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In this study, glasses with 41.6 SiO,, 28.5 Al,O3, 15.5 CaF», 3.7 AIPO,, 1.5 AIF3, (9.2-X) NaF, and X
LiF (X=0, 3, 6, and 9.2) compositions were prepared. Fourier Transform Infrared Spectroscopy (FTIR)
showed the red shift of Si-O-Si vibration mode by Lithium substitutions. According to the results of
Differential Thermal Analysis (DTA), ATy = 60 °C was proved by the lithium substitution. Field
Emission Scanning Electron Microscopy (FESEM), antibacterial property, glass solubility in Artificial
Saliva (AS), and pH variation in AS by dissolution were measured. Following the initial substitution of
lithium, the glass density was reduced from 2.62 to 2.40 g/cm?, whereas in the 6 wt. % Li concentration,
the high field strength played the main role and the density increased from 2.40 to 2.58 g/cm?. In artificial
saliva with basic pH, the durability of Li bearing glasses increased and the degradation rate decreased.
Durability decreased in the acidic environment. By increasing the Li substitution, the antimicrobial

Antibacterial Property
Sodium

property of the cement was enhanced.
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1. INTRODUCTION

Glass lonomer Cements (GICs) have drawn
considerable interest by those specializing in the field of
dentistry over the last 50 years [1]. GICs are used in
restorative dentistry as the filling materials, luting, and
lining cements [2, 3]. A contributing factor is fluoride ion
release. Fluoride prevents cavity progression and helps
maintain adequate physical properties for chewing [3].

Additional factors include the low thermal expansion
coefficient similar to the tooth structure which gives rise
to the thermal compatibility of this glass with the tooth
enamel. The setting reaction has low exothermic energy
and GICs chemically bond with enamel and dentin. Close
module coefficient with dentin, biocompatibility, and low
cytotoxicity all play significant roles [4]. They are
usually used in pediatric dentistry as filling, especially
when micro-invasive approaches are selected instead of
conventional methods for fixing the dental caries [5].

* Corresponding Author Email: a.faeghinia@merc.ac.ir (A. Faeghinia)

GICs are formed by mixing glass powder made of acid
degradable fluoro-aluminosilicate and an ionomer with
carboxylic acids, usually polyacrylic acid and
copolymers of polyacrylicacid. In addition, they are
formed with the reaction of liquid polyacid ionomer and
the calcium released glass (forming insoluble polysalts)
[5].

The decomposition of glass network by acid attack
causes the release of aluminum and calcium from the
outer layer of filler particles and it determines the
crosslinking degree of the poly salt matrix [6-8]. Alkali
metals are the main components of the powder, reduce
the melting temperature, and form Non-Bridging
Oxygens (NBOs) in the cement matrix as network
modifiers [9, 10]. Incorporation of sodium in the glasses
has diverse effect on some mechanical and physical
properties [11]. When glass is under acid attack since Na*
is more susceptible (less resistant or weaker) against acid
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attack, Na* competes with Ca?* and AI®* in carboxylate
groups [12].

Therefore, in view of all the factors considered, it can
be concluded that the numbers and concentration of
sodium ions should be low for cements.

It has been asserted that internal cracks and air bubbles
in these cements cause micro-leakage [13-15]. Several
strains of oral streptococci and bacteria, which can
penetrate by micro-leakage, may lead to the dental plaque
biofilms formation and thus, play a major role in the
development of caries [16-19].

Lithium is an antibacterial metal and its antiviral and
anti-parasitic properties have been previously shown [20-
26]. It has been demonstrated that bioactivity in bio glass
was increased by significant lithium addition [27]. Wang
et al. developed the bio glass (55% Si,O- 36% CaO- 4%
P,Os- 5 Li20) with 5 wt.% Lithium with positive effect
on mesenchyme cell proliferation and improved the
antibacterial properties [28]. Further, it was stated that by
using lithium carbonate, the bone mass would be
increased [29]. In addition, the small molar weight of this
ion reduced the density and solubility of glass in water
[30-31].

However, the LiF effect on glass density, characteristic
temperatures, glass structure, and finally acidic and basic
resistance of GIC powder have not been studied before.
In this work, the effect of substitution of NaF with
different LiF concentrations on antibacterial properties
and degradation of formed cements in acidic and basic
environments is evaluated, which to the best of the
authors’ knowledge, the pH of environment has not been
studied from the viewpoint of antibacterial properties
before.

2. MATERIALS AND METHODS

2.1. Glass Synthesis

Four series of glass compositions based on 41.6 SiO,,
28.5 Al;O3, 1.5 AlF3, 3.7 AIPO4, 15.5 CaF, (9.2-X) NaF,
and X LiF were prepared with X= (0, 3, 6, and 9.2) and
the samples were denoted by G1, G2, G3, and G4,
respectively. The details of chemical composition of
glasses are given in Table 1.

TABLE 1. Glass Composition

Sample Content of components, Wt.%

Code  sio, ALO, AIPO, AIF; CaF, NaF LiF

G 41.6 28.5 3.7 15 155 9.2

G 41.6 28.5 3.7 15 155 6.2 3
Gs 41.6 28.5 3.7 15 155 32 6
Gy 41.6 28.5 3.7 15 155 - 9.2

The batches were melted in alumina crucibles at 1350-
1550 °C for 2 h (heating rate: 10 °C/min). The dried frits
were ground and sieved so that the appropriate particle
size <35 um could be determined.

2.2. Glass Characterization
2.2.1. X-ray Diffraction

The crystalline/amorphous state of the samples was
analyzed by X-Ray powder Diffraction (XRD). The X-
ray patterns were obtained using a Scintag X-ray
diffraction spectrometer (XRD, Philips- PW3710, The
Netherlands) with Cu (Ka), operating nickel filtered Cu
Ka radiation in the range of 26 = 10° - 80°.

2.2.2. Fourier Transform Infrared Spectroscopy

The Fourier Transform Infrared (FTIR) spectra
(Spectrum RXI, USA) of the glasses were recorded in the
range of 400 — 4000 cm™ with a spectral resolution of 2
cmt. The pellets with 13 mm diameter were prepared by
mixing 10 mg of each sample with 1000 mg of KBr. The
spectrum of each sample represents an average of 20
scans, which were normalized to the spectrum of blank
KBr pellet.

2.2.3. Differential Thermal Analysis (DTA)

The thermal behavior of glasses was measured by
differential thermal analysis (STA 409 PC Luxxto,
Netzsch-Gerédtebau GmbH Germany). The samples were
tested in a condition in which the air is flowing with an
alumina crucible and heated up to 1000 °C with a heating
rate of 10 °C /min.

2.2.4. Density Measurement

The true density of the glasses was measured by means
of a pycnometer (Accupyc 1330 pycnhometer,
Micrometrics Instruments, Norcross, Georgia, USA)
using helium gas that produced the structural (true)
density.

2.2.5. Glass Solubility

In this method, 150 mg of each glass was weighed and
then, immersed in 100 mL of Artificial Saliva (AS) with
3.5, 6.8, and 9.2 pH. The composition of AS solution was
made according to the instructions from [31]: 100 mL of
KH2PO4 (2.5 mM); 100 mL of Na;HPO4 (2.4 mM ); 100
mL KHCOs3 (1.50 mM); 100 mL of NaCl (1.0 Mm); 100
mL of MgCl; (0.15 mM); 100 mL of CaCl;, (1.5 mM);
and 6 mL of citric acid (0.002 mM). All specimens were
incubated at 37 °C. Following different immersion time
interval, the samples were removed and the weight of
each remaining powder was recorded as m,. The mass
change during storage in artificial saliva was calculated

by:

M, =(m,-m,,)/m, %100 (1)
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During reactivity tests in different AS, pH changes
were also assessed by a pH-meter (Aldrich-Z654280,
Mettler Toledo, GmbH, Seven Easy pH meter).

2.2.6. Particles Morphology Analysis

Particle morphology of glass containing 9.2% Li was
measured by Field Emission Scanning Electron
Microscopy (FESEM  Zeiss-DSM950,0berkochen,
Germany) operating at 25 kV before and after soaking in
artificial saliva at pH=9.5 for 14 days.

2.3. Antibacterial Activity

For antibacterial testing by Colony Form Units (CFU)
method, samples were incubated with the suspension of
S.mutans at (1.5x108) CFU. The antibacterial activity
was conducted by the plate-counting method. A
phosphate buffer solution (pH ~ 7.4) containing the
bacteria was used. The sample-containing solutions were
incubated at 37 °C under vibration agitation for up to 24
h. Some of the solutions were then cultured on Brain
Heart Infusion (BHI) and incubated at 37 °C for
additional 24 hr, and the exact number of discrete
colonies was counted as the number of the remaining
bacteria. Antibacterial activity (E) was calculated
through the following equation:

E(%)=[(A-B)/A]x100% )

where A= number of viable bacteria with control glass
(G1) in the tray and B=number of viable bacteria with
lithium bearing glasses in the tray.

2.4. Cellular Behavior

MTT  (3-dimethylthiazol-2, 5-diphenyltetrazolium
bromide) colorimetric assay was used for determining
cytotoxicity of samples. Briefly, disc-shaped cement
samples with 1.00 mm thickness and 10 mm diameter
were prepared. The samples were washed by
ultrasonification with sterile distilled water and kept in
sterilized appropriate flasks after disinfecting under
ultraviolet light. Cytotoxicity tests were performed with
the human osteoblast (G-292) cells. Cells were seeds at
density of 1.5x10% cell/mL in a 96-well plate containing
RPMI culture medium with 10% FBS and 1% Pen Sterp
antibiotic. Then, the culture medium was discarded and
the media supplemented with cements extracts were
added to each cell and diluted by factors of 2, 4, and 8
with standard culture medium. After 24 h of incubation
of the cells with the extracts, the media were exchanged
with 100 pL of conditioned culture media containing
10% MTT solution and kept for 4 h. Then, cultural media
were removed and 100 pL of dimethyl sulfoxide
(DMSO) was added for dissolving the resulting
formazon. The absorbance was read at 570 nm using a
micro plate reader (BIO-TEK EIx 808, Highland park,

USA). The obtained values were expressed as a
percentage of the control cells to which no discs were
added. All tests were repeated three times.

2.5. Statistical Analysis

All experiments for determining antibacterial activity
were performed in three replicates. Statistical analysis of
the antibacterial activity was used by one-way ANOVA
and Tukey tests. Also, the variation in pH and mass
change data were analyzed by ANOVA. The P<0.05
level was considered statistically significant.

3. RESULTS AND DISCUSSION
The XRD patterns of amorphous phases with the

control sample with similar patterns are presented in
Figure 1.
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Figure 1. X-ray diffraction pattern of glass samples

The FTIR spectra of samples are illustrated in Figure
2. The high-frequency region, 800-1200 cm, belongs to
the asymmetric stretching mode of Si-O-Si. The
frequency increases with the alkali compositions,
suggesting greater stabilization with more efficient
packing around Si-O-Si units, arising from an optimal
mixing of Li* and Na* ions (G2 and G3). This could be
confirmed by T results as well.
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Figure 2. FTIR spectra of the investigated glasses
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The peaks located at roughly 720 cm™ are assigned to
the Si-O-Si bridging oxygen atoms between the
tetrahedra stretching [32], which have not changed
clearly. Bands at 400-500 cm™* could be attributed to the
vibration of Si-O-Si and Al-O-Al [32]. Moreover, the
weak bands at wave number 450 cm*might be associated
with the vibration of the Li* cations [20].

Figure 3 shows the DTA results of glasses (G1, G2, G3,
and G4). By the substitution of LiF to NaF composition,
the T4 peaks shift to the higher temperatures.

m.v
G4

0 'Ta
G3
G2
Gl Te Td
\Ti'\fjf/\'/R
Tg Td
4] 200 400 600 800 1000 1200

Temperature (°C)

Figure 3. DTA curves samples (a):G1, (b):G2, (c):G3, and
(d):G4

The transition temperatures, Ty ( G4: 594°C, G3:
588°C, G2: 570°C, and G1: 530°C) and softening
tempertures, Tq (G4: 627°C, G3: 608°C, G2: 592°C, and
G1: 570°C) of the glasses shift to the higher temperatures
by the substitution of Li. Moreover, the crystallization
temperatures shift to the higher temperatures, too. The
main reasons could be releated to the breaking of the
silicate glasses network in the presence of Na, which is
easier than Li [33].

Since Li* ions have smaller radii than Na* and higher
field strength of 1.65 than Na* ions, the glasses become
more compact upon the substitution of NaF with LiF
(Althought the viscosity of glasses was supposed to be
decreased).

Table 2 shows that G3 has higher density than G2 and
G4.

As is well known, two main factors influence the
density of a glass: the molecule weight of glass
components and the other is the compactness of glass
network. The decreases in density of glasses with the
intial substitutions can be ascribed to the lower molecule
weight of LiF. The increased density can be discribed by

the high field strength of Li*, resulting in a stronger link
between glass structure and the compacted structure.

Due to the field strength of lithium ion, the lithium-
oxygen bond in G3 is stronger than sodium-oxygen bond
in G1. However, with further Li substitution (G4), the
low atomic weight of Li causes decreased density. Thus,
the results depend on the concentration of lithium. The

atomic weight or strength field of this ion is the dominant
factor.

It can be mentioned that the positive and negative
effects of the substitutes on the glass structure are
competing and non-monotonic changes in the glass
properties with the substitutions are observed.

TABLE 2. Different densites obtained from glasses

Sample Code Density (g/cm?®)
G, 2.62+0.02
G, 2.47+0.05
Gs 2.58+0.05
Gy 2.40+0.01

Colony count method was used for the determination
of antimicrobial activity. The antibacterial effect was
reported quantitatively after close contact of cements
with the S.mutans suspension. To ensure the reliability of
this experiment, three samples were used for each
cement. Based on the results, G4 showed a comparably
greater antibacterial effect than G1 and it correlated with
the lithium amount as compared to the other samples.
Thus, the greatest degree of the cement’s antibacterial
activity is directly related to the lithium amount. The
greatest inhibition of S.mutans growth depends on the
high level release of the antibacterial agent from the
cements; therefore, with further time interval, the
antibacterial activity increased, too. Also, lithium was
released steadily and, therefore, the antibacterial activity
was durable and time dependent.

According to Figure 4, the antibacterial activities were
effectively enhanced by the concentrations of the added
disinfectant (p<0.05). G4 exhibits the highest value
(99.17 %.) of antibacterial activity.

Figure 4 and Table 3 show that the greatest inhibition
of S.mutans growth depends on the high level release of
antibacterial agents from the glass.

Figure 5 shows that the mechanism of glass dissolution
depends on the pH of environment. At an acidic pH, an
ion exchanging between network modifiers in the bulk of
the glass and the protons in the solution is the main
reaction.

Figure 6 shows the pH of immersed glasses in the AS
at immersion time. The differences between the soaked
samples in AS at pH=3.5 and 6.8 were statistically
significant (P<0.05). Increase rates of pH 6.8 and 3.5 at
the initial time of immersion were followed by constant
pH, indicating a reduced dissolution rate.
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Figure 4. Actual images of the incubated (a, b, ¢, and d)

S.mutans with G1, G2, G3 and G4, respectively.

TABLE 3. The results of S. mutans bacteria colonies

sample CFU/mI CFU/mlI Antibz_ic_terial
(start) (after 24 h) activity
Gl 1.5x108 1.2x108 20
G2 1.5x108 2x10° 83.33
G3 1.5x108 1.5x108 87.5
G4 1.5x108 1x10° 99.17
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Figure 5. Scheme of dissolution of glass after soaking in basic

artificial saliva

g

RO OR

Silanol (Si-OH)

Shugop === OH=Si—0R == HO—$ + R0

a

N
N
Q

RO OR

Analkoxide ion

A. Faeghinia et al. / Advanced Ceramics Progress: Vol. 6, No. 4, (Autumn 2020) 28-36

4
L) e :—:_‘_Q?':;‘:;;G_cs
12— —— G2
o LSS G1
6.8
6.6
6.4
6:27=7600 2000 3000 4000 5000 6000 7000
Time(min.)
ol (b) G4
% meENE—————— G3
G S ——————
ReV— G1
5
4 '
3
1000 2000 3000 4000 5000 6000 7000
9.4 Time(min)
9.2
9
g 88 R
86 | G4
8.4 \"“\\;;;::- — :Gcr3
:-2 ———
3000 6000 9000 12000 15000 18000

Time(min.)

Figure 6. Changes in pH AS solutions after immersion of
samples and their insets over initial 2 hours: (a) at pH = 6.8,
(b) at pH =3.5,and (c) atpH=9.5

Figure 7 shows the formation of silanol groups (Si-OH)
on the glass surface caused by ion exchanging.

In Figure 6, the reason for the initial increase in the pH
of solutions is the cation exchanges of Ca®*, Na*, and Li*
with H* from the solution. Therefore, after the glass
immersion in the AS, the pH raises by the following ion
exchange reactions and the OH" concentration will be
increased [33].

1) Si-O-Na* + H* + OH" — Si-OH + Na*(aq.) + OH"
2) Si-O-Li* + H* + OH° —>» Si-OH + Li* (ag.) + OH"
3) Si-O-Ca%* + H* + OH —» Si-OH + Ca?* (aq.) + OH-

As the data illustrates, the increase of pH is in order
G4>G3>G2>G1, pointing to the fact that fast ion
exchanging occurred between Li*-H* in the solution
compared to Na*-H* [34].
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Figure 7. Mechanism of glass degradation after immersion in
acidic artificial saliva

Figure 7 shows the pH decrease in AS from 9.5 (in the
3 days) followed by a steady state at long immersion
times. The pH variation in AS was significantly different
(P<0.05). Ca?*, Na*, and Li* disrupt the silicate network
by non-bridging oxygen including Si-O- Li*/Na*/Ca?*
bonds. Since the association energy of the Li/O bond
(340.5 kcal mol) is higher than Na/O (270 kcal mol), Na*
ions form more non-bridging oxygen. Thus, durability in
basic pH increased by lithium substitution.

In fact, the tendency of basic oxide formation is higher
with the decreasing of element electronegativity [23].

Thus, since Li* has higher electronegativity than Na*
ion, it will decrease the basicity of the glasses. As a
consequence, the reactivity of lithium bearing glass with
the acid phases will be reduced.

Figure 8 shows the weight loss of samples in the first
week. There was a noticeable difference in degradation
for AS (P<0.05). In basic media, chemical durability is
enhanced by Li in the specimens.

The protection of glasses against degradation in contact
with water is a significant clinical success. Consequently,
chemical composition, pH storage media, and immersion
time have a noticeable effect on degradation of glass.

Figure 9 shows the particle morphology after the
soaking in AS solution. After immersion of samples in
media solution for 14 days, the surface of particles
becomes smoother and their morphologies change to
globular, which is associated to glass degradation.

According to the EDS results (Figure 9), the chemical
analysis of G4 has not changed (before and after
immersion). The reduced degradation rate of glasses was
related to the Li water-soluble salts with lower solubility
than the sodium water-soluble salts [13, 28]
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Figure 8. Mass change (Mg%) of glasses immersed in
artificial saliva with different pHs over one month: (a) pH =
6.5, (b) pH =3.5,and (c) pH=9.5

The frequencies at~ 446 cm™ (attributed to the bending
vibration of Si-O-Si , Al-O-Al, and Si-O-Si arised from
dissolution of the G4 after soaking in AS for 14 days [2].
The results in Figure 10 point to the break of Si-O-Si and
Al-O-Si bonds, bringing about release of network and
modifier ions and the solubility of glass [25]. Also, the
intensity of the band at ~ 3436.17 decreased after
immersion. It is justified that the little exchange between
modifier ions and hydrogen ions in media at pH>9
occurs. However, at pH <9, wide ion exchanges should
be produced [26].

Figure 11 shows the cytotoxicity of GIC. The results of
MTT assay show the cytotoxicity of all GICs against G-
292 osteoblasts, in which the effect of GICs on viability
of cells was improved by Li substitution. The
morphologies of cells cultured for 24 h. in the
conditioned medium demonstrated better cell spearing on
the modified cement. There is no significant difference
between cytotoxicity rates of cements (P>0.05).
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120
g After immersion

.................... 100 _
> h S
= T
@n % 80 8
g Before immersion 8
= =
= 60 =
g
40 £

20

0

3900 3400 2900 2400 1900 1400 900 400
‘Wavenumber (cm'] )
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Figure 11. MTT activity of the human osteoblast cells cultured
for 24 h in a conditioned medium soaked with cements (G1,
G2, G3, and G4) and negative control (diluted by factors 1:2 to
1:8 and undiluted 1:1). SEM images of the human osteoblast
(G-292) cells cultured for 24 h in a conditioned medium soaked
with cements (a) G1, (b) G2, (c) G3, and (d) G4 with x1000
magnification, (e) G1, (f) G2, (g) G3, and (h) G4 with 10000
magnification, and (i) the counted Cell in various samples

There was no significant difference in cytotoxicity
between experiments (P>0.05). The addition of Li to the
dilution of 1:1 and MTT activity has higher cell vitality
than Li-free cement (Figure 11). However, this difference
was not significant by further dilution (1:2, 1:4, and 1:8).
As mentioned earlier, GICs were formed by the reaction
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between glass powder and aqueous solution. Dissolution
of free ion metals such as AI**, Ca?*, and Na* from the
powder to liquid occurred in the mixing process. These
ions are non-toxic and do not damage living cells or
tissues. Thus, polyacrylic acid in the liquid phase is
responsible for cytotoxicity of CICs [34].

4. CONCLUSION

Our research demonstrated the substitution of Li to Na
in SiO2-Al,03-AlFs-CaF2-AlPO4-NaF glasses. This study
showed that transition temperature, density, network
structure, and antibacterial activity were dependent on
concentration of Li. G3 (6 wt.% Li) showed higher
density than G2 (3 wt.% Li) and G4 (9.2 wt.% Li). The
atomic weight or strength field of this ion would be the
dominant factor. Also, in Na bearing glass, the disruption
of Si-O-Si bonds was hindered by Li. T shifted to higher
temperatures. It was proved that the breaking of the
silicate glasses network in the presence of Na was easier
than Li. A decline in the number of non-bridging oxygen
was caused by addition of Li. Low atomic weigh of
lithium compared to sodium led to the decreased density
of synthesized glasses. G4 sample (9.2 wt% Li) showed
the highest antibacterial properties. In an acidic
environment, the addition of Li to glasses resulted in
enhanced solubility. Since breaking Si-O-Si bonds plays
a key role in dissolution of glasses in basic pH, the rate
of structure disruption was decreased by Li substitution.
Justifiably, insigificant exchanges between modifier ions
and hydrogen ions in media at pH >9 occurred. However,
at pH<9, wide ion exchanges occurred. The observation
of FESEM-EDX revealed that the immersion of glass in
media solution could make changes in morphologies of
the particles caused by the dissolution process.
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