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TiO2 nanotube-containing glass 
ionomer cements display reduced 
aluminum release rates

Abstract: Titanium dioxide nanotubes (TiO2-nts) were incorporated 
into a glass ionomer cement (GIC) with improved mechanical 
properties and antibacterial activity. The aims of the present in vitro 
study were to define the elemental characterization, aluminum (Al) 
release rate, and initial working time for GIC reinforced with TiO2-nts, 
in an experimental caries model. TiO2-nts were incorporated into GIC 
powder components at 5% by weight, and compared with unblended 
GIC. Experimental approaches used energy-dispersive spectrometry 
(EDS), atomic absorption spectrophotometry (AAS), and brightness 
loss to define surface element properties, Al release rates, and initial 
working time, respectively. Statistical analysis was performed by 2-way 
ANOVA, Tukey’s test, generalized linear models, and Student’s t test (a 
= 0.05). EDS data analysis revealed that TiO2-nts incorporated into GIC 
had no significant impact on the typical elemental composition of GICs 
in an in vitro caries model. Regarding the demineralizing solution, GIC 
with TiO2-nt significantly decreased the Al release rate, compared with 
the control group (p < 0.0001). Moreover, TiO2-nt incorporated into 
GIC did not alter the initial working time of the material (p > 0.05). 
These findings add information to our scientific body of knowledge 
concerning the potential impact of TiO2-nt on the performance of 
conventional GICs.

Keywords: Glass Ionomer Cements; Titanium; Nanotubes; 
Aluminum.

Introduction

Glass ionomer cements (GICs) are extensively used in different clinical 
situations, because their linear expansion coefficient is similar to that 
of the tooth, and because of their biocompatibility, adhesion to dental 
structure, and fluoride-release anticariogenic activity.1,2 On the downside, 
GICs have limitations, such as high sensitivity to humidity, leading to 
dimensional instability in the first 24 h of the setting reaction, decreased 
wear resistance, and formation of cracks and gaps.2,3 These limitations 
may affect their survival rate by approximately 50%, in atraumatic 
restorations involving multiple surfaces in areas of high masticatory 
effort in children at high risk of caries activity.4
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Nanodentistry-based strategies have currently 
been proposed to address the above-mentioned 
clinical limitations of GICs. Nanodentistry is an 
emerging field and uses nanostructured materials 
to diagnose, treat and prevent oral and dental 
disease, relive pain, and preserve and improve 
dental health.5 In general, nanostructures have 
the potential to improve the physicomechanical 
properties of dental materials.6-11 Titanium (Ti) 
stands out in particular, because it is a chemically 
stable, non-toxic, inorganic additive, with potential 
antimicrobial effects7. A number of strategies 
have been used to incorporate nanostructures 
into GICs, with promising results regarding GIC 
antibacterial activity, surface hardness, attrition 
wear, and flexural and compressive strength.6,9,12-14 
Interestingly, titanium dioxide nanotubes (TiO2-
nts) have been found to significantly improve GIC 
fluoride release rates at different concentrations, 
without affecting their adhesion to dentin substrates 
or fibroblast morphology.6,9 Based on the potential 
effect of TiO2-nt on fluoride release, a similar impact 
can be expected on other GIC elements, such as 
aluminum, silicon, lanthanum, calcium, sodium, and 
phosphorus. Although, aluminum release rates have 
been shown to be similar to fluoride release rates,15,16 
most studies have assessed only fluoride release 
rates from GIC, without taking into consideration 
that aluminum may form stable compounds with 
fluoride ions to boost the antimicrobial properties 
of dental materials.17 In overall terms, the release 
rates of aluminum and other elements from GIC 
blended with nanoparticles, and their potential 
effects, have not been fully established.9-22 

Therefore, the goal of the present study was to 
determine the effect of TiO2-nt (at 5% by weight), 
incorporated into a conventional GIC, on surface 
element characteristics, initial setting reaction, and 
aluminum release rates after exposure to de- and 
remineralizing solutions. The null hypotheses herein 
were: a) GICs containing TiO2-nts do not differ from 
conventional GICs in terms of initial working time 
and surface characterization, assessed using EDS, and 
b) the incorporation of 5% TiO2-nt into a conventional 
GIC does not affect aluminum release rates under 
exposure to de- and remineralizing solutions. 

Methodology

Experimental design 
The following factors were under study: a) 

incorporation of 5% TiO2-nt concentration by weight 
(/wt) into a conventional GIC (Ketac Molar EasyMix®, 
3M ESPE, Maplewood, MN, USA); b) pH-cycling (de- 
and remineralization solutions); and c) aluminum 
release rates at 1, 2, 3, 5 and 7 days. The two groups 
under study were: Ketac Molar (KM=control) alone 
and Ketac Molar added to 5% n-TiO2 (KM+5%TiO2-nt). 
The parameters evaluated included initial working 
time analysis by GIC brightness loss (in seconds, n = 
12/group), surface element characterization by energy-
dispersive spectrometry (at a percentage [%] of Al, n 
= 6/group), and the aluminum release rate by atomic 
absorption spectrometry (in µg/mL, n = 6/group). 

Sample size
In the current study, a pilot experiment was 

performed (n = 3) to determine the sample size (n). 
The level of significance and statistical power were 
considered at 0.05 and 0.8, respectively, and the effect 
size was stipulated at 2.08 (initial working time), 0.9 
(EDS, % of Al), and 1.99 (total of Al release after 7 
days). The values considered for standard deviation 
were 3.5, 2.2, and 0.08, respectively. The sample size 
calculation indicated a minimum of 5 samples for 
the initial working time, yielding experiments with 
n = 12, and a minimum of 5 samples for % of Al, and 
2 for Al release, yielding experiments with n = 6.

Specimen preparation
Nanotubes (20 nm in length and 10 nm in diameter) 

were synthesized using the alkaline method to form 
a single sheet of the material curled into a spiral23. 
Briefly, TiO2-nts were prepared by mixing 12 g anatase 
TiO2 (Aldrich, 99%) with 200 mL of 10 M NaOH. 
This mixture was kept in an open Teflon container 
placed in a glycerin bath and heated with a mantle 
heater at 120°C for 24 h. Syntheses were carried out at 
ambient pressure, at which only precursor reagents 
were submitted to alkaline treatment. Following 
the treatment, the mixture was washed repeatedly 
with 0.1 M hydrochloric acid and deionized water to 
remove the sodium ions. Next, the pH of the solution 
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was adjusted to 7. Lastly, the materials obtained were 
dried in a conventional incubator at 200°C for 24 h 
in air atmosphere23. The resulting TiO2-nts at 5%/
wt were weighed on a precision scale accurate to 
0.0001 g (Adventurer Oshaus, Parsippany, USA), and 
added to the GIC component powder (Ketac Molar 
Easy Mix® - color A3; Powder: aluminum-calcium-
lanthanum fluorosilicate glass, 5% polycarbonate acid 
[15 g]; Liquid: polycarbonic acid and tartaric acid 
[10 g]; 3M/ESPE, Maplewood, USA, batch # 4238523 
and 642344). Next, TiO2-nts were homogenized 
using a QL-901 vortex (Biomixer, Taft, USA) for 2 
minutes.6,9 This concentration was determined by 
preliminary studies that demonstrated improved 
physicomechanical properties of GIC with 5% TiO2-nt.6,9 
Material agglutination was performed for the powder/
liquid ratio (1:1), using a metal spatula and a pad of 
waterproof paper.1 The specimens were prepared 
at room temperature (23 ± 1°C and 50 ± 5% relative 
humidity) as recommended by the manufacturer. 
KM with or without TiO2-nts was placed in bipartite 
molds (4 mm thick x 6 mm diameter), inserted in a 
single increment using a Centrix syringe (Centrix 
Inc., Shelton, USA), and pressed between polyester 
strips (Proben, Catanduva, Brazil) under a glass 
slide with a static load of approximately 200 g for 
6 min. After the initial setting of the material, the 
specimens were removed from the mold, covered 
with a thin layer of petroleum jelly (Bioquímica, São 
José do Rio Preto, Brazil), identified, and stored in 
an conventional incubator at relative humidity for 
24 h at 37°C.6,9

Initial working time analysis by brightness 
loss analysis (n = 12/group)

The experiments were performed by a single 
experienced operator to ensure a standard mixing 
protocol. Briefly, GIC powder was measured with a 
spoon provided by the manufacturer, and weighed 
on a precision scale. Measurements were repeated 
5 times for each group to establish and confirm the 
amount of powder used in the mixture: KM (0.147 
± 0.003 g) and KM + 5%TiO2-nt (0.172 ± 0.004 g). 
Likewise, the same protocol was used to calibrate 
the amount of liquid dispensed with each drop 
(0.085 ± 0.005 g). By following this methodology, a 

uniform 1:1 ratio was achieved across the experimental 
groups, as recommended by the manufacturer. 
GIC brightness loss was analyzed by a blinded and 
calibrated examiner who manipulated the material 
and timed the experiment from the beginning of 
the agglutination of the first half of the powder up 
to the appearance of the matte effect on the material 
surface at the specified parameters of temperature 
and controlled relative humidity (37 ±1 °C and 90% 
relative humidity). The time elapsed from the initial 
agglutination up to brightness loss was recorded with 
a digital TIMEX in seconds.24

pH-cycling (n = 6/group)
A 7-day pH-cycling model was used to simulate 

cariogenic conditions in patients at risk of caries, by 
monitoring the elemental alteration on the surface 
of the materials, and the Al release rates.25,26 The 
specimens were immersed individually, and each cycle 
consisted of a 6-hour immersion in demineralizing 
(DE-) solution, followed by an 18-hour immersion in 
remineralizing (RE-) solution (artificial saliva = 1.5 
mmol/L calcium, 0.9 mmol/L phosphate, 150 mmol/L 
potassium chloride, 20 mmol/L buffer cacodylate, 
pH 7.0, area/volume ratio of 1.02 mm2/mL). The 
specimens were washed in deionized water for 30 s, 
dried on absorbent paper, and immersed individually 
in 7.5 mL of DE- solution (2.0 mmol/L calcium, 2.0 
mmol/L phosphate, 0.075 mol/L acetate, pH = 4.3, 
area/volume ratio 0.51 mm2/mL). Both solutions 
contained thymol crystals to prevent microbial 
growth. DE- and RE- solutions were replenished at 
each cycle. The specimens were subjected to constant 
agitation at 120 rpm, 1.7 Hz, 25 ± 1°C (Shaking Table, 
Dragonlab Laboratory Instruments Limited, Beijing, 
China) during pH-cycling. 

Energy dispersive spectroscopy (EDS) 
analysis (n = 6/group) 

Analysis of the % of atoms on the GIC surfaces was 
performed using EDS (SEM - JEOL-JSM 5600LV, Tokyo, 
Japan) equipped with an X radiation EDS detector 
(Voyager, Noran Instruments, Middleton, USA), 
operated at low vacuum and in backscattered electron 
mode. The specimen surfaces were carbon-coated 
by evaporation of high-purity carbon rods (Denton 
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Vacuum Desk II, Moorestown, USA). The whole area 
of the specimen surface was observed by scanning 
electron microscope set at 100X magnification, with 
a working distance of 20 mm, and operated at an 
acceleration voltage of 15 kV. Measurements were 
performed on five standard areas of each specimen 
to quantify the elements on the surface. The results 
were expressed as a % of atoms by the Easy Macro 
software program (Noran Instruments, mod. Vantage 
v.1.2, Middleton, USA), and the average of each 
specimen was used in the statistical analysis.  

Atomic absorption spectrophotometry 
(AAS) analysis (n = 6/group)

Aluminum release rates were determined on days 
1, 2, 3, 5 and 7 of pH-cycling by Atomic Absorption 
Spectrophotometry (AAS), using nitrous oxide, an 
acetylene flame and a hollow cathode lamp at 309.3 
nm. The spectrophotometer (VARIAN - AA-50) was 
calibrated with five standard solutions ranging from 
0.5 to 25 μg Al/mL, and the target solutions were 
analyzed without any pretreatment, and with a device 
sensitivity limit of 0.1 μg Al/mL. Sample values below 
the standard curve were considered as zero.15,27

Statistical analysis
The original data were analyzed using the Shapiro-

Wilk normality and the Levene homoscedasticity tests. 
Initial working time data analysis was performed by 
Student’s t test. EDS data (% of Al) were subjected 
to two-way ANOVA and Tukey ś test. Chlorine and 

magnesium were submitted to Student’s t test, since 
they were detected in only two groups. Al release 
data were evaluated by generalized linear models. 
Analyses were performed using the SAS System 
(SAS Institute, SAS System version 9.3; Cary, USA, 
2012) (α = 0.05).

Results 

In overall terms, the data analysis revealed that 
TiO2-nts did not significantly affect either the GIC 
initial working time (brightness loss) or its surface 
composition. An average of 321.4 (+ 3.4) and 319.9 
(+ 7.1) seconds was obtained for KM and KM+5% 
TiO2-nt, respectively (p > 0.05 – Table 1). In addition, 
EDS analysis revealed an overall similarity between 
the experimental groups, insofar as KM+5% TiO2-nt 
showed that levels of the assessed compounds were 
comparable to the KM group with and without 
pH-cycling. Further analysis showed that sodium 
was the only compound among those investigated 
that was affected by TiO2-nt at the baseline (p < 0.05 
– Table 2). Lastly, AAS analysis showed that the Al 
release rates were significantly decreased by using 

Table 1. Mean (standard deviation) working time (in seconds) 
of the experimental group.

Experimental group (n = 12/group) Working time (in seconds)

KM (control) 321.4 (3.4) a

KM + 5% TiO2-nt 319.9 (7.1) a

Similar letters indicate no statistical difference (p > 0.05); 
KM = Ketac Molar EasyMix; TiO2-nt: titanium dioxide nanotube.

Table 2. Mean (standard deviation) values of EDS analysis (% at) of glass ionomer cements with or without of 5% TiO2-nt, and 
with or without pH-cycling.

Experimental group (n = 6/group)
KM (control) KM + 5%TiO2-nt

(% at) (% at)

pH-cycling Without With Without With

Aluminum 25.3 (3.5) A 26.8 (2.1) A 24.1(4.8) A 27.8 (2.8) A

Silicon 41.0 (7.9) A 36.8 (5.3) A 37.4 (2.6) A 34.3 (4.1) A

Lanthanum  5.3 (0.8) B  7.8 (1.8) A  5.2 (1.2) B  7.9 (1.0) A

Calcium 18.0 (2.9) A 17.4 (1.7) A 18.1 (2.6) A 18.0 (2.8) A

Sodium  2.0 (1.8) B  1.0 (0.2) B 5.1 (0.9) A  1.2 (0.3) B

Magnesium  3.5 (2.2) A  0.2 (0.1) B n.q. n.q.

Chlorine n.q. n.q.  0.7 (0.3) A 0.2 (0.1) B

Phosphorus  4.8 (1.0) B 10.0 (1.7) A  3.9 (2.1) B 10.5 (1.9) A

Different letters in the same line indicate statistical difference based on two-way ANOVA and Tukey´s test. Chlorine and magnesium were submitted to 
Student’s t test, since they were detected in only 2 groups. (p < 0.05). KM: Ketac Molar EasyMix; TiO2-nt: titanium dioxide nanotube; n.q: not quantified.
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TiO2-nt in all the experimental periods in which the 
samples were submitted to the DE- solution, with 
a reduction of about 60% through days 1 to 5, and 
100% at day 7 (p < 0.05). Al levels were below the 
detection levels for KM and KM+5% TiO2-nt samples 
submitted to the RE- solution. Table 3 illustrates the 
AAS findings.

Discussion 

The goal of the current investigation was to further 
understand the potential impact of TiO2-nts on the 
underlying chemical processes of a high-viscosity 
conventional GIC (Ketac molar – KM). In the current 
study, the initial working time was defined by the 
brightness loss of the material during the chemical 
processes occurring after mixing the powder and 
liquid components of KM. This was indicated by 
the absence of free residual acid, or an interference 
in the reaction kinetics (a critical component for the 
material to adhere to the tooth).1 In line with previous 
studies,9 we noticed that TiO2-nt (at 5%/weight) did 
not affect GIC adhesion to the dentin substrate. In 
contrast, incorporation of ytterbium fluoride and 
barium sulphate nanoparticles or germanium into 
the GIC have been reported to affect the GIC setting 
characteristics.28,29

In the present study, the effect of TiO2-nt on the 
elemental composition of a conventional GIC (KM) was 
determined by using the EDS approach. In general, 
the test and experimental groups showed comparable 
levels of the assessed compounds with and without 
pH-cycling. Interestingly, Ti was not detected by EDS 
analysis in the experimental group containing TiO2-nt. 
Since EDS is highly sensitive to the characteristics of 

the specimen, and to the equipment setup, we suggest 
that technical optimization be required to assure Ti 
detection in this substrate. These observations have 
been reported in the literature in cases when TiO2-
nts were added to a conventional GIC at 3, 5 and 7% 
by weight.6 As previously reported, the EDS analysis 
for both groups showed an increase in the amount 
of phosphorous with pH-cycling,25,26 caused by the 
presence of phosphate in the treatment solutions. 
Future studies should consider determining how 
phosphate concentrations in treatment solutions 
impact EDS findings.  

The Al release rate adopted in the present study 
was assessed in the DE- and RE- solutions by AAS 
analysis. Although Al release was reported for GICs,30 
few studies have suggested that Al release may 
decrease with time, considering that Al may remain 
trapped inside the GIC matrix.15-17,31 The intergroup 
comparisons made herein showed that the addition of 
TiO2-nts to a conventional GIC significantly reduced the 
amount of Al released in the DE- solution, whereas no 
significant intragroup differences were detected over 
time (Table 3). Al is a substantial component of GICs, 
and has been reported as an element critical to securing 
the stability of the set cement.30 Additional studies have 
suggested a positive correlation between the Al and 
the fluorides release by GICs.15,16 Previous literature 
has reported that conventional GICs added to TiO2-nt 
increased fluoride release,6 hence, we hypothesized 
that the Al release rates from a conventional GIC 
added to TiO2-nt would be similar to the increased 
rate of fluoride release. However, we actually found 
that the Al release rates were reduced by adding 
TiO2-nt to a conventional GIC. Since TiO2-nt has been 
reported to improve other properties of GICs,6,9 it can 

Table 3. Mean (standard deviation) values for aluminum release rates (in µg/mL) of KM and KM+5% TiO2-nt submitted to pH-
cycling (de- and remineralizing solutions), over the experimental periods.

Experimental group (n = 6/group) 1st day 2nd day 3rd day 5th day 7th day

DE 

KM 0.296 (0.11)a 0.24 (0.13)a 0.249 (0.14)a 0.22 (0.11)a 0.240 (0.13)a

KM + 5% TiO2-nt 0.117 (0.10)b 0.117 (0.10)b 0.107 (0.11)b 0.107 (0.11)b 0 (0)b

RE 

KM 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

KM + 5% TiO2-nt 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Different letters indicate a statistically significant intergroup difference (p <0.0001, KM versus KM+5% TiO2); KM: Ketac Molar EasyMix 
(control); TiO2-nt: titanium dioxide nanotube; DE: demineralizing solution; RE: remineralizing solution.
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be suggested that this effect may explain the dynamic 
of Al and fluoride release from GIC added to TiO2-nt. 

Moreover, the GIC setting reaction involves a 
number of stages. Initially, the acid reacts with the 
surface of glass particles, followed by a loss of ions, 
whose movement in the matrix is indicative of their 
reaction with the polyacid molecules.17,18,32 The Al 
ions leach into the cement across the surface layers, 
thus acting as crosslinkers in the cement matrix.17,18,33 
However, part of these ions may be diffused or may 
leach out of the conventional GICs. GIC properties can 
be improved by adding TiO2-nt. This may promote a 
stronger matrix of the material,9 rich in cross-links 
obtained from more reactive Al, which decreases the 
release of Al cations over time, as shown in Table 3. 
Further analysis showed that the Al release was not 
detected when the experimental samples from both 
KM and KM+5% TiO2-nt were submitted to the RE- 
solution (artificial saliva), thus confirming previous 
findings that have reported increased Al release rates 
in acidic environments.18,31 Thus, in the RE- solution, 
the longer step (ion release) involves diffusion, whereas 
the DE- solution involves erosion. These patterns 
influence the bioactivity of the material.18

 Regarding the impact of Al release on cellular 
toxicity, the findings of the present study have shown 
that the amount of Al detected by AAS in the DE- 
solutions was low, and below the tolerable weekly 
intake value established by the Food Additives Expert 
Committee (Covance Laboratories, 2010). In line with 
our findings, Cibim et al.6  detected no significant 
impact of TiO2-nt addition on the fibroblast cell 
cultures grown on GIC discs. The range of findings 
of the present study sheds light on the potential of 
GICs added to TiO2-nt. Basically, this addition does not 

alter the initial working time of the GIC, or increase 
Al release in the pH-cycling model. However, the 
use of TiO2-nt to improve the clinical performance 
of GICs is a relatively new concept, and the current 
investigation was limited to an in vitro experimental 
design that cannot fully mimic the “real” clinical 
setup. This being the case, additional studies should 
be designed to further define the potential impact of 
TiO2-nt on other GIC properties, including syneresis 
and imbibition processes, material aging on affected 
teeth, and longitudinal randomized clinical studies.

Conclusions

	 The incorporation of TiO2-nts into GICs did not 
change the initial working time or typical elemental 
composition of conventional GICs, nor did it affect 
the aluminum release rate in an in vitro model. These 
findings add information to our current body of 
scientific knowledge regarding the potential impact 
of TiO2-nt on the performance of conventional GICs. 

Acknowledgments 
The authors wish to thank the Dental Material 

Laboratory of Faculdade São Leopoldo Mandic, 
Campinas, SP, Brazil, particularly Ms. Aline Regina 
Barbosa Santos and Ms. Talita Reek, for their technical 
cooperation and assistance. The authors are also 
grateful for the financial support received from the São 
Paulo Research Support Foundation (FAPESP, Grant 
# 16/13786-0 & Grant # 19/14078-8) and the Brazilian 
National Council for Scientific and Technological 
Development (CNPq –Scholarship PIBIC 2018-2019). 
The authors declare that they have no ties with any 
company of any nature related to this research.

1.	Anusavice KJ, Shen C, Rawls HR. Phillip’s Science of dental materials. 12th ed. St. Louis: Elsevier/Saunders; 2013.

2.	Krämer N, Schmidt M, Lücker S, Domann E, Frankenberger R. Glass ionomer cement inhibits secondary caries in an in vitro biofilm 

model. Clin Oral Investig. 2018 Mar;22(2):1019-31. https://doi.org/10.1007/s00784-017-2184-1

3.	Saber AM, El-Housseiny AA, Alamoudi NM. atraumatic restorative treatment and interim therapeutic restoration: a review of the 

literature. Dent J. 2019 Mar;7(1):28. https://doi.org/10.3390/dj7010028  

4.	Amorim RG, Leal SC, Mulder J, Creugers NH, Frencken JE. Amalgam and ART restorations in children: a controlled clinical trial. Clin 

Oral Investig. 2014 Jan;18(1):117-24. https://doi.org/10.1007/s00784-013-0955-x

References

6 Braz. Oral Res. 2022;36:e097



Morais AMS, Pereira YMR, Souza-Araújo IJ, Silva DF, Pecorari VGA, Gomes OP, et al.

5.	Pokrowiecki R, Pałka K, Mielczarek A. Nanomaterials in dentistry: a cornerstone or a black box? Nanomedicine (Lond). 2018 

Mar;13(6):639-67. https://doi.org/10.2217/nnm-2017-0329

6.	Cibim DD, Saito MT, Giovani PA, Borges AF, Pecorari VG, Gomes OP, et al. Novel nanotechnology of TiO2 improves physical-chemical 

and biological properties of glass ionomer cement. Int J Biomater. 2017;2017:7123919. https://doi.org/10.1155/2017/7123919

7.	Vimbela GV, Ngo SM, Fraze C, Yang L, Stout DA. Antibacterial properties and toxicity from metallic nanomaterials. Int J Nanomedicine. 

2017 May;12:3941-65. https://doi.org/10.2147/IJN.S134526

8.	Rasouli R, Barhoum A, Uludag H. A review of nanostructured surfaces and materials for dental implants: surface coating, patterning and 

functionalization for improved performance. Biomater Sci. 2018 May;6(6):1312-38. https://doi.org/10.1039/C8BM00021B

9.	Kantovitz KR, Fernandes FP, Feitosa IV, Lazzarini MO, Denucci GC, Gomes OP, et al. TiO2 nanotubes improve physico-mechanical 

properties of glass ionomer cement. Dent Mater. 2020 Mar;36(3):e85-92. https://doi.org/10.1016/j.dental.2020.01.018

10.	Monteiro NR, Basting RT, Amaral FL, FranÇa FM, Turssi CP, Gomes OP, et al. Titanium dioxide nanotubes incorporated into 

bleaching agents: physicochemical characterization and enamel color change. J Appl Oral Sci. 2020 Jun;28:e20190771. 

https://doi.org/10.1590/1678-7757-2019-0771

11.	Maran BM, de Geus JL, Gutiérrez MF, Heintze S, Tardem C, Barceleiro MO, et al. Nanofilled/nanohybrid and hybrid resin-based 

composite in patients with direct restorations in posterior teeth: a systematic review and meta-analysis. J Dent. 2020;99:103407. 

https://doi.org/10.1016/j.jdent.2020.103407

12.	Sun J, Xu Y, Zhu B, Gao G, Ren J, Wang H, et al. Synergistic effects of titanium dioxide and cellulose on the properties of glassionomer 

cement. Dent Mater J. 2019 Feb;38(1):41-51. https://doi.org/10.4012/dmj.2018-001

13.	Moheet IA, Luddin N, Rahman IA, Kannan TP, Nik Abd Ghani NR, Masudi SM. Modifications of glass ionomer cement powder 

by addition of recently fabricated nano-fillers and their effect on the properties: a review. Eur J Dent. 2019 Jul;13(3):470-7. 

https://doi.org/10.1055/s-0039-1693524

14.	Silva RM, Pereira FV, Mota FA, Watanabe E, Soares SM, Santos MH. Dental glass ionomer cement reinforced by cellulose microfibers 

and cellulose nanocrystals. Mater Sci Eng C. 2016 Jan;58:389-95. https://doi.org/10.1016/j.msec.2015.08.041

15.	Nakajima H, Komatsu H, Okabe T. Aluminum ions in analysis of released fluoride from glass ionomers. J Dent. 1997 Mar;25(2):137-44. 

https://doi.org/10.1016/S0300-5712(96)00021-8

16.	Savarino L, Cervellati M, Stea S, Cavedagna D, Donati ME, Pizzoferrato A, et al. In vitro investigation of aluminum and fluoride 

release from compomers, conventional and resin-modified glass-ionomer cements: a standardized approach. J Biomater Sci Polym Ed. 

2000;11(3):289-300. https://doi.org/10.1163/156856200743706

17.	Nicholson JW. Maturation processes in glass-ionomer dental cements. Acta Biomater Odontol Scand. 2018 Jul;4(1):63-71. 

https://doi.org/10.1080/23337931.2018.1497492

18.	Nicholson JW, Coleman NJ, Sidhu SK. Kinetics of ion release from a conventional glass-ionomer cement. J Mater Sci Mater Med. 2021 

Mar;32(4):30. https://doi.org/10.1007/s10856-021-06501-1

19.	Andersson OH, Dahl JE. Aluminium release from glass ionomer cements during early water exposure in vitro. Biomaterials. 1994 

Sep;15(11):882-8. https://doi.org/10.1016/0142-9612(94)90111-2

20.	Bapna MS, Mueller HJ. Leaching from glass ionomer cements. J Oral Rehabil. 1994 Sep;21(5):577-83. 

https://doi.org/10.1111/j.1365-2842.1994.tb01172.x  

21.	Nicholson JW, Czarnecka B. Review paper: role of aluminum in glass-ionomer dental cements and its biological effects. J Biomater Appl. 

2009 Nov;24(4):293-308. https://doi.org/10.1177/0885328209344441

22.	Mazzoli-Rocha F, Santos AN, Fernandes S, Normando VMF, Malm O, Saldiva PHN, et al. Pulmonary function and 

histological impairment in mice after acute exposure to aluminum dust. Inhal Toxicol. 2010 Aug;22(10):861-7. 

https://doi.org/10.3109/08958378.2010.489074

23.	Arruda LB, Santos CM, Orlandi MO, Schreiner WH, Lisboa-Filho PN. Formation and evolution of TiO2 nanotubes in alkaline synthesis. 

Ceram Int. 2015;41(2):2884-91. https://doi.org/10.1016/j.ceramint.2014.10.113

24.	Bussadori SK, Rego MA, Pereira RJ, Guedes-Pinto AC. Human enamel veneer restoration in a deciduous tooth: clinical case. J Clin 

Pediatr Dent. 2003;27(2):111-5. https://doi.org/10.17796/jcpd.27.2.37q38n5422r44810

25.	Queiroz CS, Hara AT, Paes Leme AF, Cury JA. pH-cycling models to evaluate the effect of low fluoride dentifrice on enamel de- and 

remineralization. Braz Dent J. 2008;19(1):21-7. https://doi.org/10.1590/S0103-64402008000100004

26.	Rodrigues E, Delbem AC, Pedrini D, Oliveira MS. PH-cycling model to verify the efficacy of fluoride-releasing materials in enamel 

demineralization. Oper Dent. 2008 Nov-Dec;33(6):658-65. https://doi.org/10.2341/08-1

27.	Gjorgievska E, Nicholson JW, Gjorgovski I, Iljovska S. Aluminium and fluoride release into artificial saliva from dental restoratives placed 

in teeth. J Mater Sci Mater Med. 2008 Oct;19(10):3163-7. https://doi.org/10.1007/s10856-008-3452-z

28.	Prentice LH, Tyas MJ, Burrow MF. The effect of ytterbium fluoride and barium sulphate nanoparticles on the reactivity and strength of a 

glass-ionomer cement. Dent Mater. 2006 Aug;22(8):746-51. https://doi.org/10.1016/j.dental.2005.11.001

7Braz. Oral Res. 2022;36:e097



TiO2 nanotube-containing glass ionomer cements display reduced aluminum release rates

29.	Dickey B, Price R, Boyd D. Evidence of a complex species controlling the setting reaction of glass ionomer cements. Dent Mater. 2016 

Apr;32(4):596-605. https://doi.org/10.1016/j.dental.2016.01.012

30.	Wilson AD, McLean JW. Glass-ionomer cements. Chicago, IL, USA: Quintessence Publishing Co. Inc.; 1988.

31.	Okte Z, Bayrak S, Fidanci UR, Sel T. Fluoride and aluminum release from restorative materials using ion chromatography. J Appl Oral 

Sci. 2012 Feb;20(1):27-31. https://doi.org/10.1590/S1678-77572012000100006

32.	Sidhu SK, Nicholson JW. A review of glass-ionomer cements for clinical dentistry. J Funct Biomater. 2016 Jun;7(3):16. 

https://doi.org/10.3390/jfb7030016

33.	Pires RA, Nunes TG, Abrahams I, Hawkes GE. The role of aluminium and silicon in the setting chemistry of glass ionomer cements. J 

Mater Sci Mater Med. 2008 Apr;19(4):1687-92. https://doi.org/10.1007/s10856-007-3251-y

8 Braz. Oral Res. 2022;36:e097


