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Abstract

:

Recently, several studies have introduced nanotechnology into the area of dental materials with the aim of improving their properties. The objective of this study is to determine the antibacterial and mechanical properties of type I glass ionomers reinforced with halloysite nanotubes modified with 2% chlorhexidine at concentrations of 5% and 10% relative to the total weight of the powder used to construct each sample. Regarding antibacterial effect, 200 samples were established and distributed into four experimental groups and six control groups (4 +ve and 2 −ve), with 20 samples each. The mechanical properties were evaluated in 270 samples, assessing microhardness (30 samples), compressive strength (120 samples), and setting time (120 samples). The groups were characterized by scanning electron microscopy and Fourier transform infrared spectroscopy, and the antibacterial activity of the ionomers was evaluated on Streptococcus mutans for 24 h. The control and positive control groups showed no antibacterial effect, while the experimental group with 5% concentration showed a zone of growth inhibition between 11.35 mm and 11.45 mm, and the group with 10% concentration showed a zone of growth inhibition between 12.50 mm and 13.20 mm. Statistical differences were observed between the experimental groups with 5% and 10% nanotubes. Regarding the mechanical properties, microhardness, and setting time, no statistical difference was found when compared with control groups, while compressive strength showed higher significant values, with ionomers modified with 10% concentration of nanotubes resulting in better compressive strength values. The incorporation of nanotubes at concentrations of 5% and 10% effectively inhibited the presence of S. mutans, particularly when the dose–response relationship was taken into account, with the advantage of maintaining and improving their mechanical properties.
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1. Introduction


Conventional glass ionomer cements (GICs) are a restorative material and the first choice of cement in dentistry. Specifically, type I ionomers are optimal for the adhesion of orthodontic restorations or bands used in conventional orthopedic treatments. Due to their excellent properties including biocompatibility, a desirable thermal expansion coefficient, and good adherence to enamel and dentin, type I ionomers provide extraordinary clinical benefits. However, the accumulation of dentobacterial plaque around orthodontic bands, along with microfiltration, facilitates the passage of oral fluids and bacteria to the dental tissue, frequently generating lesions by demineralization or white spot lesions, caries, and periodontal disorders, causing a risk for patients receiving orthodontic treatment. Recently, hybrid materials have been developed to improve their properties, including resin-modified glass ionomers (RMGIs), which have been analyzed in various studies and are mainly characterized by anticariogenic activity, an ability to remineralize dentin, and resistance to fracture [1,2,3,4,5,6,7]. However, to date, it has not been possible to increase the antibacterial capacity of these materials, to reduce the number of lesions by demineralization or the recurrence of caries [6,7,8,9,10,11].



Research has been conducted to evaluate the antibacterial capacity of type I glass ionomers with respect to cariogenic microorganisms [8]. Bacteria that have shown greater proliferation in patients with fixed appliances, mainly orthodontic bands, are principally Streptococcus mutans (S. mutans) and Porphyromonas gingivalis. Specifically, S. mutans is the microorganism most frequently involved in the development of carious lesions [3,7].



Recently, nanotechnology has been introduced in the area of dental materials with the aim of improving various properties of these materials. Various antimicrobial components, such as triclosan, fluoride, chlorhexidine (CX), and xylitol, have been incorporated into different dental materials to improve their antibacterial activity [12,13,14]. However, previous studies have been reported that direct incorporation of these antimicrobial components altered the mechanical properties of dental materials [15]. Halloysite nanotubes (HNs) are clay nanostructures with high levels of mechanical strength, thermal stability, and biocompatibility. Their main advantage over other nanocarriers is their low cost. Due to their internal tubular structure, they can be loaded with different drugs for slow release through nanopores located at their ends, prolonging the time of action [13,16,17,18,19]. Some studies have indicated that drugs released from HNs can last 30–100 times longer than the drug alone [17].



HNs can improve the beneficial properties of dental materials [14,20], without altering their mechanical properties. The present study performed different tests to characterize and evaluate the antibacterial effect on Streptococcus mutans, and the mechanical properties (microhardness, compressive strength, and setting time) of conventional and hybrid type I glass ionomers modified with and without HNs loaded with CX. The first hypothesis of the study was that the incorporation of HNs with CX into glass ionomer would confer antibacterial effects on these materials. The second hypothesis was that a higher quantity of HNs incorporated into glass ionomers would increase the antibacterial effects conferred on these materials. The third hypothesis was that the incorporation of HNs into ionomers would not negatively affect their mechanical properties. The null hypothesis would be accepted if an absence of an antibacterial effect were observed in experimental groups, or if the dose-response of modified HNs in glass ionomers showed no changes in antibacterial effect, or if the mechanical properties of experimental groups were altered negatively compared with the control groups.




2. Materials and Methods


2.1. Modification of Halloysite Nanotubes with Chlorhexidine


One gram of HNs (Sigma–Aldrich, St. Louis, MO, USA) that had been previously dried in a HERAtherm drying oven (Thermo Fisher Scientific, Waltham, MA, USA) was weighed using an analytical balance (Shimadzu Scientific Instruments, Kyoto, Japan). A solution of 3-(trimethoxysilyl) propyl-methacrylate-98% (Sigma–Aldrich, St. Louis, MO, USA) diluted to 5% and 95% acetone (Sigma–Aldrich, St. Louis, MO, USA) was used for the immersion of the nanotubes for 24 h at 110 °C in a drying oven.



Subsequently, 1 g of silanized nanotubes was mixed with 10 mL of 2% CX (Consepsis, Ultradent Products, South Jordan, UT, USA), commonly used for disinfection in dentistry [21], and 10 mL of 95% pure ethanol and sonicated for 1 h. The CX-loaded nanotubes were then placed in a drying oven for 10 days at 30 °C to eliminate residual solvent [17].




2.2. Incorporation of Modified Nanotubes into Glass Ionomers


In this study, a conventional glass ionomer KC (Ketac Cem, 3M ESPE, Minnesota, USA) and a resin-modified glass ionomer FO (Fuji Ortho, GC CORPORATION, Tokyo, Japan) were used. Two hundred blocks, with a diameter of 3 mm and thickness of 1 mm, were fabricated in a Teflon matrix. The materials were handled according to the manufacturer’s instructions. The materials were activated with light and polymerized by an LED device (Elipar, 3M ESPE, Saint Paul, MN, USA) for 40 s; a Demetron LED radiometer (Kavo Kerr, Charlotte, USA) was used to verify that the minimum intensity of light emitted was 400 mW/cm2.



The amount of powder recommended by the manufacturer was weighed into 10 samples, using the spoon provided by the manufacturer, to determine the average weight. KC showed an average of 0.3631 g, while FO showed an average of 0.2543 g. Once these averages were obtained, 5% and 10% of the powder in each sample was replaced with HNs with and without loaded CX, to form the experimental and positive control groups, respectively. In previous studies, nanostructures including nanotubes have been incorporated to dental materials at percentages from 3 to 20% [12,14,22,23] Some studies have mentioned that a concentration of 10% is necessary to improve the mechanical properties [24]. The modified powder was mixed following the manufacturer’s instructions.



Forty KC and FO ionomer blocks were used for the control group. As a positive control, four groups of ionomers were formed with HNs without loaded CX (80 blocks), which were distributed as follows: KC5HN (KC with 5% HNs), KC10HN (KC with 10% HNs), FO5HN (FO with 5% HNs), and FO10HN (FO with 10% HNs).



For the experimental group, 80 ionomer blocks with HNs loaded with CX were used, which were distributed in the following groups: KC5CX (KC with 5% HNs with CX), KC10CX (KC with 10% HNs with CX), FO5CX (FO with 5% HNs with CX), and FO10CX (FO with 10% HNs with CX). The distribution can be observed in Figure 1. A total of 200 circumferential blocks (5 mm × 1 mm) were fabricated to evaluate antibacterial effect.




2.3. Sample Characterization with Fourier Transform Infrared Spectroscopy (FTIR)


Fourier transform infrared (FTIR) analysis or FTIR spectroscopy was employed to determine the presence of chlorhexidine in experimental groups, and to compare their chemical properties with the control group. The samples were analyzed on a 6700 FTIR spectrometer (Perkin Elmer, Waltham, MA, USA) by ATR (attenuated total reflectance) using a diamond/ZnSe crystal plate. Thirty-two scans were performed on each sample at spectral resolution of 5 cm−1 with an infrared spectrum range of 400 to 4000 cm−1.




2.4. Scanning Electron Microscopy (SEM)


The specimens were mounted and observed by a cold field emission scanning electron microscope (Hitachi SU8230, Hitachi High-Technologies Corporation, Tokyo, Japan) at 1.0 keV equipped with a Bruker XFlash 6/60.




2.5. Microbiology Assay


The microbiological tests performed in this study were carried out according to the guidelines established in standard M100 of the Clinical and Laboratory Standards Institute (CLSI). Streptococcus mutans (S. mutans) 33688 (ATCC) was seeded in Petri dishes with Muller Hinton agar (MHA) supplemented with 5% sheep blood (BD Columbia II, Germany) using the cross-streaking technique, and incubated at 37 °C for 18 h. Five colonies were taken from the fresh culture and adjusted to the 0.5 turbidity standard of the McFarland nephelometer (1.5 × 108 CFU/mL) with 0.9% NaCl2 solution for dilutions [25].



Subsequently, the MHA Petri dishes were inoculated with S. mutans, and the glass ionomer blocks corresponding to each group were added. The plates were placed in an incubator (Thermo Fisher Scientific, Massachusetts, USA) for 24 h at 37 °C in an anaerobic atmosphere with 5% CO2. The entire procedure was performed in triplicate.



After the plates were removed from the incubator, they were examined to verify that the bacterial growth was uniform. the bacterial inhibition was evaluated by measuring the zones of growth inhibition in millimeters with a Vernier caliper, taking into account the diameter of the glass ionomer blocks.




2.6. Microhardness


The Vickers scale based on ISO 9917-1: 2007 standards was used to evaluate microhardness. The sample was conformed of 5 circumferential blocks (10 mm × 3 mm) for each Ketac and Fuji group (KC, KC5CX, KC10CX, FO, FO5CX and FO10CX). A total of 30 blocks with 25 indentations per block were used to evaluate microhardness. The blocks were placed on the microdurometer (SXHV-1000TA, Sinowen, Dongguan, China) and a force of 10 Newtons for 10 s was applied, using a diamond indenter certified by ISO 9001:2008.




2.7. Compression Strength


For evaluation of compressive strength, 120 rectangular blocks (4 mm × 3 mm × 3 mm) were fabricated, divided into six groups previously mentioned with 20 samples in each. The blocks were analyzed with a universal testing machine (Autograph AGS-X, Shimadzu Corporation, Tokyo, Japan); the flat tip was placed in the center of the sample, and the formula CS = 2P/πdh was used to calculate the compressive strength, where CS represents the compressive strength, P is the load at the fracture, d is the width of the sample and h is the thickness of the sample. The results were obtained in MPa based on the ISO 9917:1991 standard.




2.8. Setting Time


Experimental and control pastes were placed into 120 rectangular molds (4 mm × 3 mm × 3 mm) divided as previously described. The setting time was measured according the ISO method for water-based dental cement (ISO 9917-1:2007) recording the time elapsed between the start of mixing and the moment where the needle (1.06 mm diameter and 400 g weight established in the indenter) did not mark the surface with a complete circular indentation.



The mechanical properties data obtained from the microbiological assay were analyzed using the statistical program IBM SPSS statistical software (Version 25, IBM Corporation, New York, NY, USA). Shapiro–Wilk, Kruskal–Wallis and the Mann–Whitney U test were performed to evaluate the inhibitory effect of the experimental and control groups. For the evaluation of microhardness, setting time, and compressive strength in the experimental and control groups, Shapiro–Wilk, one way ANOVA, and Tukey testing were used.





3. Results


3.1. IR Spectroscopy


The IR spectra (Figure 2) of halloysite showed absorption bands at 746 cm−1 corresponding to hydroxyl groups (OH) and at 908 cm−1 corresponding to Al–OH stretching; the vibrational bands at 1006 cm−1 and 1119 cm−1 were attributed to silicate groups (Si–O–Si and Si–O2, respectively), and two bands at 3621 cm−1 and 3697 cm−1 were related to Si–O–Al groups.



The presence of CX was corroborated by the N2–C=N stretching band at approximately 1642 cm−1, and vibrational bands at 1348 cm−1 and 2866 cm−1 related to CH2 and CH methyl groups, respectively (Figure 2).



In the FO sample spectra (Figure 3), the vibrational bands at 1725 cm−1 and 1584 cm−1 were attributed to C=O polymeric acid carboxyl groups. The peak at 1538 cm−1 was related to the stretching of C=C double bonds, reflecting the increased interaction between the glass ionomer and the HNs at a concentration of 10%. The peaks at 2979 and 2883 cm−1 were attributed to CH2 and CH3 methyl groups, and silicon group peaks were observed at 1068 and 998 cm−1, corresponding to Al–O–Si and Si–O–Si, respectively, corroborating the presence of HNs in the FO glass ionomer at concentrations of 5% and 10%.



Regarding the KC spectra (Figure 4), bands associated with aluminum polyacrylate C=O were found at 1570 cm−1 and 1454 cm−1, the peak at 1395 cm−1 was attributed to methyl CH, and the peaks at 2887 cm−1 and 2981 cm−1 were found to correspond to CH2 and CH3, respectively. The SiO2 group was clearly observed in the peaks at 1156 cm−1 and 1026 cm−1, which may correspond to the increase in HNs in the KC group at 5%.




3.2. SEM Results


The HN micrograph shows symmetrical, agglomerated, and disorganized nanotubes with an average size of 200–500 nm in length and a width of approximately 50 nm (Figure 5).



The image of the FO control group (Figure 6a) shows irregular areas with a rough surface, in addition to particles where the surface is smoother, with an approximate dimension of 5 to 10 µm.



In the micrograph of the FO group with HNs (Figure 6b), irregular, agglomerated particles are observed, as well as small spherical particles of approximately 1–2 µm.



The photomicrograph corresponding to the KC group (Figure 7a) shows an irregular surface with particles ranging from 5 to 10 µm.



In the image of the KC group with HNs (Figure 7b), agglomerated particles with an approximate size of 1 to 2 µm are visible.




3.3. Microbiology Assay


The control and positive control groups did not show inhibition of S. mutans. However, the four experimental groups showed an antibacterial effect on this microorganism, with a mean between 11.35 mm and 13.2 mm.



Figure 8 shows that the FO10CX group had a mean of 12.45 mm, one more millimeter of inhibitory effect than the FO5CX group, which had a mean of 11.45 mm. The difference between the KC5CX and FO5CX groups was only 0.10 mm, which indicated no significant change between the two ionomers. However, the KC10CX group had the greatest inhibitory effect, with a mean of 13.20 mm, a difference of 1.85 mm compared with the KC5CX group, which could be due to the higher percentage of incorporated nanotubes. After 72 h, bacterial growth was observed in all experimental groups.



The normality of the data was verified with the Shapiro–Wilk test. Regarding the inhibitory effect of the experimental and control groups, a Kruskal–Wallis test was performed for multiple comparisons, and the Mann–Whitney U test was used to analyze differences between two groups. On the other hand, microhardness, setting time, and compressive strength of the experimental and control groups showed a normal distribution; they were compared with one way ANOVA testing and Tukey testing to analyze differences between groups.



Statistically significant differences were observed between the experimental groups evaluated in this study, using the Kruskal–Wallis test with a value of p = 0.001 (Table 1).



A pairwise comparison was performed with the Mann–Whitney U test to determine the differences between the four experimental groups. Statistically significant differences were observed in all groups that contained a higher percentage of nanotubes (10%) compared with those that contained 5%, which suggests that greater inhibitory effect is obtained when the percentage of nanotubes is increased (Table 2). The greatest differences were between the FO5CX and KC10CX groups, and between the KC5CX and KC10CX groups, yielding p = 0.001. Finally, when the KC10CX group was compared with the FO10CX group, a minimal difference of 0.75 mm was observed, which indicates no significant difference between the groups loaded at 10% (p = 0.223).



Descriptive results from the mechanical tests and setting times for control and experimental groups analyzed in this study can be observed in Table 3. In terms of microhardness, statistically significant differences were not observed when the Fuji control (FO) was compared with experimental groups FO5CX and FO10CX, with means of 68.83, 67.96, and 67.66 respectively, p = 0.766. In the same way, Ketac Cem control (KC) was compared with experimental groups KC5CX and KC10CX and no statistically significant differences were observed from the ANOVA test (p = 0.056), with means of 80.03, 77.87, and 77.66 respectively. The results for setting time were equal at 7.56 min for the Ketac Cem groups, and 9.57 min. for FO and FO5CX, while only FO10CX was different with 9.56 min. However, statistically significant differences were not observed.



On the other hand, values of compressive strength were observed to increase in all experimental groups (FO5CX, FO10CX, KC5CX, KC10CX), and statistically significant differences were indicated by ANOVA testing with a p value of 0.001 (Table 3). In Table 4, a Tukey test comparison shows statistically significative differences between all the study groups.





4. Discussion


Certain treatments require the use of orthodontic bands due to the stability these provide to appliances, despite the disadvantages of hindering oral hygiene, causing the accumulation of dentobacterial plaque and giving rise to white lesions [26,27].



An investigation by Tasios et al. [28] mentioned that 24% of teeth treated with orthodontics developed at least one white spot, with the maxillary and mandibular first molars being most affected. Therefore, different alternatives have been implemented with the objective of reducing the presence of these lesions. Among the main alternatives are methods to improve the bactericidal properties of dental materials. However, an appropriate material has not yet been found that can act as a bactericide in the mouth and is efficient as a cementing agent for orthodontic bands [29,30].



Previous studies have concluded that glass ionomers show bacterial inhibition due to the release of fluoride [31]. Several studies have mentioned that this antibacterial effect occurs at a minimum concentration of 5000 parts per million (ppm) [32]. Other studies report that glass ionomers alone are capable of releasing fluoride between 32.6 and 17.4 ppm [33]. Therefore, despite being efficient as restoratives, bases, or cementing agents, these dental materials are limited in their antibacterial effect. Several studies have developed different materials and compounds (nanoparticles of hidroxiapatite, fluorapatite and TiO2, fiberglass, zirconia, amino acids, chloroxylenol, boric acid and thymol, triclosan, silver nanoparticles, etc.) with the objective of enhancing the mechanical and antibacterial properties of glass ionomer cements. However, those studies indicated that adding some secondary filler into the glass ionomer cements improved some properties and altered others [34]. In the present investigation, an enhancement of antibacterial and mechanical properties was obtained by using CX preloaded on HNs.



Recently, HNs have been incorporated into different dental materials with the aim of improving the materials’ properties. Previous studies concluded that HNs are excellent nanocarriers for drugs, as well as fillings for restorations, because they very efficiently promote the physical and chemical effects of dental materials. However, these nanostructures do not present bacterial inhibition by themselves [18]. In the present investigation, the control groups for glass ionomers without HN loading corroborated the null capacity of bacterial inhibition.



Degrazia et al. [17] incorporated triclosan-loaded HNs into dental resins, and the results demonstrated their efficacy and potential antibacterial effects. In the present investigation, HNs were loaded with CX and subsequently incorporated into type I glass ionomers, and the antibacterial effects of these dental materials were evident in all experimental groups.



An inhibitory effect was observed in all the experimental groups analyzed in this study, showing zones of growth inhibition between 11 mm and 13 mm with loads of 5% and 10% CX respectively, which agrees with previous studies in which CX treatment of Streptococcus mutans resulted in slightly lower zones of growth inhibition, between 7 mm and 9 mm [35]. Streptococcus mutans (ATCC 33688) was solely used in the present study, due to the ability of the organism to inhabit and invade various areas of the oral cavity making it a prime perpetrator of tooth decay. Moreover, scientific investigators have validated the dominance of S. mutans on the depressions of the tooth surface, constituting 39% of streptococci in the oral ecosystem, and their production of glucan is directly proportional to the extent of biofilm formation [36].



Previous studies have stated that is necessary to chose an antimicrobial agent for addition to a restorative material that will provide effective antibacterial action without adversely affecting the material’s mechanical properties [37]. Takahashi conducted a study in which CX was directly incorporated into a glass ionomer, and the results obtained were similar to those of the present work: notably, a greater antibacterial effect was observed when the CX concentration increased. In the present study, the antibacterial effect of ionomers with higher concentrations of nanotubes preloaded with CX increased the zone of growth inhibition. It is important to mention that in the study conducted by Takahashi, increasing the CX concentration affected physical properties [15]. According to our results, most of the mechanical properties analyzed in this study were not negatively affected and compressive strength (CS) was positively modified.



Microhardness (VHN) values of control groups analyzed in this study were similar to values observed in previous studies where conventional and resin-modified glass ionomer cements have been evaluated [38,39,40], and the microhardness of experimental groups was not found significantly altered. The setting time (ST) was consistent with that reported by the manufacturer in control and experimental groups, although some studies mention that incorporation of nanostructures (magnesium nanoparticles) to glass ionomer cements increased the ST in this material [37].



Regarding CS, previous studies found similar values to those observed in conventional and RMGI cements analyzed in our study [41,42,43,44]. On the other hand, in this study the experimental groups with 5% and 10% of Halloysite nanotubes preloaded with chlorhexidine showed an increase in CS, which can be considered a positive modification. These results are similar to reported in previous studies where mechanical properties were improved by adding different nanostructures [23]. Specifically, CS of glass ionomers was improved with the addition of magnesium oxide nanoparticles, although an increase in the setting time was observed, probably because the presence of magnesium ions may impede or interfere with the acid-base reaction [37]. Other studies added 5%, 10%, 15%, and 20% of ceramic powder to glass ionomer cements to improve the CS of the material, concluding that only at a concentration of 10% was it possible to improve the CS without compromising the ST [24]. In our study, concentrations of 5% and 10% halloysite nanotubes with chlorhexidine added to glass ionomer cements increased the CS without compromising the ST.



In a study by Pazourkova et al. [45] in 2019, the presence of CX was corroborated by IR spectroscopic analysis: methylene CH stretching at 2940 cm−1 and 2860 cm−1, N2–C=N– stretching at approximately 1646 cm−1, and CH2 groups at 1492 cm−1 were observed. The spectral results for CX in this study were similar, showing peaks for CH at 2866 cm−1, N2–C=N– at 1642 cm−1, and CH2 stretching at 1348 cm−1.



In 2018, Zhang et al. [46] confirmed the presence of HNs by observing bands corresponding to the hydroxyl group stretching at 3697 cm−1 and 3624 cm−1, and Si–O–Si stretching at approximately 1036 cm−1, while the bands below 1000 cm−1 corresponded to the symmetrical stretching of Si–O or Al–O groups. Similar results were observed in the current investigation: –OH groups were identified at 3697 cm−1 and 3621 cm−1, Si–O–Si was observed at 1006 cm−1, and finally, Al–O stretching was observed at 908 cm−1.



With respect to the analysis of glass ionomers through IR spectroscopy, previous studies reported a peak at 3354 cm−1, corresponding to the stretching of OH groups in the ionomer liquid, a peak at 1705 cm−1 corresponding to C=O, and C=C stretching observed at 1640 cm−1 [47]. These results are similar to those observed in the present study, with the OH peak at 3697 cm−1, C=O peak at 1725 cm−1, and C=C peak at 1538 cm−1; the latter group may be associated with the increased interaction of HNs with the glass ionomer at 10% loading.



Previous studies have reported aromatic CH stretching bands at 2914 and 2852 cm−1 that correspond to an ionomer. The above coincides with the CH groups observed in the present study, where aromatic CH stretching was observed at 2979 and 2883 cm−1 [48].



The presence of HNs in the glass ionomers was corroborated by the presence of bands at 1068 and 998 cm−1, corresponding to aluminum (Al–O–Si) and silica (Si–O–Si) stretching, respectively, in the FO ionomer. For the KC ionomer, stretching was observed at 1073 and 950 cm−1.



The null hypothesis was rejected because all experimental groups showed antibacterial effect, the higher concentration of nanotubes with chlorhexidine in glass ionomer cements showed an increase in antibacterial effect, whilst microhardness and setting time were not altered, and compressive strength was enhanced. Previous studies investigated the mechanical properties of dental adhesives modified with nanotubes [12,13], and others investigated the mechanical properties of resin-based materials modified with nanotubes [17], however, glass ionomers modified with halloysite nanotubes have not been evaluated, nor their antibacterial effect. Some studies evaluated the antibacterial effect of composites modified with clay nanotubes, without evaluating the mechanical properties (microhardness, compressive strength and setting time) [16,19]. Other studies evaluated antimicrobial activity on different dental materials using only one strain of Streptococcus mutans as the most common bacterial strain that causes dental caries [1,6,7,9,16,32]. In this study, the mechanical properties and antibacterial effect on Streptococcus mutans were evaluated in glass ionomer cements modified with halloysite nanotubes pre-loaded with chlorhexidine.



Limitations of the Study


The present study was limited through the evaluation of one bacterial strain (Streptococcus mutans). Evaluation of the effects on more bacterial strains would have been more suitable, other oral bacteria should be considered for proper microbiological analysis; nevertheless, the authors considered that S. mutans is one of the most significant causative of caries-related pathologies. Mechanical properties were limited to three parameters due to the high cost analysis of each.





5. Conclusions


Authors concluded that the addition of nanotubes preloaded with chlorhexidine into glass ionomers at concentrations of 5% and 10% showed a notable inhibitory effect on S. mutans, without altering the microhardness and setting time. Furthermore, compressive strength was experimentally enhanced using 10% nanotubes. These results suggest that halloysite nanotubes added to conventional and resin-modified glass ionomer cements could be novel method to counteract injuries caused by orthodontic bands, with the advantage of maintaining and improving mechanical properties.







Author Contributions


Conceptualization, A.C.C.-M. and E.N.S.-V.; Methodology, A.I.L.-F., R.J.S.-V. and R.C.-P.; Formal analysis, E.N.S.-V. and A.I.L.-F.; Writing-Original Draft, E.N.S.-V., A.C.C.-M.; Project administration E.N.S.-V.; Visualization, L.V.J.-R. and U.V.-E.; Supervision, U.V.-E.; Software, A.A.M.-V. and L.H.-R.; Validation, A.A.M.-V. and L.V.J.-R.; Data Curation, E.L.-C. and V.H.T.-R.; Resources E.L.-C. and L.H.-R.; Investigation, A.C.C.-M., R.J.S.-V. and V.H.T.-R.; Writing-Review & Editing, R.C.-P. and E.N.S.-V. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sun, L.; Yan, Z.; Duan, Y.; Zhang, J.; Liu, B. Improvement of the mechanical, tribological and antibacterial properties of glass ionomer cements by fluorinated graphene. Dent. Mater. 2018, 34, e115–e127. [Google Scholar] [CrossRef] [PubMed]

	



Heravi, F.; Bagheri, H.; Rangrazi, A. Evaluation of Microleakage of Orthodontic Bands Cemented With CPP-ACP-Modified Glass Ionomer Cement. J. Adv. Oral Res. 2019, 10, 128–131. [Google Scholar] [CrossRef]

	



Araújo, J.L.D.S.; Alvim, M.M.A.; Campos, M.J.D.S.; Apolônio, A.C.M.; Carvalho, F.G.; Lacerda-Santos, R. Analysis of Chlorhexidine Modified Cement in Orthodontic Patients: A Double-Blinded, Randomized, Controlled Trial. Eur. J. Dent. 2021, 15, 639–646. [Google Scholar] [CrossRef]

	



Zandi Karimi, A.; Rezabeigi, E.; Drew, R.A.L. Glass ionomer cements with enhanced mechanical and remineralizing properties containing 45S5 bioglass-ceramic particles. J. Mech. Behav. Biomed. Mater. 2019, 97, 396–405. [Google Scholar] [CrossRef]

	



Heravi, F.; Omidkhoda, M.; Koohestanian, N.; Hooshmand, T.; Bagheri, H.; Ghaffari, N. Retentive Strength of Orthodontic Bands Cemented with Amorphous Calcium Phosphate-Modified Glass Ionomer Cement: An In-Vitro Study. Front. Dent. J. Dent. Tehran Univ. Med Sci. 2017, 14, 13–20. [Google Scholar]

	



Tarasingh, P.; Sharada Reddy, J.; Suhasini, K.; Hemachandrika, I. Comparative evaluation of antimicrobial efficacy of resin-modified glass ionomers, compomers and giomers—An invitro study. J. Clin. Diagn. Res. 2015, 9, ZC85–ZC87. [Google Scholar] [CrossRef]

	



Zayed, M.M.; Hassan, R.E.; Riad, M.I. Evaluation of the antibacterial efficacy of different bioactive lining and pulp capping agents. Tanta Dent. J. 2015, 12, 132–139. [Google Scholar] [CrossRef]

	



Tüzüner, T.; Dimkov, A.; Nicholson, J.W. The effect of antimicrobial additives on the properties of dental glass-ionomer cements: A review. Acta Biomater. Odontol. Scand. 2019, 5, 9–21. [Google Scholar] [CrossRef]

	



Kurt, A.; Tüzüner, T.; Baygın, Ö. Antibacterial characteristics of glass ionomer cements containing antibacterial agents: An in vitro study. Eur. Arch. Paediatr. Dent. 2021, 22, 49–56. [Google Scholar] [CrossRef]

	



Tüzüner, T.; Ulusu, T. Effect of antibacterial agents on the surface hardness of a conventional glass-ionomer cement. J. Appl. Oral Sci. 2012, 20, 45–49. [Google Scholar] [CrossRef]

	



Soygun, K.; Soygun, A.; Dogan, M.C. The effects of chitosan addition to glass ionomer cement on microhardness and surface roughness. J. Appl. Biomater. Funct. Mater. 2021, 19, 2280800021989706. [Google Scholar] [CrossRef] [PubMed]

	



Kalagi, S.; Feitosa, S.A.; Münchow, E.A.; Martins, V.M.; Karczewski, A.E.; Cook, N.B.; Diefenderfer, K.; Eckert, G.J.; Geraldeli, S.; Bottino, M.C. Chlorhexidine-modified nanotubes and their effects on the polymerization and bonding performance of a dental adhesive. Dent. Mater. 2020, 36, 687–697. [Google Scholar] [CrossRef]

	



Feitosa, S.A.; Palasuk, J.; Geraldeli, S.; Windsor, L.J.; Bottino, M.C. Physicochemical and biological properties of novel chlorhexidine-loaded nanotube-modified dentin adhesive. J. Biomed. Mater. Res. Part B Appl. Biomater. 2019, 107, 868–875. [Google Scholar] [CrossRef] [PubMed]

	



Degrazia, F.W.; Genari, B.; Leitune, V.C.B.; Arthur, R.A.; Luxan, S.A.; Samuel, S.M.W.; Collares, F.M.; Sauro, S. Polymerisation, antibacterial and bioactivity properties of experimental orthodontic adhesives containing triclosan-loaded halloysite nanotubes. J. Dent. 2018, 69, 77–82. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi, Y.; Imazato, S.; Kaneshiro, A.V.; Ebisu, S.; Frencken, J.E.; Tay, F.R. Antibacterial effects and physical properties of glass-ionomer cements containing chlorhexidine for the ART approach. Dent. Mater. 2006, 22, 647–652. [Google Scholar] [CrossRef] [PubMed]

	



Cunha, D.A.; Rodrigues, N.S.; Souza, L.C.; Lomonaco, D.; Rodrigues, F.P.; Degrazia, F.W.; Collares, F.M.; Sauro, S.; Saboia, V.P.A. Physicochemical and microbiological assessment of an experimental composite doped with triclosan-loaded halloysite nanotubes. Materials 2018, 11, 1080. [Google Scholar] [CrossRef] [PubMed]

	



Degrazia, F.W.; Leitune, V.C.B.; Takimi, A.S.; Collares, F.M.; Sauro, S. Physicochemical and bioactive properties of innovative resin-based materials containing functional halloysite-nanotubes fillers. Dent. Mater. 2016, 32, 1133–1143. [Google Scholar] [CrossRef]

	



Massaro, M.; Lazzara, G.; Milioto, S.; Noto, R.; Riela, S. Covalently modified halloysite clay nanotubes: Synthesis, properties, biological and medical applications. J. Mater. Chem. B 2017, 5, 2867–2882. [Google Scholar] [CrossRef]

	



Stavitskaya, A.; Batasheva, S.; Vinokurov, V.; Fakhrullina, G.; Sangarov, V.; Lvov, Y.; Fakhrullin, R. Antimicrobial applications of clay nanotube-based composites. Nanomaterials 2019, 9, 708. [Google Scholar] [CrossRef]

	



Lvov, Y.M.; DeVilliers, M.M.; Fakhrullin, R.F. The application of halloysite tubule nanoclay in drug delivery. Expert Opin. Drug Deliv. 2016, 13, 977–986. [Google Scholar] [CrossRef]

	



Suma, N.K. Effect of Dentin Disinfection with 2% Chlorhexidine Gluconate and 0.3% Iodine on Dentin Bond Strength: An in vitro Study. Int. J. Clin. Pediatr. Dent. 2017, 10, 223–228. [Google Scholar] [CrossRef] [PubMed]

	



Morales-Valenzuela, A.A.; Scougall-Vilchis, R.J.; Lara-Carrillo, E.; Garcia-Contreras, R.; Salmeron-Valdes, E.N.; Aguillón-Sol, L. Comparison of Fluoride release in conventional glass-Ionomer cements with a new mechanical mixing cement. Oral Health Prev. Dent. 2020, 18, 319–323. [Google Scholar] [CrossRef] [PubMed]

	



Kheur, M.; Kantharia, N.; Iakha, T.; Kheur, S.; Husain, N.A.H.; Özcan, M. Evaluation of mechanical and adhesion properties of glass ionomer cement incorporating nano-sized hydroxyapatite particles. Odontology 2020, 108, 66–73. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, A.A.; Mulay, S.; Mahajan, P.; Raj, A.T. Assessing the effect of ceramic additives on the physical, rheological and mechanical properties of conventional glass ionomer luting cement—An in-vitro study. Heliyon 2019, 5, e02094. [Google Scholar] [CrossRef] [PubMed]

	



Patel, J.B. Performance Standards for Antimicrobial Susceptibility Testing; Clinical and Laboratory Standards Institute: Malvern, PA, USA, 2017; ISBN 1562388053. [Google Scholar]

	



Teubner, S.; Schmidlin, P.R.; Menghini, G.; Attin, T.; Baumgartner, S. The Impact of Orthodontic Bands on the Marginal Periodontium of Maxillary First Molars: A Retrospective Cross-Sectional Radiographic Analysis. Open Dent. J. 2018, 12, 312–321. [Google Scholar] [CrossRef] [PubMed]

	



Bourouni, S.; Dritsas, K.; Kloukos, D.; Wierichs, R.J. Efficacy of resin infiltration to mask post-orthodontic or non-post-orthodontic white spot lesions or fluorosis—A systematic review and meta-analysis. Clin. Oral Investig. 2021, 25, 4711–4719. [Google Scholar] [CrossRef]

	



Tasios, T.; Papageorgiou, S.N.; Papadopoulos, M.A.; Tsapas, A.; Haidich, A.B. Prevention of orthodontic enamel demineralization: A systematic review with meta-analyses. Orthod. Craniofacial Res. 2019, 22, 225–235. [Google Scholar] [CrossRef]

	



Kamber, R.; Meyer-Lückel, H.; Kloukos, D.; Tennert, C.; Wierichs, R.J. Efficacy of sealants and bonding materials during fixed orthodontic treatment to prevent enamel demineralization: A systematic review and meta-analysis. Sci. Rep. 2021, 11, 16556. [Google Scholar] [CrossRef]

	



Greene, L.E.; Bearn, D.R. Reducing white spot lesion incidence during fixed appliance therapy. Dent. Update 2013, 40, 487–492. [Google Scholar] [CrossRef]

	



Palenik, C.J.; Behnen, M.J.; Setcos, J.C.; Miller, C.H. Inhibition of microbial adherence and growth by various glass ionomers in vitro. Dent. Mater. 1992, 8, 16–20. [Google Scholar] [CrossRef]

	



Pradiptama, Y.; Purwanta, M.; Notopuro, H. Antibacterial Effects of Fluoride in Streptococcus mutans Growth in Vitro. Biomol. Health Sci. J. 2019, 2, 1. [Google Scholar] [CrossRef]

	



Prabhakar, A.R.; Balehosur, D.V.; Basappa, N. Comparative evaluation of shear bond strength and fluoride release of conventional glass Ionomer with 1% ethanolic extract of propolis incorporated glass Ionomer cement—Invitro study. J. Clin. Diagn. Res. 2016, 10, ZC88–ZC91. [Google Scholar] [CrossRef] [PubMed]

	



Ching, H.S.; Luddin, N.; Kannan, T.P.; Ab Rahman, I.; Abdul Ghani, N.R.N. Modification of glass ionomer cements on their physical-mechanical and antimicrobial properties. J. Esthet. Restor. Dent. 2018, 30, 557–571. [Google Scholar] [CrossRef]

	



Boaro, L.C.C.; Campos, L.M.; Varca, G.H.C.; dos Santos, T.M.R.; Marques, P.A.; Sugii, M.M.; Saldanha, N.R.; Cogo-Müller, K.; Brandt, W.C.; Braga, R.R.; et al. Antibacterial resin-based composite containing chlorhexidine for dental applications. Dent. Mater. 2019, 35, 909–918. [Google Scholar] [CrossRef] [PubMed]

	



Ranganathan, V.; Akhila, C. Streptococcus mutans: Has it become prime perpetrator for oral manifestations? J. Microbiol. Exp. 2019, 7, 207–213. [Google Scholar] [CrossRef]

	



Noori, A.J.; Kareem, F.A. Setting time, mechanical and adhesive properties of magnesium oxide nanoparticles modified glass-ionomer cement. J. Mater. Res. Technol. 2020, 9, 1809–1818. [Google Scholar] [CrossRef]

	



Farret, M.M.; de Lima, E.M.; Mota, E.G.; Mitsuo, H.S.O.; Maguilnik, G.; Scheid, P.A. Assessment of the mechanical properties of glass ionomer cements for orthodontic cementation. Dental Press J. Orthod. 2012, 17, 154–159. [Google Scholar] [CrossRef]

	



Moshaverinia, M.; Navas, A.; Jahedmanesh, N.; Shah, K.C.; Moshaverinia, A.; Ansari, S. Comparative evaluation of the physical properties of a reinforced glass ionomer dental restorative material. J. Prosthet. Dent. 2019, 122, 154–159. [Google Scholar] [CrossRef]

	



Sharafeddin, F.; Jowkar, Z.; Bahrani, S. Comparison between the effect of adding microhydroxyapatite and chitosan on surface roughness and Microhardness of resin modified and conventional glass ionomer cements. J. Clin. Exp. Dent. 2021, 13, 737–744. [Google Scholar] [CrossRef]

	



Wajong, K.H.; Damiyanti, M.; Irawan, B. The effects of shelf life on the compressive strength of resin-modified glass ionomer cement. J. Phys. Conf. Ser. 2017, 884, 12101. [Google Scholar] [CrossRef]

	



Aguiar, D.A.; Ritter, D.E.; Rocha, R.; Locks, A.; Borgatto, A.F. Evaluation of mechanical properties of five cements for orthodontic band cementation. Braz. Oral Res. 2013, 27, 136–141. [Google Scholar] [CrossRef] [PubMed]

	



Mallmann, A.; Oliveira Ataíde, J.C.; Amoeda, R.; Rocha, P.V.; Jacques, L.B. Compressive strength of glass ionomer cements using different specimen dimensions. Braz. Oral Res. 2007, 21, 204–208. [Google Scholar] [CrossRef] [PubMed]

	



Piwowarczyk, A.; Ottl, P.; Lauer, H.C. Laboratory strength of glass ionomer and zinc phosphate cements. J. Prosthodont. 2001, 10, 140–147. [Google Scholar] [CrossRef] [PubMed]

	



Pazourková, L.; Reli, M.; Hundáková, M.; Pazdziora, E.; Predoi, D.; Martynková, G.S.; Lafdi, K. Study of the structure and antimicrobial activity of Ca-deficient ceramics on chlorhexidine nanoclay substrate. Materials 2019, 12, 2996. [Google Scholar] [CrossRef]

	



Zhang, H.; Cheng, C.; Song, H.; Bai, L.; Cheng, Y.; Ba, X.; Wu, Y. A facile one-step grafting of polyphosphonium onto halloysite nanotubes initiated by Ce(iv). Chem. Commun. 2019, 55, 1040–1043. [Google Scholar] [CrossRef]

	



Fareed, M.A.; Stamboulis, A. Effect of nanoclay dispersion on the properties of a commercial glass ionomer cement. Int. J. Biomater. 2014, 2014, 685389. [Google Scholar] [CrossRef]

	



Mukhopadhyay, S.; Sahu, P.; Bhajiwala, H.; Mohanty, S.; Gupta, V.; Bhowmick, A.K. Synthesis, characterization and properties of self-healable ionomeric carboxylated styrene–butadiene polymer. J. Mater. Sci. 2019, 54, 14986–14999. [Google Scholar] [CrossRef]








[image: Nanomaterials 12 02891 g001 550] 





Figure 1. Sample distribution diagram for evaluation of antibacterial effect. 
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Figure 2. Spectroscopy of halloysite nanotubes and chlorhexidine nanotubes. 
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Figure 3. Fuji Ortho (FO) sample spectra. 
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Figure 4. Fuji Ortho sample spectra. 
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Figure 5. Halloysite nanotubes. 
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Figure 6. (a) Fuji Ortho group, (b) Fuji Ortho group with halloysite nanotubes. 
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Figure 7. (a) Ketac Cem group, (b) Ketac Cem group with halloysite nanotubes. 






Figure 7. (a) Ketac Cem group, (b) Ketac Cem group with halloysite nanotubes.



[image: Nanomaterials 12 02891 g007]







[image: Nanomaterials 12 02891 g008 550] 





Figure 8. Inhibitory effect of the different groups analyzed in this study; mean (standard deviation); mm: millimeters. 
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Table 1. Comparison of inhibitory effect from experimental groups analyzed in this study.
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	Groups
	Mean (SD)





	Fuji ortho 5% of NH + CX. (FO5CX)
	11.45 (0.759)



	Fuji Ortho 10% of NH + CX. (FO10CX)
	12.45 (0.759)



	Ketac Cem 5% of NH + CX. (KC5CX)
	11.35 (0.813)



	Ketac Cem 10% of NH + CX. (KC10CX)
	13.20 (0.768)



	Total samples
	80



	Contrast Statistics
	41.735



	Degrees of freedom
	3



	p value Kruskal Wallis Test
	0.001 *







SD: Standard deviation, *: significative differences p ≤ 0.05.
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Table 2. Comparison between experimental groups.
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	Groups
	Contrast Statistics
	Contrast Statistics Deviation
	p Value





	KC5CX-FO5CX
	−1.725
	−0.244
	1.000



	KC5CX-FO10CX
	−24.025
	−3.400
	0.004 *



	KC5CX-KC10CX
	−38.760
	−5.485
	0.001 *



	FO5CX-FO10CX
	−22.300
	−3.156
	0.010 *



	FO5CX-KC10CX
	37.025
	5.240
	0.001 *



	FO10CX-KC10CX
	14.725
	2.084
	0.223







FO5CX: Fuji Ortho 5% of NH + CX; FO10CX: Fuji Ortho 10% of NH + CX; KC5CX: Ketac Cem 5% of NH + CX; KC10CX: Ketac Cem 10% of NH + CX; *: significative differences p ≤ 0.05.
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Table 3. Comparison of mechanical properties from experimental and control groups.
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	Groups
	VMHN Mean (SD)
	ST Mean (SD)
	CS Mean (SD)





	KC (control group)
	80.03 (4.56)
	7.56 (0.024)
	84.16 (0.92)



	KC5CX
	77.87 (3.63)
	7.56 (0.017)
	88.78 (1.12)



	KC10CX
	77.66 (2.99)
	7.56 (0.019)
	93.96 (1.66)



	Total degrees of freedom
	74
	59
	59



	Sum of squares
	1119.245
	0.025
	1056.608



	Fisher’s statistic
	2.992
	0.697
	293.83



	ANOVA test FO groups
	0.056
	0.502
	0.001 *



	FO (control group)
	68.83 (5.26)
	9.57 (0.011)
	125.42 (1.79)



	FO5CX
	67.96 (5.85)
	9.57 (0.014)
	128.26 (2.26)



	FO10CX
	67.66 (6.50)
	9.56 (0.018)
	133.17 (2.13)



	Total degrees of freedom
	74
	59
	59



	Sum of squares
	2520.976
	0.014
	860.412



	Fisher’s statistic
	0.267
	1.043
	71.39



	ANOVA test FO groups
	0.766
	0.359
	0.001 *







KC: ketac cem cement, FO: Fuji Orto cement, 5CX: 5% of Chlorhexidine-modified nanotubes, 10CX: 10% of Chlorhexidine-modified nanotubes VMHN: Vickers microhardness, CS: Compressive strength, ST: Setting time, SD: Standard deviation, *: p ≤ 0.05 (significative differences).
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Table 4. Comparison of compressive strength between experimental and control groups.
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	Groups
	Mean Difference
	95% Confidence Intervals
	p Value





	Control-KC5CX
	−4.62800
	IL: −5.6022, SL: −3.6538
	0.001 *



	Control-KC10CX
	−9.80900
	IL: −10.7832, SL: −8.8348
	0.001 *



	KC5CX-KC10CX
	−5.18100
	IL: −6.1552, SL: −4.2068
	0.001 *



	Control-FO5CX
	−2.84500
	IL: −4.4242, SL: −1.2658
	0.001 *



	Control-FO10CX
	−7.75100
	IL: −9.3302, SL: −6.1718
	0.001 *



	FO5CX-FO10CX
	−4.90600
	IL: −6.4852, SL: −3.3268
	0.001 *







* p value ≤ 0.05, KC: ketac cem cement, FO: Fuji Orto cement, 5CX: 5% of Chlorhexidine-modified nanotubes, 10CX: 10% of Chlorhexidine-modified nanotubes, inferior limit (IL) and superior limit (SL).
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