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Abstract

Background: The aim of this study was to investigate the mechanical properties and dentin microshear bond streng-
th of a conventional glass ionomer cement (GIC) compared to GIC supplemented with silver nanoparticles (SNPs)
at 0.1% and 0.2% (w/w).

Material and Methods: SNPs were incorporated into a conventional GIC at 0.1% and 0.2% (w/w). The unmodified
GIC was used as the control group. Compressive strength, flexural strength, and micro-shear bond strength (uSBS)
to dentin were evaluated using a universal testing machine. Surface microhardness was determined using a Vickers
microhardness tester. The data were analyzed using one-way analysis of variance (ANOVA) and Tukey’s test.
Results: GICs containing 0.1% and 0.2% (w/w) SNPs significantly improved compressive strength, surface micro-
hardness, and dentin uSBS compared to the unmodified GIC (p<0.05). A significant increase in the flexural strength
was found for the GIC containing 0.2% (w/w) SNPs (p<0.05). However, the GIC containing 0.1% (w/w) SNPs did
not affect flexural strength.

Conclusions: GIC supplemented with SNP is a promising material for restoration because of its improved mecha-
nical and bond strength properties. Therefore, it may be suggested for use especially in higher stress-bearing site
restorations.
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Introduction

Glass-ionomer cements (GICs) are widely accepted
as dental restorative materials because of their unique
properties such as chemical adhesion to dental tissues,
fluoride releasing, low thermal expansion coefficient,
and good biocompatibility (1). However, low wear-re-
sistance, low fracture toughness, and high dissolution in
water sorption are commonly considered as their most
significant shortcomings which may lead to the growth
of bacteria, secondary caries, and eventually restoration
failure (1). In spite of fluoride release from GICs and
their antibacterial effect, secondary caries have been re-
ported as the main reason for GIC failure indicating that
the antibacterial effect of GIC resulting from fluoride-re-
lease is not potent enough to inhibit bacterial growth (2).
Bacteria may be present in the prepared tooth cavity af-
ter infected-caries removal based on the minimally inva-
sive technique for tooth preparation. This technique may
leave behind the caries-affected tissue in the cavity and
thus increase the probability of the presence of residual
bacteria at the prepared tooth cavity (3). Moreover, bac-
teria may invade the tooth-restoration interfaces during
service if microleakage occurs in this area. Therefore,
the longevity of the restoration might be jeopardized by
secondary caries resulting from the colony growth of
bacterial species, especially S. mutans, under the resto-
ration (4). The primary and essential prerequisite for the
development of cariopathogenic biofilms and caries is
the adhesion of specific oral bacteria to tooth surfaces
(5). Considering this fact, restorative materials should
ideally have antibacterial activity to reduce the adhesion
and proliferation of cariogenic bacteria at a very early
stage and finally to decrease the occurrence of primary
and secondary dental caries (5). Therefore, some efforts
have been made to combat bacterial invasion and grow-
th by incorporating antibacterial agents into restorative
materials (1,6). In this regard, some filler particles have
been incorporated into GICs to enhance their resistance
to bacterial adhesion and solubility and also their me-
chanical properties (1,6). The filler incorporation into
GICs should ideally improve the mechanical and an-
tibacterial properties of GICs without interfering with
their fluoride release and bond strength properties (1,7).
It has been reported that the addition of chlorhexidine
or its derivatives to GIC has improved its antimicrobial
effect against cariogenic microorganisms. However,
chlorhexidine incorporation has negative effects on the
physical properties of GIC (8).

Recently, the use of nanoparticles (NPs) as fillers for res-
torative materials such as GICs has been explored mainly
for the purpose of increasing their mechanical properties
and antibacterial effects (1). Nanoparticles are insolu-
ble particles with sizes smaller than 100 nm. The uni-
que advantages of nanoparticles are their smaller-sized
particles and the resultant higher surface area to volume
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ratio and also their stronger antibacterial activity than
conventional fillers (9). Moreover, the probability that
bacteria become resistant against metal nanoparticles is
less than that in the majority of commercially available
antibiotics (9). In this regard, different nanoparticles
have previously been incorporated into dental materials
(1,9). Hydroxyapatite and fluoroapatite nanobiocera-
mics have previously been incorporated into conventio-
nal GIC which resulted in improved mechanical proper-
ties and bond strength to dentin (10). In addition, it has
been reported that the incorporation of titanium dioxide
nanoparticles into restorative GIC significantly impro-
ved antibacterial activity and physical properties such
as flexural strength, compressive strength, and Vickers
microhardness without compromising the bond strength
of GIC to enamel and dentin (1). Also, neither hermetic
growth stimulation nor cytotoxicity at lower concentra-
tions of titanium dioxide nanoparticles was observed in
culture with human gingival fibroblast (11). Additiona-
Ily, GIC incorporated with titanium dioxide nanoparti-
cles demonstrated acceptable to moderate biocompatibi-
lity in culture with human normal oral cells and human
cancer cells (12).

Another nanoparticle which has been investigated in
dentistry mainly because of its sustained ion release and
the resultant long-term antibacterial property is silver
nanoparticle (SNP). Moreover, 25-fold higher antibac-
terial efficacy than chlorhexidine has been reported for
SNPs (13). SNPs have demonstrated broad-spectrum an-
tibacterial and antiviral properties in low concentrations
because of the multiple antibacterial mechanisms of sil-
ver such as adherence and penetration into the bacterial
cell wall which result in increased cell wall permeabili-
ty, the loss of the integrity of bacterial cell membrane,
inactivation of the vital enzymes of bacteria, and loss
of DNA replication ability (14). Moreover, SNPs have
been found to be biocompatible especially in a lower
concentration (15).

Although GICs containing antibiotics are recommended
for the treatment of carious lesions to reduce the total
number of viable bacteria, the addition of antibiotics
should not jeopardize the biocompatibility or mechani-
cal properties of GICs (1,7,16). It has been reported that
the incorporation of SNPs into GIC at two different con-
centrations by weight (0.1% and 0.2%) does not affect
the cytotoxicity of GIC (17). Additionally, enhanced an-
tibacterial action has previously been reported with sil-
ver incorporation into a glass ionomer cement for cavity
lining (16). However, to the authors’ knowledge, there is
no published study investigating the effect of silver na-
noparticle incorporation into GIC on the mechanical and
bond strength properties of GIC. Therefore, the purpo-
se of this study was to compare the mechanical proper-
ties (microhardness, flexural strength, and compressive
strength) and the dentin bond strength of a conventional
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GIC to those of a conventional GIC modified with SNPs
at 0.1% and 0.2% (w/w) concentrations.

Material and Methods

A conventional GIC (GC Fuji II, GC Corporation, Tokyo,
Japan) was used in this study. An SNP solution with the
particle size of 20 nm (purchased from US-Nano mate-
rials Inc., USA) was added to the liquid of the GIC during
the process to prepare specimens with two concentrations
of silver by weight: 0.1% and 0.2% (w/w). The SNP so-
lution was weighed carefully using a weighing machine
with the accuracy of £0.0001g (A&D, GR+360, Tok-
yo, Japan). The GIC specimens were divided into three
groups for each test: GIC without SNPs (n=10); GIC with
0.1% SNPs (n=10); and GIC with 0.2% SNPs (n=10).
The cements were prepared based on the manufacturer’s
instructions. The preparations of the specimens for micro-
hardness test, flexural strength, and compressive strength
were based on the ISO 9917-1:2007 (18).

-Vickers microhardness test (VHN)

Thirty disc-shaped GIC specimens (9.5x1 mm) (n=10
for each group) with the recommended powder/liquid
(P/L) ratio of 2.6/1 g were prepared following the ma-
nufacturer’s instructions in a Teflon mold according to
ADA specification 27. The Vickers microhardness test
was carried out using ISO 9001:2008 certified diamond
indenter in a digital microhardness tester (SCTMC®,
MHYV 10002, China) with 10 N load and a dwell time of
10 s for 10 indentations across each specimen.
-Flexural strength

Thirty bar-shaped specimens (n=10 for each group)
were prepared using a rectangular-shaped stainless-steel
mold (25 mm length x 2 mm thickness X2 mm width).
The specimens were subjected to a three-point bending
test in a universal testing machine (Instron, Z020. Zwick
Roell, Germany) at a crosshead speed of 1 mm/min.
Flexural strength, O" (MPa), was calculated according
to the following formula: O’=3P1/2bd2 where P (N) is
the load at fracture, 1 is the distance between the two
supports (mm), b is the width of the specimen (mm), and
d is the thickness (mm).

-Compressive strength

Thirty cylindrical specimens (n=10 for each group) pre-
pared in a stainless steel mold (4 mm in diameter and 6
mm in height) were used to assess compressive strength.
The compressive strength, CS (MPa), of the specimens
was measured using the universal testing machine at a
crosshead speed of 1 mm/min based on the following
equation: CS=2P/ndh where P (N) is the load (N) at frac-
ture and d and h are the diameter (mm) and thickness
(mm) of the specimen, respectively.

-Microshear bond strength (uSBS) to dentin

Thirty caries-free extracted human third molars were
collected and stored in 0.5% chloramine solution at 4°C
for no longer than 1 month until use. The teeth were ran-
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domly divided into three groups (n=10). The occlusal
enamel and superficial dentin were removed by sectio-
ning the crowns using a water-cooled low-speed cutting
machine (Mecatome T201 A, Presi, Grenoble, France)
perpendicular to the long axis of the tooth and a flat
mid-coronal dentin surface was exposed for each speci-
men. After fixing the specimens in acrylic resin (Acro-
pars; Marlik Co., Tehran, Iran) with the dentin surfaces
oriented perpendicular to the bottom of the mold, a uni-
form smear layer was created by slightly wet-grinding
the dentin surface with 320-grit silicon carbide papers
for 1 minute. Then, the specimens were rinsed and dried
with an air-water syringe. The prepared dentin surfaces
were treated with a cavity conditioner (Cavity Condi-
tioner, GC Co, Japan) according to the manufacturer’s
instructions. A piece of micro-tube from a micro-bo-
re tygon tubing (R-3603, Norton Performance Plastic,
Cleveland, OH) with the internal diameter of 0.7 mm
and approximate height of 0.5 mm was placed on the
bonding surface defined by an adhesive tape with a pun-
ched hole over the center of the flattened dentin surfa-
ce and subsequently filled with GIC, GIC incorporated
with 0.1% SNPs, and GIC incorporated with 0.2% SNPs
(n=10 for each group). Immediately after bonding GIC
to the dentin surfaces, the samples were stored in water
at 37°C for 24 h. After removing the tygon tubing with
a scalpel, uSBS to dentin was measured by a universal
testing machine at the cross speed of 1 mm/min (MPa)
(Fig. 1). The fracture load (N) was recorded and the
uSBS (MPa) was calculated.

Fig. 1: The wrapped stainless steel ligatur around the
base of the GIC micro-cylinder for measurement of
uSBS.
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-Statistical analysis

Mean values and standard deviations for each test were
measured. The obtained data were subjected to one-way
analysis of variance (ANOVA) and multiple compari-
sons of Tukey’s test. All the analyses were performed
using SPSS software version 17 (SPSS Inc, Chicago,
USA) (p<0.05).

Results

The means and standard deviations of Vickers micro-
hardness (VHN), flexural strength (O"), compressive
strength (CS), and micro-shear bond strength (uSBS) to
dentin of the experimental groups are shown in Table 1.

Nanosilver enriched glass ionomer cement

was a significant increase in the compressive strength of
GIC+0.2 % (w/w) SNP group compared to GIC+0.1 %
(w/w) SNP group (P < 0.05).

-Micro-shear bond strength to dentin

Micro-shear bond strength to dentin increased significant-
ly with increasing the concentrations of SNP into GIC
compared with the control group (P < 0.05) (Table 1).

Discussion

The present study was carried out to investigate the
effect of SNP incorporation into GIC on the mechanical
and dentin bond strength properties. Two concentrations
of SNPs (0.1 % and 0.2 % (w/w)) were selected for this

Table 1: Means and standard deviations of Vickers microhardness (VHN), flexural (O") and compressive strength (CS) and micro-shear bond

strength (LSBS) to dentin of the experimental groups.

Group Surface microhardness | Flexural strength | Compressive strength Micro-shear bond
(VHN) (MPa) (MPa) strength (uSBS) to
dentin

Conventional

58.63+2.1° 10.92+1.1° 26.00+1.7* 2.14+0.3*
GIC (control)
Conventional

62.28+3.1° 12.09+1.5% 32.46+2.0° 3.99+0.4°
GIC+0.1%(w/w) SNP
Conventional

66.014+2.6° 13.03+0.9° 37.67+1.9¢ 7.22+0.9¢
GIC+0.2%(w/w) SNP

Mean values for each group represented with the same superscript letter (column) are not significantly different (»>0.05), whilst mean values

with different letters are significantly different (»<0.05).

-Vickers microhardness

Surface microhardness (VHN) significantly increased
with increasing concentrations of SNPs incorporated
into GIC compared with the control group (P < 0.05).
There was a significant increase in the surface micro-
hardness for GIC+0.1 % (w/w) SNP and GIC+0.2 %
(w/w) SNP groups (P < 0.05) compared to the control
group. Also, the surface microhardness significantly in-
creased for GIC+0.2 % (w/w) SNP group compared to
GIC+0.1 % (w/w) SNP (P < 0.05).

-Flexural strength

The supplementation of 0.2% (w/w) SNP into GIC
enhanced flexural strength (p<0.05) compared to the
control group. There was no significant difference be-
tween the control and GIC+0.1 % (w/w) SNP groups
(P> 0.05). Also, no significant difference was observed
between GIC+0.1 % (w/w) SNP and GIC+0.2 % (w/w)
SNP groups (P > 0.05).

-Compressive strength

The incorporation of 0.1% and 0.2 % (w/w) SNP into
GIC significantly increased the compressive streng-
th compared with the control group (P < 0.05). There
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study because a relatively low toxicity was reported after
incorporation of these two concentrations of SNPs into
GIC in a previous study (17). The best performance was
shown for 0.2 % (w/w) SNP group in the current study.
Recently, minimal intervention dentistry has become
more popular for caries removal during tooth prepara-
tion. However, this technique may increase the possi-
bility of leaving more carious tissues in the tooth cavity
containing active bacteria (3,19). Moreover, it is difficult
to achieve a complete sealing of the tooth-restoration in-
terface and micro gaps may form at the interface in the
clinical practice (20). Therefore, restorative materials
should ideally possess antibacterial properties to prevent
bacteria-induced tooth sensitivity, pulpal irritation, and
recurrent caries (5). An important point which should be
considered when choosing an antimicrobial agent that
may be added to restorative materials is that an ideal an-
timicrobial agent should provide effective antibacterial
action without adversely affecting the mechanical and
bond strength properties of restorative materials (1,6).
The application of nanoparticles represents an area of
investigation that has recently attracted much attention
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in dentistry for controlling biofilm formation within
the oral cavity because of the antibacterial, antiviral,
anti-adhesive, and anti-inflammatory effects of nano-
particles (16). In this regard, metal-based nanoparticles
such as SNPs have been used in various dental branches
because of their broad-spectrum antibacterial properties
(13,14). The mechanism underlying the antimicrobial
effects of silver is still not fully understood. However,
some possible explanations are as follows: (a) silver
causes structural damage in bacteria by the production
of reactive oxygen species including free radicals (b)
the released biologically active silver ions can cause
subsequent damage to DNA of bacteria and other phos-
phorus-containing compounds and inhibit their DNA’s
ability to replicate (¢) the direct contact of the very high
concentration of silver particles with the cell wall can
kill the cell. The main mechanism for the antibacterial
activity of entrapped SNPs in resin materials is the last
one (14,21-23). These properties have encouraged the
use of SNPs in restorative dentistry (1,6,16). Two main
strategies for using the antibacterial properties of nano-
particles such as SNPs in the oral cavity are combining
dental materials with nanoparticles and coating the sur-
faces with nanoparticles to prevent microbial adhesion
(24). Considering the inherent antibacterial properties of
SNPs, the first mechanism was used in the current study
and SNP was incorporated into a conventional GIC. The
aim of this study was to investigate the role of SNPs
incorporation in the mechanical properties and dentin
microshear bond strength of GIC.

In spite of the fact that fluoride release from GICs renders
them some antibacterial effects to suppress microleaka-
ge and secondary caries formation, it has been demons-
trated that the addition of SNPs to GIC significantly im-
proves its bactericidal activity against S. mutans (5,16).
Moreover, a previous study assessed the cytotoxicity of
conventional and resin-modified glass ionomer cements
with and without the addition of SNPs. SNPs were ad-
ded to these materials at two different concentrations by
weight: 0.1% and 0.2%. It was found that SNP did not
affect the cytotoxicity of the studied GICs (17). Therefo-
re, two SNP concentrations (0.1 % w/w and 0.2 % w/w)
were incorporated into a conventional GIC in the present
study to investigate the effect of SNP incorporation on
the mechanical and bond strength properties of GIC.
Compressive strength and flexural strength are consi-
dered as indicators for the load-bearing capacity of a
restorative material in dentistry. Most of the masticatory
forces are of a compressive nature. However, the exact
critical value for a restorative material to be used in a
stress-bearing area is unknown (1). In the present study,
the GIC containing 0.1% and 0.2% (w/w) SNP exhibited
a significantly higher compressive strength compared to
the control group. Also, it was found that improvement
in the flexural strength of GIC was significant at the con-
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centration of 0.2% (w/w) SNP and 0.1 % (w/w) SNP did
not negatively affect the flexural strength. These results
may suggest the strengthening ability of SNP when ad-
ded to GIC. The common reason for the low resistance
of GIC to fracture is the presence of voids in the cement
matrix which are formed by the inclusion of air during
cement mixing. These voids may act as stress raisers
and concentrators and eventually weaken the mecha-
nical properties of the set cement (6). However, recent
studies suggest that the voids tend to be filled with nano-
particles incorporated into GIC (6,25). The small sizes
of the silver nanoparticles incorporated into GIC and the
improved packing of particles within the matrix of the
set cement may justify the improvement of the flexural
and compressive strengths of the SNP-containing GIC.
The incorporation of SNP into GIC may also result in a
wider range of particle size distribution. Therefore, these
small silver nanoparticles are able to occupy the empty
spaces between the larger glass particles and may provi-
de an additional bonding site for the polyacrylic polymer
thereby reinforcing GIC (10,26). Moreover, the increa-
sed compressive strength may be attributed to the high
density of interfaces of nanomaterial and the tendency
of nanoparticles to resist the compression forces (27).
The results of this study are similar to those of some
previous studies. Incorporation of TiO2 nanoparticles
into GICs improved compressive strength in a study by
Elsaka et al. This finding was attributed to the small size
of the nanoparticles and the effect of improved packing
of particles within the matrix of the set cement (6). A hi-
gher compressive strength was also obtained following
the incorporation of zirconium oxide and titanium dioxi-
de nanoparticles into conventional GICs in a previous
study (25). This result was explained by microscopic
findings which showed the decreased occurrence of both
air voids and micro-cracks within the set matrix of the
GIC because of the improved homogeneity and increa-
sed consistency of GIC following the incorporation of
the nanoparticles (25). This may be another explanation
for the improvement of the mechanical properties of
GIC after SNP incorporation in the present study.

A significant increase in the surface hardness of
SNP-containing 0.1% and 0.2% (w/w) GIC compared
to the control group was observed in the present study
which may be a further evidence for matrix interaction.
It seems that denser surface textures with fewer and
smaller voids resulted in a higher hardness. A previous
study has reported that the incorporation of 3% (w/w)
TiO2 nanoparticles into GIC could improve the surface
microhardness. A possible explanation for this increase
in the surface microhardness is that fewer glass parti-
cles are present at the surface of GIC which results in a
greater amount of acid to react with the nanoparticles.
Moreover, the higher ratio of nanoparticles to the matrix
at the interface resulting from the interstitial packing of
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the nanoparticles could have a role in the improvement
of the microhardness (6).

Another finding in the current study is that the mean
uSBS of the SNP-containing GIC to dentin signifi-
cantly increased compared with the control group. GIC
can chemically bond to tooth structure by the reaction
of phosphate ions in the dental tissue with carboxylate
groups in the polyacrylic acid. The type of dental subs-
trate is among several factors that could influence the
bond strength of glass ionomers to tooth structure (28).
Dentin has a heterogeneous structure consisting of a
complex inorganic/organic structure and consequently
has a low surface energy (29). The results of the present
study suggest that SNP addition not only does not inter-
fere with the chemical bonding ability of GIC to dentin,
but also may have a positive effect on the bond strength
values.

Based on the results of the present study, SNP incorpo-
ration can improve the mechanical properties and bond
strength to dentin of GIC. Moreover, visual inspection
confirmed that the incorporation of 0.1 % (w/w) and
0.2 % (w/w) SNPs had no adverse effect on the color
of GIC. However, the color of the samples was not as-
sessed under a stereomicroscope. The results of the pre-
sent study are in line with a previous study which has
evaluated the effect of nanoparticle incorporation into
GIC (1,6). The incorporation of titanium dioxide nano-
particles into a restorative GIC significantly improved
antibacterial activity and mechanical properties such as
flexural strength, compressive strength, and Vickers mi-
crohardness without compromising the adhesion to ena-
mel and dentin in a previous study (1). Besides the posi-
tive effect of nanoparticles on the mechanical properties
of GICs, a previous study showed that the incorporation
of ZrO2 nanoparticles into GICs stimulated the adhesion
of epithelial cells to the set cements (30). In the current
study, the effect of SNP incorporation on the epithelial
cell adhesion to GIC and the improved biocompatibility
of SNP were not explored. These issues should be inves-
tigated in the future studies.

Based on the results of the present study, SNP-contai-
ning GIC is a promising restorative dental material espe-
cially for use in high-tension restoration considering the
force of mastication. It has presented improved physical
and bond strength properties. It can be suggested that
this novel experimental GIC may be potentially useful
for higher stress-bearing site restorations. However, fur-
ther research on this material is warranted before its use
in clinical practice. Further work is required to fully elu-
cidate the effects of the incorporation of other types of
nanoparticles into GIC in different concentrations and
compare them with those of SNPs. Also, physicochemi-
cal surface interactions between the nanoparticles and
the cements should be explored in the future. The pre-
sent study has been carried out under in vitro conditions

€280

Nanosilver enriched glass ionomer cement

and there is a clear need for further in situ and in vivo
studies. Moreover, the possible influence of nanoparticle
incorporation on the setting time of GIC and the patter-
ns of fluoride ion release from GIC should be investi-
gated in the future. Also, the long-term bond strength,
antibacterial and anti-caries properties of nanoparticle
incorporation into GIC should be more elucidated in the
future studies. The chemical interaction between SNPs
and GIC composition should be assessed by specific
analyses such as sophisticated spectroscopies and trans-
mission electron microscopy (TEM) in the future.
Within the limitations of this study, we can conclude that
SNP-containing 0.1% and 0.2% (w/w) GICs improved
the compressive strength, surface microhardness, and
uSBS to dentin compared to the unmodified GIC. The
addition of 0.1 % (w/w) SNP to the conventional GIC
did not compromise the flexural strength of GIC. The
addition of 0.2 % (w/w) SNP to the conventional GIC
improved the flexural strength of GIC.
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