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ABSTRACT
Glass ionomer cements (GIC) are known as a non-bioactive dental cement. During setting the GIC
have an acidic pH, driven by the acrylic acid component. It is a challenge to make GIC alkaline
without disturbing its mechanical properties. One strategy was to add slowly reacting systems with
an alkaline pH. The aim of the present study is to investigate the possibility of forming a bioactive
dental material based on the combination of glass ionomer cement and calcium silicates. Two
types of GIC were used as control. Wollastonite (CS also denoted b-CaSiO3) or Mineral Trioxide
Aggregate (MTA) was incorporated into the 2 types of GIC. The material formulations’ setting time,
compressive strength, pH and bioactivity were compared between modified GIC and GIC control.
Apatite crystals were found on the surfaces of the modified cements but not on the control GIC. The
compressive strength of the cement remained with the addition of 20% calcium silicate or 20%
MTA after one day immersion. In addition, the compressive strength of GIC modified with 20% MTA
had been increased during the 14 d immersion (p < 0 .05).
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Introduction

Glass ionomer cement (GIC) has been widely used
in dentistry since 1970.1,2 It is considered superior
to other types of water based cements because it has
good mechanical properties and transparency.3 In
addition, fluoride release over a prolonged period
and good biocompatibility make GIC useful as a
dental material.4 However, GIC has some disadvan-
tages such as relatively high brittleness and it is
moisture sensitive during the early stage of setting.
Over the past decades, progresses have been made
to improve the mechanical strength of GIC, through
modification of either polyelectrolyte or glass pow-
der.4,5 However the material has relatively high brit-
tleness and it is moisture sensitive during the early
stage of setting.6 Another disadvantage of GIC is
that the bonding between the GIC and tooth is
weak.7,8 A stronger chemical bond between GIC
and teeth could be achieved by rending a GIC with
true bioactive properties, i.e. formation of an apatite
interlayer.9 The formation of apatite on surface can
close gaps between restoration and teeth, improve
bonding strength, and enhance bone integration
with implant surfaces.1 However, for conventional
GIC, it is considered difficult to form such apatite

layer because the release of polyacrylic acid (PAA)
from the GIC lowers the pH and inhibits the forma-
tion of apatite.7 Thus, it is necessary to develop bio-
active GIC that can promote the formation of
hydroxyapatite on the surface of GIC.

The invention of bioactive glass by Larry Hench
launched the field of bioactive ceramics.11,12 The use
of bioactive glass to improve the bioactivity of GIC
has recently been published. The results show that
resin-modified GIC with bioactive glass has an effect
on mineralizing dentin both in vitro and in vivo.13,14

However, the addition of bioactive glass compromises
the compressive strength and surface hardness of
GIC.15 Thus developing bioactive GIC without
decreasing its mechanical properties still remains a
challenge. One possible strategy is to incorporate sil-
ica-based bioceramics into GIC. Silica-based ceramics
are important bioactive materials which has gained
attention in endodontic applications.16 Wollastonite,
one kind of silica-based ceramics, shows a high bioac-
tivity in vitro with the formation of hydroxyapatite
(HAP) on the surface of powder in SBF.17,18 Mineral
Trioxide Aggregate (MTA), composed of dicalcium
silicate (C2S) and tricalcium silicate (C3S), also has
been demonstrated good cytocompatibility for
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osteoblasts and promotes the formation of crystalline
precipitation in phosphate buffer.19 Via combining
the 2 material classes it could be possible to use wol-
lastonite or MTA to form a bioactive GIC. The risk of
this strategy is that glass ionomer cement is based on
the acid-based reaction in which polyacrylic acid
attacks bioactive glass and forms 3 dimensional net-
work. Incorporation of C2S and C3S which are high in
alkalinity may destroy the 3 dimensional network and
decrease mechanical strength.

In this study, both non self-setting (wollastonite)
and self-setting (MTA) calcium silicates were chosen
to enhance the bioactivity of GIC. The aim of present
study is to enhance the bioactivity of GIC by incorpo-
rating wollastonite or MTA without decreasing the
mechanical strength significantly. The setting time,
compressive strength, pH change and in vitro bioac-
tivity of the cements were evaluated.

Results

Characterization of wollastonite and MTA powder

The XRD analysis showed that the synthesized wollas-
tonite powder was mainly composed of wollastonite
and larnite, see Fig. 1A. The MTA powder was com-
posed of Ca3SiO5, Ca2SiO4 and a small amount of
CaSO4, see Fig. 1A. The wollastonite particle formed
agglomerates while the MTA powder was irregular
sheet like, see Fig. 2.

Setting time of wollastonite and MTA modified GIC

The initial and final setting time of the GIC with and
without wollastonite and MTA are given in Table 1
and Table 2. It was apparent that the addition of wol-
lastonite only slightly prolonged the initial setting
time from 240 s to 300 s. When increasing the

Figure 1. XRD patterns: (A) Wollastonite and (B) MTA powder.

Figure 2. SEM micrographs: (A) Wollastonite and (B) MTA powder.
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amount of wollastonite, the final setting time
remained the same. Ten% MTA did not affect ini-
tial setting time of the GIC, but slightly increased
the final setting time from 600 s to 660 s. Further
increasing the amount of MTA, the cement hard-
ened rapidly and it was difficult to continue to mix
liquid and powder together homogeneously. In
order to enhance the handling property of the GIC,
more tartaric acid and water were required. When
the amount of MTA was up to 30%, 30% tartaric
acid solution (add the concentration of TA solu-
tion) was required and the ratio of glass: MTA:
PAA was 1:0.4:0.8 in order to form cement which
is easily to manipulate. In this case, the initial and
final setting times were prolonged to 570 s and
900 s, respectively.

Compressive strength of wollastonite and MTA
modified GIC

The addition of 10% and 30% wollastonite in the
GIC resulted in slightly decreased (p < 0 .05) com-
pressive strength (53 (6.7) MPa and 47 (4.1) MPa,
respectively, see Fig. 3). However, no significant dif-
ference (p ˃ 0.05) could be observed between the
compressive strength of GIC control (64(7.3) MPa)
and GIC with 20% wallastonite (57(8.4) MPa). The
addition of 10% MTA resulted in a decrease (18%)
of compressive strength (p < 0 .05), while no signifi-
cant difference could be observed between control
group (64(7.3) MPa) and 20% MTA (65(12.2) MPa).

The compressive strength decreased to 37(3.2) MPa
when 30% MTA was added.

pH changes in water and SBF solutions

As shown in Fig. 4A and C, the pH values of SBF solu-
tions soaking with cements decreased during the first 3
d and then increased. For the GIC control, it was less
than 7 after 7 d The pH increased with addition of wol-
lastonite and MTA. For 30% wollastonite modified
GIC, the pH was higher than that of 10% and 20% wol-
lastonite at all-time points. It reached to 7.3 after 7 d
GIC with 30% MTA showed a higher value (pHD7.3)
after 7 d compared with 10% and 20% MTA.

The pH values after soaking cements in distilled
water are shown in Fig. 4B-D. After one hour, all
groups showed lower pH values after immersion in
distilled water compared with the groups imemer-
sion in SBF solution. Then the pH values started to
increase after 1 hour. After 7 d immersion in dis-
tilled water, the pH value of the group with pure

Table 1. Initial and final setting times for wollastonite modified
cements.

Cement Initial setting time (S) Final setting time (S)

GIC 240 600
10% wollastonite 300 600
20% wollastonite 300 600
30% wollastonite 300 600

Table 2. Initial and final setting times for MTA modified cements.

Cement Concentration of tartaric acid (GlassCMTA):PAA:Tartaric acid solution (weight ratio) Initial setting time (S) Final setting time (S)

GIC control 10% 1:0.4:0.6 240 600
10%MTA 10% 1:0.4:0.6 240 660
20%MTA 10% 1:0.4:0.6 – –
20%MTA 20% 1:0.4:0.6 240 690
30%MTA 20% 1:0.4:0.6 – –
30%MTA 20% 1:0.4:0.8 – –
30%MTA 30% 1:0.4:0.8 570 900

Figure 3. Compressive strength of GIC with wollastonite and
MTA. Test groups with the same superscript letter are not
significantly different at P < 0 .05 level (one-way ANOVA,
LSD’s test).
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GIC reached a stable value of approximate 6. For
GIC incorporated 10%, 20% and 30% wollastonite,
the pH was 7.16, 7.23 and 7.43, respectively.

In vitro bioactivity of wollastonite and MTA modified
GIC

The GIC control surfaces were similar after 1 h and
7 days’ soaking, see Figs. 5 and 6. For samples contain-
ing wollastonite and MTA, the surface had the same
morphology as the GIC control initially. However,
samples modified with wallostonite and MTA showed
a new mineralized layer after 7 d EDX analyses of GIC
control surface revealed the presence of Ca, Si, Sr, Al
and Zn, see Fig. 7. Compared with the control, the test
groups displayed a significantly higher P and Ca peak.
Cl peak appeared in the modified groups, indicating

chloride ions in SBF could be adsorbed on the surfaces
of the cements.

Modification of commercial GIC

Concentration of tartaric acid and powder to liquid
ratio are required to adjust in order to form cements
with good handling properties, see Table 3. Addition
of 20% wollastonite and MTA slightly prolonged the
final setting time. After one day the compressive
strength of GIC with 20% wollastonite (96 MPa) was
lower than GIC control (122 MPa) (p < 0 .05), see
Fig. 8. But after storage for 7 d the strength increased
and no significant difference could be found between
GIC control and GIC with 20% wollastonite. The
compressive strength of GIC with 20% MTA contin-
ued to increase during the 14 days’ storage. After
14 days, the compressive strength of GIC with 20%

Figure 4. pH changes of solution over a period of 7days. GIC with (A) Wollastonite in SBF (B) Wollastonite in water (C) MTA in SBF (D)
MTA in water.
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MTA was higher than the samples storage in distilled
water for one day (p < 0 .05). XRD analysis showed
that after reaction the cements were mainly amor-
phous with some calcium tartrate hydrate crystalline,
see Fig. 9. Apatite formation can be observed on the
surfaces of modified groups after 14 days, see Fig. 10.
The EDX spectra showed that the amount of P, Ca
and Si on the surface of wollastonite group and MTA

modified GIC were higher compared with GIC control
group, while the amount of Al decreased, see Fig. 11.

Discussions

Wollastonite can be prepared by solid state reaction,
co-precipitation, sol-gel method and mechanochemi-
cal routes.20,21 In the current study, sol-gel method

Figure 5. SEM images of the cements with wollastonite after soaking in SBF solution. (A) GIC after 1h, (B) GIC after 7 days, (C) 10% wol-
lastonite after 1 h (D) 10% wollastonite after 7days, (E) 20% wollastonite after 1h, (F) 20% wollastonite after 7 days, (g) 30% wollastonite
after 1h, (h) 30% wollastonite after 7 d.
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was chosen for synthesis because of the homogeneous
composition and the low densification temperatures.21

XRD spectra in Fig. 1A showed that the powder was
crystalline and composed of wollastonite (b-CaSiO3)
and larnite. Similar results have been obtained by
other researchers.22 This might be due to the incom-
plete hydrolysis of TEOS. The un-hydrolyzed TEOS is
evaperated during the drying and calcination, which

leads to the increase of Ca/Si ratio. Thereafter larnite
might be formed locally. The trace phase of larnite is
not a disadvantage, since larnite is also a silica-based
material and exhibits good bioactivity.16

Several studies have shown that fillers in the GIC
could have either adverse or beneficial effects on the
mechanical performance of cements. It depends on
their ability to increase the number of salt bridge and

Figure 6. SEM images of the cements with MTA after soaking in SBF solution. (A) 10% MTA after 1 h (B) 10% MTA after 7days, (C) 20%
MTA after 1h, (D) 20% MTA after 7 days, (E) 30% MTA after 1h, (F) 30% MTA after 7 d.
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cross linking in the hardened cement.3 The additives
to increase the bioactivity and antibacterial properties
often have adverse effect on mechanical strength. As
mentioned above, the compressive strength of GIC
decreased with the increasing amount of bioactive
glasses.15 The compressive strength decreased to 36%
of its original values when 30% bioactive glass was
added. Takahashi et al.23 incorporated chlorhexidine
to improve antibacterial property of GIC. However,
the antibacterial agent extended setting time and the
compressive strength showed a decrease around 18%
when 3 wt% of antibacterial agent was added in the
powder. To the best of our knowledge, the effect of
wollastonite on the mechanical properties of GIC
hasn’t been studied yet. The compressive strength
decreased slightly when 10% and 30% wollastonite
were added, which indicated that wollastonite cannot
increase the cross linking of conventional GIC. This is
likely due to that wollastonite itself is not a self-setting
material. However, compared with the incorporation
of bioactive glass and antibacterial agent, the decline
in compressive strength was much lower, and might
not affect the durability of the restoration. The glass
ionomer cement modified with MTA showed increase

in setting time, but did not show decrease in strength.
The setting time and compressive strength are deter-
mined not only by the amount of water added to the
matrix, but also by the concentration of tartaric acid
and the reaction between the additives and PAA. The
decrease of strength with 10% MTA can be attributed
to the high pH of MTA which reduced the release of
the ions from the surface of the glass. In this case, the
crosslinking of the matrix was weakened. The reaction
between PAA and MTA is an acid-based reaction
which leads to the inconsistency of the cement. Tarta-
ric acid acted as an accelerator in GIC which helps
extraction of ions from glass.24 Meanwhile, tartaric
acid acts as strong retardant for the hydration of Port-
land cement.25 When the amount of MTA is up to
20%, tartaric acid is required to buffer the alkalinity of
MTA and slowed down the hydration process to form
a good paste. The initial setting time and compressive
strength of 20% MTA was almost the same as for the
control group. The prolonged setting time and
decreased compressive strength of 30% MTA were
due to the increase of water and MTA. In this case,
the matrix of PAA-glass network might be destroyed
by the excess of MTA.

Figure 7. EDX analysis: (A) GIC (B) 20% wollastonite (C) 20% MTA. The specimen was immerged in the SBF for 7 d at 37�C.

Table 3. Initial and final setting times for wollastonite and MTA modified commercial luting cements.

Cement Concentration of tartaric acid P:L(weight ratio) Initial setting time (S) Final setting time (S)

GIC control 0% 0.5:0.25 360 540
20% wollastonite 0% 0.5:0.25 – –
20% wollastonite 0% 0.5:0.3 – –
20% wollastonite 10% 0.5:0.3 300 660
20% MTA 0% 0.5:0.25 – –
20% MTA 10% 0.5:0.25 – –
20% MTA 10% 0.5:0.3 – –
20% MTA 20% 0.5:0.3 – –
20% MTA 20% 0.5:0.35 300 720
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Almost all the modified cements (both with wollas-
tonite and MTA) had higher pH value compared with
GIC control group (Fig. 4). This may relate to the
hydration of Ca2SiO4 and Ca3SiO5 during which the
calcium hydroxide was produced and resulted in
higher pH in both water and SBF solution.27 The
increased pH value facilitates the formation of apatite
thus can increase the bioactivity of the cements. The
pH values were between 4 and 5.5 for control GIC
immersed in water for 1 h (Fig.4 b, d), and increased
to 5.7 after 1 day, which is similar to other publica-
tions.26 The decline in pH from final setting to the first
hour may relate to the release of unreacted polyacrylic
acid from the sample. After the rapid release of

unreacted polyacrylic acid, the unreacted glass pow-
ders start to release ions from the surface, which
resulted in the rise of pH after 1 h. In SBF solution,
the acidic cements could be neutralized by the buffer
solution. Compared with pH changes in water, the pH
decline in SBF were slower and lasted for longer time
due to the buffering effect of SBF solution. Little
increase in pH in SBF solution after 3 d may attribute
to the release of glass powder.

The ultimate aim of incorporating wollastonite and
MTA into conventional GIC was to improve bioactiv-
ity while without affecting the mechanical and handing
properties of GIC. Although some researchers consid-
ered the choice of SBF solution for testing the bioactiv-
ity of material was arbitrary,28 numerous studies has
showed that this method was useful in predicting the
in vivo bioactivity of materials.29 In this study, the
SEM analysis of the GIC control cement did not dem-
onstrate any HA formation while the formation of
apatite could be observed in both wollastonite and
MTA added samples. This was further confirmed by
EDX analysis (Fig. 7). Maria et al. studied the bioactiv-
ity of one light-curable calcium-silicate MTA cement
and proved the formation of bone-like apatite just after
1 day immersion in DPBS.30 The mechanism for
b-CaSiO3 and MTA promoting the bioactivity of GIC
could be interpreted from the increase of pH and the
bioactivity of wollastonite and MTA itself. It is
believed that increase of solution pH benefits the apa-
tite nucleation since apatite solubility decreases at basic
pH and OH¡ was required to form apatite.31,32 Due to
the replacing of SBF solution every day, the pH of the
solution remains stable during immersion (Fig. 4). The
ion release from b-CaSiO3 may affect the pH on the
surface of the sample. This change of pH can facilitate
the formation of apatite nucleation on the GIC surface
and the release of Ca2C provided enough ions for the
apatite crystal to grow. Another reason for the pro-
moted bioactivity may relate to the Si-OH groups
from the b-CaSiO3 and MTA which facilitate the
nucleation of apatite. It has been reported that negative
charge on a materials surface is essential to form bone-
like apatite.33 The negative charged surface attracts
Ca2C ions from the SBF solution, forming calcium
compounds like calcium silicate. The positively
charged compound attracts the PO4

3¡in return.10,34

The mechanism of apatite formation on wollastonite
was similar to that of CaO-SiO2 based glass.35,36 Ca2C

ions are released from b-CaSiO3 and MTA, thus

Figure 8. Compressive strength of GIC modified by wollastonite
and MTA, after storage in distilled water for 1 day, 7days and 14
d Test groups with the same superscript letter are not signifi-
cantly different at P < 0 .05 level (one-way ANOVA, LSD’s test).

Figure 9. XRD spectra of the cements after hardening for 1 d, 7 d
and 14 d in SBF.
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increased ion activity products in the local solution. In
addition, the hydrated silica provided a site for the for-
mation apatite nucleation. After the apatite nucleation,
the apatite continues to grow in the SBF solution.

It is very interesting to notice the increase of com-
pressive strength with 20% MTA after 14 d Based on
the results, a possible mechanism was proposed to
explain the reaction among GIC, MTA and tartaric
acid, see Fig. 12. When GIC, tartaric acid and MTA
were mixed together, first tartaric acid reacts with C3S
and C2S to form some calcium tartrate hydrate. The
calcium tartrate hydrate covers the surface and inhib-
its the further reaction between PAA and MTA. After
immersion in the water, the unreacted C3S and C2S
continue to hydrate which strengthens the crosslink-
ing of the cement.

Materials and methods

Precursor powder

Calcium nitrate tetrahydrate (Ca(NO3)2¢4H2O,
Sigma-Aldrich, MKBK6090), tetraethoxysilane
(TEOS, Sigma-Aldrich, BCBP9468V), nitric acid
(HNO3, Sigma-Aldrich, MKBH4658V ) and tartaric
acid (Sigma-Aldrich, BCBL5409V) were purchased
from Sigma. White Portland cement (simulating
MTA) was bought from Aalborg Portland as a for-
mulation. Polyacrylic acid (PAA) with MwD50000
was provided by Advanced Healthcare Ltd and the
glass was from SCHOTT (G018–090, 30% SiO2,
20% SrO2, 20% Al2O3, 20% F, P2O5 < 5 %, Na2O
< 5 %). Commercial luting cement was bought
from Advanced Healthcare Ltd, UK.

Figure 10. SEM images of the cements after soaking in SBF solution. (A) GIC after 1h, (B) GIC after 14 days, (C) 20% wollastonite after 1 h
(D) 20% wollastonite after 14 days, (E) 20% MTA after 1 h, (F) 20% MTA after 14 d.
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Preparation and characterization of wollastonite
and MTA powders

Wollastonite powders were prepared by sol-gel
method using Ca(NO3)2.4H2O, TEOS, HNO3, deion-
ized water and ethanol. Initially, 21.6 ml TEOS,
13.9 ml deionized water and 2.8 ml 2 M nitric acid
were mixed and stirred for 1 h at room temperature.
Then 22.85 g calcium nitrate tetrahydrate and 50 ml
ethanol were added and stirred for another 3 h. Then
the solution was stored in oven at 60�C for 1 d for
gelation. The obtained gel was further dried at 110�C
for 1 d. The dried gel was calcined at 1000�C for 4 h,
with the ramping rate of 5�C/min. The calcined gel
was milled and sieved (200 mm). The MTA was also
sieved (200 mm).

The phase characterization of the wollastonite after
calcination as well as the MTA powders was

investigated by XRD (D5000, Siemens, Cu Ka1 radia-
tion (λD1.5418A

�
)) at 45 kV and 40 mA. The step size

was 0.02, and the scan speed was 2 s per step from 20
degree to 70 degree. The morphology of the powders
was studied by SEM (LEO 1550). SEM was also used
to check the morphology of cement surface before and
after immersion in SBF solution.

Material formulation

The cement was formulated using 2 component sys-
tem (liquid and powder). The liquid was a water solu-
tion of tartaric acid (L (C)). The powder was
composed of glass and polyacrylic acid (PAA). The
glass and PAA were weighed accurately and mixed by
a Turbula mixer (Willy A.Bachofen AG, Switzerland).
For wollastonite modified GIC, the weight ratio of
(glass C wollastonite): PAA: tartaric acid solution is

Figure 11. EDX of commercial GIC modified by wollastonite and MTA: (A) GIC (B) 20% wollastonite (C) 20% MTA. The specimen was
immerged in the SBF for 14 d at 37�C.

Figure 12. Possible mechanism for the reaction of glass ionomer cement, MTA and tartaric acid.
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1:0.4:0.6. Four groups were formulated in this study by
adjusting the ratio of wollastonite to glass (1) Control
group without wollastonite, (2) Wollastonite: glass D
10%, (3) Wollastonite: glass D 20% and (4) Wollas-
tonite: glass D 30%. For GIC modified with MTA, 4
groups were formulated by adjusting the ratio of MTA
to glass: (1) Control group without MTA, (2) MTA:
(glass C MTA) D 10%, (3) MTA: (glass C MTA) D
20% and (4) MTA: (glass C MTA) D 30%. The
cement was prepared by mixing the powder and liquid
part on a plastic pad using stainless spatula.

Modification of commercial glass ionomer cement
with wollastonite and MTA

In order to investigate the performance of wollastonite
and MTA with commercial GIC product, 20% of wol-
lastonite or MTA was incorporated into commercial
GIC (Batch number: 101321–4, glass ionomer luting
cement, Advanced Health Care Ltd, UK) to study the
potential bioactive effect on the GIC. Twenty% of the
glass powder was replaced by wollastonite or MTA.
Setting time, compressive strength (1 day, 7 d and
14 days) and bioactivity in SBF solution were studied.
The methods were the same as the above.

Setting time

Initial and final setting times were determined by
the Gillmore needles.37A light needle with 113.4 g
in weight and 2.12 mm in tip diameter was used to
determine initial setting time. A heavy needle with
453.6 g in weight and 1.06 mm in tip diameter was
used to determine final setting time. The needle was
placed on the surface every 30 s. Initial and final set-
ting times were defined from the start of mixing
until the light and heavy needles did not mark on
the surface respectively. Two samples were mea-
sured for each formulation.

Compressive strength

The cylindrical specimens for compressive strength
measurement were 4mm in diameter and 6mm in
height. Two samples were made each batch and totally
6 specimens were made for each formulation. The
specimens were stored in water at 37�C in an oven for
1 day. The diameters of the specimens were measured
using a micrometer screw gauge before mechanical
testing. The compressive strength was measured using

a universal testing machine (Autograph AGS-X,
Shimadzu) with a crosshead speed of 1 mm/min.

Measurement of pH change in water and in SBF
solution

SBF solution was prepared according to the literature.
In the tests the samples with diameter of 8mm and
thickness of 1mm were immersed in 5 ml of SBF and
water, respectively, for 7 d PH is vital in the formation
of HA thus the pH changes of water and SBF were
measured using a pH meter. The original SBF
(pHD7.4) was served as control. Two samples were
measured for each formulation.

Surface bioactivity

After final setting, cement samples were polished with
1000 grit silicon carbide paper, washed by deionized
water, and stored in SBF solution. The volume of SBF
(Vs) was calculated through the equation: VsDSa/10.
Sa was the apparent surface area of the specimen. The
SBF was replaced every day. After 7 days, the samples
were removed from the fluid and washed with deion-
ized water. The specimens were dried at 60�C in an
oven before SEM analyses. GIC samples without any
wollastonite or MTA were used as controls for each
group. The morphology of the surface was studied by
SEM (LEO 1550). EDX analysis was used to further
characterize the surface composition of hardened
cements.

Statistical analysis

Statistical analysis was performed using a one-way
analysis of variance (ANOVA) followed by LSD post
hoc test at P < 0 .05 level.

Conclusions

In this study, the bioactivity of 2 types of conventional
GIC was enhanced by adding the wollastonite and
MTA into the glass powder. The pH values started to
increase after one hour in distilled water. The pH val-
ues for all cements decreased during the first 3 d and
then increased in SBF. The final setting time of modi-
fied GIC was slightly prolonged. The compressive
strength of modified GIC was related to the amount of
wollastonite and MTA. When 20% of wollastonite or
MTA (or below) was incorporated into the GIC, the
compressive strength could be remained the same as
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GIC control. In addition, for 20% MTA modified GIC,
the compressive strength increased gradually during
the 14 days’ storage in the distilled water, and was
higher than that of the GIC control after 14 days’ stor-
age. Therefore, the incorporation of bioactive ceramics
can improve GIC’s bioactivity and did not decrease
the compressive strength. If the ceramic is a self-set-
ting material, such as MTA, the self-setting could
enhance the long-term compressive strength.

Abbreviations
GIC glass ionomer cement
MTA mineral trioxide aggregate
CS Wollastonite
SBF Simulated body fluid
PAA Polyacrylic acid
EDX Energy-dispersive X-ray spectroscopy
SEM scanning electron microscope
XRD X-ray diffraction
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