-
strated the lowest DC (p<0.05).

Conclusions: Following the present study’s design, SACs’ bonding performance and physical properties remained re-
stricted. Therefore, the application should be considered cautiously, and further clinical trials are necessary to evaluate

their long-term performance.
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irect resin composite restorations bonded to tooth struc-
tures with adhesive systems have been the preferable
treatment for restoring dental caries and other hard tissue
diseases during the past two decades, allowing minimally in-
vasive dentistry management of those diseases.21,38 Still,
resin composite restorations fail mainly due to caries around
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the restorations, fractures, and esthetic reasons.1634 The
advancements in adhesive dentistry, such as the develop-
ment of universal adhesives, self-adhesive resin cements, and
self-adhesive restorative resin composites, have provided
simplified, faster, and less technique-sensitive restorative
procedures.
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Table 1 Resin composite materials used in this study

Resin
composite

Abbrevi-
ation

Manufacturer Lot no.

Composition

Filler
load (wt%)

Manufacturer’s instructions for use

FIT SA™F03
(Shade A3)

FIT

Shofu, Kyoto,
Japan

052004

UDMA, HEMA, phosphonic
acid monomer, S-PRG
filler based on
fluoroboroaluminosilicate
glass, zirconium silicate
filler

68.2

1. Dry the tooth surface with air to remove excess moisture.

N

w

IS

Do not desiccate the cavity surface.

. Dispense the material into the prepared cavity and spread

uniformly onto the cavity walls and floor (film
thickness<0.5mm) with the needle tip, hand instrument,
or gently air blow as desired. Leave it undisturbed for 20s
and remove the excess of material.

. Light cure each layer for 5s with an LED light-curing unit

(wavelength: 440-490 nm; irradiance: = 1000 mW/cm?2).

. Subsequently, apply the material in increments of 2mm

thickness or less and cure each layer for 10s.

Experimental
(Shade A3)

EXP

Shofu, Kyoto,
Japan

HFS FO3

UDMA, HEMA, phosphonic
acid monomer, silica filler,
zirconium silicate filler

67.9

-

N

w

IS

. Dry the tooth surface with air to remove excess moisture.
Do not desiccate the cavity surface.

. Dispense the material into the prepared cavity and spread
uniformly onto the cavity walls and floor (film thickness
<0.5mm) with the needle tip, hand instrument, or gently
air blow as desired. Leave it undisturbed for 20s and
remove the excess of material.

. Light cure each layer for 5s with an LED light-curing unit
(wavelength: 440-490 nm; irradiance: = 1000 mW/cm?2).

. Subsequently, apply the material in increments of 2mm
thickness or less and cure each layer for 10s.

Fusio™ Liquid
Dentin
(Shade A3)

FLD

Pentron Clinical, 8184167

Orange, CA, USA

4-MET, UDMA, TEGDMA,
HEMA, amorphous silicon
nanosized, silanized
Ba-glass

65

Apply the material in 1 mm increments.

Agitate for 20 s with the needle tip or a brush.
Light cure for 10s.

Apply additional 2mm increments.

Light cure each increment 10s.

Light cure the final increment and additional 105s.

Vertise™ Flow
(Shade A3)

VER

Kerr, Brea, CA, USA 8315394

GPDM, HEMA, Bis-GMA,
catalysts, prepolymerized
filler, barium glass filler,
colloidal silica, ytterbium
fluoride

70

HlohwbE

N

Wash the tooth surface thoroughly with water spray and
air dry at maximum air pressure for 5s.

Dispense the material onto cavity with provided
dispensing tip. Use provided brush to apply the material
to the entire cavity wall with moderate pressure for
15-205s to obtain a thin layer (<0.5mm).

Note: Replace syringe cap after each use to prevent the
resin from hardening in the syringe.

Light cure for 20s.

Layer the material with increments of 2mm or less.

. Light cure each increment for 20s.

Constic
(Shade A3)

CON

DMG Chemisch-
Pharmazeutische
Fabrik, Hamburg,
Germany

243895

10-MDP, Bis-GMA,
EBADMA, UDMA, HEMA,
TEGDMA, HDMA, Ba-glass

65

Elosw

3
4

. Dry the tooth using water- and oil-free air in order to
avoid overdrying of the dentin. A moist layer must
remain on the surface of the tooth.

. Apply the material onto the cavity surface with the aid of
the Luer-Lock-Tip by pressing the syringe and massage a
thin layer (x0.5mm) into the entire surface of the cavity
wall for 20's using the brush.

. Light cure for 20s.

. Layer the material with a maximum 2 mm layer

thickness and cure each layer for 20s.

Note: It is not necessary to repeat massaging of the
individual layers.

UDMA, urethane dimethacrylate; HEMA, 2-hydroxyethyl methacrylate; TEGDMA, triethyleneglycol dimethacrylate; 4-MET, 4-methacryloxyethyl trimellitic acid; GPDM, glycerol phosphate dimethacrylate;
Bis-GMA, bisphenol A diglycidyl ether dimethacrylate; EBADMA, ethoxylated bisphenol A dimethacrylate; HDMA, 1,6-hexanediol dimethacrylate; 10-MDP, methacryloyloxydecyl dihydrogen phosphate

The first self-adhesive material, resin cement,1% was intro-
duced in the early 2000s. Self-adhesive resin cements are luting
agents based on filled polymers that bond to tooth structure
without utilizing a separate adhesive or etchant, combining the
advantages of adhesives and conventional luting agents.19 A
similar rationale has been used to develop restorative resin
composites. The first self-adhesive flowable resin composite
was also produced in the 2000s. Self-adhesive flowable resin
composites (SACs) combine the components of the self-etching
adhesive system and flowable resin composite in a single for-
mulation, eliminating the need for an additional adhesive ap-

214

plication step. Applying SACs would simplify the restorative
procedure, decrease the dentist’s technical sensitivity, and
save chairside time.47 Although the manufacturers claim sim-
plified handling, the bond durability and stability should be
addressed before endorsing this clinical application.?>

SACs mainly contain acidic functional monomers (eg,
10-methacryloyloxydecyl dihydrogen phosphate, glycerol phos-
phate dimethacrylate and 4-methacryloxyethyl trimellitic acid)
for etching dental surfaces and 2-hydroxyethyl methacrylate
(HEMA) to enhance dentin wettability and resin permeability.
The bonding of SACs is achieved through the chemical bonding
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of the acidic functional monomer to the calcium ions present in
the hydroxyapatite structure and the micromechanical locking
of polymer monomers to demineralized hard tissues.*> How-
ever, if SACs are not adequately polymerized, they may release
unreacted or partially reacted monomers, filler particles, degra-
dation products, and other additives in the oral environment.45
Consequently, the eluted monomers could also affect the struc-
tural stability of the material and longevity in the oral cavity.?

Although dental manufacturers have offered several SACs
for clinical use, more research needs to be done on their bond-
ing performance and other physical properties affecting their
application. Previous studies have shown that SACs had lower
short-term bond strengths than conventional resin composites
utilizing etch-rinse or self-etch adhesives.11,35 However, the
long-term bond strength data’.8:25.40 and clinical trials using
those materials for restorations!5.28,39 are scarce. Although the
application of SACs is relatively simple, previous studies of
first-generation SACs have shown that their adhesive and phys-
ical properties were inferior to those using adhesives.:17:36 |n
addition, some clinical studies demonstrated that SACs were
acceptable as Class | restorations and pit and fissure seal-
ants,14:39 and one SAC was found unacceptable.® Conse-
quently, physicians have remained resistant to eliminating the
adhesive step from the restorative process.1!

Therefore, this study aimed to comparatively evaluate four
commercial and one experimental SACs according to (I) bond
strength after 24 h and 6 m of storage in distilled water, (I1)
water sorption and solubility, and (Ill) degree of conversion.
The null hypotheses were that (i) storage time would not affect
SACs’ bond strength to dentin; (ii) different SACs would not af-
fect bond strength to dentin; (iii) different SACs would not in-
terfere in their water sorption and solubility; and (iv) degree of
conversion would not be affected by different materials.

MATERIAL AND METHODS

Study Design

This was a quantitative, qualitative, and prospective laboratory
study. The independent variables were self-adhesive resin
composite materials (5 levels) and the dependent variables
were microtensile bond strength (LTBS) to dentin, failure
mode, water sorption (WSP) and solubility (WSL), and degree
of conversion (DC). The variable “storage time” (two levels) was
tested for the uTBS outcome.

Tooth Preparation for uTBS Test
One hundred and thirty sound human third molars were col-
lected with the patient’s informed consent and approved by the
local Ethics Committee (protocol #2018-9). All extracted teeth
were cleaned and stored in a 0.5 wt% chloramine-T solution at
4°C and used within six months after extraction. The teeth and
the SACs used in the study were removed from the refrigerator
and kept at room temperature for at least 30 min before testing.
All five SACs were tested in the shade A3 and the details of the
SACs and their application modes are shown in Table 1.

The occlusal enamel was removed to expose the flat mid-
coronal dentin surface using a model trimmer (Model Trimmer

doi: 10.3290/j.jad.b5749506
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Fig1l Results of microtensile bond strength (UTBS) of dentin-resin
composite samples after 24 h and 6 m of water storage. Different capital
letters represent statistically significant differences in the bond strength
between the self-adhesive resin composites at 24 h (p<0.05). Different
lowercase letters indicate statistically significant differences in the bond
strength between the self-adhesive resin composites at 6m (p<0.05).
Bars connecting 24 h and 6 m results depict statistically significant
differences (p<0.05).

MT 10, J. Morita MFG, Tokyo, Japan) and standardized smear
layers were produced with 600-grit silicon carbide paper under
running water.* The teeth were randomly divided into five
groups according to the SACs, which were applied on the den-
tin surfaces following the manufacturer’s instructions (Table 1).
The first increment had an approximate thickness of 0.5mm,
and the following increments had a maximum of 2.0 mm, as
recommended by the manufacturers (Table 1). Each increment
of each resin composite was light-cured using a blue LED light-
curing unit (Pen Cure 2000 VL-10, J. Morita MFG, Tokyo, Japan,
light irradiance=2000 mW/cm?2) according to the manufactur-
ers’ recommendations to form the resin blocks (4 mm height).
The prepared teeth were kept in distilled water at 37°C for stor-
age. Each group was randomly assigned to short-term
[24 hours (24 h), n=10] and long-term [6 months (6 m), n=10]
storage for the subsequent puTBS test. During the 6-m storage
period, the medium was renewed weekly with distilled water.

WUTBS Test and Failure Mode Analysis

After storage, resin-dentin bonded beams (cross-sectional
area: 1mm2) were obtained by sectioning the restored teeth
longitudinally in both directions (“x” and “y”) using a low-
speed diamond saw (Isomet 1000, Buehler, Lake Bluff, USA)
according to the non-trimming technique.* Subsequently, each
bonded beam was affixed to Ciucchi’s jig with a cyanoacrylate
adhesive (Model Repair Il Blue, Dentsply-Sankin, Tokyo, Japan)
and placed in an EZ-S test device (Shimadzu, Tokyo, Japan).
Bonded beams were subjected to tensile force employing a
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Table2 Summary table of microtensile bond strength statistics output (n=10). The values of microtensile bond strength

were expressed in MPa

Resin Percentiles distributions (%) e
composite Storage time Median Minimum Maximum 25 50 75 range
FIT 24h 23.31 16.25 27.73 18.01 2331 25.95 7.94
6m 14.09 11.26 16.78 12.73 14.09 15.78 3.05
EXP 24h 21.08 14.75 26.43 17.53 21.08 23.51 5.98
6m 13.72 10.67 17.49 12.16 13.72 15.78 3.62
FLD 24h 14.34 11.42 22.19 12.20 14.34 17.11 4.91
6m 11.62 8.68 16.22 10.18 11.61 12.41 2.23
VER 24h 4.12 0.00 5.07 0.00 4.12 4.60 46
6m 1.39 0.00 2.22 0.00 1.39 2.07 2.07
CON 24h 3.38 1.25 6.06 1.91 3.38 4.00 2.09
6m 1.29 0.49 2.51 0.84 1.29 2.01 1.17

500-N load cell at a 1 mm/min crosshead speed in a desktop
testing apparatus (EZ-S, Shimadzu, Kyoto, Japan) until fracture
occurred. Each beam was tested within 5 min after removal
from water storage and protected from drying until testing.
Each beam’s tensile load causing fracture was recorded and
divided with the cross-sectional area to obtain the uTBS in
megapascals (MPa). The bond strength values of all beams
from the same tooth were averaged and the tooth served as
the statistical unit.# Following the UTBS test, the failure modes
were observed with a stereomicroscope (SMZ-171-TLED, Shi-
madzu, Kyoto, Japan) at 50x magnification and were classified
into interfacial failure between dentin/resin composite (adhe-
sive failure), cohesive failure exclusively in dentin (dentin fail-
ure) or resin composite (composite failure), and mixed adhe-
sive-cohesive failure (mixed failure). In addition, fractured ends
of resin composite and dentin were inspected using a scanning
electron microscope (SEM; S-4800, Hitachi, Tokyo, Japan). The
fracture ends were attached to an aluminum stage and coated
with platinum-palladium for 120 seconds using an ion sputter
(E-1030, Hitachi, Tokyo, Japan). Observations of failure modes
were performed at the voltage of 10 kV.

Morphology of Resin-Dentin Interfaces

Additional teeth were prepared and stored, as previously de-
scribed, for resin-dentin interface observations (n=3).22 After
24h and 6 m, they were sectioned longitudinally to the long axis
to obtain resin-dentin slices (2 mm thick) using a low-speed dia-
mond saw (Isomet 1000, Buehler, Lake Bluff, USA). The slices
were sequentially polished under copious water with #600, #800,
and #1000 grit silicon carbide paper and 6, 3, 1, and 0.25 um dia-
mond pastes (DP-Paste P, Struers, Denmark) for 60s each paper
or paste preparation. Ultrasonic cleaning was done after each
polishing step for 3 min. The polished slices were treated with
1 M hydrochloric acid solution for 10s and then into 5% sodium
hypochlorite solution for 5 min. Abundant water irrigation was
done after both treatments. The slices were removed from the
solution and dried overnight under ambient conditions, ion-
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sputtered coated with Pt-Pd for 1205s, and the morphology of
resin-dentin interfaces was observed with SEM at 10 kV.

Measurement of WSP and WSL

Disc-shaped samples of each SAC were prepared following the
ISO 4049:2019 specification to evaluate WSP and WSL (n=5),
using a split-metal mold of internal dimensions 15.0£0.1mm
in diameter and 1.0+ 0.1 mm thick. A polyester film was placed
on the bottom of the metal mold, the SACs were inserted, and
another layer of polyester film was placed on top of SACs. The
whole set was covered with a glass slide to remove the excess
material. The samples were cured with an 8 mm tip LED light-
curing unit (Pen Cure 2000 VL-10, J. Morita MFG, Tokyo, Japan,
light irradiance=2000 mW/cm?2) for 40's on each surface (top
and bottom). Each surface was irradiated four times for 10s/
irradiation with overlapping curing areas. The total irradiation
time was 80s for each sample. Then, the mold was transferred
to the incubator, maintained at 37+2°C for 15min. The irregu-
lar regions on the surface of the samples were polished with
#1000 grit silicon carbon paper. The diameter of the completed
samples was not less than 14.8 mm.

All samples were dried in a desiccator with silica gel for 22 h
at 37+2°C, then for an extra 2 h in another desiccator at 23+2°C.
Each sample was weighed iteratively on an analytical scale daily
before achieving a constant (g, variation less than 100 ug for 3
consecutive days) mass (m?). Following the attainment of a con-
tinuous mass, a digital caliper was used to measure the diame-
ter and thickness of each sample two times in mutually perpen-
dicular positions, and the volume (V, mm3, V=nr2h) of each
sample was calculated with the mean radius (r, mm) and mean
thickness (h, mm). The samples were stored in glass vials con-
taining 20 ml of deionized water at 37°C. After 7 days, the sam-
ples were removed from the tubes, gently dried with absorbent
paper, and weighed again for mass (m2). The samples were re-
turned to the desiccator and weighed daily until obtaining a con-
stant mass (m3, ug, variation less than 100 pg for 3 consecutive
days). WSP and WSL were calculated by following the equations:
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Fig2 Distribution of failure
modes of dentin-resin com-
posite specimens after 24 h

24-hour

6-month

and 6 m of storage, including FIT
the pre-testing failures. The

numbers below each bar seg- EXP
ment indicate the percentage

value of the corresponding FLD

type of failure.
VER

CON

[0 Pre-testing

Fracture mode (%)

Adhesive E= Dentin

1 1
20 40 100
Fracture mode (%)

Composite NN Mixed

Wsp = (m?m3)  Wg = (m1-m3)
Vv v '
The 1SO 4049:2019 standard was considered compliant when
Wsp <40 ug/mm3 and Ws < 7.5 ug/mms.

Degree of Conversion Analysis

A modular confocal Raman spectroscope was used to investi-
gate the resin composites’ DC under cured and uncured condi-
tions. Spectra were obtained using a JASCO NRS-5100 spec-
trometer (Jasco Inc, Easton, MD, USA) with a charge-coupled
device detector (1024 x 256 pixels) cooled by a Peltier-effect
module. The SAC were injected in a proper circular Teflon
sample holder (10.0 mm diameter x 4.0 mm depth), which was
placed under the microscope on a computer-controlled XYZ
stage, focusing the laser beam with a 20x lens (Olympus opti-
cal microscope). A near-infrared diode laser (785nm) kept at
500 mW was employed to induce the Raman scattering. Spec-
tra were acquired between 1000 and 1800 cm-! using an expo-
sure time of 5s and 10 accumulations with an average spectral
resolution of 1.6 cm-1. Subsequently, to the uncured measure-
ments, the samples were cured with Pen Cure 2000 VL-10 LED
light-curing unit following the manufacturer’s recommended
curing time, and the cured measurements were taken. Instru-
ment calibration was determined before data acquisition by
comparison with the spectrum of silicon standard to set the
reference position at 520cm-1.

Three samples were employed for spectral analyses for each
material. The DC values were calculated by determining the
polymerized samples in terms of the changing peak amplitude
ratio of the absorbance aliphatic C=C at 1638cm-! and the in-
ternal reference peak of aromatic C=C at 1608 cm-1.3743 The
intensity/amplitude of the reference peaks were obtained to
determine possible differences due to scattering in the Raman
spectrum.b A region of the spectra between 1590 and 1660 cm-1
was selected and baseline corrected; after spectrometric ana-
lyses, the DC was calculated as follows:

doi: 10.3290/j.jad.b5749506

| Cured C=C 1638 cm-! / Cured C=C 1608 cm-!
DC (%)amplituderintensity = [1 = Tricyred C=C 1638 cm2 / Uncured C=C 1608 cm-t

1x100.

Amplitude/intensity values were resolved using curve-fit-
ting software Peakfit v4.12 (Systat Software, Chicago, IL, USA).
The second derivative method was used for peak measure-
ments within the spectral region. The degree of smoothing was
set at 20% (Savitzky-Golay algorithm) and a mixed Gaussian-
Lorentzian function was employed to fit the peak profiles (ie,
curve shape and width). Curve fitting was accepted when r2
reached values up to 0.995.

Statistical Analysis

Data were analyzed with the software SPSS version 26 (Statistical
Package for the Social Sciences; Chicago, IL, USA). For the uTBS
test, the statistical unit was “tooth” and the pre-testing failure
value was recorded as 0 MPa. uTBS data did not follow normal
distribution and variance homogeneity and were analyzed using
the Kruskal-Wallis and Bonferroni correction for multiple tests.
WSP data followed a normal distribution, but the variance was
not homogeneous; thus, it was analyzed using Welch’s ANOVA
and Tamhane test. WSL and DC data followed normal distribu-
tion and variance homogeneity. WSL data were analyzed using
One-way ANOVA and Bonferroni test. The DC data was analyzed
using One-way ANOVA and the Holm-Sidak test. The significance
level for all statistical analyses was set at c.<0.05.

RESULTS

WUTBS and Failure Mode

The results of microtensile bond strength are expressed as a
median in Figure 1 and Table 2, which depicts that distributions
of UTBS were not similar for all groups. Pre-testing failure was
commonly observed in VER and CON and a “zero” value was
attributed to each pre-testing failed resin-dentin beam. The
UTBS were statistically significantly different between groups,
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24-hour

Fig3 Representative SEM images of each group’s dentin side of adhe-
sive failure after 24 h and 6 m (magnifications: 80x [small images on the
top left] and 3000x [large images]). After both storage periods, resin
obliterating dentin tubules (black arrows) could be observed in FIT, EXP,
and FLD, indicating residues of self-adhesive resin composites on the
dentin surface. Some small round voids (white arrows) could indicate air
or water entrapped in FIT, EXP and FLD after 6 m storage. Also, open
dentin tubules were mainly detected in VER and CON (black arrow-
heads), which could indicate the debond of self-adhesive resin compos-
ites from the dentin surface.

%2(9)=80.800, p<0.001. Pairwise comparisons using Bonferroni
correction for multiple tests showed that, after 24 h storage,
FIT, EXP, and FLD showed significantly higher uTBS than VER

218

Fig4 SEM observations (magnifications: 1000x [left images] and
2000x [right images]) of the dentin-resin interface of each group after
24 h storage. FIT, EXP, and FLD showed small gaps (black arrows/double-
headed arrows) at the resin-dentin interface, while VER and CON
showed more pronounced interfacial gaps. FLD showed the voids
(white arrows) at the resin-dentin interface.

and CON (p=0.000). After 6 m, the uTBS of FIT and EXP signifi-
cantly decreased (p=0.016), and there was not a significant
difference in uTBS of FLD (p=0.328), CON (p=1.000), and VER
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Table 3 Mean and standard deviation (SD) of water sorption and solubility (ug/mm3) for each self-adhesive resin composite

Resin composite

Water sorption (SD)

Water solubility (SD)

FIT 65.79 (3.58)b 4.47 (0.90)P
EXP 69.44 (1.16)2 4.50 (0.92)b
FLD 40.03 (2.02)¢ 1.51(0.47)3
VER 63.54 (1.06)b 8.03 (0.90)¢
CON 44,77 (2.45)d 5.22(0.27)b

and WSL < 7.5 ug/mm3.

Values followed by the same superscript letters in the same column indicate no statistically significant differences. The ISO 4049: 2019 standard was considered compliant when WSP < 40 pg/mm3

(p=1.000). Also, FIT, EXP, and FLD exhibited significantly higher
UTBS than VER and CON (p=0.000) after 6 m storage. The distri-
bution of the failure mode is shown in Figure2. The 24h and
6m UTBS failure mode in FIT, EXP, and FLD was predominantly
adhesive (>95%). VER and CON had many pre-testing failures at
24 h and 6 m (>45%). Figure 3 shows representative SEM images
of fractured dentin surfaces of adhesive failure at 80xand
3000x magnifications. After 24 h in FIT, EXP, and FLD, residues
of SACs could be observed obliterating the dentin tubules,
while in the VER, some dentin tubules were open (black arrow-
heads). After 6m, some dentin tubules were clogged by resin
(black arrows) in FIT, EXP, and FLD and also some voids (white
arrows) were noted, which could be related to the decrease in
bond strength. Open dentin tubules were observed at 6 m stor-
age in VER and CON. According to the SEM images, there seems
to be a material loss from 24 h to 6 m.

Morphology of Resin-Dentin Interfaces

SEM observations of representative 24 h storage adhesive
resin-dentin interfaces are shown in Figure4. The 6m-stored
interfaces could not be observed as all debonded when sliced.
A well-defined hybrid layer between the dentin and resin com-
posites and the resin tags inside dentin tubules could not be
clearly observed in all specimens. Small gaps (black arrows/
double-headed arrows) between resin composites and dentin
could be detected in FIT, EXP, and FLD. Pronounced interfacial
gaps (black arrows/double-headed arrows) between resin
composites and dentin in VER and CON. FLD showed the voids
(white arrows) at the resin-dentin interface.

Water Sorption and Solubility

The WSP and WSL results were expressed as pg/mm3 and
shown in Table 3. Concerning WSP, FLD (p=0.000) and CON
(p=0.000) demonstrated the lowest values; and EXP, which pre-
sented the highest result, was significantly higher than VER
(p=0.005) but did not differ from FIT (p=0.185). All five SACs
showed higher WSP than the threshold (<40 pug/mm3) specified
in 1SO 4049:2019. As for the WSL, VER exhibited the highest
value (p=0.000), which was higher than the WSL limit (<7.5 pg/
mm3) recommended by ISO 4049:2019. FLD exhibited the low-
est WSL value (p=0.000); and no statistically significant differ-
ence among FIT, EXP and CON was detected (p=1.000).

doi: 10.3290/j.jad.b5749506

Degree of Conversion

The degree of conversion of SACs was calculated according to
the amplitude/intensity of the spectra peaks, expressed as %,
and shown in Table 4. FIT and EXP showed significantly higher
DC than FLD (p<0.001), VER (p<0.001), and CON (p<0.001).
VER showed significantly lowest DC (p<0.001).

DISCUSSION

The current study tested four commercial and one experimen-
tal SACs for their bonding properties to dentin, water sorption
and solubility, and degree of conversion. After 6m, only FIT and
EXP had a significant decrease in bond strength. Therefore, the
null hypothesis (i) that storage time would not affect the SACs’
bond strength to dentin was rejected. The bond strength to
dentin of some SACs used in this study was previously exam-
ined using thermocycling with different regimens as an aging
method and utilized distinct bond strength tests to enamel or
dentin, such as tensile, shear, and microshear tests,”.8,2540 with
contradictory outcomes reported. From those studies, it is un-
clear if SACs’ adhesion to enamel and dentin is affected by any
specific experimental condition and bond strength test. David
et al. (2022) conducted a systematic review concluding that the
bond strength of SACs is lower than that of conventional resin
composites bonded to tooth substrates with an adhesive sys-
tem.11 In addition, it has been reported that combining self-
adhesive flowable composites with adhesive systems provides
more effective bond strength.10

Only some studies have evaluated the differences between
these SACs, without applying an adhesive system,*4 and there
is a lack of evidence exploring their direct interaction with
tooth substrates. Thus, this study compared the microtensile
bond strength of five different SACs strictly applied in dentin.
The null hypothesis (ii) that different SACs would not affect
bond strength to dentin was rejected as there was a statisti-
cally significant difference between the compared SACs. The
bonding mechanism of SACs is through their self-etching or
self-adhesive monomers (ie, 10-MDP and GPDM), which can
chemically bond to hydroxyapatite but do not form a hybrid
layer. The minimum bond strength of VER to dentin may be
due to the unstable chemical bonding of GPDM to calcium in
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Table4 Mean and standard deviation (SD) of the degree of
conversion (%) according to the intensity/amplitude of the
peaks for each resin composite

Resin composite Intensity/Amplitude

FIT 93.86 (3.21) A
EXP 94.09 (0.94) A
FLD 79.83 (0.36) B
VER 71.10 (3.10) C
CON 84.08 (1.69) B

Different capital letters in the columns indicate statistically significant differences (p<0.05).

hydroxyapatite compared to other acidic functional mono-
mers.3149 Although 10-MDP-containing adhesives usually pro-
duce high bonding performance,8 CON did not present an ex-
pressive high bond strength in this study. It could be
speculated that the poor bonding performance of CON might
be due to the more complex composition of “all-in-one” mater-
ials, such as universal adhesives and SACs, than a two-step
self-etch adhesive containing 10-MDP in its primer and bond
resin.49 Also, VER and CON exhibited several pre-testing failures
corroborated by previous studies.353¢ Although a “zero” value
is attributed to pre-testing failures, these values represent very
low bond strength, and do not mean non-existing bonding; the
bond strength might be underestimated as it may require an
amount of stress to produce the failure.3 In addition, the hy-
brid layer could not be observed at the SACs-dentin interface in
the SEM images. Gaps between the SACs and dentin were com-
monly observed, depicting the limited ability of SACs to demin-
eralize and penetrate the dentin matrix.13 The high percentage
of pre-testing failure (Fig2) and pronounced gaps (Fig4) cor-
roborate the low bond strength of VER and CON.

SACs’ WSP and WSL were tested for 7 days according to ISO
4049:2019 and there was a significant difference between mater-
ials (Table 3). The null hypothesis (iii) that water sorption and
solubility would not be affected by different materials was re-
jected. All five SACs demonstrated WSP superior to ISO
4049:2019 standard, and only VER exhibited higher WSL than
this standard. It has been reported that VER and FLD showed
significantly higher long-term WSP than other resin composite
types,12:50 corroborating our results regarding both SACs. The
WSP of resin composites mainly depends on the polymer
(monomer type, degree of conversion, and network characteris-
tic),20.50 and the filler (morphology and dispersion in the poly-
mer matrix).20:50 As the filler weight percentage increases, the
polymer matrix contribution and water sorption decrease.2® The
high WSP of the five SACs may be attributed to mobility de-
mands of more diluent monomer and filler content.>0 In addi-
tion, all the SACs contained the hydrophilic monomer HEMA.
Although HEMA has been proven to improve the diffusivity of
monomers into dentin substrate and achieve higher bond
strength,32 it also leads to water sorption, promoting resin swell-
ing, discoloration, and reduced mechanical strength over time.46

Moreover, the high WSP of SACs could also be the combined
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effect of the hydrophilic groups of the acidic functional mono-
mer and polymeric monomers.50 Interestingly, FLD and CON
exhibited lower WSP than the other SACs, which could be ex-
plained by the content of the functional monomer (4-MET and
10-MDP) and the polymeric monomer (TEGDMA). The aromatic
group of 4-MET in FLD is hydrophobic and will adjust the acid-
ity and hydrophilicity of the carboxyl group, which has poor
solubility in water.46 Although the DC values were not the high-
est for FLD and CON, TEGDMA also presents a higher degree of
conversion than UDMA and Bis-GMA.23 The long carbonyl chain
of 10-MDP’s structure makes the monomer relatively hydro-
phobic,* probably contributing to CON WSP similar to FLD.
Leachable substances (monomer, filler, additive), and experi-
mental conditions (immersion time, temperature, and solu-
tion) influence the WSL of resin composites.23:50 The leachable
mass strongly depends on the degree of conversion of the
polymerized monomers: the higher the degree of conversion,
the lower the number of unreacted monomers, and the lower
the solubility.2442 Indeed, in this study, VER presented the
highest WSL and the lowest DC. In addition, materials with high
water sorption are not necessarily highly soluble and vice
versa,3 which is confirmed by our results (Tables3 and 4).

The null hypothesis (iv) that the degree of conversion would
not be affected by different materials was rejected as there was
a statistically significant difference between DC values (Table 4).
The resin’s DC depends on the polymeric monomers’ chemical
structure, the filler/resin ratio, and the polymerization condi-
tions (sample thickness, temperature, and light-curing
unit).26:41 This study determined the DC of SACs under the
same polymerization conditions. Thus, the differences in the
DC could be attributed to the SACs’ composition. Increasing the
filler/resin ratio gradually reduced the degree of conversion,26
with the highest filler content VER among the five tested SACs
exhibiting the lowest DC values (Tables1 and 4). A high filler
loading can inhibit free radical polymerization by electron
transfer from the constituent oxides.26 Besides, VER is a Bis-
GMA-based resin composite. Bis-GMA, present in VER and CON,
is a highly viscous monomer (ie, relatively high molecular
weight). It contains a rigid aromatic ring and strong hydrogen
bonding in its molecule, resulting in a lower DC than UDMA and
TEGDMA.27:41,48 The presence of UDMA in FIT, EXP, FLD, and
CON confirms its high conversion rate. This monomer combines
a relatively high weight, high concentration of double bonds,
and low viscosity, achieving a higher DC than Bis-GMA. TEGDMA
is a very low-viscosity monomer that can promote the move-
ment of free radicals to form a flexible polymer network struc-
ture and enhance polymerization activity, thus increasing the
DC,27 as shown by FLD and CON compared to VER. Overall, the
combination and concentration of these monomers in the com-
position of each SAC, together with the filler presence and
other components (eg, photoinitiators, stabilizers, and inhibi-
tors), largely determine the degree of conversion to achieve the
balance of properties and performance of the resin composites.

The commercially available material (FIT) and the experimen-
tal resin composite (EXP) from the same manufacturer were
tested in this study. EXP presents a similar formulation of FIT, ex-
cept for the filler. In the EXP, the S-PRG (present in FIT) was re-
placed by an equal volume of the silica to evaluate the differ-
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ences caused by the filler. In this study, FIT and EXP obtained
similar bond strength, water sorption and solubility, and degree
of conversion. Therefore, based on our findings, substituting
S-PRG filler for silica filler does not affect the properties tested.
However, dental materials containing S-PRG fillers exhibited buff-
ering capacity, inhibited demineralization, and promoted remin-
eralization, and can be recommended for clinical applications.33

Thus, based on the outcomes of our research, the SACs still
present limitations in the assessed physical-mechanical prop-
erties, which still require improvement. Additional laboratory
studies and well-designed randomized clinical trials are
needed before recommending a broad clinical use of the SACs.

CONCLUSIONS

Within the limitations of the present study, the following con-

clusions can be drawn:

1. The bond strength to dentin (at both 24h and 6 m) varied
among the SACs. Vertise Flow and Constic exhibited the
least satisfactory bonding performance after both storage
periods.

2. Long-term water storage (6 m) weakened the bond strength
to dentin of FIT SA FO3 and the experimental resin composite.

3. Allfive SACs exhibited higher water sorption than those val-
ues recommended by the 1ISO 4049:2019 standard.

4. Except for Vertise Flow, the other SACs presented solubility
values within the standards recommended by ISO 4049:
2019 standard.

5. Among the investigated SACs, FIT SA F03 and the experi-
mental resin showed the highest degree of conversion.

Clinical Relevance

SACs are highly attractive since they claim to eliminate the need
for the bonding procedure. Nevertheless, these materials still
possess constraints related to their physical and mechanical
properties, especially their long-term bond strength to dentin.
Therefore, their application should be considered cautiously,
and further clinical trials are necessary to evaluate SACs’ long-
term performance concerning additional clinically relevant
properties such as marginal adaptation, marginal staining, frac-
ture and retention, postoperative sensitivity, and recurrence of
caries for each use recommended by the manufacturers.

Acknowledgments

The authors thank SHOFU INC. for providing the restorative materials
and the Support Section for Education and Research (Faculty of Dental
Medicine, Hokkaido University, Japan) for their support in using the
scanning electron microscope. This research has been partially funded
by JSPS KAKENHI JP24K12924 and by the European Regional Develop-
ment Fund (ERDF) - Next Generation / EU program.

REFERENCES

1. Alghauli MA, Alqutaibi AY, Wille S, Kern M. Clinical reliability of self-adhesive
luting resins compared to other adhesive procedures: a systematic review
and meta-analysis. J Dent 2023;129:104394.

2. Al-Saud LM, Aodah AH, Abu Asab OA. Do self-adhesive resin composites re-
lease more monomers? A comparative high-performance liquid chromato-
graphic analysis. J Adhes Dent 2022;24:301-311.

doi: 10.3290/j.jad.b5749506

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Alshali RZ, Salim NA, Satterthwaite JD, Silikas N. Long-term sorption and sol-
ubility of bulk-fill and conventional resin-composites in water and artificial
saliva. J Dent 2015;43:1511-1518.

Armstrong S, Breschi L, Ozcan M, Pfefferkorn F, Ferrari M, Van Meerbeek B.
Academy of Dental Materials guidance on in vitro testing of dental composite
bonding effectiveness to dentin/enamel using micro-tensile bond strength
(UTBS) approach. Dent Mater 2017;33:133-143.

Bektas 0O, Eren D, Akin EG, Akin H. Evaluation of a self-adhering flowable
composite in terms of micro-shear bond strength and microleakage. Acta
Odontol Scand 2013;71:541-546.

Bolafios-Carmona V, Benavides-Reyes C, Gonzalez-Lépez S, Gonzélez-Rodriguez
P, Alvarez-Lloret P. Influence of spectroscopic techniques on the estimation of
the degree of conversion of bulk-fill composites. Oper Dent 2020;45:92-103.

Brueckner C, Schneider H, Haak R. Shear bond strength and tooth-composite
interaction with self-adhering flowable composites. Oper Dent 2017;42:90-100.

Bumrungruan C, Sakoolnamarka R. Microshear bond strength to dentin of
self-adhesive flowable composite compared with total-etch and all-in-one
adhesives. J Dent Sci 2016;11:449-456.

Celik EU, Aka B, Yilmaz F. Six-month clinical evaluation of a self-adhesive flow-
able composite in noncarious cervical lesions. J Adhes Dent 2015;17:361-368.
Cengiz T, Unal M. Comparison of microtensile bond strength and resin-dentin
interfaces of two self-adhesive flowable composite resins by using different
universal adhesives: scanning electron microscope study. Microsc Res Tech
2019;82:1032-1040.

David C, Cardoso de Cardoso G, Isolan CP, Piva E, Moraes RR, Cuevas-Suarez
CE. Bond strength of self-adhesive flowable composite resins to dental tis-
sues: A systematic review and meta-analysis of in vitro studies. J Prosthet
Dent 2022;128:876-885.

de Brito O, de Oliveira I, Monteiro G. Hydrolytic and biological degradation of
bulk-fill and self-adhering resin composites. Oper Dent 2019;44:E223-233.

De Munck J, Vargas M, Van Landuyt K, Hikita K, Lambrechts P, Van Meerbeek
B. Bonding of an auto-adhesive luting material to enamel and dentin. Dent
Mater 2004;20:963-971.

de Oliveira NG, Lima ASLC, da Silveira MT, de Souza Araijo PR, de Melo Mon-
teiro GQ, de Vasconcelos Carvalho M. Evaluation of postoperative sensitivity
in restorations with self-adhesive resin: a randomized split-mouth design
controlled study. Clin Oral Investig 2020;24:1829-1835.

Delgado AHS, Jamal H, Young A, Ashley P. Scoping review of trials evaluating
adhesive strategies in pediatric dentistry: where do simplified strategies lie?
BMC Oral Health 2021;21:33.

Demarco FF, Collares K, Coelho-de-Souza FH, Correa MB, Cenci MS, Moraes
RR, et al. Anterior composite restorations: a systematic review on long-term
survival and reasons for failure. Dent Mater 2015;31:1214-1224.

Elraggal A, Raheem IA, Holiel A, Alhotan A, Alshabib A, Silikas N, Watts DC, Al-
harbi N, Afifi RR. Bond strength, microleakage, microgaps, and marginal adap-
tation of self-adhesive resin composites to tooth substrates with and without
preconditioning with universal adhesives. J Adhes Dent 2024;26:53-64.
Fehrenbach J, Isolan CP, Miinchow EA. Is the presence of 10-MDP associated
to higher bonding performance for self-etching adhesive systems? A meta-
analysis of in vitro studies. Dent Mater 2021;37:1463-1485.

Ferracane JL, Stansbury JW, Burke FJT. Self-adhesive resin cements - chemis-
try, properties and clinical considerations. J Oral Rehabil 2011;38:295-314.
Ferracane JL. Hygroscopic and hydrolytic effects in dental polymer networks.
Dent Mater 2006;22:211-222.

Frencken JE, Peters MC, Manton DJ, Leal SC, Gordan VV, Eden E. Minimal in-
tervention dentistry for managing dental caries - a review. Int Dent J 2012;62:
223-243.

Fu J, Kakuda S, Pan F, Hoshika S, Ting S, Fukuoka A, et al. Bonding perfor-
mance of a newly developed step-less all-in-one system on dentin. Dent
Mater J 2013;32(2):203-11.

Gajewski VES, Pfeifer CS, Frées-Salgado NRG, Boaro LCC, Braga RR. Mono-
mers used in resin composites: degree of conversion, mechanical properties
and water sorption/solubility. Braz Dent J 2012;23:508-514.

Gongalves L, Filho JDN, Guimardes JGA, Poskus LT, Silva EM. Solubility, sali-
vary sorption and degree of conversion of dimethacrylate-based polymeric
matrixes. J Biomed Mater Res B Appl Biomater 2008;85B:320-325.

Goracci C, Margvelashvili M, Giovannetti A, Vichi A, Ferrari M. Shear bond
strength of orthodontic brackets bonded with a new self-adhering flowable
resin composite. Clin Oral Investig 2013;17:609-617.

Halvorson RH, Erickson RL, Davidson CL. The effect of filler and silane content
on conversion of resin-based composite. Dent Mater 2003;19:327-333.
Lempel E, Czibulya Z, Kovécs B, Szalma J, Téth A, Kunsagi-Maté S, et al. De-
gree of conversion and BisGMA, TEGDMA, UDMA elution from flowable bulk
fill composites. Int J Mol Sci 2016;17:732.

221



Yao

etal

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

222

Liu X, Zhang R, Yu X, Hua F, Zhang L, Chen Z. Self-adhesive flowable compos-
ite resins and flowable composite resins in permanent teeth with occlusal
cavities: a systematic review and meta-analysis. J Dent 2023;138:104691.
Malacarne J, Carvalho RM, de Goes MF, Svizero N, Pashley DH, Tay FR, et al.
Water sorption/solubility of dental adhesive resins. Dent Mater 2006;22:973-980.
Mine A, De Munck J, Cardoso MV, Van Landuyt KL, Poitevin A, Kuboki T, et al.
Bonding effectiveness of two contemporary self-etch adhesives to enamel
and dentin. J Dent 2009;37:872-883.

Nagakane K, Yoshida Y, Hirata I, Fukuda R, Nakayama Y, Shirai K, et al. Analysis
of chemical interaction of 4-MET with hydroxyapatite using XPS. Dent Mater J
2006;25:645-649.

Nakabayashi N, Takarada K. Effect of HEMA on bonding to dentin. Dent Mater
1992;8:125-130.

Ogawa Y, Sayed M, Hiraishi N, Al-Haj Husain N, Tagami J, Ozcan M, et al. Effect
of surface pre-reacted glass ionomer containing dental sealant on the inhibi-
tion of enamel demineralization. J Funct Biomater 2022;13:189.

Opdam NJM, Sande FH van de, Bronkhorst E, Cenci MS, Bottenberg P, Pal-
lesen U, et al. Longevity of posterior composite restorations: a systematic re-
view and meta-analysis. J Dent Res 2014;93:943-949.

Peterson J, Rizk M, Hoch M, Wiegand A. Bonding performance of self-adhesive
flowable composites to enamel, dentin and a nano-hybrid composite. Odon-
tology 2018;106:171-180.

Poitevin A, De Munck J, Van Ende A, Suyama Y, Mine A, Peumans M, et al.
Bonding effectiveness of self-adhesive composites to dentin and enamel.
Dent Mater 2013;29:221-230.

Rueggeberg FA, Hashinger DT, Fairhurst CW. Calibration of FTIR conversion
analysis of contemporary dental resin composites. Dent Mater 1990;6:241-249.
Schwendicke F, Frencken JE, Bjgrndal L, Maltz M, Manton DJ, Ricketts D, et al.
Managing carious lesions: consensus recommendations on carious tissue re-
moval. Adv Dent Res 2016;28:58-67.

Serin BA, Yazicioglu |, Deveci C, Dogan MC. Clinical evaluation of a self-adher-
ing flowable composite as occlusal restorative material in primary molars:
one-year results. Eur Oral Res 2019;53:119-124.

40.

41.

43.

44,

45.

46.

47.

48.

49.

50.

Shimizu S, Kotake H, Takagaki T, Shinno K, Miyata S, Burrow MF, et al. Evalu-
ation of bonding performance and multi-ion release of S-PRG filler containing
self-adhesive resin composite. Dent Mater J 2021;40:1257-1263.

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

Silva EM da, Almeida GS, Poskus LT, Guimardes JGA. Relationship between
the degree of conversion, solubility and salivary sorption of a hybrid and a
nanofilled resin composite. J Appl Oral Sci 2008;16:161-166.

Soares LES, Martin AA, Pinheiro ALB, Pacheco MTT. Vicker’s hardness and
Raman spectroscopy evaluation of a dental composite cured by an argon
laser and a halogen lamp. J Biomed Opt 2004;9:601-608.

Takamiya H, Tsujimoto A, Teixeira EC, Jurado CA, Takamizawa T, Barkmeier
WW, et al. Bonding and wear properties of self-adhesive flowable restorative
materials. Eur J Oral Sci 2021;129:€12799.

Van Landuyt KL, Nawrot T, Geebelen B, De Munck J, Snauwaert J, Yoshihara K,
et al. How much do resin-based dental materials release? A meta-analytical
approach. Dent Mater 2011;27:723-747.

Van Landuyt KL, Snauwaert J, De Munck J, Peumans M, Yoshida Y, Poitevin A,
et al. Systematic review of the chemical composition of contemporary dental
adhesives. Biomaterials 2007;28:3757-3785.

Van Meerbeek B, Peumans M, Poitevin A, Mine A, Van Ende A, Neves A, et al.
Relationship between bond-strength tests and clinical outcomes. Dent Mater
2010;26:€100-121.

Walters NJ, Xia W, Salih V, Ashley PF, Young AM. Poly(propylene glycol) and
urethane dimethacrylates improve conversion of dental composites and re-
veal complexity of cytocompatibility testing. Dent Mater 2016;32:264-277.
Wang R, Shi Y, Li T, Pan Y, Cui Y, Xia W. Adhesive interfacial characteristics and
the related bonding performance of four self-etching adhesives with different
functional monomers applied to dentin. J Dent 2017;62:72-80.

Wei YJ, Silikas N, Zhang Z ting, Watts DC. Diffusion and concurrent solubility
of self-adhering and new resin-matrix composites during water sorption/de-
sorption cycles. Dent Mater 2011;27:197-205.

The Journal of Adhesive Dentistry



