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Quantitative determination and antibacterial properties of TiO,
nanoparticle-doped glass ionomer cement: an in vitro study

Purpose

The aim of the present study is to determine the amount of titanium ions released
into the artificial salivary medium by modified glass ionomer cement (GIC) doped
with 3% and 5% (w/w) titanium dioxide nanoparticles (TiO,-NPs), and to evaluate
their antibacterial properties.

Materials and Methods

120 cylindrical discs with a diameter of 4 mm and a height of 6 mm were made with
3% and 5% w/w modified GIC containing TiO, NPs, divided into two groups of 60, and
immersed in a chemically synthesized salivary medium. The samples were quantified
over four-time periods: 24 hours, two months, four months, and six months, using
inductively coupled plasma mass spectroscopy (ICP-MS), antibacterial properties
were evaluated by means of colony forming count (CFU) method.

Results

The amount of titanium ions released from the discs that received 3%(w/w) TiO, was
highest in the first two months, with no significant release at successive intervals. Also,
the second group, which included 5% (w/w) TiO,, saw a considerable ion release at
every interval, with the second month seeing the maximum release. The levels in the
5% (w/w) group were consistently higher when the two concentrations were compared
at each of the four time points, indicating a considerable increase in titanium release
and antibacterial property with a concentration increase from 3% to 5%.

Conclusion

3% and 5% (w/w) concentrations may be considered safe and exhibit significant
antimicrobial effect, titanium ions were discharged at higher rates in 5% (w/w) modified
GIC containing TiO2-NPs than in 3% (w/w) modified GIC containing TiO2-NPs.

Keywords: Antibacterial, Glass ionomer cement, lon release, saliva, Titanium dioxide.

Introduction

A common complication in orthodontic patients is the demineraliza-
tion of enamel surfaces during fixed orthodontic treatment. Plaque accu-
mulation is aided by fixed orthodontic attachments, which provide reten-
tive areas. Streptococcus mutans and Lactobacillus cause a rapid shift in
plaque microflora, resulting in an acidogenic environment. These acidic
byproducts in plaque are responsible for subsequent enamel demineral-
ization and the formation of white spot lesions (1, 2).

For many years, the orthodontic bonding material glass ionomer ce-
ment (GIC) has been used to bond and band orthodontic equipment
to tooth structures. By including glass fiber, metals, resin, and zirconia
particles, GIC's mechanical qualities have been enhanced (3). Silver,
zing, titanium, and silica nanoparticles are employed to enhance the
antibacterial characteristics of bonding agents (4). Dental materials
with silver nanoparticles offer great antibacterial characteristics with-
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TiO, and glass ionomer

out altering mechanical properties. Still, they also have
drawbacks, including decolorizing the resin matrix, which
makes them seem unattractive and makes them poison-
ous (5,6). Most recently, titanium dioxide-based metal
nanoparticles received a lot of interest because of their
attractive look, photocatalytic performance, and low tox-
icity (7).

In a recent study, titanium dioxide nanoparticles (TiO,-
NPs) were added to conventional GIC powder in various
concentrations (3%, 5%, and 7% w/w), and it was shown
that the addition of 3% and 5% w/w TiO,-NPs enhanced
the mechanical characteristics compared to traditional GIC.
On the other hand, 7% weight-weight TiO, NP addition
caused a loss of mechanical characteristics. The decrease in
bond strength could be due to agglomeration of particles,
which creates defect sites and disrupts the curing process
(8,9). The investigation concluded that a potential bond-
ing agent is 3% and 5% w/w TiO,-NPs added to a typical
GIC powder. However, prior research concentrated most-
ly on nanoparticles’ antibacterial effects and mechanical
capabilities, with relatively few studies in the orthodontic
literature reporting on the ion release from the modified
composite resins (10,11).

The amount of metal ions released by orthodontic equip-
ment and adhesives must thus be taken into consideration
in light of the aforementioned. This atomic absorption spec-
troscopy can be measured using inductively coupled plasma
atomic emission spectrometry (ICP-AES) or inductively cou-
pled plasma mass spectrometry (ICP-MS) atomic absorption
spectroscopy (AAS). ICP-MS can now accurately complete
routine multi-element determinations in biological samples
and other matrices because of its enhanced sensitivity and
resilience (12, 13).

Evaluation of the amount of titanium dioxide ions re-
leased into the synthetic salivary medium from GIC powder
doped with 3% and 5% (w/w) titanium dioxide nanopar-
ticles was unprecedented in the current study. The null
hypothesis of the study is that there is no significant dif-
ference in the rate of titanium release and antibacterial
properties between TiO2 NPs impregnated in GIC at 3%
and 5% concentrations.

Materials and Methods
Study design

This in vitro study was performed to evaluate the antibac-
terial activity and quantification of TiO2 ions in modified GIC.

Sample size calculation

Using the G Power 3.1 software, sample size analysis was
carried out. The power of this investigation was 80% at a 5%
level of significance and an error of = 0.05. 120 observations
spread across four distinct time intervals were needed to
achieve the predicted effect size of 0.9. Two groups were cre-
ated, one with GIC and 3% TiO, NPs (Group A, n=60), and the
other with GIC and 5% TiO, NPs (Group B, n=60) of discs. Ad-
ditionally, each group was split into four separate n=15 sub-
groups for each of four distinct time periods (i.e., 24 hours, 2
months, 4 months, and 6 months) (6).

Materials used in the study

A commercially available conventional GIC (GC Fuiji Il, Py-
rax Polymers, Roorkee, India) and Titanium dioxide nanopar-
ticles (TiO,-NPs Anatase, Dry Powder form, Average particle
size: 20-30nm, Purity: 99.9%, Nano Research Lab, Jamshed-
pur, Jharkhand, India) were used in the study.

Equipments used in the study

Vortex shaker, Generic, Elecoptomaufacturer, India (120-
240 V, 50/60 Hz), speed range 0- 2000 rpm was used for
mixing the GIC with TiO, nanoparticles. A scanning electron
microscope (JEOL JSM-661 OLV, Tokyo, Japan) was used to
assess the uniform distribution of nanoparticles in GIC at Ad-
vanced Analytical Laboratory, Andhra University, Visakhapa-
tnam, Andhra Pradesh, India (Figure 1). Inductively Coupled
Plasma Mass Spectrometry (ICP-MS), Andhra University, Vi-
sakhapatnam was used for quantification of ions. Mueller
Hinton agar plate, (HI-Media lab pvt.ltd.,, Mumbai, India) was
used to evaluate the anti-bacterial activity for S. mutans.

Artificial saliva formulation

Artificial saliva composition included 0.381g NaCl, 0.213 g
CaCl2.2H20, 1.114 g KCl, 0.738g KH2PO4, and 2.2g mucin in
1000 ml distilled water and pH 7.

Preparation of 3 % and 5% GIC modification with TiO,-NP’s

To produce 3% modified glass ionomer powder, 9 mg of
GIC powder and 0.3 mg of TiO2 NPs should be mixed in a
high-speed vortex shaker at 1200 rpm. Similarly, to create
5% modified nano glass ionomer powder, 9 mg of GIC pow-
der and 0.5 mg of titanium powder were mixed in a high-
speed vortex shaker at 1200 rpm (14). Scanning electron mi-
croscopy (SEM) was also used to analyze the homogenous
dispersion of nanoparticles within the glass ionomer pow-

SEM image of modified GIC doped with TIO; nanoparticles at 200X, al at 3%; b) at 5%

Figure 1. SEM image of modified GIC doped with TiO,
nanoparticles at 200x 3% and 5%.

der at 200X magnification (Figure 1).
Disc preparation of 3 % and 5% modified GIC with TiO»-NP’s

According to the manufacturer’s instructions, glass ion-
omer cement was blended in a 1:1 powder-to-liquid ratio,
and the modified GIC mix was then shaped into discs that
were 4 mm in diameter and 6 mm high. Samples were sub-
merged in 10 ml of artificial saliva at a temperature of 37°
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C for four intervals of time after that. Utilizing inductively
coupled plasma mass spectrometry, TiO, was quantified
(ICP-MS)

Quantification of TiO, nano particles

Samples with 3% w/w and 5% w/w concentrations of
modified GIC discs were isolated from the artificial saliva
at 24 hours, 2 months, 4 months, and 6 months. Transfer
the salivary medium into separate tubes. The samples were
centrifuged at 3200rpm for 15 minutes at -5°C using a cen-
trifuge (REMI C23 PLUS) to achieve impurity-free samples.
Samples are diluted with distilled water from 10000 ppm
(3% wt/wt) to 50000 ppm (5% wt/wt) to 100 ppb and 50
ppb, respectively, after centrifugation. The PPB range for
ICP-MS quantification is limited 0-100. To remove organic
materials and eliminate interference from other elements
by the detector, the generated 100 PPB and 50 PPB through
the dilution process were stabilizedwith supra pure HCL in
ICP-MS.

Assessment of TiO,antibacterial activity

A sterile inoculated loop was used to spread the material
onto a blood agar plate with aseptic techniques to prevent
growth contamination. To assess the antibacterial activity,
the blood agar plates were streaked and then incubated
for 24 hours at 37 degrees Celsius in an incubator. After 48
hours, colony-forming units (CFUs) of |S. mutans were count-

Colony forming units (CFU's) at 24 hours, 2 months, 4 months and 6 months of 3%
(right side) and 5% (left side) modified GIC doped with Ti0;

Figure 2. Antibacterial activity of GIC doped with TiO,
nanoparticles on colony forming units (CFU’s).

ed in both the groups. (Figure 2).
Statistical analysis

Statistical PackageforSocialSciencesSPSS(ver.26.0,IBM,
Armonk, NY, USA) was used to analyze the data and re-
peated measures of analysis of variance (ANOVA) for
multiple groups and independent sample T-test were
used for pairwise comparisons. The confidence interval
was set to 95% and p values less than 0.05 were consid-
ered significant.

Results

A total of 120 discs with GIC were impregnated with 3%
(w/w) and 5% (w/w) titanium dioxide nanoparticles, and
each sample was placed in a 10 ml artificial salivary medi-
um. The time frames were 24 hours, 2 months, 4 months,
and 6 months, and the ion release from the modified
GIC discs was calibrated using ICP-MS, and antibacterial

properties were evaluated using a colony counting ma-
chine. The mean titanium dioxide release from 3% w/w
TiO, nanoparticles containing GIC (Group -A) was high-
est between the first and second intervals (0.33 +0.54),
which was statistically significant (p=0.05%). Nonetheless,
there was no statistically significant release between the
third and fourth intervals. (p=0.28) (Table 1). At the sec-
ond interval (0.59 + 0.02, p=0.001), the mean titanium
dioxide release from 5% w/w nanoparticles containing
GIC (Group-B) was significantly higher. However, at the
third and fourth intervals (p=0.001*), the mean scores de-
creased significantly (Table 2). At all periods, the mean ti-
tanium dioxide release in Group B was significantly higher
than in Group A. The second interval (p=0.001%*) seemed
to have the highest mean difference (0.59) (Table 3). The
antibacterial test showed a statistically significant differ-
ence in CFU/ml of S. mutans in the experimental group
between the four periods. There was a decrease in CFUs
from first to second interval slight increase in colony
counts from second to third interval and further increase
from third to fourth interval. Pair-wise intergroup com-
parison amongst four intervals showed statistically signif-
icant p < 0.05 (Table 4) (Figure 3).

Table 1. Comparison of TiO, release from 3% w/w nanoparticles
containing GIC

Time Frame N Mean(PPB) SD P value
24 hours 15 0.069 0.006
2 months 15 0.333 0.544 0.001*
4 months 15 0.274 0.001
6 months 15 0.187 0.199

* statistically significant

Table 2. Comparison of TiO, release from 5% w/w nanoparticles
containing GIC

Time Frame N Mean(PPB) SD P value
24 hours 15 0.157 0.013
2 months 15 0.595 0.022

0.001*
4 months 15 0.469 0.016
6 months 15 0.337 0.019

Repeated measures ANOVA, * statistically significant, PPB: Parts Per Billion

Table 3. Comparison of means between 3% w/w TiO, nanoparticles

and 5% w/w TiO, nanopatrticles containing GIC

Time 1% w/w TiO, 5% w/w TiO,

Frame nanoparticles nanoparticles Pvalue
24 hours 30 0.069 0.157 0.03*
2months 30 0.333 0.595 0.001*
4 months 30 0.274 0.469 0.02*
6 months 30 0.187 0.337 0.03*

Independent sample T test, * statistically significant.
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Table 4. Paired comparison of colony counts for 3% w/w and 5%
w/w modified GIC

Time

. Concentration MeantSD SD Error value
interval
3% w/w 7.42+0.73 0.16
24 hours
5% w/w 10.71+ 0.48 0.28
3% w/w 3.23+0.64 0.14
2 months
5% w/w 4.83+0.56 0.32
0.001*
3% w/w 4.56+0.69 0.19
4 months
5% w/w 6.79+0.61 0.38
3% w/w 5.36+0.87 0.22
6 months
5% w/w 8.19+0.75 0.41
*sign*significant difference.ificant difference.
12
10 \
LN\ .

CFU's/ml| i \\//

2

=—=3% GIC with TiO2
=@=5% GIC with TiO2

0

24 hours 2 months 4 months 6 months

Time period

Figure 3. Mean comparison of CFU's at four time intervals of 3%
and 5% modified GIC with TiO,.

Discussion

The null hypothesis of the study was rejected, as there
was a significant difference in the rate of titanium release
and antibacterial properties between GIC impregnated with
TiO2 NPs at 3% and 5% concentrations. During orthodon-
tic treatment with fixed appliances, white spot lesions of-
ten develop close to the bands and brackets. Bacteria can
adhere more effectively, survive longer, and cause more
damage thanks to the scaffolding provided by the extracel-
lular polymeric matrix in which they reside. Streptococcus
mutans glucosyltransferases (GTFs) can facilitate biofilm de-
velopment by producing extracellular glucans (15,16). Anti-
microbial adhesives that reduce the expression of these GTF
genes may help to prevent tooth decay. To prevent the inter-
action between these factors, it is essential to maintain good
dental hygiene by physically removing plaque and applying
fluoride or antimicrobial substances that enhance enamel
and dentin resistance while limiting bacterial metabolism
(17,18). Since patient participation is a challenge (19,20),
many practitioners prefer techniques that rely on profes-
sional application rather than patient compliance.

Orthodontic bonding materials now have better mechani-
cal and bactericidal properties due to nanotechnology, which
involves changing matter atom by atom. They can be includ-
ed in orthodontic adhesives/cements or coated onto the sur-
faces of orthodontic appliances to reduce microbial adhesion

or enamel demineralization during orthodontic therapy (21).
Titanium dioxide nanoparticles (TiO2 NPs) are the most com-
monly used nanoparticles in dentistry because of their low
toxicity and antibacterial qualities (22). TiO2 nanoparticles
break down organic molecules when exposed to non-lethal
UV radiation by creating hydroxyl radicals and superoxide ions
(23,24). The physical and chemical characteristics of standard
orthodontic adhesives and equipment should not be affected
when nanoparticles are introduced. However, safety must be
ensured for a medically appropriate amount of time (21).

Although studies on metal ion release from orthodontic
appliances into biological fluids ruled out the possibility of
toxic concentrations, even nontoxic levels may cause biolog-
ical changes in the oral mucosa, such as altered cellular func-
tions, decreased DNA synthesis, and enzyme inhibition. Ad-
ditionally, orthodontic adhesives must be biocompatible for
clinical use in contact with gingival and oral tissues (25,26).

According to Baranowska et al. (13), TiO2 nanoparticles have
been found to accumulate in the blood (1042 mg/kg bw/day),
liver, heart (62.5, 125, and 250 mg/kg bw over 30 days), and
spleen (0.324, 648, 972, 1296, 1944, 2592 mg/kg for 24 h, 48 h, 7,
14 days) (22). Some TiO2 nanoparticles have been shown to have
inflammatory, oxidative, and genotoxic effects, and as a result,
TiO2 has been designated as potentially carcinogenic to humans
by the International Agency for Research on Cancer (IARC) (13).

After the materials had fully set, the amounts of ions re-
leased into the storage solution were monitored at prede-
termined intervals using inductively coupled plasma (ICP)
analysis (12). The multi-element capacity of inductively
coupled plasma mass spectrometry (ICP-MS) enables the
simultaneous measurement of many elements in a single
analysis, making it a preferable option for tracking element
concentrations in solution with less sample preparation and
a quicker analysis time (27). In this study, the quantity of ti-
tanium released from GIC with two distinct titanium dioxide
concentrations (3% w/w and 5% w/w) was monitored over
time. Both concentrations had significant antimicrobial ac-
tivity and adequate shear bond strength, as shown in previ-
ous research. Therefore, the analysis was performed on the
titanium released from these concentrations with proven
qualities, considering both the allowable amounts of titani-
um and its antibacterial capabilities. Previous studies have
demonstrated that the body may react negatively to titani-
um at levels between 10 and 50 mg/kg (11, 12, 28).

The quantity of titanium that leached out of adhesives at
both dosages in the current investigation was substantially
lower (about 0.0001-0.0003 mg/kg) than the amount required
to cause the aforementioned negative effects discovered in
prior studies (22,29). This was observed in both groups at all
intervals. Although studies comparing the exact quantities of
released titanium in saliva exist, the levels observed in our ex-
periment using 3% and 5% TiO2 concentrations were safe and
within allowed limits. The experimental group’s antibacterial
properties exhibited an increase in antibacterial activity from
24 hours to 2 months. However, there was a decrease in ion
release, and the effect on antibacterial properties began to
decline from the third and fourth intervals, i.e., 4 months and
6 months, respectively, after impregnation of nanoparticles in
GIC. This is because the nanoparticles tend to clump together
within the bonding agents. The findings are consistent with
the research conducted by Nasalapur et al. (30).



12

Tivanani M, et al.

Conclusion

Based on the study’s results, the release of ions was found
to be higher at the second interval (second month) than the
first, gradually decreasing at the third and fourth intervals
(fourth and sixth months). Additionally, the release of tita-
nium was higher in modified GIC with 5% weight TiO2-NPs
compared to 3%. This in vitro study concluded that 1% and
5% concentrations of TiO2-NPs can be considered safe and
exhibit strong antibacterial effects.

Tiirkge 6zet: Titanyum dioksit nanopartikiil ilave edilmis cam iy-
onomer ¢imentosunun in vitro olarak tiikirik salinim miktarinin
nicel olarak belirlenmesi ve antibakteriyel ézelliklerinin incelenme-
si. Amag: Bu ¢alismanin amaci, %3 ve %5 (w/w) titanyum dioksit
nanoparcaciklari (TiO2-NP) ile modifiye edilmis cam iyonomer siman-
larin (GIC) yapay tlikiiriik ortamina saldiklari titanyum iyon miktarini
belirlemek ve antibakteriyel 6zelliklerini degerlendirmektir. Gereg ve
yéntem: 4 mm ¢apinda ve 6 mm yiiksekliginde, TiO2 NPs iceren %3
ve %5 w/w modifiye GIC ile yapilmis 120 silindirik disk, 60’k iki gru-
ba ayrildi ve kimyasal sentezlenmis bir tiikiirlik ortaminda batirild.
Ornekler, plazma kiitle spektroskopisi (ICP-MS) kullanilarak 24 saat, iki
ay, dort ay ve alti ay boyunca dért zaman araliginda él¢tildii. Antibak-
teriyel ézellikler, koloni olusturma sayisi (CFU) yéntemi kullanilarak
degerlendirildi. Sonu¢: %3 (w/w) TiO2 iceren disklerden salinan ti-
tanyum iyon miktan, ilk iki ayda en yiiksek diizeydeydi ve ardisik
araliklarda 6nemli bir salinim olmad.. Ayrica, %5 (w/w) TiO2 iceren
ikinci grupta, her zaman araliginda énemli bir iyon salinimi gértildii
ve ikinci ay en yliksek salinimi gésterdi. Her dért zaman noktasinda
her iki konsantrasyon karsilastirildiginda, %5 (w/w) gruptaki diizey-
ler, 3% ile karsilastirildiginda tutarh bir sekilde daha yiiksekti, bu da
konsantrasyon artisiyla titanyum saliniminda ve antibakteriyel ézel-
liklerde énemli bir artis oldugunu géstermektedir. Sonug: %3 ve %5
(w/w) konsantrasyonlar glivenli olarak kabul edilebilir ve belirgin bir
antimikrobiyal etki gdsterir. TIO2-NP iceren %5 (w/w) modifiye GIC'de
titanyum iyonlari, %3 (w/w) modifiye GIC'den daha yiiksek miktarda
salinmistir. Anahtar kelimeler: Antibakteriyel, Cam iyonomer siman,
Iyon salinimi, Tiikiir(ik, Titanyum dioksit.
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