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ABSTRACT

This study investigated the effects of spherical silica fillers on the physical and mechanical
properties of resin-modified glass-ionomer cement (RMGIC), the material itself and its
behavior in tooth cavities. Specimens were fabricated by mixing untreated (UF) or
silanized (SF) spherical silica filler into the powder of a commercially prepared RMGIC.
In correlation with marginal gap formation in the tooth cavity, these influencing factors
were also examined: marginal gap and setting shrinkage of cement in the Teflon mold, as
well as the shear bond strength to tooth substrate. The original RMGIC and a preparation
containing 20wt% spherical silica filler were also examined with regard to their fractured
surface and fluoride release. The fillers increased the compressive strength remarkably:
up to 17% in the case of SF and 9% in the case of UF. Both UF and SF increased the
flexural strength by up to 17%. The addition of SF increased the DTS up to 38%, but UF
decreased the DTS. The addition of SF improved the workability and the mechanical
properties of the RMGIC. When compared with the control (i.e. original RMGIC), the
addition of SF significantly decreased immediate marginal gap in tooth cavities and setting
shrinkage in Teflon mold up to 63% and 66% respectively. Fluoride release was
significantly reduced too. Apart from these results, this study showed that addition of

5wi% SF increased the shear bond strength to human enamel and dentin.
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CHAPTER 1
INTRODUCTION

Until the 1990s amalgam was the worldwide, all-round material of choice especially for
posterior restorations in primary and permanent teeth. However, changes have occurred
for several reasons. The development of alternative tooth-colored restorative materials as
well as the controversy over the possible, potential side effects of amalgam has had an
influence on the selection of restorative materials. The dramatic reduction in caries during
the last decades, together with the increased welfare in the industrialized world, calls for
treatment with materials other than amalgaml). Moreover, in some countries,
environmental and health authorities have placed increasing pressure on dentists to reduce
the use of dental amalgam with the intention of protecting the environmert and, hence, the
population from exposure to mercury' ™. Therefore, alternative restorative materials to
amalgam were in progressively developed. Onpe of the alternative materials 1s
glass-ionomer cement {(GIC).

The first glass-ionomer materials were developed in the Laboratory of the Government
Chemist in England during the late 1960s as a result of a systematic attempt to develop an

adhesive material for dental use®”.

The original GIC consisted of an aqueous solution of
poly (acrylic acid) at a concentration of about 45%, which was reacted with a powder of ion
leachable glasses that based on Si0,-Al;03-CaF,-AlPO;-NasAlF,; composition®'?. The
Al;03/Si0; ratio is required to be 1:2 or more and the F content can be up to 23%. Later

glasses in commercial materials contained more sodium and less fluoride. One of typical

compositions of the glass in %mass is 5i0; (41.9%) — AlLO; (28.6%) — CaF, (15.7%) —



NaF (9.3%) — AlPQO4 (3.8%) — AlF; (1.6%). More recently glasses containing Sr, Ba and
Zn have been used in commercial material”. The liquid component of the original GIC
was aqueous polyacrylic acid. Since a low molecular weight was required to achieve a
high concentration without gelation, an acrylic acid-itaconic acid copolymer has been used.
The principal additional copolymer materials in practical use appear to have been acrylic
acid — maleic acid, and acrylic acid—3-butene—1,2 3—tricarboxylic acid. The introduction
of dicarboxylic or tricarboxylic acid into the polymer chain not only prevents gelation of
liquid, but also provides greater reactivity because of the increasing number of carboxyl
groups per chain unit and the higher acidity. The setting reaction of GIC is complex and
may vary with composition. In general, it has been represented®” as an acid-base reaction
between the polyacid liquid and the glass in which Ca and Al ions are released by attack on
the surface of the glass particles and ultimately cross-linking of the polyacid chains into a
network. This ion release is facilitated by tartaric acid that readily forms complexes with
these ions, which form a molecular structure with the polyacrylate chains'. nitial setting
(gelation) is now regarded as due to chain entanglement as well as weak ionic cross-linking
which corresponds with the viscoelastic behavior of the freshly set material”. The final
set structure has been presented as a complex composite of the original glass particles
sheathed by a siliceous hydrogel and bonded together by a matrix phase consisting of
hydrated fluoridated calcium and aluminum polyacrylates®®,

When GIC was introduced into dental use, the original intention was to develop a
material for several different applications, such as restoration of anterior teeth, filling of

erosion cavities, general cementation purposes, fissure sealant, cavity lining and root-end



filling material®”**, All these original a2ims have been realized, and even further
applications have been developed, since GICs possess certain properties that make them
useful as filling materials for restorations, including release of fluoride ions, reduced
enamel demineralization due to reduction in the level of S. mutans, chemical bonding and a
similar coefficient of themmal expansion to teeth’*>). GICs are, however, brittle and
exhibit limited mechanical strength and low wear-tesistance??.

Newer versions of light-cured glass-ionomers are known as resin-modified glass-
ionomer cements (RMGICs). The main composition of RMGIC is fluoroaluminosilicate
glass and pigments in the powder, while the liguid contains copolymer of polyacrylic acid,
maleic acid, distilled water and HZEMAZS“H), or a powder that contains of
calcium-aluminum-fluorosilicate, freeze-dried tartaric acid, freeze dried poly(acrylic acid)
and a liquid of distilled water™., RMGICs combine the favorable properties of GICs with
those of resin composites. These include the inherent adhesion and cariostatic properties
of the former and the command setting behavior, good mechanical properties, and wear
resistance of the latter’>?>>Y. Compared with conventional analogs, RMGICs have been
characterized as having a longer working time, a rapid set, improved appearance and
translucency, in addition to a higher early strength along with higher bond strength to

2532-37)

enamel and dentin The weak organic-salt matrix of GIC is strengthened by

modification of the resin as in methacrylate modified systems. As a result, RMGICs also
have less microleakage than conventional GICs*%*®,  However, RMGICs still need

28,39,40)

surface protection to reduce margin microleakage , and they also show less fluoride

release and caries resistance than GICs™.



To improve cement strength and wear-resistance, McLean, Gasser and Simmons added
metals to the powder component of GIC?*D, Kobayashi et al. and Kawano er al. added
glass short fibers (CaO-P,05-Si02-AL03) to GIC*?, while Yap e al and Arita ef al.
added hydroxyapatite particles to improve the mechanical properties and microstructural
properties of GIC**), However, the use of spherical silica filler in RMGIC has not been
reported in spite of its great potential to increase the flowability of GICs. Besides, the
success of the spherical silica filler addition would have a greater value if it could reduce
the marginal gap or microleakage and possess other advantages in correlation with the tooth
substrate,

Therefore, in this study, the first hypothesis to be tested was that the addition of
spherical silica filler would significantly increase the workability and mechanical properties
of RMGIC, and there was a correlation among the filler content, consistency and
compressive strength. The second hypothesis was that the addition of spherical silica
filler would decrease the water uptake of RMGIC. The third hypothesis was that the
addition of spherical silica filler would reduce the fluoride release of RMGIC. The fourth
hypothesis was that the addition of SF to RMGIC would reduce the immediate and 24-hour
marginal gaps in tooth cavities. The final hypothesis was that the marginal gap and rate of
setting shrinkage in Teflon mold, and the shear bond strength of RMGIC would influence
marginal gap formation in tooth cavities. Since it is reported in a one year in vitro study
that long-term water storage did not decrease the values of compressive strength,

compressive modulus or diametral tensile strength®”, and the weight increased very quickly



in the first day of immersion in water following Fick’s law*”, in this study the immediate
and or the 24-hour properties were observed.

In chapter 2, the preparation of silanized spherical silica filler was discussed. Then,
the effect of spherical silica filler addition to the consistency and compressive strength of
RMGICs was evaluated and discussed.

In chapter 3, the measurement of various mechanical properties and water uptake of
RMGICs based on the maximum workability were evaluated and discussed.

In view of the fact that the using of GIC is still continuous because of its fluoride
release, in chapter 4 the fluoride release from RMGICs were analyzed and discussed.

Since the addition of spherical silica filler to the RMGICs may influence their
capability in bonding with the tooth substrates, and for resin contained restorative materials
the bond strength to dentin is different with that to enamel*®; the shear bond strengths to
dentin and enamel were observed.  The results of shear bond strength and marginal gap of

RMGICs were analyzed and discussed at the last part, in chapter 5.



CHAPTER 2

SILANIZATION, CONSISTENCY AND COMPRESSIVE STRENGTH
MEASUREMENT

2.1. INTRODUCTION

Silane coupling agents are used to reinforce the adhesion of filler to matrix polymer and
also to increase hydrolitic stability**®.  The organofunctional silane y-methacryloxy
propyl trimethoxysilane (y-MPTS) is the filler-matrix coupling agent most commonly
utilized for dental resin-based composite materials to chemically bond to the filler surface
and co-polymerize with the methacrylic polymer**~?, Therefore, in this chapter the
effects of original unsilanized filler and silanized filler on the consistency and compressive
strength of RMGIC were observed.

In addition to mixing procedure’?, the powder/liquid ratio (P/L) is important to be
considered in mechanical strength test of material, which consists of powder and liquid,
since it has already been known that increasing the P/L leads to a decrease in consistency.

Therefore, the hypothesis was that the addition of spherical silica filler would
significantly increase the workability and compressive strength of RMGIC, and there was a

correlation among the filler content, consistency and compressive strength of the RMGIC,

2.2.MATERIALS AND METHODS

2.2.1. Materials

The RMGIC material used in this study was Fuji I LC EM (powder Lot #0205211,
liquid Lot #0204301, GC Corp., Tokyo, Japan) with a recommended P/L of 3.0. The

detailed composition of the material has not been released. But according to
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manufacturer’s information, it was given that the powder is fluoro—alumino-silicate glass,

and the liquid is composed of methacrylic acid ester, polyacrylic acid and water.

Fig.2.1 SEM images of the materials.
A. Powder of the original RMGIC.
B. Spherical silica filler has an average particle diameter of 0.3 pm.

The spherical silica filler (GC, Tokyo, Japan) has an average particle diameter of 0.3
um (Fig.2.1). y- MPTS (KBM 503, Shin-Etsu Chemical Co., Tokyo, Japan) was used to
silanize the untreated filler. Spherical silica filler particles (15 g) were immersed in
y-MPTS solution [0.30 g of y-MPTS, 0.15 g of CH3COOH (Nakarai Chemical Ltd. Kyoto,
Japan), 15 g of ethanol (Wako Chemical, Osaka, Japan) and 15 g of H;0] at room



temperature for 10 minutes. The slurries were stirred and heated at 95°C for 1 hour, then
tray dried at 65°C for 24 hours.

The RMGIC powder was modified by initially mixing it with either the untreated
spherical silica filler (UF) or silanized spherical silica filler (SF) at different weight
percentages (5%, 10% and 20%), before mixing it with Fuji II LC EM liquid. The mixing
method was to shake 5.000 + 0.050 g of mixture in a 50-m! bottle by hand with a frequency
of 120 cycle/min and an amplitude of 20 cm. The prepared cement powders are noted as
UFS5, UF10, UF20, SF5, SF10, and SF20 — hence indicating the type of filler added and its
filler content in weight percentage.

A visible-light curing unit (New Light VL-II, GC, Tokyo, Japan, irradiated diameter: 10
mm) was used for activating the specimens, and close contact was ensured between exit
window of the lamp and glass plate. The light intensity was checked and maintained at
450 mWj/cm’® before each application of restorative material using a radiometer

(Demetron/Kerr, Danbury, CT, USA).

2.2.2. Determination of the surface of silica after silanization

In order to evaluate the silane coupling agent adsorbed on the surface of the silica,
trifluoropropyl trimethoxysilane (FPTS) (KBM 7103, Shin-Etsu Chemical Co., Tokyo,
Japan) containing fluoride was used as a tagged coupling agemt. Silica plates (Lot
#SK-4303, Sumikinsekiei, Tokyo, Japan)} were used since they allowed for a more
standardized and detailed quantification of the silane coupling agent attached to the surface
of the silica.

The three following groups were chemically analyzed using X-ray photoelectron
spectroscopy (XPS).

(1) Silica plates were immersed in FPTS solution (0.30 g of FPTS, 0.15 g of CH;COOH,



15 g of ethanol and 15 g of H,0) at room temperature for 10 minutes, heated at 95°C for
1 hour, and dried at 65°C for 24 hours.

(2) Silica plates were silanized as mentioned above, immersed in distilled water at room
temperature for 2 hours and air-dried.

(3) Silica plates were silanized as mentioned above, immersed in the Fuji II LC EM liquid
at room temperature for 2 hours, rinsed off with distilled water, rinsed again with
acetone and air-dried.

All silica plates were analyzed in vacuo of less than 107 Pa using an AXIS-HS

spectrometer (Kratos Analytical, Manchester, UK). Al-Ka monochromatic X-rays with a

power source of 150 W were utilized. Wide and arrow scans were measured at a pass

energy of 80 and 40 ¢V, respectively. Quantitative data were obtained from peak areas™”,

2.2.3. Consistency measurements

The RMGIC was mixed with a P/L of 2.8 to 4.8 (g/g). Since hand mixing produced a
significantly greater compressive strength and Vickers hardness, and less roughness after

abrasion’>?

, mixing procedure was taken by hand. Both the mixing time and preparation
time were 30 seconds each. Then, 0.05 cc of mixed glass-ionomer cement was placed on
a glass plate. Within 2 minutes of the start of mixing, a force of 127 N was applied to the
top of the plate and left for 1 minute. The maximum and minimum diameters of material
were measured using a vernier caliper (U39818, Mitutoyo, Kawasaki, Japan) and the mean

result was recorded to the nearest 0.05 mm,

2.2.4. Compressive strength measurements

For the preparation of compressive strength samples, a cylindrical Teflon split mold

with a depth of 6.0 mm and diameter of 3.0 mm was used to minimize the stress exerted on



the specimens during their retrieval.

All specimens were mixed in 30 seconds using a plastic spatula on a mixing pad, loaded
into a Teflon split mold using a syringe tip (Centrix C-R Syringe System; Centrix, Shelton,
CT, USA), covered with a glass plate and clamped. Taking into consideration the
thickness of the glass plate and the specimens, the specimens were light cured for 60
seconds on each side. Then, they were removed from the mold, varnished and immersed
in distilled water. After storage for 24 hours in a 37°C incubator, the compressive strength
was measured using a universal testing machine (Autograph DCS-2000, Shimadzu, Kyoto,
Japan) with a cross-head speed of 0.5 mm min” outlined in ISO 7489-1986°%, with a
maximal external force of 200 kgf (1960 N). Then the compressive strength were
calculated using the following formula:

o=4F/nd?
where o is the compressive strength, F is the maximum applied load (in Newton) at the
point of the fracture and d is the measured mean diameter of the specimen (in mm).

Six specimens were prepared for each of the material and conditions. All dimensions
were measured using a digital micrometer (293-421-20, Mitutoyo, Kawasaki, Japan). All
procedures, except for mechanical testing, were performed in a thermo-hygrostatic room

kept at 23 4+ 0.5°C and 50 + 2%.

2.2.5. Statistical analysis

The resuits of measurements were analyzed using an ANOVA and Tukey test, with the
level of significance set at 0.05°”. The difference among the regression lines of the data

was compared with a t-test>,

10



2.3, RESULTS

23.1. Determination of the surface of silica after silanization

Fig.2.2 shows the XPS wide-scan spectra of silanized silica plates. Fluoride peaks
were detected on the surfaces of treated silica plates, indicating that the silane coupling
agent presents on the surfaces. It was found that the fluoride peaks area of samples 1, 2

and 3 did not differ significantly.

-
Sample 1 =) o
o]
= ‘& & @
i = -~ @® &
S & o)
' | ~ | _._Ai . II i
@0
Sample 2 "O"
-y W
2 = 2%
I - @ N
W\ - b S || O
-
Sample 3 o)
- ",2 ]S
d = & B2 S
| - L] l ] b | = ]

Binding energy (eV)

Fig.2.2 XPS images of silanized silica plates.
Arrows indicate the fluoride peaks of the spectra,
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2.3.2. Consistency

Fig. 2.3 presents the results of consistency tests. The original RMGIC can be mixed at
a P/L of up to 4.0. The addition of 5wt% SF or UF made it possible to use a P/L of up to
4.4, while the addition of 10wt% SF or 20wt% UF made it possible to use a P/L up to 4.6.
The addition of 10wt% UF or 20wt% SF allowed the RMGIC to be mixed with a P/L of up
to 4.8,

At a P/L of 3.0, the value recommended by the manufacturer, the consistency of the
RMGIC was 39.52 + 1.00 mm. Increasing the P/L to 4.0 (max.)} caused the consistency to
decrease to 31.79 + 1.86 mm. For the UF5, UF10 and UF20, consistency values at P/L
3.0 were 41.68 + 0.59 mm, 41.31 + 0.95 mm and 39.48 + 1.34 mm, respectively. At the
P/L maximum, the consistency decreased to 32.23 + 1.76 mm, 31.93 + 0.79 mm and 31.66
+0.84 mm. For the SF5, SF10 and SF20, consistency values at P/L 3.0 were 41.04 + 1.54
mm, 41.33 + 1.10 mm and 36.92 + 0.97 mm, respectively. At the P/L maximum, these
values decreased to 31.77 + 2.33 mm, 32.13 + 0.68 mm and 31.03 + 0.35 mm.

The regression analysis of the correlation between P/L and consistency gave linear
results with r = -0.99 and p < 0.001. The gradient for the original RMGIC is —7.81, while
the gradients for the SF5, SF10 and SF20 were —6.26, -5.56 and -3.39, and those for the
UF5, UF10 and UF20 were —6.53, -5.56 and -4.92, respectively. The comparison of the
regression analysis of the comelation between P/L and consistency is presented in Table 2.1.
There are significant differences among the materials (p < 0.01 or less). However, there
was no significant difference between the regression lines of the SF5 and SF10, the UF10
and UF20 or the SF5 and UF5.

12
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Fig.2.3 Powder / liquid vs. consistency of spherical silica filler-added RMGIC; n = 6.
A. The correlation in UF-added RMGIC.
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B. The correlation in SF-added RMGIC.
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Table 2.1 Differences in P/L vs. consistency regression analysis of the original RMGIC and
spherical silica filler-added RMGIC

Comparison Significance”

Original RMGIC vs. UFS p < 0.001
UF10 p < 0.001
UF20 p < 0.001

UF5 vs. UFI0 p<001
UF20  p<0.001
UF10 vs. UF20  p>0.05(NS)

Original RMGIC vs. SF5 p < 0.001
SF10 p < 0,001
SF20 p < 0.001

SF3 vs. SF10 p > 0.05 (NS)
SF20 p < 0.001
SF10 vs. SF20 p < 0,001
UF5 vs, SF5 p > 0.05 (NS)
UFi0 vs. SFi0 p < 0.001
UF20 vs. SF20 p < 0.001

" : Analyzed using the t-test™”

2.3.3. Compressive strength

The effect of the spherical silica fillers on the compressive strength of the materials is
summarized in Fig.2.4. At P/L 3.0, the compressive strength of RMGIC is 153 + 4 MPa.
Increasing the P/L to 4.0 (max.) increased the compressive strength to 170 + 6 MPa. For
the UF5, UF10 and UF20, the compressive strength values at P/L 3.0 were 160 + 5 MPa,
139 + 6 MPa and 121 + 6 MPa, respectively. At the P/L maximum, the compressive
strength was 185 + 6 MPa, 168 + 16 MPa and 158 + 7 MPa. For the SF5, SF10 and SF20,
the compressive strength values at P/L 3.0 were 153 + 6 MPa, 160 + 5 MPa and 149 + 4

MPa, respectively. At the P/L maximum, these values increased to 193 + 5 MPa, 196 + 6

14



MPa and 199 + 8 MPa.

The regression analysis of the correlation between P/L and compressive strength gave
linear results (r = 0.86 or more and p < 0.05 or p < 0.001). The gradient for the original
RMGIC is 17.27. The gradients for the SF5, SF10 and SF20 were 28.32, 27.60 and 25.81,
while those for the UFS, UF10 and UF20 were 18.15, 17.32 and 19.80, respectively. The
comparisons of these regression analyses are presented in Table 2.2. There was no
significant difference among the regression lines of the SF5, SF10 and SF20, between the

regression lines of the original RMGIC and SF20, also between the regression lines of the

original RMGIC and UFS5.

Table 2.2 Differences in P/L vs. compressive strength regression analysis of the original

RMGIC and spherical silica filler-added RMGIC

Comparison Significance”
Original RMGIC vs. UF5 p > 0.05 (NS)
UF10 p<0.01
UF20 p < 0.001
UF5 vs. UF10 p < 0.001
UF20 p < 0.001
UF10 vs. UF20 p <0.001
Original RMGIC vs. SF5 p<0.001
SF10 p<0.05
SF20 p > 0.05 (NS)
SF5 vs.  SF10 p > 0.05 (NS)
SF20 p > 0.05 (NS)
SF10 vs. SF20 p > 0.05 (NS)
UF5 vs. SF5 p < 0.001
UF10 vs. SF10 p <0.001
UF20 vs. SF20 p < 0.001
" : Analyzed using the t-test™”
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The correlation between consistency and compressive strength is presented in Fig.2.5.

The regression analysis of the correlation gave linear results (r = -0.81 or more and p < 0.05

or less). The gradient of the original RMGIC was —2.08. The gradient of the SF5, SF10

and SF20 were —4.50, -4.88 and =7.79, while those of UF5, UF10 and UF20 were -2.71,

-2.94 and —4.00, respectively. The comparison of the regression analysis of the correlation

between consistency and compressive strength is shown in Table 2.3. With the exception

of RMGIC and UF10 (p > 0.05), the regression analysis of the correlation between

consistency and compressive strength showed significant differences among the materials

(p < 0.05 or less).

Table 2.3 Differences in consistency vs. compressive strength regression analysis of the
original RMGIC and spherical silica filler-added RMGIC

Comparison Significance’
Original RMGIC Vs, UF5 p <0.001
UF10 p>0.05 (NS)
UF20 p <0.001
UF5 Vs, UF10 p < 0.001
UF20 p <0.001
UF10 Vs. UF20 p < 0.001
Original RMGIC Vs. SF5 p < 0.001
SF10 p <0.001
SF20 p < 0.001
SE5 Vs. SF10 p<0.05
SF20 p <0.001
SF10 Vs, SF20 p < 0.001
UF5 VS, SE5 p<0.01
UF10 vs. SF10 p < 0.001
UF20 Vs. SF20 p < 0.001
" : Analyzed using the t-test*?
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Fig.2.4 Powder / liquid vs, compressive strength of spherical silica filler-added RMGIC; n = 6.
A. The correlation in UF-added RMGIC,
Original RMGIC y=17.27x + 104.36 r=0.86 p<0.05

UF5 y =18.15 x + 104.65 r=0.98 p < 0.001
UF10 y=1732x+19.16 r=0.87 p<0.01
UF20 y=19.80 x + 65.06 r=0.96 p <0.001
B. The correlation in SF-added RMGIC.
Original RMGIC y=17.27 x + 104.36 r=0.86 p <0.05
SF5 y=2832x+ 68.78 r=0.98 p <0.001
SF10 y =27.60 x + 74.01 r=0.99 p < 0.001
SF20 y=25.81x+78.24 r=0.93 p < 0.001
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Fig.2.5 Consistency vs. compressive strength of spherical silica filler-added RMGIC, n = 6,
A. The correlation in UF-added RMGICs.
Original RMGIC ¥ =2.08 x + 238.56 =081 p<005

UF5 Yy=271x4272.23 r=0.97 p < 0.001
UF10 y =294 x +267.95 1=083 p<001
UF20 ¥y=4.00x + 283.29 r=0.95 p < 0.001

B. The correlation in SF-added RMGICs.
Original RMGIC y=208x+238.56 r=(,81 p<0.05

SF5 y=4.50x +337.65 r=0.98 p<0.001
SF10 Yy =4.88 x + 355.66 r=0.98 p <0.001
SF20 y=7.79x + 444.08 1=0.96 p<0.001
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2.4. DISCUSSION

The enhanced stability of composites compounded with filler treated with yv-MPTS or
with another silane coupling agent is attributed, in part, to the formation of a siloxane bond
between the filler and the coupling agent*’®. Consequently, the interaction between the
resin component of the matrix RMGIC and spherical silica filler in this study was
considered to be reinforced by the silane coupling agent, and not to be affected by the liquid
of the RMGIC as presented in the XPS image.

In the XPS analysis, the peaks for the presence of fluoride tags of the silane coupling
agent on the surface of the silica plates were detected based on binding energy. The area
of fluoride peaks that present the fluoride tags of the silane coupling agent on the surface of
the silica plate did not differ significantly (Fig.2.2). Therefore, it is suggested that
immersion in distilled water and in the liquid of the RMGIC, which contained polyacrylic
acid, for 2 hours did not affect the attachment of the silane coupling agent to the treated
silica surface.

As mentioned, the light-curing process polymerizes the monomers in the liquid of the
RMGIC. However, the polymerization is seldom complete and residual or unpolymerized
free monomer molecules can leach out and cause an allergy or have harmful effects®®").
Increasing the P/L will reduce the amount of liquid used and so reduce the release of free
monomers from the filling materials.

It was reported that increasing the P/L leads to a decrease in consistency and an
increase in the spatulation force required to adequately mixing the cementitious mass”>,
This condition was also observed in the present experiment. The addition of 10wt% UF or

20wt% SF raised the consistency of RMGIC, making it possible to use a P/L of up to 4.8.

This gave a mixture with about the same consistency as the original RMGIC. Specifically,
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the addition of silica filler to RMGIC powder will extend the workability of the material.
The addition of UF or SF influenced the correlation of P/L with consistency, as marked by
a shift in the gradient of the regression line (Fig.2.3). The gradient of SF-added RMGIC
and that of UF-added RMGIC was less than the gradient of original RMGIC, which means
that the rate of decrease in consistency caused by the increase in P/L, was less in the
cements containing SF and UF. However, the difference was not significant between the
RMGICs with SF5 and SF10, UF10 and UF20, or with SE5 and UFS5. Since the amount
of hydrophobic SF was small and the filler was scattered throughout the matrix powder, it
is assumed that the difference between 5 and 10wt% is too small to significantly influence
the consistency of the RMGIC. It can also be assumed that at Swt%, the hydrophilic or
hydrophobic characteristics of the filler do not play a distinct role. This might explain the
lower level of significance in the correlation between consistency and compressive strength.
In contrast, it is assumed that at more than 10wt%, UF would act as an impurity and not
influence the rate of decrease in consistency caused by the increase in P/L.

The addition of UF or SF also influenced the correlation between P/L and compressive
strength (Fig.2.4). The gradient of SF-added RMGIC was 1.49 - 1.64 times, and that of
UF-added RMGIC almost the same as (1.00 - 1.15 times) the gradient of original RMGIC.,
It is showed that the rate of increase in compressive strength caused by the increase of P/L
was greater in the cement containing SF than in the original or UF-added RMGIC. Yet,
silanization of the filler had a marked effect, as shown by the significant difference between
the addition of SF and UF at the same amount of filler (p < 0.001).

The decrease in consistency that follows the increase in P/L also leads to a change in
mechanical properties. Fig.5 and Table 3 show that the addition of UF or SF significantly
influences the correlation between consistency and compressive strength, as marked by a

shift in the gradient of the regression line. The gradients for SF-added RMGIC were 2.25
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- 3.75 times greater than that of the cement without filler, while the gradient of UF-added
RMUGIC was increased 1.30 — 1.92 fold. It is suggested that the decrease in consistency
and increase in compressive strength occurred more rapidly in the preparation with SF than
in the UF-added or original RMGIC.

The gradients of the correlation between consistency and compressive strength in the
RMGICs (Fig.2.5) were also interrelated with the addition of the filler, as shown in Fig.2.6.
Yet, the correlation for UF-added RMGIC (r = -0.99, p < 0.01) is a little more distinctive
than that for SF-added RMGIC (r = -0.98, p < 0.05) and there is significant difference
between the two values (p < 0.05). The gradient of the correlation in SF-added RMGIC
has a larger negative value than that in UF-added RMGIC, indicating that due to silane
pretreatment, which changes the characteristics of the spherical silica fillers; the addition of
SF influenced the RMGIC more than the addition of UF.

Hard filler particies in the resin matrix would reduce the wear rate in case of the applied
stress less than a critical value. However the mean distance between neighboring particles
for bigger particles was bigger than for the smaller particles**®", Therefore, spherical silica
particles with an assortment of particle size were used in this study. With the incorporation
of spherical silica particles into the resin matrix, the propagation of cracks into the matrix
was hindered to a certain degree by the particles on or near the surface layer®™. Therefore,
Fig.2.5 showed that the addition of UF at up to Swt% and SF at up to 20wt% increased the
compressive strength remarkably at a similar low consistency. Consequently, in order to
examine more characteristics of cement to which spherical silica filler was added, the

maximum P/L that could be mixed in the dental clinic was chosen for further experiments.
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Fig.2.6 The amount of spherical silica filler vs. gradient of correlation between consistency and
compressive strength of spherical silica filler-added RMGICs.
UF:y=-929x-212,r=-09%,p< 001
SF:y=-26.82x-247,1r=-098,p <005

It seems that the compressive strength value of the GIC in this study is higher than
previous data, since it is stated that the compressive strength of light cured GIC is between
90-110 MPa and the modulus of elasticity is 20 GPa®?. Still it is lower than the
compressive strength value of enamel (384 MPa), dentin (297 MPa) or composite resin

(277 MPa)*?. However this data depend on the geometry of the specimens.
P

2.5. CONCLUSION

The addition of spherical silica fillers to RMGIC powder improves the workability and
compressive strength of the material. At up to 20wt% spherical silica filler, there is a
significant linear correlation among the filler amount, consistency and compressive strength

of the RMGIC.
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CHAPTER 3

MECHANICAL PROPERTIES AT THE MAXTIMUM CONSISTENCY
AND WATER UPTAKE MEASUREMENT

3.1. INTRODUCTION

In previous chapter it was shown that the addition of spherical silica filler wonld
increase the workability and compressive strength of RMGIC. Since RMGIC contains
resin in its composition, to confirm the result of compressive strength test, the flexural
strength test is one of recommended alternative, since the flexural strength measurement is
a collective measurement of tensile, compressive and shear stresses simultaneously used to
evaluate the fracture resistance and the elasticity of the materials’*®®. Therefore, in this
chapter the first hypothesis to be tested was that the addition of spherical silica filler would
also significantly increase the diametral tensile strength and flexural strength, The second
hypothesis was that the addition of spherical silica filler would decrease the water uptake of
RMGIC.

3.2. MATERJALS AND METHODS

3.2.1. Materials

As being explained in chapter 2, the RMGIC material used in this study was Fuji I1 LC
EM (powder Lot #0205211, liquid Lot #0204301) with a recommended P/L of 3.0.

The silanization process of spherical silica filler, which has an average particle diameter
of 0.3 pm with y-MPTS and the modification of the RMGIC powder was taken as
previously described in chapter 2.

The same visible-light curing unit was used for activating the specimens, and close

contact was ensured between the exit window of the lamp and the glass plate. The light
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intensity was also checked and maintained at 450 mW/cm® before each application of

restorative material using a radiometer.

3.2.2. Compressive strength measurements

For the preparation of compressive strength samples, a cylindrical Teflon split mold
with a depth of 6.0 mm and diameter of 3.0 mm was used to minimize the stress exerted on
the specimens during their retrieval.

The maximum P/L was chosen to mix the material. All specimens were mixed in 30
seconds using a plastic spatula on a mixing pad, syringe-loaded into a Teflon split mold,
covered with a glass plate and clamped. Taking into consideration the thickness of the
glass plate and the specimens, the specimens were light cured for 60 seconds on each side.
Then, they were removed from the mold, vamished and immersed in distilled water. After
storage for 24 hours in a 37°C incubator, the compressive strength was measured using a
universal testing machine with a cross-head speed of 0.5 mm min™ as being described in

chapter 2.

3.2.3. Diametral tensile strength (DTS) measurements

One of the subsequent experiments performed was the measurement of DTS. The
maximum P/L. was chosen to mix the materal. Sample preparation in the cylindrical
Teflon split mold (h = 3.0 mm, d = 6.0 mm), light curing and the testing procedure were the
same as described for the compressive strength measurements.

The formulation used to calculate the DTS is:

DTS = (2P}{(nDt)
where DTS is the diametral tensile strength strength, P the maximum load at the point of

the fracture, D the diameter of the specimen and ¢ the thickness of the specimen’®,
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3.2.4, Flexural strength measurements

As in the DTS measurements, the maximum P/L was chosen to mix the material. The
procedure used to measure flexural strength was similar to that used to measure
compressive strength except that the internal dimensions of the Teflon split moid were 25.0
mm x 2.0 mm x 2.0 mm and the light curing was for 60 seconds at 3 overlapping sites.
The flexural strength was measured using the 3-point bending method with a2 20-mm span.
A universal testing machine was used with a cross-head speed of 0.5 mm min™ and a
maximal external force of 10 kgf (98 N) was applied to the midpoint of the test beam, then
the flexural strength of each material were calculated using the following formula:

o= (3PL)/(2bd’)
In this equation ois the flexural strength, P the maximum load at the point of the fracture,
L the distance between supports, b the width of the specimen and d the thickmess of the

spt:cimexfi 6,63-66),

3.2.5, Water uptake measurements

Before being immersed in distilled water, the specimens to be used for the 24-hour
diametral tensile strength measurements were weighed with an electric balance (AJ 100,
Mettler, Greifensee, Switzerland). After being immersed in distilled water for 24 hours in
a 37°C incubator and dried for 1 minute on the Kim Wiper, the specimens were weighed
again. The degree of water uptake was calculated from the changes in the specimen’s
weight and was expressed as a percentage.

Six specimens were prepared for each of the material and conditions. All dimensions
were measured using a digital micrometer. All procedures, except for mechanical testing,

were performed in a thermo-hygrostatic room kept at 23 + 0.5°C and 50 + 2% relative
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humidity.

3.2.6. Statistical analysis

The results of measurements were analyzed using an ANOVA and Tukey test, with the
level of significance set at 0.05°Y. The difference among the regression lines of the data

was compared with a £-test™,

3.2.7. Fractured surface analysis

After the flexural strength measurements, the modes of fracture were analyzed with 2

field emission scanning electron microscope (FE-SEM) (DS-720, Topcon, Tokyo, Japan).

3.3. RESULTS

3.3.1. Compressive strength

The effect of the spherical silica fillers on the compressive strength of the materials has
been summarized in Fig.2.4, while the results of the compressive strength at maximum P/L,
analyzed statistically, are summarized in Table 3.1. At P/L 3.0, the compressive strength
of RMGIC is 153 + 4 MPa. Increasing the P/L to 4.0 (max.) increased the compressive
strength to 170 + 6 MPa,  For the UFS5, UF10 and UF20, the compressive strength values
at P/L 3.0 were 160 + 5 MPa, 139 + 6 MPa and 121 + 6 MPa, respectively. At the P/L
maximum, the compressive strength was 185 + 6 MPa, 168 + 16 MPa and 158 + 7 MPa.
For the SF5, SF10 and SF20, the compressive strength values at P/L 3.0 were 153 + 6 MPa,
160 + 5 MPa and 149 + 4 MPa, respectively.

In the compressive strength measurements, there was a significant difference between

the SF-added RMGIC and the original RMGIC (p < 0.05). There was no significant
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difference among the original RMGIC and UF10 or UF20, or among UF5 and SF5 or SF10.
The addition of SF increased the compressive strength significantly up to 17%, while the

addition of UF only increased the strength up to 9%.

Table 3.1 Compressive strength and diametral tensile strength of the original and spherical
silica filler-added RMGIC at the maximum workability

Materials P/L  Compressive strength’ (MPa) Diametrical tensile strength’ (MPa)
Original RMGIC 4.0 170+ 6 “d . 211+0.7 k
UF5 4.4 185+ 6 (9%) bec 200413 (-5%) !
UF10 4.8 168+16 (-1%) <4 180+15 (-15%) L=
UF20 4.6 158 +7 (-7%) * 155407 (27%) ©
SF5 4.4 193 +5 (14%) =t 253+1.0 (20%) =
SF10 4.6 196 + 6 (15%) »b 292420 (38%) P
SF20 4.8 19918 (17%) = 251121 (19%) =

() = increasing rate, compared to original RMGIC
UF = untreated filler, SF = silanized filler
*: Same letters show no significant difference analyzed using the Tukey test™, p>0.05,0=6.

33.2. Diametral tensile strength

In the DTS measurements, there was a significant difference between the original
RMGIC and SF-added RMGIC (p < 0.05) (Table 3.1). The addition of 10wt% SF
increased the DTS significantly up to 38%, from 21.1 + 0.7 MPa to 29.2 + 2.0 MPa.
However, the addition of UF decreased the DTS. There was no significant difference
between the original RMGIC and UFS (20.0 + 1.3 MPa), between the UFS and UF10 (18.0
+ 1.5 MPa) or between the UF10 and UF20 (15.5 + 0.7 MPa),
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3.3.3. Flexural strength

Except with UF20, there was no significant difference among the materials in the
flexural strength measurements (Table 3.2). The addition of SF or UF increased the
flexural strength up to 17%. The flexural strength of the original RMGIC was 53.8 + 8.3
MPa, while the greatest gain in flexural strength was obtained in SF20 (63.2 + 5.8 MPa)
and UF10 (63.1 + 3.8 MPa).

Table 3.2 Flexural strength of the original and spherical silica filler-added RMGIC at the
maximum workability

Materials P/L Flexural strength” (MPa)
Original RMGIC 4.0 53.8+8.3 2
UF5 4.4 56.8+6.0 (5%) *
UF10 4.8 63.1+38 (17%) =?
UF20 4.6 30.7+43 (-43%) b
SF5 4.4 56.7+46 (5%) *
SF10 4.6 60.1+49 (12%) °?
SF20 4.8 63.2+58 (17%) *

() = increasing rate, compared to original RMGIC
UF = untreated filler, SF = silanized filler
" : Same letters show no significant difference analyzed using the Tukey test’”, p> 0.05, n = 6.

3.3.4. Water uptake

The water uptake measurements are also listed in Table 3.3. The addition of UF
reduced the water uptake of RMGIC, though not significantly, up to 9%: from 3.11 +
0.27 % to 2.82 + 0.21 % at 10wt%. However, the water uptake of SF20 was 2.09 +
0.16 %, a decrease of 33% (p < 0.05).
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Table 3.3 Water sorption of the original and spherical silica filler-added RMGIC at the
maximum workability

Materials Water uptake (%)
Original RMGIC 3.11 £ 0.27 X
UF5 285+0.10 (-8%) %Y
UF10 2.82+021 (9%) %Y
UF20 3114013  (0%) *
SF5 2724029 (-13%) Y
SF10 2214011 (-29%) 2
SF20 2.09+0.16 (-33%) *

() = increasing rate, compared to original RMGIC
UF = untreated filler, SF = silanized filler
" : Same letters show no significant difference analyzed using the Tukey test®”, p > 0.05, n = 6.

3.3.5. Fractured surface analysis

Fig.3.1 shows the modes of fracture of RMGIC with spherical silica filler analyzed by
SEM. The original RMGIC shows an irregular fractured surface (Fig.3.1 A). Debonded
spherical silica fillers are observed at the fractured surface of the UF-added RMGIC
(Fig.3.1 B). In contrast, at the fractured surface of the SF-added RMGIC (Fig.3.1 C),
spherical silica fillers are clearly visible, however they are bonded with the matrix of

RMGIC.
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Fig.3.1 The modes of fracture of RMGICs analyzed with SEM.
Arrows indicate the interfacial bonding between fillers and matrix of RMGIC.
A. Fractured surface of the original RMGIC,
B. Fractured surface of UF20. Fillers were separated from the matrix due to mechanical
bonding failure at the interface between filler and the matrix of RMGIC.
C. Fractured surface of SF20. Silanized fillers were bonded by chemical bonding at the
interface between filler and the matrix of RMGIC.
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3.4. DISCUSSION

As mentioned, the light-curing process polymerizes the monomers in the liquid of the
RMGIC. However, the polymerization is seldom complete and residual or unpolymerized
free monomer molecules can leach out and cause an allergy or have harmful effects’>”,
Increasing the P/L will reduce the amount of liquid nsed and so reduce the release of free
monomers from the filling materials.

Hard filler particles in the resin matrix would reduce the wear rate in case of the applied
stress less than a critical value. However the mean distance between neighboring particles
for bigger particles was bigger than for the smaller particlesﬁm. Therefore, spherical silica
particles with an assortment of particle size were used in this study. With the
incorporation of spherical silica particles into the resin matrix, the propagation of cracks
into the matrix was hindered to a certain degree by the particles on or near the surface
layer®”. Therefore, Fig.2.5 showed that the addition of UF at up to 5wt% and SF at up to
20wt% increased the compressive strength remarkably at a similar low consistency.
Consequently, in order to examine more characteristics of cement to which spherical silica
filler was added, the maximum P/L that could be mixed in the dental clinic was chosen for
DTS and flexural strength measurements. This maximum P/L also gave a similar
consistency to the original RMGIC mixed at P/L 4.0. The addition of UF to Swt%
increased the compressive and flexural strength. However, at more than 5Swt%, UF
addition reduced the cement’s strength, because the filler became an impurity that did not
bond to the matrix of the RMGIC. The opposite effect was observed with the addition of
SE.  Since the fillers were silane-treated, their ability to bond to the matrix was improved
and the addition of SF at up to 20wt% increased the compressive strength and DTS

significantly, as well as increased the flexural strength. More significant evidence is
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provided by the SEM observations of the fractured surface of the specimens (Fig.3.1). It
was found that the interfacial bonding between UF and the matrix of RMGIC was due to
mechanical bonding, while that between SF and the matrix was due to chemical bonding as
a result of silanization.

It was reported that flexural strength was more sensitive to changes in material
substructure than compressive strength'”jg‘m. However, in this experiment, the DTS test
was more sensitive for distinguishing the effect of UF and SF. The DTS values also
showed that the increase in strength is more dependent on the chemical reaction than the
morphology of the fillers.

As the compressive strength increased, the flexural strength and DTS also tended to
increase, although the results of the regression analysis of the correlation were not
significant. This correlation should be examined more closely.

Another factor that may influence mechanical properties is the uptake of water. UF
did not reduce the water uptake of RMGIC significantly, while SF did (up to 33%). The
)

hydrophobic characteristic of SF might influence surface and grain boundary diffusion®”,

then increase the resistance of the cement to water uptake.

3.5. CONCLUSION

The silanized spherical silica fillers increased the compressive strength, diametral
tensile strength and flexural strength, and reduced the water uptake of the RMGIC. The
silanized spherical silica filler also improved the mechanical properties of the cement more

than the untreated spherical silica filler.
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CHAPTER 4
FLUORIDE RELEASE MEASUREMENTS

4.1. INTRODUCTION

It is quite clear that fluoride is the most effective agent in caries prevention. For that
reason, one point that makes GIC one of the favorite restorative materials is its capability to

release fluoride®®?>*,

Consequently, the addition of spherical silica fillers will give no
meaning if they eliminate the fluoride release from the GIC. 1t is reported that RMGICs
show less fluoride release and caries resistance than GICs*?. However, another studies
showed that RMGICs not only could be used in the case where a strong initial fluoride
effect is desired, but also in the long term condition since they released fluoride in the same
amount or more than the conventional GICs did=*”, In chapter 3, it was shown that the
addition of SF reduced the water uptake of RMGIC significantly. In view of the fact that
the material must absorb water to initiate any attack on fluoride glass’?, in this chapter the

hypothesis to be tested was that the addition of SF would reduce the fluoride release of

RMGIC

4.2. MATERIALS AND METHODS

4.2.1. Materials

The RMGIC material used was Fuji II LC EM (powder Lot #0205211, liquid Lot
#0204301) as was explained in chapter 2.

The silanization process of spherical silica filler, which has an average particle diameter
of 0.3 um with y-MPTS and the modification of the RMGIC powder was taken as

previously described in chapter 2.
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The RMGIC powder was modified by initially mixing it with either the SF or UF at 20
weight percentages before mixing it with Fuji II LC EM liquid. The prepared cement
powders are described as SF20 and UF20, which show the type of filler added and its filler
content in weight percentage. The mixing time and preparation time is 30 seconds for
cach. Since a conventional hand mixed system GIC produced a significantly less fluoride

release than a capsulated system’”

, In this study hand-mixing material and procedure was
taken. The P/L was chosen for the maximum P/L value of each material in the chapter 2
and as reported in previous study’®, The Fuji I LC EM was mixed with P/L = 4.0
(FLCEM) as the maximum P/L value of the original RMGIC. SF20 was mixed with P/L
of 4.8, while UF20 was mixed with P/L of 4.6, respectively.

The same visible-light curing unit was used for activating the specimens, and close
contact was ensured between the exit window of the lamp and the matrix. The light
intensity was also checked and maintained at 450 mWjcm® before each application of
restorative material using a radiometer.

All procedures, except for cavity preparation and mechanical testing, were performed in

a thermo-hygrostatic room maintained at 23 + 0.5°C and 50 £ 2% relative humidity. The

results were analyzed statistically using ANOVA, the t-test, and Mann-Whitney U-test®>™,

4.2.2. Fluoride release measurements

The release of fluoride from SF20, UF20, and FLCEM was measured. All specimens
were mixed for 30 seconds using a plastic spatula on a mixing pad, syringe-loaded into a
cylindrical Teflon split mold (d = 20.0 mm, h = 0.5 mm), covered with a glass plate and
clamped. After being light-cured for 20 seconds at five overlapping sites, the samples
were removed from the mold, placed in polyethylene vials with 25 ml of distilled water,

and stored in an incubator at 37°C for 1 day, 2 days, 3 days, 1 week, and 2 weeks, For
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each material and each time period, three samples were prepared. After each specified
period, the samples were removed from the medium, and 10 ml of the medium was
transferred to another vial and mixed with 1 ml of TISAB III solution (Thermo Orion,
Beverly, USA). The amount of fluoride ions released from the RMGIC sample in this
solution was measured using a pH/ion meter (F23-8937, Honba, Kyoto, Japan). Then,
using a SigmaPlot 8.0 program (SPSS, Chicago, Illinois, USA) by placing the cumulative
fluoride release {[F];, mg/L) as a function of time (1, day), the data were fitted to a single
rectangular 11, 3-parameter equation as follows:

[F]c = [F]ﬂ/(t;a‘l't) + ot

where [F]; was the total amount of fluoride to be released, t), the time needed to release

half of this total amount, and o the kinetic parameter’,

4.3. RESULTS

Fig. 4.1 shows the effects of spherical silica fillers on fluoride release from RMGIC.
SF or UF reduced the release of fluoride. During two weeks’ immersion in distilled water,
the fluoride release of SF20 (which fulfilled the equation F = 4.80t/(0.01 + t) + 0.79t) was
49.4%~57.7% of FLCEM’s (F = 12.79t/(0.46 + t) + 1.10t). For the same period, the value
for UF20 (F = 15.71t/(1.12 + t) + 0.68t) was 84.6%-99.8% of FLCEM’s. In two weeks,
the cumulative fluoride release value of SF20 was 15.88 + 1.89 mg/L, while those of
FLCEM and UF20 were 27.87 + 0.64 mg/L and 23.83 + 0.64 mg/L respectively.

Amnalyses using ANOVA revealed that both the addition of spherical silica fillers and
the period of immersion in distilled water significantly (p < 0.001) influenced fluoride

release from RMGIC.
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Fig.4.1 Cumulative fluoride release of SF20, UF20 and FLCEM in 14 days, n = 3,

Points indicate the observed values and the lines indicate the fitted curves fulfilling
the equation of [F}], = [F]it/(ty24¢) + of, with 1 = 0.99 and p < 0.01.

4.4, DISCUSSION

The hydrophobic characteristic of SF may influence both surface diffusion and grain

68)

boundary diffusion®”, and increase the resistance of cement to water uptake™. Since the

material must first absorb water to initiate any attack on fluoride glass and the dissociation

7. it was not surprising that the addition of SF would reduce fluoride release

of acid groups
(Fig. 4.1). A previous study reported that fluoride has a low rate of diffusion through an
organic cross-linked matrix because of strong interaction with aluminum and calcium ions
linked to the polyalkenoate chains’®. The strong interaction between SF and the RMGIC
matrix also affected the diffusion rate of fluoride, but fluoride release was not eliminated.

This effect should be taken into consideration, because the presence of saliva in vivo may

retard the release of fluoride from glass-ionomer filling materials® 73, Although
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observations were limited to a period of just 14 days in this study, the equation for fluoride
release in glass-ionomer cement [F]. = [Fi/t;z+t) + o, as previously described™,
adequately approximated the release of fluoride from RMGIC with or without a spherical
silica filler (r = 0.99, p < 0.01). A similar pattern of release was also obtained, and the
release was much greater in the first 24 hours than subsequently. The small but significant
initial release was undoubtedly the result of fluoride leaching from glass particles in the
surface layer’™®. A previous study showed that y-MPTS treatment was useful for the
regulation of NaF release from bis—-GMA/TEGDMA resin. There was evidence that a
large amount of fluoride was released from the resin containing NaF powder without
¥v-MPTS treatment in the initial stage, and the release of fluoride ceased in a relatively
shorter time. However, smaller amounts of fluoride were released from the resin
containing NaF treated with higher concentrations of y-MPTS, and the release lasted for
longer periods’™. GICs release and take up fluoride jons”™™®.  Therefore, the
shortcoming due to SF addition may, however, be overcome by fluoride “recharging” using
topical fluoride®. As such, the fluoride release and fluoride recharge capabilities of
spherical silica filler-added RMGICs should be examined for a longer period in a further

study.

4.5. CONCLUSION
The addition of spherical silica fillers decreased but did not eliminate fiuoride release

from RMGIC.
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CHAPTER 3
MARGINAL GAP AND SHEAR BOND STRENGTH ANALYSIS

5.1. INTRODUCTION

The bond strength of restorative material to tooth substrate, especially dentin depends

not only on the materials but also on enormous clinical factors such as dentin depth”'w),

82.83) 85-87)

calcium ooncentraﬁonm’, age , surface wetness“), relative humidity , saliva and

88-92) 97-102) or

blood contamination®?, caries-affected dentin®™ ", sclerotic cervical erosion
polymerization stress related to cavity configuration'®*®, To obtain a successful
adhesive restoration, focus on such clinical factors and control on clinical situation is very
important,

In this study, the bond strength of the RMGICs was evaluated by shear bond strength
measurement. It was supposed that shear bond strength and marginal gap in tooth cavity
affect each other, and these characteristics might be influenced the setting shrinkage®®,
Therefore, to study the setting shrinkage, the marginal gaps in the Teflon mold were also
observed.

In order to study marginal gap formation of GIC and RMGIC in the tooth cavity, an in
vitro preliminary study was taken?”. Class V cavity preparations were made on the facial
surface of premolars and filled with Fuji Il or Fuji II LC. As a result, it was shown that
RMGIC (Fuji IT LC) still showed marginal gap, as was also shown by the conventional GIC
(Fuji II).  And it was also suggested to delay polishing after 1 days of filling procedure,
since the gap width reduced after 24-hour water storage.

Consequently, the following hypothesis was thought, that the addition of spherical silica
filler would reduce the immediate and 24-hour marginal gaps created by RMGIC filling

material in tooth cavities. The other hypothesis was that the marginal gap and rate of
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setting shrinkage in Teflon mold and the shear bond strength of RMGIC would influence

marginal gap formation in tooth cavities.

5.2. MATERIALS AND METHODS

5.2.1. Materials

As being explained in chapter 2, the RMGIC material used in this study was Fuji Il LC
EM (powder Lot #0205211, liquid Lot #0204301) with a recommended P/L of 3.0.

The silanization process of spherical silica filler, which has an average particle diameter
of 0.3 um with y-MPTS and the modification of the RMGIC powder was taken as
previously described in chapter 2.

The RMGIC powder was modified by initially mixing it with either the SF or UF at
different weight percentages (5%, 10%, and 20%) before mixing it with Fuji II LC EM
liquid. The prepared cement powders are described as SF5, SF10, SF20, UF5, UF10, and
UF20 — hence indicating the type of filler added and filler content in weight percentage.
Both the mixing time and preparation time were 30 seconds each. As for the P/L, each one
was chosen according to the maximum compressive strength value of each cement in
chapter 2, as also reported in the previous study’®. Fuji I LC EM was mixed with P/L =
3.0 as the control and with P/L = 3.6 (FLCEM) as the maximum compressive strength of
the original RMGIC. SF5, SF10, ard SF20 were mixed with P/L of 4.0, 4.4, and 4.0;
while UF5, UF10, and UF20 were mixed with P/L of 4.4, 4.4, and 4.0, respectively.

The same visible-light curing unit was used for activating the specimens, and close
contact was ensured between the exit window of the lamp and the matrix. The light
intensity was also checked and maintained at 450 mW/cm? before each application of

restorative material using a radiometer.
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Although much information has been generated on the use of bovine teeth, the use of
human teeth is a preferred option'®. A total of 320 human premolars, extracted for
orthodontic reasons, were used to measure the marginal gap in tooth cavities and the shear
bond strength to tooth tissues in this study. After extraction, the teeth were stored
immediately in distilled water at about 4°C within 3 months before use. Since occlusal

106,107)

dentin tends to give lower bond strengths than proximal or buccal dentin , and that

dentin tubule orientation and location significantly influence the results of mechanical

strength tests 108-110)

, proximal flat enamel or dentin surfaces were used in this study.
All procedures, except for cavity preparation and mechanical testing, were performed in
a thermo-hygrostatic room maintained at 23 * 0.5°C and 50 * 2% relative humidity. The

results were analyzed statistically using ANOVA, the t-test, and Mann-Whitney U-test’ 4T3,

5.2.2. Marginal gap in tooth cavities

Human premolars (N = 10 for each material and condition) were embedded in a
slow-setting epoxy resin (Epofix Resin, Struers, Copenhagen, Denmark). Flat enamel
surfaces on the proximal area of the teeth were obtained by grinding with wet silicon
carbide paper (#800). The cylindrical cavity on the coronal region of each tooth was
prepared to a depth of approximately 1.5 mm with a diameter of 3.5 mm with a tungsten
carbide bur (200,000 rpm) and a fissure bur (8,000 rpm) using water spray. The
dimensions of the cavity were measured using a vernier caliper. Each cavity was treated
with a Cavity Conditioner (Lot #0205101, GC Corp., Tokyo, Japan) for 10 seconds
according to manufacturer’s instructions, rinsed thoroughly with distilled water, air-sprayed,
and filled with the material using a syringe tip. Covered with a plastic strip, the material
was light-cured for 20 seconds. Surfaces were polished immediately after light activation

or after storage in distilled water at 37°C for 24 hours. Excess filling material was
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removed by wet grinding with a wet silicon carbide paper (#1000), followed by polishing
using an aqueous slurry of 0.3 um aluminum oxide (Alfa Micropolish, Buehler Ltd., Lake
Bluff, IL, USA) and thorough rinsing with distilled water. Each restoration margin was
inspected under a traveling microscope (400x, Measurescope, MM-11, Nikon, Tokyo,

PALU2 " The maximum gap width and opposing width (if any) between the cement

Japan)
and cavity wall were measured, and the sum of these two values was expressed as the
marginal gap in that tooth cavity. As some specimens had zero marginal gaps, especially
after 24-hour water storage, the overall sum of 10 specimens examined per material was

calculated as the total marginal gap for the group™?.

5.2.3. Setting shrinkage in Teflon mold

Teflon does not react with the filled material. Therefore Teflon molds of the same
diameter and depth were prepared to measure the degrees of setting shrinkage (immediately
after set) and hygroscopic expansion (after 24-hour water storage), as well as to compare
the marginal gap width in the tooth cavity. The Teflon mold was placed on a silicon
oil-coated glass plate and a matrix strip that would not react with or bind to the filling
material. Each mold was filled with the material using a syringe tip, then covered with a
plastic strip and light-cured for 20 seconds. Immediately after setting or after 24-hour
storage in distilled water at 37°C, any excess material was removed. The maximum gap
width and opposing width between the cement and the Teflon cavity were measured, and
the sum of these two values was expressed as the marginal gap in the Teflon cavity. The

degree of setting shrinkage was determined using the formula below:

S = (G/d)x100%

41



where S was the setting shrinkage, G the marginal gap, and d the diameter of the Teflon
mold'”,  Ten specimens were prepared for each material and their conditions

investigated.

5.2.4. Shear bond strength to enamel and dentin

The shear bond strength to enamel and dentin, which comprise the cavity wall, was
measured to evaluate the bonding effect between the filling material and the cavity. Bond
strength to flat enamel and dentin surfaces was determined both immediately after light
activation and after 24-hour distilled water storage at 37°C. Specimens (N = 10 for each
material and condition) were obtained from human premolars embedded in the slow-setting
epoxy resin. Proximal flat enamel or dentin surfaces were obtained by grinding with a wet
silicon carbide paper (#1000) followed by treatment with the Cavity Conditioner for 10
seconds. To prepare the shear bond strength samples, a cylindrical Teflon split mold
(3.6-mm diameter x 2.0-mm height) was used to minimize the stress exerted on the
specimens during their retrieval. Each material was placed into the Teflon mold set on the
enamel or dentinal surface using a syringe tip, then bardened by light-curing. The
specimens thus obtained were mounted on a universal testing machine and shear stress was
applied at 0.5 mm/min, with a maximum external force of 50 kgf (490 N). After shear
bond strength measurements were taken, the fractured surfaces were analyzed using a light
microscope (4x, SMZ-10, Nikon, Tokyo, Japan) to ascertain the nature of

fractures 111112
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5.3. RESULTS

5.3.1. Marginal gap in tooth cavities

Table 5.1 lists the effects of spherical silica fillers on the marginal gap in tooth cavities.
The marginal gaps of all SF-added RMGICs were 67% of the control’s or less. The
marginal gap of SF10 was 63% of the control’s or 83% of FLCEM’s, while that of UF10
was 62% of the control’s or 81% of FLCEM’s. Comparing the sums of the immediate gap
width using a non-parametric t-test**™), all materials with fillers showed significant
differences among SF5, SF10, and UF10; or among SF5, SF10, and UF20; or between
SF20 and UFS.

Table 5.1 Marginal gap in the tooth cavity

Material P/L The sum of marginal gaps for all specimens (um) * a value ?
Immediately After 24-hours
SF5 4.0 74 [0] (4-10) b 6 [4] (©0-1) 8 p < 0.05
SF10 4.4 73 [0] (5-11) ° 6 [4] (0-1) = p < 0.05
SF20 4.0 77 [0] (2-11) ¢ 6 [4] (0-1) = p<0.05
UF5 4.4 82 [0] (5-13) ¢ 6 [4 (©01) = p <0.05
UF10 4.4 71 [0] (2-11) b 6 [4] (0-1) s p < 0.05
UF20 4.0 77 [0] (5-12) @ 7 [3]1 (0-1) b p < 0.05
FLCEM 3.6 88 [0] (414) ¢ 7 [3] (©-1) b p < 0.05
Control 3.0 115 [0) (7-17) ¢ 7 [3 (-1 b p <0.05

SF = 5ilanized spherical silica filler, UF = Untreated spherical silica filler

FLCEM = Fuji Il LC EM mixed with P/L 3.6, Control = Fuji II LC EM mixed with P/L. 3.0,n =10

[ ]= Number of specimen with no gaps, () = Range of values

! : Identical letters indicate no significant difference among the materials analyzed using the t-test
(p > 0.05, non parametric)“'m

2. Significant difference, analyzed using the Mann-Whitney U-test between two sums*®
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After 24-hour storage in distilled water, there were no significant differences among the
control, FLCEM, and UF20, as well as among all other spherical filler-added RMGICs.
The Mann-Whitney U-test showed a significant difference (o< 0.05) between the
immediate and 24-hour values for each material. Compared with the control, the
immediate gap width mean values of all spherical filler-added RMGICs showed a

significant difference (Fig. 5.1).

B Tooth cavity |

'O Teflon mold '

Material

Gap (um)

Fig.5.1 Comparison of immediate marginal gap mean values of the RMGICs in the Teflon mold and the
tooth cavity, n = 10.
Identical letters indicate no significant difference among the materials analyzed using the t-test

for differences among several means (p > 0.05)>.
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5.3.2. Setting shrinkage in Teflon mold

Table 5.2 lists the effects of spherical silica fillers on the setting shrinkage of RMGIC in

the Teflon mold. At the immediate time point, there were no significant differences
among FLCEM, UF5, UF20, and SF20. All materials, except FLCEM, showed a

significant difference (p < 0.05) in comparison with the control.

Table 5.2 Setting shrinkage in Teflon mold

Materials P/L  Immediately (%)’  After 24-hours (%) ' avalue?

SF5 40 0.64+0.10 2 0.15+0.04 d p<0.05
SF10 44  0.62+0.08 2 0.14 +0.04 d p<0.05
SF20 40  0.69+0.11 ab 0.16 +0.04 d p < 0.05
UF5 44  0.65+0.09 »b 0.14+0.05 4 p<0.05
UF10 44 0634007 2 0.15+0.06 ¢ p<0.05
UF20 40  0.71+0.08 &b 0.15+0.05 d p<0.05
FLCEM 3.6  0.80+0.08 b¢ 0.16 +0.03 d p<0.05
Control 30 0.94+0.10 ¢ 0.17+0.05 d p<0.05

SF = Silanized spherical silica filler; UF = Untreated spherical silica filler

FLCEM = Fuji Il LC EM mixed with P/L 3.6; Control = Fuji Il LC EM mixed with P/L. 3.0; n = 10
Identical letters indicate no significant difference among the materials analyzed using the t-test for
differences among several means (p > 0.05)""

! . percentage to the diameter of the Teflon mold (inner diameter : 3.5 mm)

2. significant difference, analyzed using the t-test between two values.

The immediate setting shrinkage of all SF-added RMGICs was 73% of the control’s or
less. SF10 had a setting shrinkage of 0.62 + 0.08%, of which its value was 66% of the
control’s or 78% of FLCEM’s. However, there were no significant differences among the
24-hour setting shrinkage values in the Teflon mold. There was a significant difference (p

< 0.05) though, between the immediate and 24-hour values for each material. Compared

with the control, the immediate gap width mean values of all spherical filler-added
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RMGICs showed a significant difference (Fig.5.1). There was also a significant
difference between the immediate marginal gaps in the tooth cavity and in the Teflon mold

(p < 0.05).

5.3.3. Shear bond strength to enamel and dentin

Table 5.3 lists the effects of spherical silica fillers on the shear bond strength of RMGIC
to enamel. Examining the immediate shear bond strengths to enamel, there was a
significant difference between SF5 with the control and with UF20 (p < 0.05). After
24-hour storage, there was a significant increase (p < 0.05) in shear bond strength to enamel,

and SF5 showed the highest shear bond strength value.

Table 5.3 Shear bond strength of RMGIC to enamel surface

Materials  P/L Immediate (MPa) 24-hour (MPa) a value !
SF5 4.0 785+157 (8) 2 2747+512 (10) f p<0.05
SF10 44 7.34+2.02 (10) *bc 22.47+5.31 (10) &b p <0.05
SF20 4.0 6.94 +1.43 (10) =b.c 19.74 +4.94 (10) Mi p<0.05
UF5 4.4 7.03+139 (9) xbec 21.17+4.69 (10) &hi  p<0.05
UF10 4.4 642+215 (9) abec 18.01+4.86 (10) i p<0.05
UF20 4.0 6.02+1.02 (6) € 12.13+3.86 (10) k p<0.05

FLCEM 3.6 761+1.65 (9) *b 2478+3.75 (10) 58  p<0.05
Control 3.0 635+172 (8) b°c 2393 +3.41 (10) *%e p<0.05
SF = Silanized spherical silica filler, UF = Untreated spherical silica filler

FLCEM = Fuji I LC EM mixed with P/L 3.6, Control = Fuji II LC EM mixed with P/L 3.0,n =10
Identical letters indicate no significant difference among the materials analyzed using the t-test for

differences among several means (p > 0.05)*"

(): cohesive failure, among 10 specimens
!. significant difference, analyzed using the t-test between two values.
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Table 5.4 lists the effects of spherical silica fillers on the shear bond strength of RMGIC
fo dentin. There were no significant differences among the immediate shear bond
strengths 1o dentin. However, after 24-hour storage, SF5 and FLCEM showed a
significant difference in comparison with SF10, SF20, UF10, and UF20. There was also a
significant increase (p < 0.05) in shear bond strength to dentin after 24-hour water storage.
However, the increase was not significant in SF20 and UF20.

During the course of shear bond strength tests, the majority of failures occurred in
RMGIC itself rather than at the RMGIC/tooth interface, which is defined as a cohesive

failurcllfi,llllj

Table 5.4 Shear bond strength of RMGIC to dentin surface

Materials P/L Immediate (MPa) 24-hour (MPa) o value
SFS 40  760+216 (10) * 13544360 (10) ¢ p <0.05
SF10 44 742:149 (10) * 10284360 (10) of p < 0.05
SF20 40 789368 (10) * 10294364 (10) of NS
UFS 4.4 7.67+1.57 (10) 2 11.54 +3.32  (10) &¢ p<0.05
UF10 4.4 7454262 (10) 2 10.03+2.54 (10) -=f p<0.05
UF20 4.0 7304240 (10) @ 816+24 (0) ¢ NS
FLCEM 3.6 647£239 (10) = 13484377 (10) ¢ p <0.05
Control 30 644£231 (10) * 10744327 (10) Sof p <0.05

SF = Silanized spherical silica filler; UF = Untreated spherical silica filler

FLCEM = Fuji I LC EM mixed with P/L 3.6;Control = Fuji Il LC EM mixed with P/L 3n=10
Identical letters indicate no significant difference among the materials analyzed using the t-test for
differences among several means (p > 0.05)*

{ ): cohesive failure, among 10 specimens

1. significant difference, analyzed using the t-test between two values
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5.4. DISCUSSION

Many factors challenge the marginal integrity of GIC restorations. These factors

116-118
), and

include cavity preparation method™™, cavity pretreatment, curing shrinkage
hygroscopic expansion'"*>118) of the material. For RMGICs, stress development due to
cement sefting starts immediately after light imadiation is commenced'™, and curing

shrinkage can create marginal gaps that may contribute to restoration failure!!5!!?,

Therefore water exposure was recommended to control stress development'?*'*!)

, and it
was suggested to delay polishing by at least one day to prevent gap formation at the
cement-tooth cavity interface by anticipating the hygroscopic expansion of the restorative

a.].111,112,119)-

materi This effect was reported as uptake of water by the RMGIC matrix to

form a poly-HEMA complex®?.

In previous chapter, it was reported that the 24-hour water uptake of SF-added RMGICs
was less than that of UF-added RMGICs or the original RMGIC. However, after 24-hour
storage there were no significant differences between the marginal gap widths of SF-added
RMGICs and those of UF-added RMGICs, except for UF20. Nonetheless, RMGIC’s
added with either filler type showed significant differences in comparison with the control
and FLCEM (Table 5.1). Although the hygroscopic expansion did not entirely
compensate the setting shrinkage in the Teflon mold (Table 5.2) after 24-hour water storage,
the marginal gaps in tooth cavities were remarkably eliminated.

At the immediate time point, the marginal gaps in the Teflon mold were about
three-fold of those in the tooth cavity (Fig. 5.1). Smaller marginal gaps observed in the
tooth cavity than in the Teflon mold clearly demonstrated that adhesion between the cement

118)

and cavity walls was an important factor influencing marginal gaps For this reason,

direct studying of marginal gaps in tooth cavities was a useful simulation of clinical
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conditions**?,

However, by examining the setting shrinkage in the Teflon mold, the
marginal gap in the tooth cavity could be predicted since there was a linear correlation

between the values *® (Fig. 5.2).
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Fig.5.2 Correlation of immediate setting shrinkage in the Teflon mold vs. immediate marginal gap in the
tooth cavity.
The correlation fulfilled the equation of y = 12.42 x - 0.60 (r = 0.95 and p < 0.001)*",

It was reported that resin infiltration into the expanded decalcified layer would prevent

microleakage and nanoleakage'??,

Furthermore, marginal integrity is of primary
importance in maintaining the long-term function of resin-based restorations’*?. At the
immediate time point, when compared with the control, the SF- and UF-added RMGICs
had significantly less marginal gaps in the tooth cavity and setting shrinkage in the Teflon
mold. This occurred due to one or both of the following reasons. First, the SF- or

UF-added RMGIC was mixed with higher P/L. The higher the P/L, the smaller the
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marginal gap''” and the greater mechanical strength of the GIC®™%, Second, the
spherical form of silica fillers increased the flowability of RMGIC™), leading to better
penefration into the decaicified layer and reducing the immediate marginal gap.

Following post-set water uptake, the acidic monomers of RMGIC ionize then react with
the glass filler to initiate an acid-base reaction, producing ionic cross-linking'>?. In these
dual setting systems, resin-reinforcement produces higher bond strengths to dental tissues
as well as enhanced mechanical strength®"'”.  Van Meerbeek et al.'® found a gradual
transition of resin concentration in the decalcified superficial dentin. Resin concentration
was highest at the top of the hybrid layer, and lowest near the base. If resin did not
penetrate through the full depth of the decalcified zone, the non-infiltrated weak collagen
layer at the bottom of the zone would perhaps be susceptible to long-term hydrolitic

degradation™™).

Since the majority of shear bond failures were cobesive failures, the
interfacial bond formed between the RMGIC and the solid substrate was stronger than the
cohesive bond within the material itself®”., However, at the immediate time point, UF20
showed apparently less cohesive failure than other materials. It was thought to stem from
poor bonding of UF to the RMGIC matrix™?, As a result, the reaction was delayed, hence
affecting the penetration of RMGIC to the decalcified layer. This condition should be
studied further.

There was a tendency for the shear bond strength to enamel and dentin to decrease
when a large amount of fillers was added. This was clearly shown with the addition of 20
wt% filler, especially in UF20. As shown in chapter 3, since UF did not bond with the
RMGIC matrix, a large amount of UF may act as an impurity that hinders the reaction in
RMGIC. In contrast, SF5 showed higher shear bond strength to enamel and dentin than
those of the control and FLCEM. In addition, up to 10wt% SF, the RMGICs showed no

significant differences in shear bond strength to enamel compared with those of the control
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and FLCEM. This result is in agreement with previous study'?®, although the form of
filler particles was not explained, and the peak was at 10 wt % filler addition. It was
thought that an increase in mechanical strength would lead to an increase in bonding
ability'™”).  Although the 24-hour shear bond strength to dentin did not show a significant
difference, supported by the results of mechanical properties in previous chapter, the
SF-added RMGICs showed better mechanical and bond strengths than the UF. These
results obviously showed that silanization, whichk creates siloxane bridges (Si-O-Si) —
between the silica surface and the silane molecules — facilitate better interaction between
the RMGIC matrix and the filler'>">'?",

It seemed that the shear bond strength value of the GIC in this study was much lower
than the shear strength of the dentin (138 MPa) or enamel (90 MPa)&). However, the
shear strength data of dentin or enamel was taken through the punch method, which was
different with the procedure in this study. Previous data of the bond strength of GIC to
dentin was 4 MPa, while to enamel was 5 MPa®?, but the procedure was not stated.
Therefore, it was not appropriate to compare the data.

It has been reported that decrease in marginal gap due to increase in P/L would result in
increased shear bond strength of the GICM®, However, in this study, there was no
significant relationship between marginal gap width and shear bond bond strength, since
the filler content of the materials varied. Nonetheless, the shear bond strength results
made a great contribution since the SF-added RMGICs were mixed with higher P/L. As
mentioned, increasing the P/L will reduce the amount of liquid used and consequently
reduce allergies or harmful effects caused by the release of non-polymerized free

monomers from the filling materials*6*7),
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5.5. CONCLUSION

The addition of spherical silica fillers to RMGIC significantly decreased the marginal
gap and the setting shrinkage in the Teflon cavity. This condition led to a significant
decrease in immediate marginal gaps in the tooth cavity. This study also revealed that
shear bond strength was not in correlation with marginal gap width and setting shrinkage
rate. Nonetheless, if up to 5% of silanized spherical silica fillers were added to RMGIC

powder, the shear bond strength of RMGIC to enamel and dentin surfaces would increase.
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This study investigated the effects of sphevical sitiea (illers on the physical and mechanivad properties of resin-modificd glass-
ionomer cenent. (HMGICH,  Sperimens were fabricated by mixing unteeated (UFY or silanized (SF1 spherical silica filler into
the powder of o commereially prepared RMGIC. The arginal BRMGIC and o preparation containing 20 wi's spherieal sihea

filler were also examined with regsrd to thelr fractwred surface and fluoride release.
strength remarkably: up to 17% in the case of S and %% in the eaxe of UF.
The addition of SF inereased the DTS up to 3K%. but UF decveased the DTS, The seldition of SF

strength by up G 17%,

The [llers increased the compressive
Both UF qnul SF inereased the [lexuwral

mmproved the workability and the mechameal properties of the RAGIC.

ey words : Resin-tuedified glass-ionomer cement. Spherical siliea fillers, Silinization

INTRODUCTION

Glass-ionmuer cements (GICS! possess certain proper-
ties that make them uselful as filling materals for
restorations.  These properties include fluoride re-
lease, chemieal bonding and & similar coeflicient of
thermal expansion to teeth. (G1Cs are, however, brit-
tle and exhibit limited merhanical strength and low
wear-registance' . To improve the strength of con-
ventional (1]Cs, resin-modificd glass-ionomer coments
(RMGICs) have heen developed® . The moechanieal
properties of RMGIC {conlaining compomer] are su-
perior to those of eonventional GIC*" . The woak or-
ganic-gall  matrix of  GIC  is  strengthened by
modification of the resin as in methacrylate maodified
svsterms.  However, such resin-modified cements have
decreased [Muoride release and caries resistance” . To
miprove  cement  strenglh and  wear-resistince,
AeLean, Gasser and Simmons ndded metals to Lhe
powder component of GIC™ | Kobayashi et al. added
glass short {ibers 1Ca0-P.a05-Si0,-ALO o G107,
while Yap o @l and  Arita et af.  added
hydeoxyapatite particles to improve the mechanical
properties sl microstructural properties of GIC*
However, 1he use of spherical siliea filler in RMGIC
has not been reported in spile of its greal polential
to increase the flowability of GICs.  Therefore, in
thiz study. the effect of spherical silica fillers on the
properties of RMGTIC was evaluated. The hypothesis
te be tested was that the addition of spherical silica
filler would significantly increase the workability,
physical  properties and mechanieal properties  of
RAMGIC,

MATERIALS AXD METHOIS

Materials

The RMGIC material used in this study was Fuji 11
LC EM (powder Lot #0205211, liguid Lot # 0204301,
GC, Tokyo, Japan) with a recommended powder/lig-
uid ratio (PALY of 3.0, Although the detailed compo-
sition of the material iz not published, it is reported
that the powder was fluoro-alumino-silicate class: the
liquid was methacrylic acid  ester,
polyavrylic aecid and water.

The spherical silica {iller (GC, Tokyo, Japan)
had an average particle dinmeter of 0.3 nm (Fig. 11,
y -methaeryloxypropyl trimethoxvsilane + 3 -NPTS:
iKBA 503, Shin-Etsu Chemical Co.. Tokyvao, Japant,
the filler-matrix coupling agent most commonly util-
ized by dental composite manulacturers to chemically
hond 1o the liller surface and co-pelymerize with the
methacrylic polymer matrix", was used lo silanize
the untreated filler.  Spherical silica filler particles
13 ¢! were immersed in 5 -NPTS solution {030 g of
7 MPTS, (115 g of CH.COOH iNakarai Chemical
Ltd. Kyolo, Japant, 15 g of cthansl 1Wiko Chemi-
eul, Osnka, Japan) and 15 g of Hy0) al room tem-
perature for 10 minutes. The slurries woere stirred
and heated at 93T for 1 heur, then tray dried at 65
T for 21 hours,

The RAMGIC powder was maodified by initiallv
mixing i1 with either the untreated spherical silica
filler (11Kt o1 the silanized spherical siliea filler 15F-
al different weight percentages (5%, 10% and 20%,
belore mixing with Fuji 11 1L EM liguid. The mix-
ing method was to shake 500020000 g of mixture in
a 0o0-m] bottle by hand with o frequency aof 120 cv-
cle/min and an amplitude of 20 cm.  The prepared

composed  of
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Fig. 1

SEM images of materials.
A. Powder of the original RMGIC.
B. Spherical silica tillers had an average parfi-

cle diameter of 0.3 pm.

cement powders are noted as UF5, UF10, UF20, SFb,
SF10 and SF20, which show the type of filler added
and its filler content in weight percentage.

A visible-light curing unit (New Light VL-I1I,
GC, Tokyo, Japan, irradiated diameter: 10 mm) was
used for activating the specimens, and close contact
was ensured between the exit window of the lamp
and the glass plate. The light intensity was checked
and maintained at 450 mW /cm® before each applica-
tion of restorative material using a radiometer
(Demetron/Kerr, Danbury, CT, USA).

Determination of the surface of silica after
silanization

In order to evaluate the silane coupling agent ad-
sorbed on the surface of the silica, trifluoropropyl
trimethoxysilane (FPTS) (KBM 7103, Shin-Etsu
Chemical Co., Tokyo, Japan) containing fluoride was
used as a tagged coupling agent. Silica plates (Lot
# SK-4303, Sumikinsekiei, Tokyo, Japan) were used

since they allowed for a more standardized and de-
tailed quantification of the silane coupling agent at-
tached to the surface of the silica.

The three following groups were chemically ana-
lyzed using X-ray photoelectron spectroscopy (XPS).

(1) Silica plates were immersed in FPTS solution
(0.30 g of FPTS, 0.15 g of CH,COOI, 15 g of ethanol
and 15 g of H,0 at room temperature for 10 minutes,
heated at 95C for 1 hour, and dried at 65C for 24
hours.

(2) Silica plates were silanized as mentioned
above, immersed in distilled water at room tempera-
ture for 2 hours and air-dried.

(3} Silica plates were silanized as mentioned
above, immersed in the Fuji II LC EM liquid at room
temperature for 2 hours, rinsed off with distilled
water, rinsed again with acetone and air-dried.

All silica plates were analyzed in vacuo of less
than 1077 Pa using an AXIS-HS spectrometer
(Kratos Analytical, Manchester, UK). Al-K « mono-
chromatic X-rays with a power source of 150 W were
utilized. Wide and arrow scans were measured at a
pass energy ol 80 and 40 eV, respectively. Quantita-
tive data were obtained from peak areas''

Consistency measurements

The RMGIC was mixed with a P/L of 2.8 to 4.8
(g/g). The mixing time was 30 seconds and the
preparation time was 30 seconds. Then, 0.05 cc of
mixed glass-ionomer cement was placed on a glass
plate, Within 2 minutes of the start of mixing, a
force of 127 N was applied to the top of the plate
and left for 1 minute. The maximum and minimum
diameters of material were measured using vernier
calipers (U39818, Mitutoyo, Kawasaki, Japan) and
the mean result was recorded to the nearest (.05 mm.

Compressive stremgth measuremenls

For the preparation of compressive strength samples,
a eylindrical Teflon split mold with a depth of 6.0
mm and diameter of 3.0 mm was used to minimize
the stress exerted on the specimens during their re-
trieval.

All specimens were mixed in 30 seconds using a
plastic spatula on a mixing pad, syringe-loaded into
a Teflon split mold, covered with a glass plate and
clamped. Taking into consideration the thickness of
the glass plate and the specimens, the specimens were
light cured for 60 seconds on each side. Then, they
were removed from the mold, varnished and im-
nmersed in distilled water. After storage for 24 hours
in a 37C incubator, the compressive strength was
measured using a universal testing machine (Auto-
graph DCS-2000, Shimadzu, Kyoto, Japan) with a
cross-head speed of 0.5 mm min~' outlined in ISO
7489-1986, with a maximal external force of 200 kgf
(1960 NJ.
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Diametrul tensile strength (DTS) measurements

The maximal P/L was chosen based on the compres-
sive strength value. One of the subseguent experi-
ments performed was the measurement of DTS,
Sample preparation in the cylindrical Teflon split
mold (h=3.0 mm, d=6.0 mmJ, light curing and Lhe
testing procedure were the same ag described for the
compressive strength measurements.

Flexural strength measurements

The procedure uged to measure llexural strength was
similar to that used to measure compressive strength
except that the internal dimensions of the Teflon
split mold were 230 mmX2.0 mmXx2.0 mm and Lhe
light ecuring was [or 80 seconds at 3 overlapping
sites. The flexural strength was measured using the
3-point bending method with a 20-mm span. A uni-
versal testing machine was used with a cross-head
speed of 0.5 mm min ' and a maximal external force
of 10 kgt (98 N) was applied to the midpoint of the
test bearm.

Waler uptahe measurements

Before being immersed in distilled water, the speci-
mens 1o he used for the 24-hour diametral tensile
strength measurernents were welghed with an electric

balance [AJ 108, Mettler, Greifensee, Switzerland).
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Fig. 2 XPS images of silanized silica plates.
Arrows  indicate the Fluoride pesks of ithe
spectra.

Aftor being immersed in distilled water for 24 hours
in a 37T incubator and dried lor 1 minute on the
Kim Wiper, the specimens were weighed again, The
degree of water uptake was caleulated from the
changes in the specimen’'s weight and was expressed
a5 a percentage.

Six specimens were prepared for each of the ma-
terial and conditions. All dimensions were measured
using a digital micrometer (283-421-20, Mitutovo.
Kawasaki, Japan). All procedures, except for me-
chanical testing, were performed in a thermo-
hygrostatic rcom kept at 23+ 05T and 50 1 2%
relative humidity.

Statistical analvsis

The resulls of measurements were analyzed using an
ANOVA and Tukey test, with the level of signifi-
cance set at 0.03"'. The difference among the regres-
sion lines of the data was compared with a i-test™.

Fractured surface analysis

After the flexural strength measurements, the frac-
ture surfaces of the samples were analyzed with a
field emission scanming electron microscope ([FE-

SEM) (DS-720, Topcon, Tokyo, Japan).

RESULTS

Determination of (he surface of siliva after
stlanization

Fig. 2 shows the XPS wide-scan spectra of silanized
silica plates. Fluoride peaks were detected on the
treated silica plates surfaces, indicating that the
silane coupling agent presents on ihe surface of the
gilica plates. [t was found that the [luoride peaks
area of samples 1, 2 and 3 did not differ signifi-
cantly.

Conststency

Fig. 3 presents the results of consistency tests, The
original RMGIC can be mixed at a P/L of up to 4.0.
The addition of 5 wt% SF or UF made it possible to
use a P/L of up 1o 4.4, while the addition of 10 wt%
SI* or 20 wt% UF made it possible to use a P/Loup
to 4.6, The addition of 10 wt% UF or 20 wt% SI® al-
lowed the RMGIC to be mixed with a /L of up to
48,

At a P/L of 4.0, the value recommended by the
manufacturer, the consistency of the RMGIC was 39
82 =100 mm. Incrcasing the P/L to 4.0 {(max.)
caused the consistency to decrease to 31.79+1.86 mm.
For the UFb, UF10 and UF20, consistency values at
P/L 3.0 were 41 88+£059 mm, 41.31+0.93 mm and 3
9.48+1.34 mm, respectively. At the P/L maximum,
the consistency decreased te 32.23+1.76 mm, 31.93%
0.79 mm and 31.66+0.84 mm. For the SF5, SF10 and
SF20, consistency values at P/L 3.0 were 41.04 11,54
mm, 4133 + 1.10 mm and 3692 £ 0.97 mm,



TAANDRAWINATA eb ol 119

46
. A
* Original RMUGIC
- 42 F OuUFL
E a0 AUF10
- *UF20
A I
5 {
= ¥ r i
e
g M -7 i r
Yont } [ 6
M
28 L 1 1 L 1
2.6 30 34 3.8 4.2 4.6 5.0
Powder / Liguid
46
Moo B
* Original RAGIC
- 2 2 R
E SF10
g 0 r g *SF20
-;‘ iR+ é {
= T
E 6 @
E M ¢ % P
= P :
Yo B 5 ¢
: .
30 - .
zs L 1 i 1 L
2.6 3.0 34 38 4.2 4.6 5.0
Powder / Liguid
iz Powder:liguid vs consizteney of sphevieal sil-

ira fillet-added RAIGIC, n=4.

A The correlation in UF-added RAGIC
Original BNGIC; v — — 0815 +62.96,
r=—{0.996, p-"0.001.

UFS: vy G053 +61.22, r— {00, =001,
UFILO: vy 5.5Bx + 5855, r—= —0400, p<TU0L,
UF20: v - 44025 +51.479, r- 0.995,
p<0.001.

B. The correlition in SF-added RMGIC
Original RAGIC: v— 7.81x+ 6206,
r=—0.996, p< 0001

SFS: v—  6.26x +0h0.G4, v=—1093, <0001
SF10: ¥ Whlx+5747, r— 089, p<0.001
SF20: y—  3.3x+47.25, r=—099, p< 0000,

respectively. At the P/L maximum. these values de-
preased to 31772230 mm, 32.13£0.68 mm and 31.03
OO mim,

The regression analysis of the correlation be-
tween [P/L and consistency guve lincar results with
- .99 and p<<0.001, The gradient for the original
RMGIC is —T7.81, while the gradients for the SF3,
SF10 and SF20 were —6.26, —5.56 and  3.3%. and
those for the UFa, UKD and UF20 were —6.53,
—5.58 and —4.92, respoctively. The comparison of
the regression analysis of the correlation between
P/L. and consistency is presented in Table 1. There
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Fir. b Powder-liguid - vs. coanpressive strength of
spherical siliva (ler-udded RAGIC. n-6.
AL The correlation in UF-added RMGIC,
Original RAGTE: » 17.237x+ 10136,
r=0.8G, p<D5.
UFD: y—18.10x 10463, r—0.88, p<001,
UIF10: y=17.32x + 1916, v=087, p<O01.
UT20: v=1980x * 65,00, =096, p</0.001.
3. The correlation in SFF-added RNGIC.
Ohriginal RAGIC: v - 17 27x + 10436,
r=0.86, p<0.05%
SFar v=28.22x 1 6878, r=0.88, p<<0.001.
SFI0 v =27 60x+74.01, r=099, p<0.001,
SE20: y=25081x 1 7824, r=093, p<0.001.

are  significunt  differences  among  the materials
ip<0.01 or less'. However, there was no significant
differrnee hetween the ropression tines of the SKS
and S0, the UF10 and UT20 or the SF5 and UFL

Compressive strength measurements

The effert of the spherical silica fillers on the com-
pressive strength of the materials is summarized in
Fig. 4. At PsL 3.0. the rompressive strength of
RMGIC is 133+4 MPa.  Inereasing the P/L to 4.0
{max.) increased the compressive strength to 17086
MPa. For the UF5, UFI0 and UF20, the compressive
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Table 1 Differences in /L vs. consistency regression
analvsis of the original RMGIC and spherical

silica filler-added RMGIC

Comparison Signilicance*
Original RMGIC vs.  LIF) p<0.001
UFI0 p<0.001
LF20 p<0.001
UFos Vs, TF10 p<Qil
L'F20 =<2 0.001
UF10 Vs, UF p>0.03 {N3)

Original RMGIC vs.  BF3 p<_(.001
St p< 001
S et p<0.001

sF3 vs,  SF10 p=0.0s (NS)
SF2( p<0.001

5F10 V5. 520 p< (.0

UT'5 Vs, 5F5 p>0.05 (NS)

UF10 5. k10 p<0.001

UF20 va.  SF20 p<<{.001

*: Anslyzed using the t-test

Table 2 Ihfferences in P/L vs, compressive strength
regression analysis of the original RMGIC
and spherical silica filler-added RMGIC

Comparisor-l- Significance™
Original RMGIC vy. UF5 p>»0.05 (NS)
UF  p<00
UF20 p<0.001
UF5 V4. UFl0  p<0.001
UF2y  p<0.001
Ur1o v, UF20  p<0.001
Original RMGIC TR 5K p<<0.001

SF1 p<0.05

SE20 p>0.05 (NS)
SF5 vs,  SF10 p>0.05 (NS)

SF20 p>0.05 (NS)

SF1 vs.  AF20 p>0.05 (NS)
{IFS va. 5F5 p=< .00
UF10 vs, ArFl) p<0.001
UF20 vs.  SF20 p<2{.001

*: Analvzed using the t-test

strength values at P/L 3.0 were 160+5 MPa, 13916
MPa and 121+£6 MPa, rospectively. At the IJL
maximum, the compressive strength was 18516 MPa,
168+ 16 MPa and 158+7 MPa. For the SF5. 5F10
and 5F20, the compressive sirength values at /L 3.0
were 1036 MPa, 160+5 MID'a and 1494:4 MPa, re-
spectively. At the P/L maximum, these values in-
creased to 19345 NMPa, 19646 MPa and 19948 MPa.

The regression analvsis of the correlation be-
tween P/ and compressive strength gave linear

sented In
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Fig.d Consislency vs. compressive strenglh of sphen-
el silica filler-added RMGIC, n=6,

A, The correfslion in UF-added RMGICs.
Original RMGIC: v=—2.08x + 23856,
r=—{L8], p<<0.05.

UFS: y=—2T1x4272.23, = —0.497, p<<0.001.
UF10: y=—-2094x+267 85 r=—083, p<001.
UF20: y — —4.00x + 283.20, r=—0,93, p<0.00],

B. The correlation in SF-added RMGICs.
Original BMGIC: v— — 2 08x+238.36,
p= —0.81, p<0.05.

SF3: y= 4.50x t+ 33760, r— —0.98, p<0.001.
SFI: y — —4.88x +355.66, r=—0.95, p<0.001,
SF20: y=—T7.79x +444.08, r= —0.96, p<T0.001.

results (r=0.86 or more and p<®.05 or p<0.001;.
The gradient for the original RMGIC is 17.27. The
gradients for the SFi, SF10 and SF20 were 28.32,
27.60 and 25.81, while those for the UF5 UFI0 and
UF20 were 18,15, 17.3% and 19.80, respectively. The
comparisons of these regression analyses are pre-
Table 2. There was no significant
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difference among the rvegression lines of the SF5.
SIFN) and SF2), hetween the regression lines of the
otiginal RMGIC and SF20, also between the regres-
sion lineg of the original RAIGIC and UF3.

The correlation between consistency and compres-
sive strength 13 presented in Fig, 5. The regression
analysis of the correlation gave linear resulls ir=

U.81 or more and p<0.05 or less). The gradient of
the original RMGIC was —2.08. The gradient of the
SFh, SF10 and SF20 were —450, 488 and 7.7,
while those of UFS, UFID and UF20 were — 2.71,

-294 and - 400, respectively. The eomparison of
the regression analysis of the carrelation hetween
consistency and compressive strenglh is shown in
Table 3. With the exceplion of RMGIC and U0
{p>>0.05), the regression analysis of Lhe correlation

Tahle 3 ronsistency  vs

Differences  in COMMPressive

strengih regression analysis ol the orginal

RMGIC and  spherical  siliea filler-added
BEMGIC
Comparison Significance™®
(wipinal RMGIC V. UF3 p<8.001
UF1 p>h0s (NS
CF20 P (1001
U'Fa Vs, UF10 p< 1001
UF20  p<fiinl
LFLO va. UF20  p<.001
Original RMGIC Vs aFS pe< {1001
sK10 p<.001
SF20 p<0.001
SIS v SF10 P05
SFi0 p< 001
SF10 vy SF20 p<< 0.001
L'FS V. HFa p< .01
URL0 vi.  HF10 p< 0.001
UF20 . SF20 p=-0.001

*: Analyzed using the t-test

hetween consistency and compressive strength showed
significant differcnces among the materials (p<0.05
or less).

The results of the mechanical properties at maxi-
mum /L, which were analyzed statistically, are
summarized in Table 4, [n the compressive strongth
measurements, there was o significant difference he-
tween the SF-added RMGIC and the original RMGIC
ip<0.85]. There was no significant difference among
the original RMGIC, and UF10 or UF20, or amoeng
UFS and 8F5 nr SF10.  The addition of SF increased
the compressive strength significantly up to 17%.
while the addition of UF only increased the strength
up 1o 9%,

[N measurements

In the DTS mensurements, there wus a significant
difference betwoen the original RMGIC and SF-added
RMGIC (p<0.05) (Table 4). The addition of 10 wi%
ST inereased the DTS significantly up to 38%. from
21.1-50.7 MPa 10 29.2£20 MPa. However, the addi-
tion of UF decreased the DTS, There was no signifi-
cant difference hetween the original RMGIC and UFS
{20.0£ 1.3 MPa}l, belween the UFS and UF10 (8.0 ¢
1.3 MPa) or between the UFI0 and UF20 {155 t 0.7
MPar.

Flexural strength measurements

Except with UIF20, there was no significant difference
among the materials in the flexural strength meas-
urements (Table 1. The addition of 8F or UF in-
creased  the flexural strength up to 17%. The
flexural strength of the original BMGIC was 53.8 ¢
8.3 AMPa, while the greatest gain in flexural strength
was obtained n SF2) (63,258 MPal and UF10
(63.1 £3.8 MPul.

Weater uptake

The water uptake measurements are also listed in
Table 4. The addition of UF reduced the water up-
take of RMGIC, though net significantly, up to 9%:

Tuble 4 Physical and mechunical propertics of the original and spherical silica liller-added RMGIC at the maximum work-

ability

. : wsive strenglh®
Materials P/L Compressive sireng

Dametrieal tensile

Flexmal strength® Water uptake®

(MPal strength® (MPa) M) (%]

Original 441 17046 v, 21.1+0.7 k MBxRA 1 G 112027 x
[ERS IS

[ ) 4.4 1856 (9% b or 200018 - 5%) kI 36860 (5%) ] 283010 1 —8%) x. ¥
LT3 4.8 163416 ( 1'%) ¢, d 180405 € 15%Y 1, m B3.1 1K (17%) 1 2820210 (-9%)  x, ¥
[ el 1.6 IBBT -T%) d 15.520.7 ¢ 7% m AT=40 (—43%) r 311003 0} X
S5 1.4 1935 4% a. h 23310 Ay n BT 406 (50 3} 1924029 ¢ 18%0 v
=10 1.6 19626 {(13%) a, h 2924310 (3K P Bl 1Y (12%) t F212001 1 —29% »
Sl 1.8 19948 (I7T%) a 25127 (19%) n BA24+ a8 (17%) q 081016 1 33%) =

{ 1 increasing rate, compared to original RMGIC
UF  untreated filler, SF—silanized [iller

*: Same letters show no significant difference analyzed using the Tukey test. p> L5, n=6.
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SEM images of the flexural strength fractured

surface of RMGICs,

Arrows indicate the interfacial bonding be-

tween fillers and matrix of RMGIC.

A. Fractured surface of the original RMGIC.

B. Fractured surface of UFZ0. Fillers were
separated from the matrix due to mechani-
cal bonding failure at the interface hetween
filler and the matrix of RMGIC.

C. Fractured surface of 3120 Silanized fillers
were bonded by chemical honding at the in-
terface hetween filler and the matrix of

RMGIC.

from 3.11£0.27% to 2.82+0.21% at 10 wt%. How-
ever, the water uptake of SF20 was 2.09+0.16%, a
decrease of 33% (p<0.05).

Fractured surface analysis
Fig.6 shows the fractured surface of RMGIC with

spherical silica filler analyzed by SEM. The original

Gradient of consistency vs. compressive strength

P : . l ,

0 5 10 15 20 25
Spherical silica filler addition (wt%)

a0 -

Fig, 7 The amount of spherical silica filler vs. gradi-
ent of correlation between consistency and
compressive strength of spherical silica filler-
added RMGICs,

UF: y=9.29x —2.12, r=—0.99, p<0.01

8F: v=—26.82x—247, r=—0.98, p<0.05

RMGIC shows an irregular fracture surface (Fig.
6A). Debonded spherical silica fillers are observed at
the fracture surface of the UF-added RMGIC (Fig.
6B). In contrast, at the fractured surface of the SF-
added RMGIC (Fig.6C), spherical silica fillers are
clearly visible, however they are bonded with the ma-
trix of RMGIC.

DISCUSSION

Silane coupling agents are used to reinforce the adhe-
sion of the filler to the matrix polymer and also to
increase hydrolitic stability™" . The organofunc-
tional silane »-MPTS has been used extensively in
dental resin-based composite materials'®. The en-
hanced stability of composites compounded with filler
treated with »-MPTS or with another silane cou-
pling agent is attributed, in part, to the formation of
a siloxane bond between the filler and the coupling
agent'"'® . Consequently, the interaction between the
resin component of the matrix RMGIC and spherical
silica filler in this study was considered to be rein-
forced by the silane coupling agent, and not to be af-
fected by the liquid of the RMGIC as presented in
the XPS image.

In the XPS analysis, the peaks for the presence
of fluoride tags of the silane coupling agent on the
surface of the silica plates were detected based on
binding energy. The area of [luoride peaks that pre-
sent the fluoride tags of the silane coupling agent on
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ithe surface of the silica plate did not differ signifi-
cantly (Fig. 2).  Thereforve, it is suggested that im-
metrsion in distilled wuater and in the liquid of the
RMGIC, which cont:ined polvacrylic acid, for 2 hours
did not affect the atiachment of the silane coupling
agent to the reated siliea surface.

As menuoned, the light curing process polymer-
izes the monomers in the liquid of the RMGIC,
However, the polymerizalion is seldom complete and
-iual or unpolvmerized free mononer molecules
can leach out and cauze an allergy or have harmful
effert="" 1. Increasing the P/L will reduce the
amount of liguid used and so reduce the release of
free monomers (rom the [illing materials.

It was reported that increasing the B/L leads to
a decrease In consistency and an increase i1 the
spatulation Torce required to adequately mixing the
comentiticus mass'™? . This condition was also ob-
served i the present experiment.  The addition of 10
wis UF or 20 wi% SF waised the consistency of
RMGIC, making it possible to use a 'L ol up to
4,8 This gave a mixture with about the same con-
sistency us the originnl RMGIC. Specifically, the ad-
dition of silica [iller o RAMGIC powder will extend
the workability of the material. The addition of UF
or SF influenced the correlation of P/l with consis-
teney, as marked by a shilt in the gradient of the re-
gression line (Fig.3).  The gradient of SF-added
BEMNGIC and that of UF-added RAMGIC was less than
the gradient of original RMGIC, which means Lhal
the rate of decrease in consistency caused hy the in-
crease 1n P/L owas less in the coments containing SF
and UF. However, the difference was not sighificant
between the RMGICs with 5FH and SFH), UF10 and
UF20, or with SFb and UFh Sinre the amount of
hydrophobic SF owas small and the filler was seat-
tered throughout the matrix powder, 11 s assumed
that the differcace hetweon 5 and 10 wt% is too
small to significanlly influence the consistency of the
RMGIC, [t van also be assumed that at & wt%, the
hydrophilic-hydrophehic characteristics of the filler
do not nplav a distinet rele. This might explain the
lower level of signilicance in the correlation between
consistenry and compressive strengilh.  In contrast, il
is assumedd that at more than 10 wi%, U'F would act
as an impurity and not influence the rate of decrense
in consistency caused by the increase in P/L.

The addition of UlF or S5F alsa influenced ithe cor-
relation between P/L and compressive strength (Fig.
31 The gradient of SF-added RAGIC was 1.19-1.64
times. ani that of UF-added RMGIC almost the same
as (1.00-1.15 times) the geadient of original RMGIC,
It is showed that the rate of increase In compressive
strength caused by the increase of '/l was grenter
in the cement containing SF than i the original or
UF-added BRMGIC, Yet, silanization of the filler had
a marked effect, as shown by the sigmficant differ-
ence hetween the addition of SF and UF at the same

amount of filler (p<0.001).

The decrease in consistency that follows the in-
crease in P/L also leads to a change in mechanical
properties. Fig. 5 and Tahle 3 show that the addition
of UF or SF significantly influences the correlation
between consistency and compressive strenglh, as
marked by s shift in the gradient of the regression
line. The gradients for 3F-added RMGIC were 2.25-
3.7 times greater than that of the cement without
filler. while the gralient ol UF-added RMGIC was in-
creased 1.30-1.92 fold. T is suggested that the de-
erease in congisterney and inerease in compressive
strength ocorved more rapidly in the preparation
with SF than in the UF-added or eriginal RMGIC.

The gradients of the correlation between consis-
teney and compressive strenglh in the RAGIC: (Fig.
31 were also interrelaled with the addition of the
fillor, as shown in Fig. 7. Yet, the correlation [or
Ui-added RMGIC tr=--049, p<0.01) is a little more
distinctive than that for SF-added RMGIC 1r= -0.48,
p<0.031 and there is significant difference betwoeen
the two values (p<<0.05'. The gradient of the corre-
lation m SF-added RMGIC has a larger negative
value than that in U-added RMGIC, indicating that
due to silane pretreatment, which changes the char-
acteristics of the spherical silica fillers, the addition
of SF inlluenced the RMGIC more than the addition
of UF.

Fir. d showed that the addition of UF al up to 3
wt™ and SF at up to 20 wi™ increased the compres-
sive strength remarkably at a similar low consis-
tency.  Consequently, in order to examine more
characteristics of cement to which spherical silica
filler wax added. the maximum P/l that could he
mixed in the dental clinic was chosett for DTS and
flexural strength moasurements. This maximum P/L
also gave a  similar  consisteney  to Lhe original
RAMGIC mixed at P/L 100 The addition of UF o 3
wt® inereased the compressive and flexural strength.
However, at more than & wt%, UF addition reduced
the cement's strength, because the fillor hecame an
unpurity that did not hond te the matrix of the
RMGIC.  The opposite offect was observed with the
addition ol SF. Since the [illers were silane-treated.
thew ability 1o bond 10 the matrix wios Iimproved and
the addition of SF at up to 20 wi'e increased the
compressive strength and DTS significantly, as well
as ncreased the Tlexural strength.  Aore significant
evidence i+ provided by the SIM observations of the
{ractured =uwrlace of the specmens (Fig. 6). It was
found that the Wwterfacial bonding between UF and
the matrix of RAGIC was due to mechanieal hond-
ing, while that between SF amd 1he matrix was due
to chemical bonding as a result of silanization.

[t was reported that flexural strength was more
sensitive Lo changes in material substructure than
eompressive strength™ " However, in this experi-
menut, the DTS test was more  seasitive  for
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distinguishing the cffect of UF and SF. The DTS
values also showed that the merease in strength is
more dependent on the chemical reaction than the
morphology of the fillers.

As the compressive strength increased, the flex-
ural strength and DTS also tended (o increase, al-
though the results of the regression analysis of the
cotrrelation were not signifirint.  This carrelation
should be examined more closely.

Another factor that may influence mechanical
mroperties is the uptake of water. UF did not reduce
the water uptuke of RMGIC significantly, while SF
did (up to 33%). The hydrophobic characteristic of
S5F might influence surface and grain boundary diffu-
sion™', (hen increanse the resistance of the cement to
wator uptake.

In the next study, it is necessary to Investigate
the ability to bond tooth tissue. the setting shrink-
age and more characteristics of KMGIC containing
spherieal silica filler.

CONCLURION

The addition of spherical silica fillers to RMGIC
powder improves the workability of the material. At
up to 20 wi% spherical silica (iller, there is & signifi-
cant linear correlation among the filler amount. con-
sislency and compressive strength of the RMGIC,

The silanized spheriesl silica fillers increased the
comptressive sirength, diametral tensile strength and
Mexural strength. and reduced the water uptake of
the RNGIC.  The silanized spherical silica filler also
tmproved the mechanical properties of the cement
more that the untreated spherical silica filler.
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The purpose of this study was Lo investigate the offects of silanized spherical silica Tillers (SFL on the immediate and 21
hour marginal gups of resin-modilied glass-onomer coment (RMGICT in tooth eavities,  In correlation with marginal gap
forntion in the tooth eavity, Lhese influencing factors were also cxamined: marginal gup and setting shrinkage of cement
in the Teflon wmald, as well as the shear bond strength to tooth substrate. Moreover in correlation with caries prevenlion,

flucride relesse was examined Lo

In this investigaition, the fillers woers mixed inte the RAIGIC powder iFuji 11T LC BA Untreated spherical siliea Gller
U raadded RAGIC was used as o comparison.  When compared with the control e, original RMGIC) the addition of S
sigmificanily decreased immediate maoginal gap in tooth cavities and seiting shrinkage in Teflon mold up to 63% and 66%

respectively.  Fluoride release was signilicantly reduced too,

Apart from these resulls, this study showed that addition of

5wt SF inereasied the shear bond strength to human enamel and dentin,

Kev words: Hesin-modified glass-ionomer cement. Silanized spherieal silien fillers, Marginal gap

INTRODUCTION

Glass-lonomer coments (GICsT possess severul henefi-
el properties, including physicochemieal adhesion 1o
tooth structures and release of fluoride 1ons.  Newer
versions  of  light-cured  gluss-ionomer, which are
known as resin-modified  glass-lonomer  cernents
[(RMGICs), combine the favorahle properiies ol GICs
with those of resin composites.  These include the in-
herent adhesion and cariostatte properties of the for-
mer and the command setting  behavior, good
mechanical properties, and wear resistance of the
latter' . Compared with conventional analogs,
HMGICs have been characterized as having o longer
working time, a rapid set, improved appearance and
translucency, in addition to a higher early strength
along with higher bond sitength to ename]! and
tdentin®™ . As a result, RMGICs also have less
microteakage than conventional GICS**™'"  How-
over, RMGICs sl need surface protection to reduce
margin microlenkage®™, and they also show less fluo-
ride release and caries resistance than GICs'™ .

[n a previous study™ | we reported that the addi-
tion of spherical silica fillers to a RMGIC powder im-
proved the workahility of the cement. The addition
of silanized spherical silica fillers {(SF) increased the
compressive strenglh, diametral tensile strength and
flexural strength. and reduced the water uptake of
RAIGIC. It was shown throuph the previous study
that SF improved the mechanical properties of the ce-
ment more than untreated spherical silica fillers

UF Y. Indeed, the success of SF addition would

have had a greater value if it could reduce marginal
gap or microleakage and possess other advantages in
correlation with the tooth substrate.

Therefore, in this study, the first hypothesis was
that the addition of SF to BMGIC weuld reduce the
immediate and 24-hour marginal gaps in tooth cavi-
ties.  The second hypothesis was thal the marginal
gap and rate of selling shrinkage in Teflon mold and
the shear bond strength of RMGIC would inlluence
marginal gap formation in tooth cavities. The final
hypothesis was that the addition of SF would reduce
the fluoride release of RMGIC.

MATERIALS AND METHODS

Materiats

The RNGIC material used in this study was Fuji 11
LC EM (powder lot #0205211, liquid lot # 0204301,
GC Corp., Tokvo, Japan? with a recammended pow-
der/liquid ratic (P/T.} of 3.0. The detailed composi-
tion of the materinl has not been released. But
acconding  to manufacturer's mformation, 1t was
given that the powder is fluorc-alumimoe-silicate glass,
and the liquid is composed of methacrylic acid ester,
polvacrylie acid, and water.

The silanized spherical silica filler (GC Corp.,
Tokvo, Japan!, which has an  average particle
diameter of 03 «m with 5 -methacryloxypropyl
trimethoxysilane 13 -MPTS: (KBM 303, Shin-Eisu
Chomical Co., Tokvye, Japan), was prepared as provi-
ously described™,

The RMGIC powder was modified by mitally
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mixing it with either the SF or UF at different
weight percentages (5%, 10%, and 20%) before mix-
ing it with Fuji IT LC EM liquid. The prepared co-
ment powders are described as SF5, SF10, SF20, UF5.
UFI1Q, and UF20 — hence indicating the type of filler
added and filler content in weight percentage. Both
the mixing time and preparation time were 30 sec-
onds each.  As for the P/L, each one was chosen ac-
cording to the maximum compressive strength value
of cach cement in the previous study". Fuji II LC
EM was mixed with P/L=3.0 as the control and
with P'/I.=3.6 as the maximum compressive strength
of the original RMGIC {(FLCEM). S8F5, SFi0, and
SF20 were mixed with P/L of 4.0, 4.4, and 4.0; while
UF5, UF10, and UF20 were mixed with B/L of 4.4,
4.4, and 4.0, respectively.

A visible-light curing unit (New Light VL-II, GC
Corp., Tokyo, Jupan, irradiated diameter: 10 mm)
was used for activating the specimens, and close con-
tact was ensured between exit window of the lamp
and matrix. The light intensity was checked and
maintained at 450 mW/em’ wsing a radiometer
(Demetron/Kerr, Danbury, CT, USA).

Although much information has been generated
on the use of bovine teeth, the use of human leeth is
a preferred option'™. A total of 320 human premo-
lars, extracted for orthodontic reasons, were used to
measure the marginal gap in tooth cavities and the
shear bond strength to tooth tissues in this study.
After extraction, the tecth were stored immediately
in distilled water at about 4C within 3 months he-
fore use. Since occlusal dentin tends to give lower
bond strengths than proximal or buccal dentin®™™,
and that dentin tubule orientation and location sig-
nificantly  influence the results of mechanical
strength tests™" | proximal flat enamel or dentin
surfaces were used in this study.

All procedures, except for cavity preparation and
mechanical testing, were performed in a thermo-
hvgrostatic room maintained at 23+05T and 502
% relative humidity. The results were analyzed sta-
tistically using ANOVA, the t-test, and Mann-
Whitney U-test®

Marginal gap in tnoth cavities

Human premolars (N=10 for each material and con-
dition) were embedded in a slow-setting epoxy resin
(Epofix Resin, Struers, Copenhagen, Denmark). Flat
enamel surfaces on the proximal area of the teeth
were obtained by prinding with wet silicon carbide
paper (#800]. The cylindrical cavity on the coronal
region of ecach tooth was prepared to a depth of ap-
proximately 1.5 mm with a diameter of 3.5 mm with
a tungsten carbide bur (200,000 rpm) and a fissure
hur (8,000 rpm) using water spray. The dimensions
of the cavity were measured using a vernier caliper
(U30818, Mitutoyo, Kawasaki, Japan). Each cavity
was treated with a Cavity Conditioner (Lot

x0205101, GC Corp., Tokyo, Japan [or 10 seconds
according to manulacturer's instructions, rinsed
thoroughly with distilled water. air-sprayed, and
filled with the material using a syringe tip (Centrix
C-R Syringe System; Centrix, Shelton, CT, USA}.
Covered with a plastic strip, the material was light-
cured for 20 seconds. Surfaces werce polished immedi-
alely after light activation or after storage in
distilled water at 37°C for 24 hours. Excess filling
material was removed by wet grinding with a wet
silicon cartnde paper (#1000}, followed by polishing
using an agueous slurry of 0.3 m aluminum oxide
{Alfa Micropolish, Buehler Ltd., Lake BIluff. 1L,
USAY and thorough rinsing with distilled water.
Each restoration margin was inspected under a trav-
eling microscope (400 X | Measurescope, MM-11,
Nikon, Tokyvo, Japan}®®® The maximum gap
width and opposing width (f any} between the co-
ment and cavity wall were measured. and the sum of
these two values was expressed as the marginal gap
in thal tooth cavity. As some specimens had zero
marginal gaps, especially after 24-hour water stor-
age, the overall sum of 10 specimens examined per
material was calculated as the total marginal gap for
the group®’

Setting shrinkage in Teflon mold

Teflon does not react with the filled material. There-
fore Teflon molds of the same diameter and depth
were prepared to measure the degrees of setting
shrinkage (immediately after set} and hygroscopic
expansion (after 24-hour water storagel, as wcll as
to compare the marginal gap width in the tooth cav-
ity. The Teflon mold was placed on a silicon oil-
coated glass plate and a matrix strip that would not
react with or bind to the filling material. Each mold
was filled with the material using a syringe tip, then
covered with a plastic strip and light-cured for 20
seconds. Immediately after setting or after 24-hour
storage in distilled water at 37°C, any excess material
was removed. The maximum gap width and oppos-
ing width between the cement and the Teflon ecavity
were measured, and the sum of these two values was
expressed as the marginal gap in the Teflon cavity.
The degree of setting shrinkage was determined
using the formula below:

S=(G/d) x100%

where S5 was the setting shrinkage, G the marginal
gap, and d the diameter of the Teflon mold®™. Ten
specimens were prepared for each material and their
conditions investigated.

Shear bond sirength to enamel and dentin

The shear bend strength to enamel and dentin, which
comprise the cavity wall, was measured to evaluate
the bonding effect between the filling material and
the eavity., Bond strength to flat enamel and dentin
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surfaces was determined hoth immediately after light
activation and after 24-hour distilled water storage
at 37T. Specimens (N=10 for each material and
condition} were obtained from human premolars em-
bhedded in the slow-setting epoxy resin. Proximal
flat enamel or dentin surfaces were obtained by
grinding with a wet silicon carbide paper (# 1000}
followed by treatment with the Cavity Conditioner
for 10 seconds. To preparc the shear bend strength
samples, a cvlindrical Teflon split mold (3.6-mm di-
ameter X 2.0-mm height} was used to minimize the
stress exerted on the specimens during their re-
trieval. Each material was placed into the Teflon
mold set on the enamel or dentinal surface using a
syringe tip, then hardened hy light-curing. The
specimens thus obtained were mounted on a universal
testing machine {Autograph DCS-2000, Shimadzu,
Kvote, Japan} and shear stress was applied at
0.5 mm/min, with a maximum external force of 50
kgf (490 N}. Alter shear hond strength measure-
ments were taken, the fractured surfaces were
analyzed using a light microscope (4 X, SMZ-10,
Nikon, Tokyo, Japan) to ascertain the nature of
fractures®™*,

Fluoride relense measurement

The release of fluoride from SF20, UF20, and FLCEM
was measured. All specimens were mixed for 30 sec-
onds using a plastic spatula on a mixing pad, sy-
ringe-loaded into a c¢ylindrical Teflon split meld
(d=20.0 mm, h=0.5 mm}, and covered with a glass
plate and clamped. After heing light-cured for 20
seconds at five overlapping sites, the samples were
removed from the mold, placed in polyethylene vials
with 25 ml of distilled water, and stored in an incu-
bator at 37C for 1 day, 2 davs, 3 days, 1 week, and
2 weeks. For each material and each time period,

Table | Marginal gap in the tooth cavity

three samples were prepared. After each specified pe-
ricd, the samples were removed from the medium,
and 10 ml of the medium was transferred to another
vial and mixed with 1 ml of TISAB TII solution
iThermo Orion, Beverly, USA). The amount of flun-
ride ions released from the RMGIC sample in this so-
lution was measured using a pEl/ion meler (F23-
$937, Horiba, Kyoto, Japan}.  Then, using a
SigmaPlot 8.0 program (SPSS, Chicago, Illinois,
U'SA) by placing the cumulative fluoride release
i[F1.. mp/L) as a function of time (t, day}, the data
were fitted to a single rectangular II. 3-paramoter
equation as follows:

[FI.=[F]t/{tj.+t) + at

where [F], was the total amount of fluoride to be re-
leased, i the time needed to release half of this
total amount, and ¢ the kinctic parameter*™.

RESULTS

Marginal gap in tooth cavities

Table 1 lists the effects of spherical silica fillers on
the marginal gap in tooth cavities. The marginal
gaps of all SF-added RMGICs were 67% of the
control's or le=s. The marginal gap of SFI} was
63% of the control’s or 83% of FLCEM's, while that
of UFI10 was 62% of the control's or 81% of
FLCEM's, Comparing the sums of the immediate
gap width using a non-parametrie t-test™®', all ma-
terials with fillers showed significant differences
from the control and FLCEM (p<0.05). However,
there were no significant differences among SF5,
SF10, and UF1(; or among SF5, SF10, and UF2D; or
between SF20 and UF5.  After 24-hour storage in
distilled water, there were no significant differences
among the conirol, FLCEM, and UF20, as well as

] The sum of marginal gaps for all 10 specimens (,m}’ @ value®

Material P/L . dintal At --72] 0 -
mimellately ey 4l OUrs

SF3 4.0 7 [0] (4—10¥*" 6 4] (0—11" p<0.05
SF10 4.4 73 [0] (5—11" 6 [4] (-1 < 0.05
8F20 4.0 77 [0 (2—11)° 6 [4] (D—10*% p<0.05
UF5 4.4 82 [0] (5—13)° 6 [4] (0—1)% P<0.05
UF10 4.4 71 0] 21 6 [4] (0—1)*F p<0.05
UF20 1.0 77 [0] (5—12)" 7 14} (0—1b p<0.05
FLCEM 3.4 88 [0] (4—14)9 7103 (0-1* p<0.03
Controt 3.0 115 [0] (7—17)' 7 [8] (o—1)® p<0.05

SF =Silanized spherical silica filler; UF =Untreated spherical silica filler

FLCEM =Fuiji [ LC EM mixed with P/L 3.6; Contrel=Fuji II LC EM mixed with P/L

3.0, n=10
[ ]=Numbher of sperimens with no gaps
{ i=TRange of values

1: Identical letters indicate no signilicant differences ameng the malerials analyzed
using the t-test (p>0.03, non parametric)™ "
2: Significant difference, analyzed using the Mann-Whitney U-test between two sums
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among all other spherical filler-added RMGICs. The
Mann-Whitney U-test showed a significant difference
(@ <0.05) between the immediate and 24-hour values
for each material. Compared with the control, the
immediate gap width mean values of all spherical
filler-added RMGICs showed a significant difference
(Fig. 11.

Setting shrinkage in Teflon mold

Table 2 lists the effecls of spherical silica fillers on
the setting shrinkage of RMGIC in the Teflon mold.
At the immediate time point, there were no signifi-
cant differences among FLCEM, UF5, TF20, and
SF20.  All materials, except FLCEM, showed a sig-
nificant difference (p<<0.05] in comparison with the

SF10 e
SF20 Y c.d
.E o i W Tooth cavity
5 LF10 : - Qa Tellon mold
= ’
a
UF20 Fc.d

@, Iy
v R .
' 3
- .

|7 I i 1 1 1 1
L 5 10 15 20 25 30 35

Gap (um)

Fig.1 Comparison of immediate murginal gap mean val-
ues of RMGICUs in the Teflon mold and in the tooth
cuvily, n=10,

Identical letlers indicate no signilicant difference
among the materials analyzed using the t-lest for

diflerences among several means (p=0.03).

control. The immediate setiing shrinkage of all SF-
added RMGICs was 73% of the control's or less.
SF10 had a setting shrinkage of 0.62 + 0.08%, of
which 1ts value was 66% of the control's or 78% of
FLCEM's. However, there were no significant differ-
ences among the 24-hour setting shrinkage values in
the Teflon mold. There was a significant difference
(p<0.05) though, between the immediate and 24-hour
values for each material. Compared with the control,
the immediate gap width mean values of all spherical
filler-added RMGICs showed a significant difference
{Fig. 1), There was also a significant difference be-
tween the immediate marginal gaps in the tooth cav-
ity and in the Teflon mold (p<0.03).

Shear bond strength tc enamel and dentin

Table 3 lists the effects of spherical silica fillers on
the shear bond strength of RMGI{ to enamel. Ex-
amining the immediate shear hond sirengihs to
enamel, there was a significant difference between
SF> with the control and with UF20 (p</0.05}.
After 24-hour storage, there was a significant in-
crease (p<0.05) in shear bond strength o enamel,
and SF5 showed the highest shear bond strength
value,

Table 4 lists the effects of spherical silica fillers
on the shear bond strength of RMGIC to dentin.
There were no significant differences among the im-
mediate shear hond strengths to dentin. However,
after 24-hour storage, SF3 and FLCEM showed a sig-
nificant difference in comparison with SF10, SF20,
UF10, and UF20. There was also a significant in-
crease {p<(0.05) in shear hond strength to dentin
alter 24-hour water storage. However, the increase
was not significant in SF20 and UF20.

During the course of shear bond strength tests,
the majority of failures eccurred in RMGIC itsell
rather than at the RMGIC/tooth interface, which is

defined as a cohesive failure®™™.
Table 2 Setting shrinkage in eflon mald
Material  P/L Tmmediately (%)’ After 24 hours (%)! @ value?
SF5 4.0 (.64 +0.10" 0.15+0.04" p< 005
SF10 4.4 0.62+0.08" 0.14+0.04" p<0.05
SF20 4.0 0.89+0.11%" 0,16 +0.0041 n<0.05
1TF5 4.4 0.65+0.09" 0.144:0.05" p<0.05
1TF10 4.4 0.62 +0.07 .15+ 0.06" p<0.05
LF20 4.( (171 + 0 08" 0.15+0.05" p<0.05
FLOEM 36 0.80+0.08"" 0.16+0.03 p<0.05
Control 3.0 0.9440.10° 0.1740.05" p<0.05

SF=Silanized spherical silica filler; UF=Untreated spherical silics filler

FLCEM=Fuji 11 LC EM mixed with P/L 3.6; Control=Fuji 1l L& EM mixed with P/L

30, n=10

[dentical letters indicate no significant differences among the materials analyzed using
the t-test for differences umong several means (p>0.05)%

1: Perceatage to ihe diametar of the Teflon mold (inner dimmeler: 3.5 mm)

2: Significant difference, analyzed using the t-test hetween two values
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Table 3 Shear bond strength of RMGIC to enamel surface

a value

Material F/L Immediately - APa After 24 hours (MPa) !
SF5 1.0 TB5E1.57 (B 2747512 (10)' p<<0.03
SF10 4.4 73412202 (10 7 22.47+531 {1p=* p< 006
SF20 1.0 6941143 (10 19.74£4.94 (10™ p<0.05
UF5 4.4 7.03+£1.38 (93 21,17 £4.69 (101" p<<0.05
UF10 4.4 6.42+2.15 (9" 18.01£4.86 (100 p<0.05
UEF20 4.0 6.02£1.02 63" 12134386 (10)* p<0.05
FLLCEM 36 781E1.65 (93" 24.78+3.75 (100" p<0.09
Control 3.0 6.35+1.72 4 2393841 (10)™ p<0.05

SF—Silanized spherical silica filler; UF = Untrealed spherical silica filler
FLCEM=Fuji II L.C EM mixed with 1?/L 3.6; Control =Fuji II LC EM mixed with F/L
3.0, n=10

Identical letters indicate no significant differences among the materials analyzed wsing
the t-test for differences umang several means (p>0.050™

i ). Cohesive failure, among 10 specimens

I: Significant difference, anatyzed using the t-iest between two valums

Table 4 Shear bond strength of RMGIC to dentin surface

Mhaterial P/L [mmediately (NMPa) After 24 hours (MPa) a value'
S5 4.0 760216 (1017 12.54+3.60 (10)" p<0.05
SFI0 4.4 742+1.49 (101" 10.28+3.60 (103 n<0.05
SF2 4,0) 7RG+368 (10i° 10.29+3.64 (10p+ NS

UF5 4.4 767157 (1 11.54=3.32 (10" p<0.03
UF10 1.1 7.45+2.62 (10} 10.03£251 (3m! p<(.05
UF240 4.0 7301249 (10}° 8.16x2.44 (1M° NS

FLCEM 3.6 6.47+2.38 (10)* 1348377 (100¢ p<1.05
Control a0 644231 (1037 10742427 (101 p< .05

SF=8ilanized spherical siliea filler: UF=Untreated spherical silica filler

FLCEM =Fuji II LC EM mixed with P/L 3.6; Control=Fuji II LC EM mixed with P/L
30, n=10

Identical letters indicate no signilicant differences among the materials analyzed using
the t-test for differences among several means {p>0.05)""

i 1 Cohesive [allure, among 10 specimens
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1: Significant difference. analyzed using the t-test belween two values

Fluoride release

Fig. 2 shows the effccts of spherical silica fillers on
fluoride release from RMGIC. SF or UF reduced the
release of fluoride. During two weeks' immersion in
distilled water, the fluoride release of SF20 {which
fulfilled the equation F=4.80t/¢0.01+t)+0.79t) was
49.4% — 37.7% of TFLCEM's (F=12.79t/{0.46+t) +
1.10t). TFor the same period, the value for UF20
(F=1571t/(1.12+1) +0.68t} was 84.6% —99.8% of F
LCEM's. In two woeks, the cumulative [luoride re-
lease value of SF20 was 15.88 %189 mg/L. while
those of FLCEM and UF20 were 27.87+0.64 mg/L
and 23.83+0.614 mg/L respectively,

Analyses using ANOVA revealed that both the
addition of spherical siliea fillers and the perind of
immersion in distilled water significantly (p<0.001}
influenced fluoride release from RMGIC.

=) 30
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0 2 4 6 8 10 12 14 16
Period (days)

Fig.2 Cumulative [luoride release of SF20, UFI0 and
FLCEM in 14 days, n=3.
Points indicate the observed values and lines indi-
cate the fitted curves fulfilling the equation of
[RL={F]t/(te+t) +at, with r=099 and p<0.0L.
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DISCUSSION

Many factors challenge the marginal integrity of
GIC restorations. These factors include eavity prepa-
ration method™ , cavity pretreatment, curing shrink-
age™ ™ and hygroscopic expansion®®% of {he
material. For RMGICs, stress development due to ce-
ment setting starts immediately after light irradia-
tion is commenced™ , and curing shrinkage can create
marginal gaps that may contribute to restoratien
failure™ . Therelore water exposure was recom-
mended to control stress development™™, and it was
suggested to delay polishing by at least one day to
prevent gap lormation at the cement-tooth cavity in-
terface by anticipating the hygroscopic expansion of
the restorative material®™*"  This effect was re-
ported as uptake of water hy the RMGIC matrix to
form a poly-HEMA complex™.

It was reported that the 24-hour water uplake of
SF-added RMGICs was less than that of UF-added
RMGICs or the original RMGICY', However, after
24-hour storage there were no significant diflerences
between the marginal gap widths of SF-added
RMGICs and those of UF-added RMGICs, except for
UF20. Nonetheless, RMGICs added with either filler
lype showed significant differences in comparison
with the control and FLCEM (Table 1). Although
the hygroscopie expansion did not entirely compen-
sale the setting shrinkage mn the Teflon mold (Tahle
2} after Z4-hour water storage, the marginal gaps in
tooth cavities were vemarkably oliminated.

At the immediate time point, the marginal gaps
in the Teflon mold were about three-fold of those in
the tooth cavity {Fig.1). Smaller marginal gaps ob-
served in the tooth cavity than in the Teflon mold
clearly demonstrated that adhesion between the ce-
ment and cavity walls was an important factor influ-
encing marginal gaps® . For this reason, direct
studying of marginal gaps in tooth cavities was a
useful simulation of clinical conditions™. However,
by examining the selting shrinkage in the Teflon
mold, the marginal gap in the tooth cavity could be
predicted since there was a linear correlation hetween
the values™ (Fig. 3).

It was reported that resin infitration inte the
expanded decalcified layer would prevent micro-
leakage and nanoleakage™. Furthermore, marginal
integrity is of primary importance in maintaining
the long-term function of resin-based restorations™ .
At the immediate time point, when campared with
the control, the SF- and UF-added RMGICs had sig-
nificantly less marginal gaps in the tooth cavily and
setling shrinkage in the Teflon mold. This occurred
due to one or both of the following reasons. First,
the SF- or UF-added RMGIC was mixed with higher

P/L. The higher the P/L, the smaller the marginal
gapm'l and the greater mechanical sirength of the
GIC"" ¥  Second, the spherical form of silica fillers

— 12 o
5 .
- 11 - B -
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= !
g 10 P
= -
g s T
= ! * . i
= 84 Lo :
[~ i I ;
=i i .
2 r % |
14 : |
E &- !
k=
= 5 — - — - .

0.5 0.6 0.7 08 0.9 L0

Setting shrinkage in the Teflon mold (%)
Fig,3 Correlation of Unmediate setting shrinkage in the

Tellon mold vs. immediate margins! gap in the
tooth cavity.

The correlation fulfilled the equation of y=12.442x
—0.60, with v=0.93 and p<<0.001.

inereased the flowability of RMGICY, leading ta bet-
ter penetration into the decaleified layer and reducing
the immediate marginal gap.

Following post-set water uplake, the acidic
monemers of RMGIC ionize then react with the glass
filler to initiate an acid-base reaction, producing ionic
cross-linking™’. In these dual seliing systems, resin-
reinforcement produces higher bond strengths to
dental tissues as well as enhanced mechanieal
strength™ .,  Van Moerbeek et el*™ found a gradual
transition of resin concentration in the decalcified su-
perficial dentin. Resin concentration was highest at
the top of the hybrid layer, and lowest near the base.
If resin did not penetrate through the full depth of
the decaleified zone, the non-infiltrated weak collagen
layer at the bottom of the zone would perhaps be
susceplible to long-term hydrolitic degradation™'
Since the majority of shear bond failures were cohe-
give failures, the interfacial bond formed between the
RMGIC and the solid substrate was stronger than
the cohesive bond within the material itself”. How-
ever, at the immediate time point, UF20 showed ap-
parently less cohesive failure than other materials.
1t was thought to stem from poor bonding of UF to
the RMGIC matrix'', As a result, the reaction was
delayed, hence affecting the penetration of RMGIC to
the decaleified layer. This condition should be stud-
ied further.

There was a tendency for the shear bond
strength to enamel and dentin to decrease when a
large amount of fillers was added. This was clearly
shown with the addition of 20 wt% filler, especially
in UF20. As mentioned previcusly, since UF did not
bond with the RMGIC matrix™, a large amount of
UF may act as an impurity that hinders the reaction
in KMGIC. In contrast, SF5 showed higher shear
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bond strength to enamel and dentin than those of
the control and FLCEM. In addition. up to 10 wt%
SF. the RMGICs showed no significant differences in
shear bond strength to enamel compared with those
of the control and FLCEM. It was thought that an
increase in mechanical strength!' would lead 1o an
increase in honding ability”. Although the £4-hour
shear bond strength to dentin did not show a signifi-
cant, difference, supporied by the results of mechani-
cal properties in previous sludy'’, the SF-added
RMGICs showed Tbetter mechanical and  hond
strengths than the UF.  These results obviously
showed that silanization, which creates siloxane
bridges (Si-0-Si) — belween the silica surface and
the silane molecules™"" — facilitate better interaction
hetween the RMGIC matrix and the filler'.

Tt has been reported that deerease in marginal
gap due to increase in P/L would result in imcreased
shear hond strength of the GIC*'. However, in this
study, there was no significant relationship hetween
marginal gap width and shear bond strength, since
the filler content of the materials varied. Nonethe-
less, the shear bond strength results made a great
contributien since the SF-added RMGICs were mixed
with higher P/L. As mentioned, increasing the P/L
will reduce the amount of liquid used and eonse-
quently reduce allergies or harmful effects caused by
the release of non-polymerized free monomers from
the filling materials™ "

The hydrophobic characteristic of SF may influ-
ence both surface diffusion and grain houndary diffu-
gion™, and increase the resistance of cement to water
uptake™. Since the material must first absorb water
to initiate any attack on fluoride glass and the disso-
ciation of arid groups™, il was not surprising that
the addition of 3F would reduce fluoride release (Fig.
2). A previous study reported that fluoride has a
low rate of diffusion through an organic cross-linked
matrix hecause of strong interaction with aluminum
and calcium jons linked to the polyalkenoate
chains*'. The strong inleraction between SF and the
RMGIC matrix also affected the diffusion rate of
fluoride, but fluoride release was not eliminated.
This effect should bhe taken into consideration. be-
cause the presence of saliva in vive may retard the
release of fluoride from glass-lonomer filling materi-
als”™ . Although observations were limited to a pe-
riod of just 14 days in this study. the equation [or
fluoride release in glass-ionomer cement {FJ.=/[F,1/
(4;5+1) + a {, as previously described™, adequately
approximated the release of fluoride from RMGIC
with or without a spherical silica filler (r=0.93,
p<0.0l). A similar pattern of release was also ob-
tained, and the release was much greater in the first
24 hours than subsequently. The small but signifi-
cant initial release was undoubtedly the resuli of
fluoride leaching from glass particles in the surface
layer®™ . A previous study showed that »-MPTH

treatment wag useful for the regulation of NaF re-
lease from bis-OMA/TEGDMA resin. There was evi-
dence that a large amount of {luoride was released
from the resin containing NaF powder without y-
APTS treatment in the initial stage, and the release
of fluoride ceased in a relatively shorter time. How-
ever, smaller amounts of fluoride were released from
the resin containing NaF treated with higher concen-
trations of 3 -MPTS, and the release lasted for
longer periods'”. GICs release and take up fluoride
ions™™ . As such, the fluoride release and fluoride
recharge capabilities of spherical silica filler-added
RMGICs should be examined for a longer period in &
further study.

CONCLUSION

The addition of spherical silica fillers to RMGIC sig-
nifieantly decreased the marginal gap and the sctting
shrinkage in the Teflon cavity. This condition led to
a significant decrease in immediale marginal gaps in
the tooth cavity. This study also revealed that shear
hond strength was net in correlation with marginal
gap width and setting shrinkage rate. Nonetheless,
if up to 5% of silanized spherical silica fillers were
added to RMGIC powder, Lhe shear bond strength of
RMGIC to enamel and dentin surfaces would in-
crease. Finally, the addition of spherical silica fillers
decreased bul did not eliminate fluoride release from
RMGIC.
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Effect of
Delayed Polishing Periods
on Interfacial Gap Formation
of Class V Restorations

M Irie * R Tjandrawinata * K Suzuki

Clinical Relevance

Delaying polishing for one day resulted in improved gap formation for Class V restora-
tions of conventional and resin-modified glass ionomers and a microfilled composite.
Delaying pelishing was not necessary for a compomer.

SUMMARY

This in vitro study evaluated the effect of the ini-
tial polishing period through 30 minutes, 3 hours,
12 hours, 24 hours and 1 week after setting on the
gap formation around Class V restorations. Three
resin-modified glass ionomers, one compomer,
one conventional glass ionomer and one micro-
filled composite were used as controls.

When specimens of the two types of glass
ionomers and a microfilled composite were pol-
ished immediately after the setting procedure,
this study showed 100-140 gaps around the X-sec-
tion of the restorations. In contrast, only 14-40
gaps around the Class V restoration were
observed when the specimens were polished
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after 12 hours of storage. Significant differences
were observed beiween polishing immediately
and polishing after 12 hours of storage in the two
glass ionomer restorative materials. The com-
pomer did not show this pattern. No significant
differences were observed among the six polishing
periods of the sum number of gaps at the cavity-
restoration interfaces. The tendency of Silux Plus
was similar to the two types of glass ionomer
materials; namely, when the specimen was pol-
ished and inspected after storage in water for 24
hours or one week, the authors ochserved almost
30 gaps around the restorative cavities.

INTRODUCTION

Class V restorations are an indication of a conventional
glass jonomer cement (CGICH, a resin-modified glass
ionomer cement {(RMGIC) and a pelyacid-modified resin
composite (compomer) (Ferrari & others, 1998; Gladys
& others, 1998; Tyas, 2000; Folwaczny & others,
2000a,b; Di Lenarda & nthers, 2000; Brackett & others,
2001; Brackett & others, 2002). CGIC has several ben-
eficial properties, such as physicochemical bonding to
the tooth substrate, Muoride release and uptake and
tooth color. However, it also demonstrates brittle frac-
ture, erosion and wear in the oral environment (Wilson
& McLean, 19881 To improve these deficiencies, two
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types of combination materials, RMGIC and compomer,
have been developed. RMGIC is unlike a light-cured
resin composite or a CGIC; it has a dual setting reac-
tion consisting of an acid-base reaction and a photo-
chemical polymerization process. The final set materi-
als have been described as having a complex structure
in which glass particles are sheathed in a matrix con-
gisting of two networks—one derived from the glass
ionomer, the other from the resin (Wilson, 1990; Mitra,
1991). In these dual-setting systems, the resin rein-
forcement provides higher mechanical strength (Uno,
Finger & Fritz, 1996; Irie & Suzuki, 1999, Ire &
Suzuki, 2000; Yap & others, 2001) and higher bond
strength to tooth surfaces compared with CGICs.
RMGIC claimed to have an improved marginal seal
and gap formation of restoration by hyproscopic expan-
sion (Sidhu, Sherriff & Watson, 1997; Irie & Suzuki,
2000) and improved bonding ability after storage n
water {Fritz, Finger & Uno, 1996ab; Irie & Suzuki,
1999 Irie & Suzuki, 2000; Irie & Suzuki, 2002),

A compomer may be a single- or two-component mate-
rial containing one or both of the essential components
of a glass 1onomer. However, the components do not
react as part of the setting process (McLean, Nicholson
& Wilson, 1994). It congists of a resin matrix and a flu-
oroaluminosilicate glass filler, However, it undergoes
no dimensional change by hygroscopic expansion (Irie
& Suzuki, 2000). Therefure. it may not improve the
marginal seal and gap formation of a restoration (Irie &
Suzuki, 2002). The monomer in resin matrix ionizes fol-
lowing water uptake during storage afler light activa-
tion. The released hydrogen ions then react with the
glass filler to ini-

for one day resulted in improved gap formation for
throe positioned cervical restorations of one RMGIC
and one CGIC, However, delayed polishing did not
improve gap formation for a compomer (Irie & Suzuki,
2002). Due to the structure of glass ionomers and theiwr
hydraphilic nature, water sorption and subsequent
swelling may lead to partial compensation of the
shrinkage. The preservation of sealing around a
restoration would benefit most if water sorption and
setting shrinkage could occur simultancously. However,
water sorption occurs only at a later stage compared
with setting shrinkage (Feilzer & others, 1995).
Currently, no information is available regarding the
gap formation behavier around Class V of a CGIC,
EMGIC and a compomer.

In this study, the effects of the polishing period on the
gap formation arcund Class V restorations using
RMGICs and a compomer were evaluated in vifro. The
hypothesis tested was that the difference in polishing
times would result in gap formation for the tested
materials.

METHODS AND MATERIALS

Human premolars, extracted for orthodontic reasons,
were used for the experiment. After extraction, each
tooth was immediately stored in cold distilled water at
4°C for one to lwo months belore testing. The basic
properties of three RMGICs, one compomer, one CGIC
and one microfilled composite are summarized n
Tables 1 and 2. All processing of the materials was car-
ried out according to the manufacturer’s instruections,
Capsules of Photac-Fil were triturated using a high-

tiate an acid-base | Table 1@ Restorative Materials investigated
reaction.  Ionie | material Manutacturer Batch # Type (Powder/LiquidyComponents
cross-linking alse [ gy Lc GC Corp P: 030621 Resin-modified GIC (2.0g/1.0g)
occurs and fluo- Tokyo, Japan L: 250721 P: fluorocaluminasilicate glass
ride is released L: copolymer of acrylic and rmalgic acid, HEMA, water
{Hammesfahr, Vitremer 3M Dental 19930203 Resin-maditied GIC (2.5¢/1.0g}
1994, Therefore, Products P: fluoroaluminosilicate glass
it may improve ilSPAauI, MN, L: polyalkenoate copolymer, HEMA, water
the marginal seal _ . "
d 5l ¢ Photac-Fil 3MESPE GmbH X033 Resin-madified GIC (Precapsulated)
and gap lorma- Seefeld, P fluoroaluminosilicate glass
tion of restora- Germany L: copolymer of maleic acid and acrylic acids monomers
tiong by enhanc- oligomers, waler
ing the bond abil- Dyract DeTrey/Dentsply B 30776 Compomer
1ty Konstanz, flugroaluminasilicate. polyacrylic acid, UDMA
. Germany
The polishin ) .

o P g Fuji It GC Corp P: 300802 Conventional GIC (2.7¢/1.0q)
peT‘]Od&: serve as Tokyo, Japan L: 120901 P: flucroaluminesilicate glass
other {actors that L: copolymer of acrylic and raleic acids, polybase
may influence the carboxylic acid, waler
sea) ahility Silux Plus 3M Dental 10w Microfiled resin composite
around a cervical Products colloidal silica (3B volie). Bis-GMA, TEGDMA
restoration. St Paul. MN,
Polishing  after usa

= 5 ¢ Kay. GIC, (3lass ionomer comeort, HEMA. Z-Hyvdroxtethy! methacr plate. UDMA, urethane dimethacryiate:
Storage in water Bis-GMA_ bisphenal A-glycidyl methacrylale, TEGDMA, bethyiere piyco! dimethacrylale.
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speed mixer (8ilamat, Vivadent, Schaan, Liechtenstein}
for 15 seconds. For light activation of the priming or
sealing agents and of the restorative materials, a curing
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Figure 1. Class V resioration and each measured pomt in the Class V
restorations. E. Enamel substrate. O Dantin substrata.

Operative Dentistry

unit (New Light VL-II, GC, Tokyo, Japan; irradiated
diameter: 8 mm) was used. The curing distance from tip
to material surfaces was as near as possible, The light
intensity was checked immediately before each applica-
tion of the adhesive resin and restorative material
using a radiometer (DemetroryKerr, Danbury, CT,
USA} During the experiment, the light intensity was
maintained at 450 mW/em?®, For each material and stor-
age period, 10 specimens were made. All procedures,
except for cavity preparation, were performed in a ther-
mu-hygrostatic room kept at 23=0.5C" and 50+2% rela-
tive humidity.

Class V Restoration

Cavity preparations were made in the premolars on the
facial surface. A cylindrical cavity was prepared with a
tungsten carbide hur (200,000-rpm) and a fissure bur
(8,000-rpm} under wet conditions to a depth of 1.5 mm
with a diameter of 3.5 mm. A cavity preparation was
placed parallel to the cementoenamel junction (CEJ)
with the preparation extended 1.0 mm above the CEJ
{Figure 1} Cavosurface walls were finished to a butt
joint. One cavity was prepared in each tooth. In total,
cavities were prepared in 360 teeth {6 materials X 6 pol-
ishing times X 10 repeats).

The prepared cavity surface was treated with the con-
ditioner/primer according to each manufacturer's
instructions. Dentin  Conditioner and Ketac
Conditioner were applied for 20 and 10 seconds, respec-
tively, and rinsed with water. Vitremer Primer was
applied for 30 seconds, air dried and light cured for 20
seconds. An ample amount of Dyract-PSA was applied
and left undisturbed for 30 seconds. Excess solvent was
removed by compressed air. The light curing time was
10 seconds. A sec-

Tabie 2: Conditioner/Primer Agents investigated

ond layer of

Materlal Manutacturer Batch # Components and Surface Treatment
Dertin Conditioner GC Corp 151021 Polyacryhc acid, watar
Tokyo. Apply with brush 20 secands — rinse
Japan 15 seconds — gently dry five seconds
Vitremer Primar 3M Dantal 35 HEMA, mailaic acid in aqueous solution
Products ethy| alcohol
St Paul, MN, Apoly with brush 30 seconds — gently dry
USA five seconds —» Ight cure 20 seconds
Ketac-Cendibioner 3MESFE GmbH 0002 Polyacrylic acid, water
Seeleld. Apply with brush 10 seconds — rinse
Germany 15 seconds -+ gently dry five seconds
Dyract-FSA DeTrey/Dentsply 931020 PENTA, TEGDMA, acetone
Konstanz, Apply 30 secands — gently dry five secands —
Germany light cure 10 seconds
Seotchbaond Multi- 3M Dental Etchant(2AG)} 10% malec acid, water
Purpose Products Primar{2AC) HEMA, polyaikenoic acid, coplymer, waler
St Paul, MN, Adhesive{ZAB) Etch 15 secoends — rinse 15 seconds —
USA gently dry five seconds— Apply with brush

{Pnmer) gently dry five seconds — Apply with
brush {Adhasive) — lighl cure 20 seconds

Koy, HEMA. 2-nygroxteinyt mpmacryiaie, PENTA, tipeniaeryitiitoirenia-acr vlatemanaphasphate:
TEGOMA. rephviene glyoo! dimmathacryiate: Bis GMA. bisphenot A-givedy! methacrylate

Dyract-PSA  was
applied with a
brush. Etchant
was applied for 15
seconds, rinsed
and air dried.
Primer was
applied and air
dried following
Adhesive that was
photocured for 10
geconds.

The cavity was
filled with mixed
materials using a
syringe tip (Centrix
C-R Syringe System,
Shelton, CT, USA)
and covered with
a plastic strip and
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hardened. Fuji 1T LC, Vitremer, Photac-Fil, Dyract and
Silux Plus were exposed to a visible light source with
irradiation times of 20 seconds, 40 seconds, 20 seconds,
40 seeonds and 40 seconds, respectively. Fuji 1T was
stored in an incubator at 37°C und 100% relative
humidity for four minutes after mixing to allow for
chemical-curing to occur and was coated with a varnish
1Fuji Varmish, Tokyo, Japan,

Inspeetion Procedure

Immediately after light curing, setting or after storage
in distilled water at 37°C, and at 30} minutes, 3 haurs,
12 hours, 24 hours and 1 week, the restorations were
polizshed with abrasive points (Silicone Mide, Shofu,
Kyotn, Japan) in wet candition to avoid desiccation and
breakdown. Each tooth was sectioned in a buceolingual
direction through the center of the restoration with o
low-speed diamond saw (Isomet, Buehler Lid, Lake
Blufl. 1. USA). Thus, the presence or absence of mar-
ginal wapz was measured at 14 points feach 0.5-mm
apanrttilong the eavity restoration interface in=10: total
points measured=140), This was performed using ¢
traveling microscope (21,000, Mensarescope, MM-11,
Nikon, Tokyo, Japan] positioned parallel with the cavi-
tv wall and bottom on each half of the sample (Figure
1. The number of gaps in each sample was totaled und
expressed as the sum of each sample tIne & Suzuk,
201021,

33

L)

minutes. 34 gaps were observed around the restorative
cavities. Significant differences were observed between
the two conditions. No sipnificant differences were
found among the sum of gaps for five different storayge
period restorations (30 minutes—1 week). However,
palished points, 1 and 14 {enamel substrate), showed
half the number of gaps in the restorative cavities. The
cervieal corner, 11, also showed many gaps.

Table 4 summarizes the findings for ithe gap formation
of RMGIC (Vitremer) observed in the Class V restora-
tions with various storage periods. With the three stor-
age perinds {immediately, after 30 minutes and after
three hours), the authors observed 128, 119 and Y3
maps, respectively, around the restorative cavities. At
the severest points, 1 and 14, all showed gaps in the
three conditions. The coronal and cervical areas also
muostly showed gaps. The axial regions showed more
than half the number of gaps in the same condition.
However. when the specimen was cut and inspected
after storing in water for 12 hours, the authors observed
37 gaps around the restorative cavities. Significant dif-
ferences were observed among the three storage periods
(timmediately, after 30 minutes and aflter three hours)
and after the 12 hour-storage perod. No significant dif-
ferenees were ob=erved among the sum of gaps of the
three different storage period restmrations. The axial

The results were ana-
lvzed wtatistically using

Table 3: Effect of Delayed Polishing Period on Interfacial Gap Formation Around Class v
Restoration: BMGIC (Fuji i LC)

Tukey Test (Non-paramet-

Number of Specimens Showing Gaps

ric; iConover & Iman,

; . Delayed Palishing Period
1981; [rie & Suzuki, 2002,

1

RESULTS Immediately 10

Table 3 summarizes the 2?1;:;198 z
findings for the gap forma-

tion of RMGIC (Fuji IT LT 12 hours 3

observed in the Class V| @4hours ;

1 week 5

restorations with various

Coronal Axial Cervical Sum
2 3 4 5 6 7 8 9 10 11 12 13 14

7 6 6 7 7 6 8 9 10 10 0 5 1D 101 (A)
I 1 2 2z 2 1 0 0 1 3 2 11D 34 (B}
o ¢ o 1 2 1 2 0 ¢ 2 0 0 8 17 (B3
6 01 ¢ 1 0o Q0 1 Q4 3 0 0 4 14 (B}
00t 1 2 B o0 2 1 4 0 0 5 17 {B)
o 1 40 a 1 t 01 g 0 0 1 7 17 {B)

N=10 pletal measurng pomts, T- 04 1440

storage  periods.  With

Walives wath e s3me Jelters wevee nal sealeantly siffecent by Tukey Tast (Tooove & foun, 18T e 0351

immediate inspection con-
ducted after setting, ihe

authors ohserved 101 gaps
al the restoration inter-

Tabie 4: Effect of Delayed Polishing Period on Interfaciatl Gap Formation Around Class V
Resioration: RMGIC (Vitrerner}

faces. The severest points,

Number of Specimens Showing Gaps

I and 14, showed all gaps | pelayed Polishing Period
in this condition. At the ]
cervical corner area, 10-11,

Immediately 10

most also showed  gaps.
. . ~ 30 minutes 10

The axial regions, 5-9,
showed more than half the | 2104 10
number of gaps in the | 12hours 1¢
same condition, However, | 24 hours E
when the specimen was 1 week 10

Coaronal Axial Cervical Sum
2 34 K 5 7 B 9 10 11 12 13 14

101010 9 10 B & & 7 10 8 10 10 128 (A}
m 101 6 F 7 B 4 B g 8 4 17 119 (A)
3 B 5 & 4 2 5 4 7 9 39 810 95 (A)
2 001 1 2 2 1 1 1 2 2 21g 37 (B}
1 o2 0 0 0D 1 2 1 3 0 010 28 (B)
1 a9 0 0o 0o o 3 1 5 3 010 33 (8;

ecut and inspected after
storing in water {or anly 30

N= T8 MoasLang ot 1 14= 150

Vakeos walth [he ame i0iters weidd nelt sipacantiv aifferars by Tihoy Toss (Conmvier & Jran 181 p<d 651
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Restoration: RMGIC (Photac-Fif)

Table 5: Effect of Delayed Polishing Period on inlerfacial Gap Formation Around Class V

Table 6 summarizes the
findings for gap formation

Mumber of Specimens Showing Gaps

of the Compomer (Dyract)

Delayed Polishing Period Coronal Axial

1 2 3 4 5 6 7 8 9
Immedialely 1010 9 10 10 10 10 10 10
30 minutes 10 8§ 8 10 10 10 30 10 10
3 hours 9 7 5 f 0 2 6 6 6
12 hours a6 2 0 0o 0 0 2 2 4
24 hours 0 ¢ 0 1 1 1t 0 0
1 week g 0 0 1 1 1 ¢ 0 0

11
1¢
1
10
g
g
g

observed in the Class V

Cervical Sum . . -
| restorations with various
2 15 14 .

storage periods. When the
9 10 10 138 (8} : .

six storage period proce-
1010 10 13747} dures were compared, the
7910 82 (B) immediate procedure was
30 4 32 {C) 38, the 30-minute pertod
0 010 32 (C) was 42, the 3-hour period
3 2 9 35 (C) was 43, the 12-hour period

M= 10 [total medsuring points, T-14=7130}

Values with the same letters ware nat significanly diffcran) by Tukey Test (Corover & Iman. 19871) fp<0 048,

was 35, the 24-hour period
was 35 and the l-week

period was 35, respectively.

Restoration: Compomer (Dyract)

Table &6 Effact of Delayed Polishing Feriod on Interfacial Gap Formation Around Class vV

No significant differences
were observed among the

Number of Specimens Showing Gaps

six-period sumn number of
gaps in the cavity-restora-

Delayed Polishing Period Coronal Axial

2 3 4 5 6 7 B 8
Immediately 9 6 3 1 2 1 0 0 ¢
30 minutes 101 4 2 0 0 0 O 0
3 hours 1010 5 4 0 0 & ¢ D
12 hours M 5 1 4 2 1 0 00
24 hours 3 4 3 2 3 2 0 00
1 week g 7 6 2 1 10 00

10

LT o R o T o B s Y )

1

1
’
4
0}
4
O
2

Cervical Sum tion interfaces. For Dyract,
1213 4 there was no effect in
0 6 9 38 (A} delaying the polishing for
1130 42 (A} 12 hours, 24 hours or 1
2 2 10 43 (A) week, When the restora-
0 2 10 39 (A) tion surface was polished,
0 3 9 35 (A) 1 and 14 (enamel sub-
a o 7 35 (A) strate) showed the most

gaps after the polishing

MN=T0 {tofal maasimng pomis, f-14 140

Viiues wit Ihe same felters weee nol signiicantly differant by Tukey Tes! (Congvar & iman, 18811 ip=0.08).

procedures for all six con-

regions showed a few gaps in the same conditions.
However, al polished points, 1 and 14 {enamel sub-
strate), all showed gaps in the restorative cavities.

Table 5 summarizes the findings for gap formation of
RMGIC {Photac-Fil) observed in Class V restorations
with various storage periods. With the two storage peri-
ods (immediately and after 30 minutes), the authors
ohserved 138 and 137 gaps, respectively, around the
restorative cavities. At the severest points, 1 and 14, all
showed gaps in the twe conditions. The corenal, axial
and cervical areas also mostly showed gaps. However,
when the specimen was cut and inspected after storing
in water for three hours, 82 gaps were observed around
the restorative cavities, Bignificant differences were
observed between the two storage periods (immediate-
ly and after 30 minutes) and after the three-hours stor-
age time. Next, when the specimen was cut and
inspected after storing in water for 12 hours, the
authors observed 32 gaps arcund the restorative cavi-
ties. Significant differences were observed between the
3- and 12-hour storage times. No significant differences
were observed among the sum of gaps for the three dif-
ferent storage period restorations (12 hours, 24 hours
and 1 week). The axial regions showed u few gaps 1o the
same conditions. However, polished poinis 1 and 14
{enamel substrate) mostly showed gaps in the restora-
Live cavities,

ditions. The authors
observed several gaps at a closer point, 2 {enamel sub-
strate). Namely, there was ne significant difference
among the storage period procedures. However, the
dentin margin showed no or few gaps in the six condi-
tions.

Table 7 summarizes the findings of the gap formation
of CGIC (Fuji I1) cbserved in the Class V restorations
with various storage periods. With immediate 1nspec-
lion after setting, the authors observed 117 gaps
around the restorative cavities. At the severest points,
1 and 14, most showed gaps in this condition. At the
cervical corner area, 9-11, most also showed gaps. At
the axial regions, most showed gaps in the same condi-
tion. However, when the specimen was polished and
inspected after storing in water for only 30 minutes, 26
gaps were observed around the restorative cavities.
Significant differences were observed between the two
conditions. No significant differences were observed
among the sum of gaps for the five different storage
period restorations. When the specimens were polished
and inspected after storing in water for more than
three hours, only a few gaps were ghserved around the
restorative cavity. However, at polished points 1 and 14
tenamel substrate), a few gaps appeared in the restora-
tive cavities. The cervical corner, 11, also showed many
maps. The presence of gaps was almost zero at all
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inspected points in the
axial region, 4-11.

Table 7: Effect of Defayed Polishing Period on interfacial Gap Formation Around Class V
Restoration; GIC (Fuji fi}

Table 8 summarizes the

Number of Specimens Showing Gaps

findings of the gap forma- | pelayed Polishing Pericd
tion for the Composite 1
(Silux Plug) observed in

; Immediately 10

thehC]ags A% restomtlorll‘s 30 minules 10

with various sborage pern- 3 hours )

ods. When the six storage 12 hours 1

time procedures were com- . X
pared, the immediate pro- | 24 howrs

1 week 2

cedure was 64, the 30-

Coronal Axial Cervical Sum
2 3 4 5 T8 9 10 11 12 13 14

5 7 6 8 9 210 9 10 8 9 10 117 (A)
0 0 1 0 g o 0 2 4 0 0 9 26 (B)
o o o 0 g 0 0 0 4 06 0 3 4 (B}
0 a c o 0 ¢ 00 9 2 0 0 3 B (B)
0 ¢ 1 1 0 0 00 1 30 01 7 {B)
oo o o0 0D 0 00 0 20 01 5 (B

minute was 48, the 3-hour
was 53 and the 12-hour

M= 10 {toiai measunng pomils, 1-14=140)

Vaigs with the same letters ware not s.grificantly diftecent ny Tukey Test (Conover & fman, 1981 <05},

was 51. No significant dif-

ferences were observed
among the four sum num-

Table 8. Effect of Delayed Polishing Period on Interfacial Gap Formation Around Class V
Restoratiorr: Composite (Silux Plus)

bers of gaps in the cavity-

Number of Specimens Showing Gaps

restoration interfaces. At
the severest points, 1 and
14, half showed a gap in

Delayed Pelishing Period

1
this condition. However, | mmedistely 8
when the specimen was | 20 mnuies 5
polished and inspected | 3hours 5
alter storing in water for | 12hours 4
24 hours or 1 week, 28 and | 24 hours 3
25 gaps were ohserved | 1 week 5

Coronal Axial Cervical Sum
2 3 4 5 & 7 B 8 10 1112 13 14

4 3 B 6 4 4 3 2 4 8 2 3 5 B4[A)
2 0 1 4 5 4 3 2 3 56 1 4 B 48 (A, B)
i 1 3 ? 6 5 4 6 4 8 0 1 4 B3 {A, B)
1 0 0 3 5 6 7 6 4 7 2 2 4 51({4, B)
0 0 0 2 4 5 3 2 3 4 0 1 1 28 [B)
o ¢ 5 1 2 3 4 3 1 6 0 0 1 25 [B)

Valuas with the same letters were not sianificantly difforent by Tukey Test fConover & fman. 13871} ip=0 081

aro un d the I‘estﬂl‘:‘-fl tive N 10 frofal measuning poinfs. 1-f4=148
cavities, respectively.
Significant  differences

were observed between the 12-hour and 24-hour condi-
tion, However, not only the dentin margin but also the
enamel margin, namely, the entire margin, showed sev-
eral gaps in the six conditions.

DISCUSSION

This study clearly demonstrated that polishing three
RMGICs and one CGIC (Fuji IT LC, Vitremer, Photac-
Fil and Fuji II} should not be performed immediately
after the filling and setting procedure. Polishing should
be delayed between 3 and 12 hours to prevent gap for-
mation at the material-tooth cavity interface. In eon-
trast to the presence of approximately 100-140 of 140
(total measurement points) gaps at the material-tooth
cavity interface in the Class V cavity of specimens pol-
ished immediately after setting, the gap was near zero
or only a few when the specimen was polished after
storage in water for 3 or 12 hours. RMGIC or CGIC
shrinks during the setting reaction. Gaps form as the
adhesion between the tooth cavity and glass ionomer
does not resist the stress formed by cement shrinkage
(Feilzer, de Gee & Davidson, 1988:; Sidhu, 1994; Feilzer
& athers, 1995). One reason for the gap being depend-
ent on the storage period may be the hygroscopic expan-
sion of the glass ionomer. As soon as adhesion of a
restoration 1s disturbed by shrinkage stress during set-

ting, subsequent swelling by water sorption will never
lead to closure. A mismatch between the surface of the
cavity wall and the opposing surface of the restoration,
due to dimensional changes of the various restorations,
almost prevent this. After 12 hours of water storage,
curing contraction stresses of the materials are effec-
tively compensated for or even converted into expansion
stress due to water uptake and swelling (Feilzer & oth-
ers, 19951, This effect 1s reported for the uptake of water
by the matrix of resin-modified glass ionomers forming
a poly-HEMA complex (Wilson, 1990). In addition,
CGIC forms a hydrogel of caleium and aluminum poly-
acrylates by its uptake of water (Wilson & Mclean,
1988}, Water absorption of RMGICs and CGICs report-
edly affects cavity adaptation and reduces microleakage
(Fritz & others, 1996h; Irie & Suzuki, 2000). Although
hygroscopic expansion may not be enough to compen-
sate for setting shrinkage, it plays an important role in
reducing shrinkage caused by the cement setting reac-
tion and thus improves the marginal seal (Sidhu & oth-

ers, 1997 Ire & Suzuki, 20001,

The cement is expected to show higher bond and
mechanical strengths when fully set rather than during
setting reaction. It is suggested that the bonding ability
to tooth substrate increases with the development of
glass ionomer/tooth substrate interaction during stor-
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age in water, and the cohesive strength of the cement
itsell’ improves with the selling process (Irie & Suzuki,
2000). The pH, an index of the degree of hardening
reaction of set glass ionomer, is reported o be lower at
the initial stage (until 30 minutes) regardless of the
type of cement, whether CGIC or RMGIC. Although
there wus no significant difterence amonyg 3-. 12- and
24-hour conditions, all of which prevent gap formation
al the material-tooth cavity interface. the pH value of
the set cement gradually inereases for 24 hours (Tosaki
& Hirota, 1984; Anusavice, 1996), Therclore, it can be
presumed that completing the setting reaction of an
RMGIC or CGIC requires 24 hours. Thus, RMGIC or
CGIC requires 24 hours for adequate mechunical
strength, which has a close relationship with bond
strength lrie & Suzuki, 20000 RMGIC has a dual set-
ting reaction: one is the light-initiated cross-linking of
methacrylate groups similar to the setting of lLipht-
cured resin composites; the ether is an acid-base reac-
tion similar to that of a CGIC (Wilson, 1990; Mitra,
19911

The cervical corner of Class 'V ocavity restorations
shoswed more gaps than the coronal corner in RMGICs
and CGICs. This was expected because bond strength
to coronal dentin is usually higher than bond strength
to cervieal dentin, because cervical dentin 15 a less
tavorable bonding substrate (Heymann & Bayne, 1993,
Ire & Suzuki, 20021

Not ane of the samples prevented gaps at the twa pol-
izshed points for Vitremer 11 and 14; enamel substrate!,
The reason is that Vitremer shows a low bond value to
enamel after one day. A failure site after debunding
showed a mixed failure of Vitremer bonded to enamel
(Fritz & others, 1996a; Irie & Suzuki, 2000+,

Photac-Fil showed no effect in preventing gaps
around Class V restorations during the imitial stage.
Fracturing of the debonded area in the material-tooth
cavity interface showed very weak bonding during the
early phase and probably produced very low bond value
1o dentin tIrie & Suzuki, 20005, It is possible that expo-
sure of Photac-Fil surfuce to water immedintely after
light activation may have a similar adverse effect on
setling, as commonly found with CGICs after carly
wuler exposure. Other investigations have also
reported the poor honding eapacity of Photac-Fil with
Ketae Conditioner 1Sidhu & Watson, 19895; Fritz & oth-
ers, 1996a,b

Thix study demonstrated that delaying polishing of a
compomer for one day does not prevent gap lormation
in the material-tooth cavity interface. Therefore, it did
not prevent bonding o the tooth structure and the
hygroscopic expansion of compomer, itsell” (Irie &
Suzuki, 20000, The margina! gaps observed even after
the specimen was stored in water for one day indicated
that hygroscopic expansion does not fully compensate

QOperative Denlistry

for shrinkage caused by setting reaction. The degree of
hygroscopic expansion of the compemer was smaller
than RMGICs, because the composition of the com-
pomer 1s similar to the resin composite system
(Hammesfahr, 1994; Trie & Suzuki, 20003, The values of
the bond strengths to enamel and dentin measured
alter one-day storage were not significantly higher than
those measured immediately for the compoemer (Irie &
Suzuki, 20001 Since no micre-mechanical interlocking
with conditioned enamel was available when Dyract-
PSA was used, a low shear bond strength to enuamel was
shown even after storage for one day (Fritz & others,
1986,

This study demonstrated that the polishing period of
the compomer showed no eflfeet in preventing gaps
around Class V restorations, especially at the ecnamel
margin. The gap width of the enamel margin was found
to result from polishing procedures because the enamel
maryin had ne gaps without the pelishing procedure
(Trie & Suzuki, 20021 The manufacturer suggests that
tooth etching with Dyract 1s unnecessary for most
restorative procedures. Although the recommended
primer is considered adeguate to condition tooth-hard
tissucs. 1t has been demonstrated that compomer
restorations lack marginal adaptation (Ferrari & oth-
ers, 1998; Tyas, 2000; Di Lenarda & others, 2000,
Brackett & others, 2001). A modified formulation of
Dyract is now available (Dyract AP, Dentsply/DeTrey,
Konstanz, Germany). However, the manufacturer stil]
considers ctehing unnecessary even for this material.
To improve the enamel/compemer interface, the manu-
facturer's protocel should be modified, introducing
enamed etehing to achieve the compomer restorations’
clinival success.

Silux PMus demonstrated that preventing gap forma-
tion 1o enamel substrate was poor immediately follow-
ing setting, and for dentin substrate, it was not sigmifi-
cantly better compared with RMGICs and CGICs in all
conditions. 1t is suggested that bonding at the material-
tooth cavity interface was insufficient. A previous study
showed that not only the value of the bond strength to
enamel substrate of Silux Plus immediately following
setting was low {only 6.83 MPaJ, but also thut the value
of the hond strength to deatin substrate after one-day
storage of Silux Plus was significantly lower timmedi-
ately: 7.97 MPa; after one-day storage: 8.63 MPa than
BMGICs and CGICs tIrie & Suzuki, 20000, It may be
sugwosted that the enamel cavosurface margin is not a
bevel but o butt joint.

The restorative materials tested in this study should
not. be polished at the placement appointment except
for the compomer, based an gap formation at the mate-
ral-tooth eavity interface and completion of the setting
reaction. [nstead, the prepared cavity should be filled at
the placement appointment and polished at a subse-
quent appointment ¢Irie & Suzuki, 2000; 20421
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CONCLUSIONS

All materials except compomer showed a significant
reduction in interfacial gap formation by 24 hours after
insertion. Although compomer did not exhibit a change in
gap formation. the number of gaps at any time interval
was similar 1o the other materials at their lowest gap
conditions. Of the materiuls undergoing changes in gap
formation, CGICs showed the most improvement and
microfilled composite showed the least improvement.
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