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Lass-lonomer cement with composition SiO,, Al,03; Na,O,

CaO, P,0s, F with substitute ZnO by SrO additive were
synthesized through a quick alkali mediated sol-gel method. The
effect of adding ZnO and SrO on the bioactivity of cured ionomer
cement was examined in simulated body fluid (SBF). Glass powder
obtained in this way was used to prepare the GICs. The ideal powder:
liquid (P:L) ratio determined to prepare the experimental GICs was
equal to 1:1. The chemical process allows the development of glass
powder at 400 “C which is the aim of the present paper. The powders
were characterized by thermal analysis (TG/DSC), X-ray diffraction
analysis (XRD), Fourier transforms infrared (FTIR) and Antibacterial
influence. The results obtained showed that ZnO and SrO doping to
glass ionomer cement block sites of the apatite nucleation led to
retardation the apatite formation, high antimicrobial effect of samples
against Escherichia coli, Staphylococcus Staph and also showed lack
of water solubility by adding zinc contents.

Keywords: GICs, Sol-gel, Bioactivity, PPA, Antibacterials, Water
sorption.

Conventional glass-ionomer cements (GIC) were first described by Wilson and
kent in 1971 as materials consisting of a base—usually an ion-leachable, calcium
aluminum fluorosilicate glass powder — that is combined with polyacryllic acid
(PAA) or its copolymers ®. Although GIC were introduced to dentistry in the
1970s, it was only from the early 1980s on that their physical properties were
improved, thus making these materials more applicable and popular ®. Several
features have contributed to their wide acceptance, which include
biocompatibility, good adhesion to dentin, ability to take up and release flouride,
minimal shrinkage on setting and resistance to degradation similar to that of
dentin ®. Solubility and water sorption is an important feature in assessing the
clinical durability of dental cements. Consequently, solubility of dental cements
has been widely evaluated both in vitro and in vivo®.

Glass polyalkenoate cements are materials made of calcium or strontium
aluminofluorosilicate glass powder (base) combined with a water soluble polymer
(acid). Kent called such materials “glass ionomer” cements, and that name has
become part of the dental vernacular ©. Glass ionomer cement components, when
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mixed together, undergo a setting reaction involving neutralization of the acid
groups by the powdered solid glass base. The curing reactions occur in two phases
designated as gelation and maturation. These two cement-curing phases generate
the GIC structure, a composite of cross-linked PAA reinforced with the reacted
glass particles®. Without diminution of physical properties of the hardened
cement, significant amounts of fluoride ions are released during this reaction.

The acid reacts with the basic SrO and ZnO to form a cross-linked metal
polyacrylate salt containing residual SrO and ZnO particles. These Polyalkenoate
cements set at body temperature without undergoing any polymerisation
shrinkage and without significant evolution of heat . Due to their excellent
biocompatibility in the mouth, with no significant adverse reactions reported in
over 20 years of use, attention was focused on the development of glass-ionomer
cement ®. Zinc is the second most prevalent trace element in the body and is
required for proper cellular and immune function. The body needs zinc to
metabolize carbohydrates, fats, proteins, alcohol and to dispose of carbon
dioxide. Also, zinc is an essential trace element in the human body and has a
stimulatory effect on bone formation. Human bone contains 0.0120-0.0250 wt%
Zn, which is relatively high compared with the average Zn content of whole fat-
free adult tissues (0.0030 Zn wt%) and that of plasma (0.78-1.0 Zn mg/L) ©*9

Sr - containing bioactive glasses in SiO,-CaO-SrO system by sol-gel method.
The results pertaining to in vitro bioactivity analysis of the as developed glasses
exhibited their strong potential towards osteoporosis treatment, dental
applications and in bone tissue regeneration as well in bone remodeling. Further,
substituting strontium ions in place of calcium, magnesium and to other alkaline
earth cations showed good results in terms of bioactivity which sometimes
claimed to be most challenging and also witnessed some phenomenal exchange
of ideas and outcome which kindled the research of Sr-doped glasses with
respect to the bone tissue engineering "

Calcium fluoro-alumino-silicate glasses may be regarded as the basic type
from which GICs are derived. These systems are prepared by the fusion method
at temperatures ranging from 1200 to 1550 °C, depending on the composition. In
this process, fluorine is lost from the melt. This fluorine loss is uncontrolled and
results in variable composition between batches *2.

Alternatively, soft chemistry has been used for synthesis of glasses because
this route vyields more homogeneous materials using lower processing
temperatures than the conventional fusion method. Besides, the sol-gel process
has the potential to yield glasses which cannot be otherwise prepared by the
conventional melting method due to their high melting points . Considerable
efforts have been made to improve the properties of GICs using other types of
glass powders derived from calcium fluoro-alumino-silicate systems with new
components. The aim of this study, Zn containing glass ionomer cement was
prepared by sol-gel method, with the purpose to analyses its bioactivity, water
solubility, antibacterial properties and the influence of Zn, Sr and both of them
on the deposition of HA on its surface.
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Materials and Methods

Tetraethyl orthosilicate (TEOS), calcium nitrate tetrahydrate Ca(NO)3-H,0,
sodium nitrate NaNOs, Alumonum nitrate AI(NO3)3.9H,0 Zinc nitrate
hexahydrate Zn(NOs),.6H,0, Strontium nitrate Sr(NOs), Ammonium fluoride
NH4F as source to fluorine  and triethyl phosphate (TEP) (> 98%) were
purchased from Fluka (Buchs, Switzerland). Ammonia solution, 33%, and nitric
acid, 68%, were purchased from Merck, USA. Both nitric acid and ammonia
solutions were diluted to 2 M using distilled water.

Sol-gel synthesis of Zinc-doped glass ionomer

Glass containing 0, 4, 6, 8 and 10 wt% of ZnO samples were synthesized
through a quick alkali-mediated sol-gel technique ™. ZnO was added to the
glass compositions at the expense of SrO. Table 1 shows the nominal
compositions and codes of the prepared bioactive glass, we make three solutions
A), TEOS, distilled water and 2M nitric acid (as a hydrolysis catalyst), were
successively mixed in ethanol and the mixture was left to react for 30 min under
continuous magnetic stirring for the acid hydrolysis of TEOS. Then appropriate
amounts of series reagents were added in the following sequence: (TEP),
Ca(NO)3;-H,0, NaNO3; NH4F and Zn(NOs),.6H,0, allowing 30 min for each
reagent to react completely .B) Sr(NOs), were mixed in the presence of distal
water. C) AI(NO3)3.9H,0 is mixed in distal water ,then solutions B&C are
added on A by dropping for 30 min under continuous magnetic stirring. After the
final addition, mixing was of all reagents continued for 60 min to complete
hydrolysis. Ammonia solution of 2M concentration (a gelation catalyst) was
dropped into the mixture. The mixture was then agitated with glass rod (like as
mechanical stirrer) to prevent the formation of a bulk gel. Finally, each prepared
gel was left to dry at 100-120°C for 2 days and sintered at 400°C for 2hr thermal
oven.

TABLE 1. Show Different additive of ZnO on the: SiO-Al,0;-P,05-CaO-Na,O-SrO-F .

Glass Glass base Additives
Si0, | ALO; | P,Os | CaO | Na,O | F | srO ZnO
Zng, Sro 45 15 5 15 10 10 | -
Zn, 45 15 5 10 5 10 | 10
Zn, 45 15 5 10 5 10 6 4
Zng 45 15 5 10 5 10 4 6
Zng 45 15 5 10 5 10 2 8
Znyg 45 15 5 10 5 10 0 10
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Cement preparation

The powder prepared by the sol—gel process was passed through a sieve with
a mesh opening of 45um, and then was used to produce the cement. The
experimental GICs were prepared at room temperature by mixing the powder
prepared by the sol-gel process with aqueous solutions 45-50% (m/m) of poly
(acrylic acid) — PAA — MW 230,000. The specimens were made using a powder:
liquid (P:L) ratio of 1:1. This P:L ratio (m/m) is in accordance with the
manufacturer’s instructions™.

Characterization

Thermogravimetric analyses (TGA), and differential calorimetric analyses
(DSC) were performed for the dried gels using a computerized SETARAM
labsys™ TG-DSC thermal analysis system. Scans were performed in the
atmosphere, and in a temperature range of 50-1000 °C, at a rate of 10°C min™.
The materials were analyzed using aluminum oxide powder as a reference. The
phase analysis of the samples was examined by X-ray diffractometer; model
BRUKERaxs using Ni-filtered CuKa irradiation at 40 kV and 25 mA. The infrared
spectra of the prepared glass were obtained using Fourier transform infrared
spectrophotometer (FT-IR) (Model 580, Perkin-Elmer). Each sample used for
infrared spectroscopic analysis was prepared according to KBr technique.

In-vitro assays in SBF

In-vitro assays were performed in a simulated body fluid (SBF), proposed by
Kokubo et al.*®. The SBF solution has a composition and concentration similar
to those inorganic parts of human plasma. During soaking process, each disc was
soaked into 10 ml SBF contained in a polyethylene bottle. These bottles were
covered with a tight lid and placed in thermodynamic incubator (shaking-water
bath) at 37 °C for different time periods (control, 1, 4, 8 and 16 days). After
being soaked, the discs were rinsed with deionized water and acetone and dried
at room temperature.

Water solubility and water sorption assays in artificial saliva

Degradation and water sorption assays were performed in artificial saliva,
proposed by A. Preetha et al.*". The disks were placed in a glass vial containing
50 mL of artificial saliva, The vials were wrapped in aluminum foil to avoid light
exposure and placed in an incubator at 37°C at intervals (1 D, 4 D and 8 Days)
removed, blot-dried, weighed, and then returned to water. This was continued
until a constant weight was achieved (W;). The discs were removed from the
water and replaced in a desiccator containing calcium sulfate, at 37°C and were
reweighed until a constant weight had been achieved. It was subsequently dried
by placing it into desiccator at 80°C for 1 hr and then reweighed for the last time
(W,). These steps were carried out to evaluate sorption (A) and solubility (S)
according to Oysaed & Ruyter ™ formula: A = W, — Wy/V and S = W, — Wy/V,
where: W/ is the sample weight before immersion, W, is the sample weight after
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immersion, and Wj is the sample weight after immersion and desiccation, and V
is the sample volume. Finally, the results were analyzed by means of one-way
ANOVA statistical program.

Antibacterial tests

Antibacterial property was examined by mixing the same physiologic
solution was used for bacteria. 500uL of containing bacteria solution were in
contact in plate at room temperature for 15, 30 min , 1 and 2hr , After each
sampling time, EC X-GLUC agar for E. coil and AZIDE MALTOSE agar (KF)
for S. Stph were added to sample plates . The plates were aerobically incubated
48hr at 37° C for E. coil , S. Staph . The number of the colonies was counted.

Results and Discussion

Thermal analysis

Thermogravimetric analysis (TGA) and differential scanning calorimetric
(DSC), analysis curves for sample (Zn,) are shown in Fig. 1,2. The TGA curves
of all samples showed three main stages of weight losses as the heating process
proceeded from room temperature up to 800 °C. Those weight losses appeared at
the temperature intervals of 30-160,160-224, 224-305, and 305-700 °C for all
samples. The first weight loss was attributed to the removal of water which
appears as (humidity and physically adsorbed water) from the surface and any
the residual alcohol in the pores of the dried gel“?. This stage was reflected in
the DCS curves of sample (Zn,) as the first large endothermic peak centered at
about 160°C™®, as shown in Fig. 1. The second weight loss was reflected in the
exothermic peaks centered around at 224°C on the DSC curve of sample (Zn,),
which is most likely due to first crystallization temperature for CaF, phase
separation. The third weight loss occurred from the end of the second drop in
mass around at 284 C until around at 551°C leading to an apparent weight loss
about 13.45 % of the total weight loss. This weight loss is due to second
crystallization temperature for calcium aluminium silicate (CasAlgSi,Oq6), as
confi(rn;ed by the corresponding second exothermic peak at 700 °C in the DSC
trace®.

X-ray diffraction analysis

The powder prepared at 400 ‘C by the sol-gel process was analyzed by X-ray
powder diffraction (XRD) to identify the crystal phases. In Fig. 3, four peaks at
20 values of 28.27°, 47.09° 55,7° and 68.66° were observed. This crystalline
phase corresponds to the standard JCPDS file no. (88-2301), which referes to the
presence of fluorite (CaF,) phase. The crystallization of CaF, occurs because
Ca?" and F ions are relatively mobile in network®?.

Egypt . J. Biophys. Biomed . Engng. Vol. 13 (2012)



58 KH. M. TOHAMY et al.

Heat Flow ( mV)

Y T T T T T T T T T T
0o 200 400 600 800 1000

T°C

Fig. 1. DSC curves of sol-gel glass after drying for all samples at 80°C and 120°C for 2 days.
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Fig. 2. TGA curve of sol-gel glass for Zn4 sample.
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Fig.3. XRD Pattern of all sol-gel GIC samples soaking
in SBF.
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The XRD analysis results of annealing gel glass ionomer cement samples
after soaking in SBF for Zny, Zn, and Znyo at 400°C are shown in Fig. 4. After
soaking in SBF for 16 days, there are two phases formed on the GICs surface.
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The first phase is poor-crystallized HA layer exhibit as small peaks which
overlapping with CaF, peaks. In addition, the second phase is the well-
crystallized phase calcium Oxide (CaO).
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Fig. 4. XRD Pattern of all sol-gel GIC samples after soaking in SBF.
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Generally, the increase in the intensity and decrease in the width of the
apatite peaks of all samples in SBF depends on amount of ZnO contents.
Therefore, the presence of Zn?* ions in the GICs composition causes inhibition
or retardation of calcium phosphate precipitation layer by adsorbing onto the top
and block sites of the calcium phosphate nucleation® .

FTIR analysis

The FTIR spectra of the cement samples (cured for 24 hr) were used to
characterize their curing reactions and chemical structure of silicate network for
all samples as shown in Fig.5.The observed bands of all samples are listed in
Table 2. For all samples before adding PAA, the bands in the range of 1000—
1300 cm™ correspond to the Si—O-Si asymmetric stretching vibration whereas
the band located at ~ 440-540 cm™corresponds to the vibrational mode of the
bending of Si—-O-Si ®?. The two absorption bands located at ~ 670-740 cm™*
corresponds to Si—O symmetric stretch of bridging oxygen (BO) between
tetrahedron chains.

TABLE 2. Assignments of Infra-red absorption bands of Zny, Zn,, Zng, Zng and Zny,,.

Band range cm™ Zn, zn, Zne Zng Zni,
EL'(? _'ilgb) 440 441 440 442 443
TOO ] e 680 731,740 687 690
f(')(%s'l(;go 1113 | 1095 1089 1085 | 1078
E;-,‘S _(%)40 607 570 566 562 555
fé(?o(_s )1500 1461 | 1462 1520 1460 | 1464
'1"63% 'r'1650 1644 | 1632 1650 1640 149
';35% Hg(gz)o 3350 | 3438 3453 3432 | 3430
'1\'3%35 1385 | 1384 1386 1382 | 1385

On the other hand, FTIR spectra of glass after adding with PAA (GICs) are
shown in Fig. 6. The general features observed were a progressive conversion of
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acid —COOH groups to salt —-COO— groups as metal salts were formed. On
neutralization of organic acid the main characteristic is loss of bands around
1250 and 1710 cm " assigned to C-O and C=0 stretch of poly(acrylic acid) in the
FTIR spectra. Loss of these bands is due to formation of polyacrylate salts ?*2*.

Si-O-si(s)

Si-O-si(s) \

NO
H-O-H

\ “ c—o(s)\

NP

@
o
c
[35]
Ko) H-O-H
=
o
B H-O-H
<
Zn6
Si-O-Si(s)
Si-O-Si(s) \
H-O-H

zZn4

Zno

T T T T T
4000 3500 3000 1600 1200 800 400

Wavenumber (cm™)

Fig. 5. FTIR spectra of Zny, Zn,, Zng, Zng and Zny, sol-gel glass.
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Fig. 6. FTIR spectra of Zn, and Zng sol-gel GICs after mixing with poly(acrylic
acid) before SBF.

As can be seen in Fig. 6 the bands observed around 1700 cm™ were
substituted progressively and other bands can be observed in the spectra. These
bands around 1460 and 1640cm ™ (after 24 hr) could be assigned to symmetric
and asymmetric COO™ stretch of aluminum polyacrylate salt and the bands
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around 1380cm * assigned to symmetric COO ™ stretch of calcium poly acrylate.
These data confirm that the reaction between the particles of the powder and
poly(acrylic acid) solution was completed within 24hr after that cement had been
prepared®®

Figure 7 shows FTIR absorption spectra of glass ionomer cement samples
after soaking in SBF for 16 days. These spectra of GICs sample after SBF
immersion showed either a single peak or a split peak approximately at 610 cm™
and 530 cm™which attributed to P—-O bending vibration®. This is the most
characteristic region for apatite and other phosphates, and it corresponds to P-O
bonding vibrations in a POs;* tetrahedron and indicates the presence of
crystalline calcium phosphates including apatite phase (HA), but with small
amount. This delay in apatite layer formation is due to two reasons: The first is
the presence of Zn®* ions which blocking the nucleation site of apatite phase.
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Si-O-Si
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4000 3600 3200 2800 2400 2000 1600 1200 800 400
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Fig. 7. FTIR spectra of Zn,, Zng and Zn,, sol-gel GICs after mixing with poly(acrylic
acid) and soaking in SBF.
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The second is the presence of PAA, which plays a role in the change of pH
value in SBF solution®®. Consequently, it is assumed that PAA does not inhibit
the formation of the apatite nucleation sites, but does inhibit the formation of
apatite and/or crystal growth on these nucleation sites®”. Therefore, the apatite
formation on the surface of the glass ionomer cement may be inhibited by the
adsorption of PAA and release of Zn ions to compete with Ca ions in SBF
solution.

Water solubility and water sorption analysis

The water sorption and solubility of dental restorative materials are of
considerable clinical importance and cannot be neglected ?®. According to Tae
Hyung Kim et al. ®®, high strength and low solubility are desirable for any base
or lining material. The powder and liquid of glass ionomers were weighed and,
after mixing, the materials were inserted into the teflon mould with a stainless
steel spatula. The moulds (4 mm in diameter and 6 mm in height). A piece of
film was placed onto the material in the mould and covered with a glass slide.
Hand pressure was applied for 20 seconds while excess material was extruded
from the top of the mould.The specimens were recommended exposure time
through a glass plate. The water sorption measurements actually measured the
net gain in weight of a specimen as a result of the ingress of water molecules and
egress of monomers and other small molecules ©°.

Figures 8 and 9 show water sorption and solubility of Sr0Zn0, Zn0, Zn10
samples after soaking in artificial saliva. As can be seen that, cement without
strontium and zinc contents show the highest value of water sorption and water
solubility followed by strontium GIC, while cement containing zinc shows the
lowest values of the three materials tested regarding both water sorption and
water solubility as shown in Fig. 8 and Fig. 9.

This due to, the ionic radius of Zn*" (0.74A) is smaller than the ionic radius
of Sr?*(1.18A). So, the addition of ZnO has a smaller disrupting effect on the
structure and hence it will strengthen the network®. This result was in
agreement with that of Boyd et al.®” who worked on a SrO-CaO-ZnO- SiO,
glass ionomer composition and that of Abou Neel et al.®® who worked on Sr-
doped phosphate glasses.

The replacement may cause a significant decrease in GIC solubility due to
decreasing the network disorder caused by smaller ionic radius of Zn compared
with Sr. The decreased disorder can cause decrease in glass solubility and water
sorption, because solubility is a trade-off between the energy required to
dissociate the structure and the energy released upon hydration of the resultant
ions. Therefore, it seems reasonable to suggest that a more ordered network
produces a more stable (or more soluble) structure.
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Antibacterial test of (GICs)

Plates (A, B) illustrate the test results for the glass ionomer cement
containing zinc, respectively. The diameters of the halo zone for the antibacterial
materials are demonstrated in Table 3. The diameters of haloes of inhibition were
measured using calipers. Disc diameters were measured at the same point and the
size of inhibition zones was calculated as follows: Size of inhibition zone (mm)
= (diameter of zone of inhibition—diameter of disc)x1/2, as shown in Fig. 10.

TABLE 3. The diameter of the halo zone which made by the antibacterial materials.

Size of inhibition zone area (cm)

Sample

Name

Escherichia coli Staphylococcus Staph

Zn,,Sry 0.30cm 0.35cm

Zng 0.35cm 0.70cm

Zn, 0.40cm 0.75cm

Zng 0.44cm 0.80cm

Zng 0.50cm 0.85cm

Znyg 0.67cm 1.0cm

The antibacterial assay revealed that samples Zny, Zny, Zne, Zng and Znyq had
an antibacterial effect against Staphylococcus Staph and E. coli as shown in
Fig.(10). There is a clear difference between the inhibitory effects of the cements
on E. coli and S. Staph viscosus. Figure 10 illustrates the inhibition zones around
the GICs disks in the agar plate after 48 hr. The diameters of inhibition zones
formed around all GICs disks were about 0.35-67 cm to E. coli and 0.7-1 cm to
S. Staph.

The antibacterial action of the Zinc-doped GICs was attributed to the
leaching out of Zn®*" ions from the glass matrix. Phan et al.®? studied the
antibacterial effect of Zn ?* ions and suggested that zinc inhibits multiple
activities in the bacterial cell, such as glycolysis, transmembrane proton
translocation and acid tolerance, it has been shown to exhibit an antibacterial
effect at considerably lower concentrations than many antimicrobial agents®®.
Nevertheless, the cements without Sr and with different Zn content exhibited
different inhibition of both bacterial species.
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Fig. 10. The antibacterial efficiency of antibacterial glass ionomer cement containing zinc
in the test microorganisms (A: Escherichia coli, B: Staphylococcus Staph).

Egypt . J. Biophys. Biomed . Engng. Vol. 13 (2012)



GLASS-IONOMER CEMENT SIO,, AL,O;.... 69

Conclusion

Zinc containing and zinc, strontium free GICs were successfully prepared by
quick alkali mediated sol-gel method. Present results indicate that, with the
partial substitution of ZnO for SrO in glass composition and then mixed with
PPA, the formation of apatite-like layer is delayed, confirming that, not all GICs
surfaces are equally active for nucleation of apatite crystals. Therefore, the
apatite formation on the surface of the GICs may be inhibited by the adsorption
of PAA and release of Zn ions to compete with Ca ions in SBF solution. The
solubility of dental cements influences both their rate of degradation and their
biological compatibility. Because of this, the water sorption and solubility of
dental cements are of considerable clinical importance and cannot be overlooked.
The antibacterial assay revealed that all GICs samples had an antibacterial effect
against different type of bacteria, which could demonstrate their ability to treat
bone infection and has been recognized as an antibacterial agent. Finally, GIC
should be characterized as three properties, the first is formation of a small
apatite layer to biocompatible with the jaw bone, the second is antibacterial
effect to resist oral bacteria and the third is low degradation, to resist artificial
saliva which is the most important feature.
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