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Abstract: The aim of this research was to compare the growth-inhibitory effect of halloysite-
based nanotubes preloaded with sodium fluoride incorporated into two commercial glass
ionomers (Vitrebond 3M™ and Ionobond VOCO) for indirect pulp capping. Methods:
Sixty samples were prepared and were distributed into two control groups, two positive
control groups and two experimental groups. A total of 10% of the total weight of ionomer
powder required to prepare each sample was replaced with nanotubes that had been
preloaded at 2000 parts per million (minimum inhibitory dose for Streptococcus mutans
established in this study using the McFarland index). The growth-inhibitory effect was
determined by placing the samples in Petri dishes inoculated with S. mutans for 24 h at
37 °C. Results: Regarding the control groups, only Vitrebond demonstrated a growth
inhibition zone; both experimental groups showed an inhibitory effect, and statistical
differences were observed when the experimental Ionobond group and control groups
were compared. Conclusions: The ionomers reinforced with fluorine-modified nanotubes
showed an adequate inhibitory effect on Streptococcus mutans.

Keywords: glass ionomer cements; fluoride; halloysite; nanotubes; Streptococcus mutans;
antibacterial effect

1. Introduction

The principal challenge of modern restorative dentistry is the protection and preser-
vation of pulpal vitality with the objective to avoid a root canal treatment; in deep caries
lesions, the management includes the removal of damaged tissue and the subsequent
application of a liner of certain biomaterials. Liners are a relatively thin indirect pulp
capping (IPC) that provides a barrier to protect dentin in deep cavity preparations with
proximity to the pulp if no exposure of this tissue is detected [1,2]. They eliminate or
reduce postoperative hypersensitivity in resin-based composite restorations [3]. They are
widely used to provide an adequate biological seal and cariostatic action [4]. Therefore, the
principal objective of any indirect pulp capping procedure is to avoid bacterial filtration
to guarantee the health, vitality and protection of the pulp. Conventional glass ionomer
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cements (GICs) are the most used materials for IPC treatments, and they have been shown
to reduce shrinkage stress and the formation of spaces in the dentin/resin adhesive inter-
face [2,5,6]. Glass ionomer-based dental materials exhibit several advantages, the most
significant of which include their fluoride-releasing capacity and biocompatibility with the
dental pulp. Furthermore, these cements demonstrate low cytotoxicity, the ability to form
chemical bonds with dental hard tissues, a coefficient of thermal expansion comparable to
that of natural tooth structures, and bacteriostatic properties [7-11].

On the other hand, some disadvantages like difficult handling, low compressive and
flexural strengths and low fracture resistance have been reported [12]. In recent years,
RMGIC (resin-modified glass ionomer cement) has been developed to eliminate said
disadvantages, and it has been used in IPC treatments [3,13-15].

Previous studies reported that both GICs and RMGICs could stimulate the remineral-
ization of dentin affected by caries and contribute to the prevention of secondary caries,
which is considered the main cause of failure of resin-based restorations [16,17]. The bac-
teriostatic function of glass ionomer has been attributed to the fluoride release ability of
this material.

Fluoride is an antibacterial material that strengthens the structure of enamel, making
it less susceptible to demineralization and caries formation due to the generation of fluo-
rapatite crystals and the promotion of enamel remineralization; these mechanisms result
in less soluble tissue in the acidic enamel environment that is conducive to the growth of
microorganisms such as Streptococcus mutans (S. mutans) [18-20].

This microorganism inhabits the human oral cavity, specifically in the biofilm of dental
surfaces (dental plaque), and its cariogenic potential is characterized by several key traits:
rapid conversion of carbohydrates into lactic acid (acidogenicity); the ability to synthesize
large amounts of glucan in the presence of sucrose; a strong affinity for colonizing the hard
tissues of the tooth; the capacity to produce an extracellular polymeric matrix; and the
ability to survive and proliferate in low pH environments (aciduricity).Although S. mutans
is not the only microorganism that causes dental caries, it has been shown to be capable of
creating a favorable environment for other aciduric and acidogenic species [21,22].

Regarding the fluoride released by GICs and RMGlIs, there is controversy about the
true antibacterial capacity of these cements because almost all studies have reported a
fluoride release level that does not exceed 50 ppm [23-26]. Morales et al. (2020) reported
that glass ionomers release approximately 17.8 ppm fluoride [27]. On the other hand,
some studies mentioned that the minimum quantity required to inhibit the growth of
S. mutans is between 4000 and 5000 ppm. Pradiptama et al. (2019) stated that the minimum
concentration of sodium fluoride necessary to inhibit the growth of S. mutans is 4800 ppm
(4.8 mg/mL) [28]. Therefore, it can be said that the antibacterial effect of fluoride-releasing
materials is directly related to the quantity and duration of the fluoride release, and for this
reason, the necessary quantity of fluoride to inhibit bacterial growth cannot be obtained
from GICs or RMGls.

Several studies have focused on improving the physical, mechanical and antibac-
terial properties of ionomers by using nanotechnology [29]. Some studies reported an
improvement in the microhardness, compressive strength, shear bonding and flexural
strength of GICs with the incorporation of nanoparticles into the glass ionomer pow-
der [30-32]. However, there has been great interest in developing or modifying some GICs
with nanostructures like nanoparticles (zinc oxide, graphene-silver and magnesium oxide
nanoparticles) to enhance their antibacterial capacity [33-35].

Nanotubes are nanostructures with drug delivery ability; drugs can be loaded inside
nanotubes, and they can improve the antibacterial properties and increase the time of action
of different compounds [36,37]. There are nanotubes made of different materials, such as
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carbon, trititanate, graphene, boron and halloysite. Halloysite nanotubes (HNTs) are a
low-cost, nanometer-sized porous tubular structure with a lumen diameter of 10-15 nm,
which allows for the encapsulation of drugs or active elements, making them a nanometric
container capable of releasing said drugs in a controlled manner. The outer diameter of
nanotubes is approximately of 50-80 nm, and they have a length of 1 um [38,39]. Recent
research has shown that HNTs can be loaded with various antimicrobial agents [36]. Other
advantages of halloysite nanotubes are their high mechanical strength, thermal stability
and adequate biocompatibility [40,41].

The antibacterial properties of glass ionomer cements have been evaluated in previous
studies via the agar diffusion method, which has the advantages of simplicity, low cost, easy
interpretation of results and the possibility of analyzing a large number of antimicrobials
and microorganisms [42—46]. The process consists of inoculating a microorganism onto an
agar plate, and if the antimicrobial agent is effective, it will diffuse into the agar and be
able to inhibit the growth of the microorganisms, and the diameter of the zone of growth
inhibition around the sample is measured.

Therefore, this study aimed to load HNTs with a minimum inhibitory dose of sodium
fluoride and to determine the growth-inhibitory effect of these nanotubes on S. mutans
when incorporated into a GIC and an RMGIC.

2. Results

Fluoride and halloysite nanotubes were analyzed through Fourier transform infrared
spectroscopy. In Figure 1a, vibrations can be observed between 1000 and 1400 cm™!,
characteristic of fluorinated compounds (F), and the vibrations observed between 300 and
500 cm ! correspond to the interaction between sodium and fluorine ions. Regarding the
halloysite nanotubes (b), the flexural vibrations between 400 and 600 cm™! correspond to
the presence of silicate groups (Si-O). The vibrations between 1000 and 1200, characteristic
of silicate groups, and the flexural vibrations between 600 and 700 cm !, typical of minerals
containing aluminum (Al-O) in their structure, confirmed the presence of halloysite.
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Figure 1. Fourier transform infrared spectroscopy of fluoride (a) and halloysite nanotubes (b).

As shown in Figure 2a,b, the corresponding infrared spectrum for the control
groups showed functional groups belonging to OH groups between the frequencies of
3200-3600 cm~! and the presence of aliphatic chains (C-H) between 2850 and 2960 cm ™.
Bands related to silicate groups (Si-O) were observed at frequencies of 1075 for Ionobond
and 1052 for Vitrebond, and the bands at frequencies of 732 for Ionobond and 723 for
Vitrebond, indicative of aluminum groups (Al-O), correspond to the presence of halloysite
in the positive control groups. For the experimental groups, the presence of the groups
mentioned previously was observed, and the appearance of fluoride was confirmed via the
band peaks at 1178 and 1456 for Ionobond and at 1143 and 1416 for Vitrebond.
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Figure 2. Fourier transform infrared spectroscopy of study groups. The control groups of (a) Ionobond
(IB) and (b) Vitrebond (VB) and the positive control groups. (c) lonobond with nanotubes (IBHNT),
(d) Vitrebond with nanotubes (VBHNT), (e) Ionobond with fluoride-modified nanotubes (IBHNT-
NaF) and (f) Vitrebond with fluoride-modified nanotubes (VBHNT-NaF).

Regarding the growth-inhibitory effect, the minimum and maximum inhibitory con-
centrations of the control group were 3000 and 4000 ppm, respectively, while for the
experimental group, the concentrations were 2000 and 4000 ppm (Figure 3).
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Figure 3. Inhibitory concentrations of control (NaF) and experimental (HNTs-NaF) groups, shown in
ppm (parts per million).

Among the control and positive control groups, only VB and VBHNT showed a
bacterial growth inhibition zone of 8.3 and 8.5 mm, respectively, for S. mutans (Figure 4).
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Figure 4. Growth inhibition zone of control and positive control groups. (a) Ionobond (IB) and
(b) Vitrebond (VB), which formed the control group; (c) Ionobond with halloysite nanotubes (IBHNT)
and (d) Vitrebond with halloysite nanotubes (VBHNT), which formed the positive control group.

In Figure 5, it can be observed that all of the experimental groups presented an an-
tibacterial effect on the microorganism analyzed in this study. An average bacterial growth
inhibition zone of 8.60 &= 0.51 mm was observed for the IBHNT-NaF, while the VBHNT-NaF
showed a greater inhibition zone than the control, with a mean of 9.10 &£ 0.56 mm.

Figure 5. Growth inhibition zone of experimental groups: (a,b) IB with HNT-NaF at 2000 ppm,
(c,d) VB with HNT-NaF at 2000 ppm.

As shown in Table 1, significant differences were observed after carrying out a non-
parametric Kruskal-Wallis test when the control and experimental groups were compared
(p = 0.001). This test is carried out to determine if there are statistically relevant differences
between two or more groups with a p value < 0.05. Nevertheless, with the Kruskall-Wallis
test, it was not possible to determine between which groups statistically significant dif-
ferences were present. Therefore, a pairwise comparison test (Mann-Whitney U) was
performed to determine between which groups these significant differences were found.
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The control and positive control groups for Ionobond showed no inhibitory effect, while
the control and positive control groups for Vitrebond presented a similar inhibitory effect,
whereby no statistically significant differences were observed between these groups. Signif-
icant differences were observed between the control groups for Ionobond and Vitrebond
(p = 0.010) because Vitrebond presented an inhibitory effect of approximately 8.30 mm,
whereas Ionobond did not present said inhibitory effect. When Ionobond was compared
with both experimental groups, a significant difference was observed because the VBHNT-
NaF and IBHNT-NaF experimental groups presented an inhibitory effect of 9.10 (p = 0.0001)
and 8.60 mm (p = 0.001), respectively. Nevertheless, between the control group for Vit-
rebond and the VBHNT-NaF and IBHNT-NaF experimental groups, no differences were
observed (Table 2).

Table 1. Kruskal-Wallis’ test comparing the antibacterial effect between the experimental and control
groups analyzed.

Groups Mean (SD)
Control group: Vitrebond (VB) 8.30 (0.483)
Experimental group: (VBHNT-NaF) 9.10 (0.568)
Positive control group Vitrebond: (VBHNT) 8.50 (0.527)
Control group: Ionobond (IB) 0.00 (0.00)
Positive control group Ionobond: (IBHNT) 0.00 (0.00)
Experimental group: IBHNT-NaF 8.60 (0.516)
Kruskal-Wallis* test p =0.001 *

Mean: average of growth inhibition zone in millimeters; SD: standard deviation; *: p < 0.05.

Table 2. Mann-Whitney U test.

Groups Statistics Statistics Deviation p Value
IB-VB 25.200 3.402 0.010 *
IB-IBHNT 0.000 0.000 1.000
IB-VBHNT —27.100 —3.658 0.004 *
IB-IBHNT-NaF —29.000 —3.915 0.001 *
IB-VBHNT-NaF —38.700 —5.224 0.0001 *
IBHNT-VBHNT —27.100 —3.658 0.004 *
IBHNT-IBHNT-NaF —29.000 —3.915 0.001 *
IBHNT-VBHNT-NaF —38.700 —5.224 0.0001 *
VB-IBHNT 25.200 3.402 0.010 *
VB-VBHNT —1.900 —0.256 1.000
VB-IBHNT-NaF —3.800 —0.513 1.000
VB-VBHNT-NaF —13.500 —1.822 1.000
VBHNT-IBHNT-NaF —1.900 —0.256 1.000
VBHNT-VBHNT-NaF —11.600 —1.566 1.000
IBHNT-NaF-VBHNT-NaF 9.700 1.309 1.000

IB, VB: control groups; IBHNT-NaF, VBHNT-NaF: experimental groups; *: p < 0.05.

3. Discussion

The anticariogenic effect presented by fluoride-releasing materials is directly related to
the duration and amount of fluoride released [27,47]. Glass ionomers are among the dental
materials that deliver the highest fluoride release. Previous studies have reported fluoride
release amounts of between 17.4 and 32.6 ppm [27,28], which correspond to bacterial
inhibition [48]. However, one study reported that a value of between 3040 and 5700 ppm of
NaF is needed to eliminate bacteria in the oral cavity [49]; another study reported that a
value of between 4000 and 6000 ppm of NaF is needed [50]. Another study reported that
the minimum inhibitory amount of NaF necessary for a bactericidal effect on S. mutans is
4800 ppm [28].
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Regarding the maximum inhibitory concentration of fluoride, it has been established
by previous studies that excessive concentrations of fluoride can cause a regrowth because
S. mutans generates a type of adaptation due to a change in the enolase enzyme inhibitor,
which is irreversible and subsequently allows S. mutans to stay alive [28,49]

Several studies have tried to enhance the antibacterial characteristics of glass ionomers
by incorporating different nanomaterials [30,51,52]. However, some of these studies did
not report favorable results [36,53-55].

Nanotubes are nanostructures with the ability to encapsulate drugs; specifically, HNTs
have been shown to be suitable for drug transport and prolonged release [54,56]. Massaro
et al. [57]. concluded that HNTs do not present bacterial inhibition themselves, which was
corroborated in this study, since the positive control groups did not show differences in
their inhibitory effects from the control groups. However, HNTs are characterized by an
excellent carrying capacity and ability to release and transport drugs [54]. These qualities
have positively improved some characteristics of dental materials [53].

In this study, the inhibitory effect of NaF was analyzed at concentrations between
1000 and 10,000 ppm; the established maximum inhibitory concentration (4000 ppm) and
minimum inhibitory concentration (3000 ppm) of NaF on S. mutans was similar to previous
studies [49,50]. The positive control groups analyzed in this study did not show differences
with respect to the control groups and were included only to guarantee that the inhibitory
effect of the experimental groups was due to the presence of fluorine inside the nanotubes.
No bacterial growth inhibition zone was observed in the Ionobond control groups analyzed
in this study, so an insufficient amount of NaF was released by this glass ionomer to inhibit
S. mutans. In the VB control group, a bacterial growth inhibition zone was observed. A
previous study suggested that this antibacterial effect could be caused by the release of
the initiator diphenyleneiodonium chloride, which can inhibit fibroblast growth and could
also inhibit the growth of S. mutans [47]. Another study showed that compared to GICs,
VB is strongly cytotoxic in different cell cultures [58].

In the present investigation, the antibacterial properties were improved in both experi-
mental groups of glass ionomers modified with HNTs preloaded with NaF. In the IB control
group, no antibacterial capacity was observed prior to the incorporation of HNTs, but an
inhibitory effect was obtained after the incorporation of nanotubes, and the growth inhibi-
tion effect of the VBHNT-NAF experimental group increased with respect to VB because a
broader bacterial growth inhibition zone was observed (1 mm approximately). However,
no statistically significant differences were observed between these groups (Table 2).

With respect to the minimum and maximum concentrations of NaF required to inhibit
the growth of S. mutans, HNTs promoted the antibacterial activity of NaF and expanded
the bacterial inhibition interval of 3000 to 6000 ppm reported by previous studies [28,49].
However, in the experimental groups that were analyzed in our study, a growth inhibition
zone for S. mutans was observed from 2000 ppm. These results demonstrate the ability of
HNTs to promote NaF release and increase the antibacterial effect of glass ionomers, which
is consistent with previous studies demonstrating the efficacy of HNTs loaded with other
antimicrobial agents [54,56].

The ability of glass ionomer cements to inhibit bacterial growth as a consequence of
their fluoride release has been critically evaluated in this study, because previous studies
concluded that the inhibitory effect occurs from 5000 ppm [18]. Taking into account
the amount of fluoride released by glass ionomer cements reported in previous studies,
which is no higher than 50 ppm [17,18,40], these materials will release an insufficient
amount of fluoride to guarantee an environment free of microorganisms like S. mutans.
Considering this limitation, the clinical application of glass ionomer liners reinforced with
fluoride-modified nanotubes could increase the success of indirect pulp capping therapy
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and decrease the probability of secondary caries, guaranteeing an aseptic environment. On
the other hand, the amount of fluoride required to eliminate the S. mutans present in dental
cavities will be reduced to 2000 ppm due to the capability of HNTs to improve the effect
of drugs.

4. Materials and Methods
4.1. Determination of the Inhibitory Effect of Sodium Fluoride (NaF)

The minimum and maximum inhibitory concentrations were determined as follows.
A total of 2.2106 g of 99.99% extra pure sodium fluoride (Fagalab; Mocorito, México) was
weighed with an analytical balance (Shimadzu Scientific Instruments; Kyoto, Japan) and di-
luted in deionized water (100 mL) to obtain a solution at a concentration of 10,000 ppm [59].
From this stock solution, solutions were prepared with different concentrations with an
interval of 1000 ppm (1000-10,000 ppm), and these were used as the control group. A total
of 1 mL of each NaF solution was inoculated with 1 mL of S. mutans in Mueller-Hinton
broth (0.5 McFarland corresponds 1.5 x 108 CFU/mL) at 37 °C for 24 h in 5 mL test tubes,
and this procedure was performed in triplicate (30 samples). For the experimental groups,
10 mg of HNTs preloaded with NaF was directly added to 1 mL aliquots of the prepared
solutions with S. mutans in Mueller-Hinton broth with the same number of samples. Once
the minimum inhibitory concentration was established, the HNTs for incorporation into
the ionomers were modified with that concentration of NaF (Figure 6).

Antibacterial effect of glass ionomer
liners reinforced with fluoride
modified nanotubes

Microbiological assay to determine
minimum and maximum inhibitory
concentration (IC) of NaF solutions and
HNTs-NaF at different concentrations
(performed in triplicate)

Iml of NaF solutions at 10 mg of HNTs-NaF at

different concentrations different concentrations with

with 1ml of S. mutans in 1ml of S. mutans in Muller
Muller Hinton broth Hinton broth

IC at IC at IC at IC at IC at
1000 1000 1000 1000 1000
ppm ppm ppm ppm ppm
IC at IC at IC at IC at IC at
1000 1000 1000 1000 1000
ppm ppm ppm pgm ppm

J Determine the growth PRI Ui
presence of

inhibitory effect of

Stablishment of Stablishment of : HNTs-NaF in the
minimum IC with minimum IC with fgﬁﬁgrg?gi::a% ~ experimental
NaF solutions HNTs-NaF samples by group) ionomers through
l FTIR spectroscopy
ﬁ— 1 1
Determine Determine
inhibition growth inhibition growth
zone in zone in control
experimental and positive
groups control groups

Figure 6. Sketch of experimental procedures.
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4.2. Inccorporation of Sodium Fluoride into Halloysite Nanotubes

One gram of halloysite nanotubes (Sigma—Aldrich; St. Louis, MO, USA) was weighed
using the previously mentioned analytical balance. The HNTs were immersed in a prepared
solution with 98% 3-(trimethoxysilyl) propyl-methacrylate (Sigma—Aldrich) diluted to 5%
in 95% acetone (Sigma—Aldrich) for 24 h at a temperature of 110 °C in a drying oven
(HERAtherm oven Thermo Fisher Scientific; Waltham, MA, USA).

Subsequently, these nanotubes were incorporated into 10 mL of NaF (Fagalab) at
2000 ppm (the minimum inhibitory concentration established in this study in the above-
described experiments) based on the methodology of previous studies, where between
1 and 1.25 g of HNTs was mixed with 5 to 10 mL of antiseptic solution [42,54,60]. After-
wards, 10 mL of pure ethanol at 95% was added, and this solution was sonicated during 1 h.
After this procedure, the solution was taken into a drying oven for 10 days at a temperature
of 30 °C to remove the residual solvent and obtain the nanotubes loaded with sodium
fluoride (HNT-NaF) [61].

4.3. Characterization of the Samples Using FTIR (Fourier Transform Infrared Spectroscopy)

To determine the presence of fluoride in the experimental groups, Fourier transform
infrared analysis was used. The glass ionomer cements with fluoride nanotubes were
analyzed using a spectrometer (6700 FTIR Perkin Elmer; Waltham, MA, USA) with attenu-
ated total reflectance, employing a diamond/zinc-selenide crystal plate. Each sample was
analyzed by thirty-two scans with a 5 cm ™! spectral resolution using an infrared spectrum
range between 400-4000 cm 1.

4.4. Modification of Glass Ionomers with Preloaded Fluoride Halloysite Nanotubes

For this study, 2 glass ionomers, Vitrebond (VB; 3M ESPE, St. Paul, MN, USA) and
Ionobond (IB; VOCO GmbH, Cuxhaven, Germany), were used. Sixty blocks were fabricated
in a Teflon matrix with a 3 mm diameter and a thickness of 1 mm. The materials were
manipulated according to the instructions provided by the makers. The materials activated
by light were polymerized with an LED lamp (Elipar; 3M ESPE) for 20 s; a radiometer
(Demetron; Kavo Kerr, Orange, CA, USA) was necessary to confirm the correct intensity
of the emitted light. This had to be greater than 400 milliwatts per square centimeter
(mW /cm?).

Using the spoon provided by the manufacturer, the amount of powder indicated
was retrieved from the bottle and subsequently weighed. This procedure was performed
10 times to calculate the average amount of powder corresponding to the spoon provided
by the manufacturer, this procedure was repeated to elaborate each sample. The average
for VB was 0.0483 mg, while the average for IB was 0.1043 mg. Then, 10% of the ionomer
powder was replaced with HNTs with and without NaF to prepare the positive control and
experimental groups, respectively. The total powder of these groups was mixed with the
liquid following the instructions proportionated by the manufacturer.

The control group consisted of 10 blocks of each ionomer analyzed in this study. For
the positive control group, 20 blocks of ionomers with HNTs were fabricated and divided
into 2 groups (10 blocks per group) as follows: the VBHNT group (VB ionomer with HNTs)
and the IBHNT group (IB ionomer with HNTs).

The experimental groups consisted of 10 blocks of each ionomer with HNT-NaF at
2000 ppm, which were distributed into 2 groups (VBHNT-NaF and IBHNT-NaF). The
sampling distribution is presented in Figure 7.
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Control groups
groups groups
n=20 n=20
VB 1B VBHNT IBHNT VBHNT-NAF IBHNT-NAF
n=10 n=10 n=10 n=10 n=10 n=10

Figure 7. Sample distribution diagram, (n) sample size.

4.5. Microbiological Assay

The microbiological tests were carried out according to the CLSI-established guidelines,
specifically those in the document M100 [62]. Mueller-Hinton agar was supplemented
with sheep blood at a percentage of 5% (BD Columbia, Heidelberg, Germany), and this was
used to seed S. mutans (ATCC) 33688 through the cross-streak method, and the samples
were subsequently incubated for 24 h at 37 °C.

A bacterial suspension was prepared with a turbidity of 0.5 according to the McFarland
scale (equivalent to 1.5 x 108 CFU/mL) in 0.9% NaCl, solution. The quantification of
the bacteria was carried out with the plate count method. The AMH plates were fully
inoculated with S. mutans without leaving any free zones, and the samples corresponding to
the controls and experimental glass ionomer groups were set on the plates. The plates were
taken into an incubator (Thermo Fisher Scientific, Waltham, MA, USA) with an anaerobic
atmosphere with 5% CO; for 24 h at 37 °C. This procedure was performed in triplicate.
Subsequently, the bacterial growth on the plates was evaluated to determine the area of
bacterial inhibition, which was measured with a Vernier caliper in millimeters.

4.6. Statistical Analysis

The SPSS 25.0 statistical program (IBM, New York, NY, USA) was used to analyze the
data obtained. To perform multiple comparisons between the study groups and determine
statistical differences between the study groups, the Kruskal-Wallis statistical test was
necessary, and the Mann-Whitney U test was performed to determine between which
study groups these statistical differences were found. In all the statistical test used in this
study, a p value < 0.05 was considered significant.

5. Conclusions

In this study, glass ionomers were modified by replacing 10% of the average amount
of powder required with fluoride-modified halloysite nanotubes (HNT-NaF). The glass
ionomer Ionobond modified with HNT-NaF obtained an efficient growth-inhibitory effect
on S. mutans, which this material did not show previously. Vitrebond had a growth-
inhibitory effect attributable to the methacrylates in its composition. However, this effect
was increased by the incorporation of HNT-NaF, showing wider halos. Similarly, it was
established that the minimum amount of sodium fluoride required to inhibit S. mutans was
between 3000 and 6000 ppm, which could be improved to 2000 ppm by using HNTs.

Halloysite nanotubes are a highly promising additive for improving dental materials.
Fluoride-modified halloysite nanotubes can promote the inhibitory effect of glass ionomers
on S. mutans.

Limitations of the Study

In this study, only one bacterial strain was evaluated during the first 24 h. The
evaluation of other bacterial strains with observations beyond this period would have been
appropriate to evaluate its long-term effectiveness. It would be desirable to carry out more
experiments to evaluate the materials” antibacterial activity, such as the growth kinetics
of the biofilm, the viability of bacterial cells, and the morphology of bacterial cells. The
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authors consider that future studies should be developed to evaluate the behavior and
antibacterial capabilities of GICs and RMGlISs reinforced with fluoride nanotubes under
clinical conditions and analyze their physical and mechanical properties as well as their
fluoride release.
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