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Abstract 
 

Orthodontic devices can disturb the balance of oral biofilms, increasing plaque accumulation and the risk of oral disease, 

with elastomeric modules (EMs) particularly prone to bacterial colonization due to their material properties. Surface 

modifications have been explored to limit microbial growth. This study investigated the mechanical performance, 

antibacterial effects, and cytocompatibility of chitosan-based coatings applied to EMs. EMs were coated with either 

chitosan (CS) or chitosan cross-linked with glutaraldehyde (CS-GTA), while uncoated modules served as controls. The 

coated modules underwent characterization via Fourier transform infrared (FTIR) and Raman spectroscopy and were 

subjected to tensile testing to evaluate mechanical properties. Antimicrobial activity was determined through colony-

forming unit (CFU) counts, and cytocompatibility was assessed using gingival fibroblasts and the MTT assay. Statistical 

analyses included ANOVA, Tukey, Kolmogorov–Smirnov, and Kruskal–Wallis tests. Raman analysis confirmed 

characteristic molecular vibrations of the chitosan coatings. Mechanical testing indicated significant differences among 

materials, with CS-GTA differing notably from controls, as verified by Tukey post hoc analysis; however, yield stress 

values did not differ significantly. Both coated groups exhibited lower CFU counts compared to uncoated EMs, and cell 

viability remained high, averaging 85% for CS and 89% for CS-GTA coatings. CS and glutaraldehyde-cross-linked CS 

coatings were successfully prepared for EMs without compromising their mechanical integrity. Both coatings effectively 

suppressed bacterial growth, with no significant difference in antibacterial efficacy between the two coating types. 
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Introduction 

The oral cavity hosts a dynamic biofilm, composed of a complex array of microorganisms that attach to teeth and gingival 

surfaces [1, 2]. In a healthy state, this microbiome maintains oral equilibrium [3]; however, fixed orthodontic devices disrupt 

this balance by creating additional plaque-retentive areas, promoting bacterial accumulation, and complicating oral hygiene 

practices [4]. This disturbance favors the growth of pathogenic species [5], which can lead to enamel demineralization, early 

white spot lesions, and periodontal complications [2, 6]. With the rising number of individuals seeking orthodontic treatment 

[7], maintaining oral hygiene remains challenging, even with improvements in appliance design [4, 6, 8], and crowded 

dentition—the most prevalent form of malocclusion [9]—further complicates cleaning efforts. 
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Elastomeric modules (EMs) are routinely employed in orthodontics to attach brackets to archwires and deliver the forces 

necessary for tooth movement [10]. These modules are popular due to their simplicity of application, patient comfort, 

versatility, and cost-effectiveness [11]. However, their polyurethane surfaces readily support microbial adhesion, which can 

disturb oral microbial balance [12, 13]. To counteract bacterial colonization, Jeon et al. integrated chlorhexidine into EMs to 

provide sustained antimicrobial effects [14], while Hernández-Gomora et al. incorporated silver nanoparticles into the 

elastomer matrix for similar outcomes [15]. 

Chitosan (CS) is a naturally derived biopolymer valued in dental applications for its biocompatibility, biodegradability, and 

antimicrobial properties [16–18]. It is obtained by deacetylating chitin, a structural polysaccharide found in crustacean shells, 

converting acetyl groups into amines [19–23]. The antimicrobial effect of CS arises from its positively charged molecules, 

which interact with negatively charged bacterial membranes, causing membrane disruption and leakage of cellular contents 

[24, 25]. D’Almeida et al. demonstrated that titanium alloys coated with chitosan significantly inhibited the growth of E. coli 

and S. aureus [26], and Uysal et al. found that chitosan-containing toothpaste prevented enamel demineralization in 

orthodontic patients more effectively than non-fluoridated options [27]. 

Glutaraldehyde (GTA) is widely recognized for its disinfectant properties [28]. Its incorporation into polymers can enhance 

crosslinking, thereby improving mechanical stability and providing antimicrobial activity due to its molecular structure [23, 

29]. GTA was included in this study as both a reference for antibacterial performance and as a potential enhancer of 

antibiofilm properties. 

Assessing cell viability is crucial to ensure that biomaterials in contact with oral tissues—such as mucosa, gingiva, or teeth—

do not provoke adverse immune reactions [27]. The MTT assay is commonly employed for this purpose [30]. Controlling 

pathogenic biofilms remains a significant concern in orthodontic care with fixed appliances. 

The objective of this study was to develop a chitosan coating for EMs, evaluate its antimicrobial and mechanical performance, 

and examine its impact on cell viability. 

Materials and Methods 

Chitosan coating of elastomeric modules 

Translucent EMs (TP Orthodontics, TP Orthodontics, Inc., La Porte, IN, USA) and chitosan (Sigma-Aldrich, St. Louis, MO, 

USA) with a molecular weight of 223.332 g/mol and 70–80 percent deacetylation were used. To prepare the experimental 

solution, 100 mg of chitosan was dissolved in 30 mL of 0.4 M acetic acid (pH 4.5), yielding a 33.33 percent w/v solution. 

The EMs were first subjected to spin-coating at 450 RPM at room temperature for 2 hours, then immersed in the chitosan 

solution for 1 minute. Afterward, the modules were air-dried at room temperature for 120 hours, neutralized with NaOH, 

rinsed thoroughly with water, and allowed to dry for another 24 hours at room temperature (Figure 1). 

 
Figure 1. Chitosan-coated elastomeric modules 

A second formulation was created using the same procedure, but incorporating 75 mL of 25% grade II glutaraldehyde (GTA; 

molar mass: 100.11 g/mol). Following coating with either chitosan alone or the chitosan–GTA mixture, the elastomeric 
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modules were neutralized in a 5 percent sodium hydroxide (NaOH) solution, rinsed thoroughly with distilled water, and 

allowed to dry at room temperature for 24 hours. Modules left uncoated were designated as the control group for comparative 

analyses. 

Physicochemical and mechanical characterization 

To assess chemical composition, the coated EMs were examined by Fourier-transform infrared spectroscopy with attenuated 

total reflectance (FTIR-ATR) using a Nicolet 8700 spectrophotometer (Thermo Fisher Scientific Inc., Milwaukee, WI, USA). 

Measurements were performed over a spectral range of 4000–650 cm⁻¹ using a zinc selenide crystal detector, at 4 cm⁻¹ 

resolution, with an average of 50 scans per sample. 

Raman spectroscopy analysis was carried out using an InVia™ Raman Microscope (Renishaw plc, Wotton-under-Edge, 

Gloucestershire, UK), employing a 633 nm laser at 50 percent power. Each module was scanned from 100 to 3200 cm⁻¹ with 

two accumulations, using an 1800 grating, a 50× objective, and 10-second exposure times. 

The mechanical performance of the modules was tested on a Mini Shimadzu universal testing machine (Shimadzu 

Corporation, Kyoto, Japan) following ASTM D624 standards for tensile strength. A 1 kN load cell and a crosshead speed of 

ten millimeters per minute were used. Due to the geometry of the modules, each EM was secured in a custom holder made 

from 0.3 millimeters orthodontic stainless-steel wire, adapted to fit the machine’s grips (Figure 2). Testing continued until 

fracture occurred, and data were collected to calculate key mechanical parameters, including yield deformation (YD), yield 

stress (YS), maximum deformation (MD), and maximum stress (MS). 

 

 
Figure 2. Schematic and photograph of the experimental setup showing the zero point three millimeter wire attachment 

used to secure the elastomeric modules 

Evaluation of antibacterial properties 

All procedures were conducted under aseptic conditions in triplicate within a laminar flow hood (Labconco). The bacterial 

strains selected were Streptococcus mutans ATCC au359 and Streptococcus sobrinus ATCC 27607, sourced from the Center 

for Research and Development in Health Sciences at the Autonomous University of Nuevo León (UANL). The strains were 

pre-cultured in Brain Heart Infusion (BHI) and trypticasein broth at 37 °C for 24 hours according to the supplier’s 

recommended growth curves, then adjusted to a density of 1×10⁶ cells/mL, equivalent to a McFarland standard of 0.0033. 

Three bacterial suspensions were prepared: one containing S. mutans, one with S. sobrinus, and a mixture of both. Aliquots 

of 100 microliters were placed in Eppendorf tubes, and three elastomeric modules from each experimental coating were 
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immersed in each suspension. Samples were incubated at 37 °C for 24 hours. After incubation, each module was transferred 

to a fresh tube containing 1 mL of sterile water, vortexed for 20 seconds, and serially diluted. From the fifth dilution, 100 

microliters were plated on Mitis Salivarius agar (MSA) and incubated for 24 hours at 37 °C to allow colony formation, after 

which CFUs were counted. 

Assessment of cell viability 

To determine cytocompatibility, CS- and CS-GTA-coated modules were placed in wells containing primary gingival 

fibroblasts (ATCC PCS-201-018) at a density of 10,000 cells per 100 µL of culture medium (DMEM) per well and incubated 

for 24 hours. The MTT assay was performed by adding 100 µL of 0.25 mg/mL MTT solution to each well and incubating for 

4 hours under standard conditions. After incubation, 100 µL of dimethyl sulfoxide (DMSO) was added to dissolve the 

formazan crystals. Absorbance was measured at 570 nm using an iMark microplate reader (Bio-Rad Laboratories, Hercules, 

CA, USA). Uncoated EMs served as the positive control, while 0.12% chlorhexidine gluconate (CHX) served as the negative 

control. Cell viability was quantified based on the reduction of MTT to formazan. All tests were repeated five times, and 

statistical evaluation was performed using the Kolmogorov–Smirnov and Kruskal–Wallis tests. 

Statistical evaluation 

Mechanical testing data and antibacterial results were analyzed via one-way analysis of variance (ANOVA) using Jamovi 

software (version 2.6.44). Group comparisons were conducted using Tukey’s post hoc test. Cell viability data were assessed 

with Kolmogorov–Smirnov and Kruskal–Wallis tests. A p-value of less than 0.05 was considered statistically significant for 

all analyses. 

Results 

Physicochemical and mechanical characterization 

FTIR spectra were recorded for the elastomeric modules coated with CS, CS-GTA, and for the uncoated control group 

(Figure 3). Both CS and CS-GTA coatings showed a prominent band at 3332 cm⁻¹, which corresponds to the stretching 

vibrations of –NH₂ and O–H groups. Peaks at 2873 and 2954 cm⁻¹ were attributed to C–H stretching. A band at 1595 cm⁻¹ 

indicated the presence of C=O groups, while the 1061 cm⁻¹ band corresponded to C–N stretching. Additionally, the peak at 

1414 cm⁻¹ represented the amide II C–N bond vibration, and the band at 3334 cm⁻¹ reflected O–H and N–H stretching of 

alkyl (CH) groups. Signals at 1309 and 1725 cm⁻¹ indicated the degree of deacetylation. The 1596 cm⁻¹ peak was linked to 

amide I stretching from non-deacetylated residues, while the 1413 cm⁻¹ and 1361 cm⁻¹ bands corresponded to O–H vibrations 

of amide I and CH₃ groups, respectively. The 1462 cm⁻¹ band was characteristic of amide II C–N stretching, and the region 

between 1530 and 815 cm⁻¹ reflected C–O stretching within chitosan. No major spectral differences were observed between 

pure CS and CS-GTA; however, slight shifts occurred at 2918 and 2951 cm⁻¹, moving to 2925 and 2945 cm⁻¹, likely due to 

symmetrical CH₃ stretching. In contrast, the uncoated modules exhibited peaks at 962 and 1394 cm⁻¹, corresponding to CH₃ 

symmetrical stretching, which were absent in the coated samples. 

Raman spectra are presented in Figure 4. The chitosan coating displayed a band at 2925 cm⁻¹, associated with ѵ(CH₂) 

stretching, and a peak at 1616 cm⁻¹, attributed to δ(NH₂) bending in the plane. Additional bands at 865 and 1184 cm⁻¹ were 

assigned to C–C–O stretching vibrations. In the CS-GTA crosslinked coatings, a distinct band appeared at 638 cm⁻¹, reflecting 

C–C–C skeletal bending or deformation within the glutaraldehyde aliphatic chain. A peak at 1729 cm⁻¹ indicated C=O 

stretching, while the 1616 cm⁻¹ band corresponded to C=N stretching. Finally, the 1537 cm⁻¹ peak was associated with C=C 

vibrations. 
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Figure 3. FTIR spectrum of the elastomeric modules 

 
Figure 4. Raman spectroscopies of elastomeric module coatings 

Mechanical characterization 

The mechanical performance of the elastomeric modules, both coated and uncoated, is presented in Table 1 and Figure 5. 

For yield strain (YS), the control modules reached an average of 336 ± 14.4 percent, whereas CS-coated modules measured 

324 ± 18%, and the CS-GTA group showed 314 ± 11.3%. Statistical analysis using ANOVA indicated overall differences 

between the materials, and Tukey’s post hoc test revealed that this difference was significant only between the control and 

the CS-GTA group. 

Yield stress (σY) values were 5.06 ± 0.31 kPa for the control, 4.93 ± 0.26 kPa for the CS coating, and 4.74 ± 0.22 kPa for the 

CS-GTA group. ANOVA followed by Tukey testing showed no statistically significant differences among these groups. 

Regarding maximum deformation (MD), uncoated modules exhibited 409 ± 11.9%, CS-coated modules 398 ± 4.1%, and CS-

GTA modules 393 ± 18.5%. No significant differences were detected among the groups according to ANOVA. Maximum 

stress (σmax) results showed averages of 5.12 ± 0.28 kPa for the control, 4.94 ± 0.26 kPa for CS, and 4.82 ± 0.24 kPa for 

CS-GTA. While ANOVA did not show overall significant differences, the Tukey test identified a significant difference 

between the control and CS-GTA modules. 

 

Table 1. Tensile mechanical properties of the elastomeric modules 

Material YS * (%) σY (MPa) MD (%) σmax (MPa) 

Uncoated 336 ± 14.4 a 5.06 ± 0.31 409 ± 11.9 5.12 ± 0.28 
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CS 324 ± 18 ab 4.93 ± 0.26 398 ± 14.1 4.94 ± 0.26 

CS-GTA 314 ± 11.3 b 4.74 ± 0.22 393 ± 18.5 4.82 ± 0.24 
CS = Chitosan; GTA = glutaraldehyde. Groups that do not share letters are statistically different from each other. YS = Yield Strain, σY = Yield Stress, MD = 

Maximum Deformation, σmax = Maximum Stress. * p-value < 0.05. a b indicate a significant difference between groups. 

 

 
Figure 5. Representative stress–strain curves from tensile testing of elastomeric modules: (a) uncoated, (b) coated with 

CS, and (c) coated with CS-GTA 

Antibacterial activity assay 

All coated elastomeric modules showed a notable decrease in colony-forming units (CFUs) across the different bacterial 

suspensions (Figure 6). Statistical analysis using ANOVA indicated significant differences among the groups for each 

bacterial composition. Tukey’s post hoc test confirmed that CFU reductions differed significantly between the uncoated and 

coated modules. However, no statistically significant difference was observed between CS-coated and CS-GTA-coated 

modules for any bacterial composition. The lowest bacterial counts were observed for the CS-GTA-coated modules when 

exposed to the S. mutans + S. sobrinus mixture, followed by the CS-coated modules tested with S. mutans alone. Overall, 

both CS and CS-GTA coatings demonstrated comparable antimicrobial effects, which were markedly more effective than the 

uncoated modules across all bacterial conditions (Table 2). 

 

 
Figure 6. Photographs of Petri dishes illustrating the antibacterial effects of (a) uncoated control modules, (b) chitosan-

coated modules, and (c) chitosan–glutaraldehyde-coated modules 

 

Table 2. CFU values and standard deviations of the experimental coatings 

Experimental Coatings S. mutans S. sobrinus S. sobrinus + S. mutans 

Ch    

Mean 208 906.666667 1544 

SD 60.39867548 154.108187 421.729771 

CS-GTA    

Mean 645.3333333 528 316 
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SD 184.2751566 276.781502 150.359569 

Control    

Mean 733.3333333 1116 1368.333333 

SD 110.01 86.0697392 165.9889555 

Cell viability 

The uncoated elastomeric modules were used as the reference, with their average absorbance representing 100 percent cell 

viability. The CS-coated modules exhibited an average viability of 85%, while the CS-GTA-coated modules showed 89% 

(Figure 7). Since the data were not normally distributed, the Kruskal–Wallis test was applied to compare all four groups, 

revealing a statistically significant difference. Pairwise comparisons using the Mann–Whitney U test indicated that the only 

statistically significant difference occurred between the chlorhexidine group and the uncoated control. No significant 

differences were observed among the remaining groups after adjustment for multiple comparisons. Specifically, comparisons 

between CS and CS-GTA, as well as between CS-GTA and the uncoated modules, showed no significant variation. However, 

a significant reduction in cell viability was detected when comparing CS-coated modules to the uncoated control. This 

difference is visually represented in Figure 7. 

 
Figure 7. Cell viability of coated and uncoated elastomeric modules 

Discussion 

Infrared spectroscopy confirmed that the elastomeric modules were successfully coated in both the CS and CS-GTA groups, 

consistent with the findings of Li et al. [20]. As reported by Tamer et al., notable changes in FTIR spectra were observed 

within the 3200–3600 cm⁻¹ range [31]. The introduction of GTA as a crosslinking agent produced detectable spectral 

modifications [32], although Monteiro et al. did not observe significant alterations in CS-GTA analyses [33]. In the present 

study, bands at 1309 and 1725 cm⁻¹, associated with the degree of deacetylation, align with the findings of Beppu et al. and 

Ki-Jae [34, 35], highlighting the relevance of deacetylation in modifying CS properties and behavior [36]. Other spectral 

bands identified in the experimental coatings, particularly in the 3400–3200 cm⁻¹ region corresponding to O–H and N–H 

stretching, are consistent with the observations of Cusihuamán et al. [21, 23, 32]. Escobar-Sierra et al. reported that the 2947 

cm⁻¹ band arises from alkyl (CH) groups [36], while additional FTIR analyses have linked the 1400–1600 cm⁻¹ region to 

primary and secondary amides, in agreement with the present findings [31, 34, 37]. 

Raman spectroscopy further confirmed these results. Ren et al. identified characteristic C–H bonds at 895 and 1146 cm⁻¹ 

[38], comparable to the peaks observed at 865 and 1184 cm⁻¹ in this study, representing C–C–O stretching vibrations as 

reported by Gamboa-Solana [31]. Similarly, Mai et al. detected a primary CS signal at 680 cm⁻¹, close to the 693 cm⁻¹ peak 

observed here [39]. 



El-Maghawry et al., 

 

 

 
 

 Annals of Orthodontics and Periodontics Specialty | 2024 | Volume 4 | Page 54-66 
 

 

61 

Several studies have explored the mechanical properties of elastomeric materials in dentistry and orthodontics, alongside 

attempts to enhance their antimicrobial activity. For instance, Berni Osorio et al. found that immersion in 2% glutaraldehyde 

did not alter the mechanical behavior of elastomeric ligatures [40], which contrasts with the modifications observed in this 

study when GTA crosslinking was applied [41]. Melo-Pithon et al. evaluated multiple sterilization methods—including 

alcohol, autoclaving, ultraviolet light, peracetic acid, and glutaraldehyde—on elastic chains, reporting that ultraviolet 

treatment was the least effective, while other immersion methods did not compromise mechanical properties [42]. Stevenson 

et al. suggested that significant changes in elastomer mechanics require alterations in acidity, oxygen exposure, or temperature 

[43], which may explain why immersion in acidic GTA solutions influenced some material properties in this study. 

Specifically, exposure to GTA-containing acidic medium slightly reduced yield stress (YS) but did not compromise the 

overall mechanical performance of the elastomeric modules. This aligns with the observations of Branco-Losito et al., who 

reported no significant mechanical differences after immersion in chitosan or peracetic acid solutions [44]. Evangelista et al. 

noted that prolonged exposure to disinfectant liquids (over one hour) could negatively impact mechanical properties [10], 

and Terheyden et al. demonstrated that polyurethane ligatures resist mechanical degradation best, with ethylene oxide 

sterilization proving most effective [45]. Maximum deformation values in the current study were similar to those reported by 

Jeon et al., showing no notable differences [4], while McKamey et al. found that applying a chlorine-substituted poly(para-

xylylene) coating improved mechanical performance of elastic chain modules [46]. 

It is well-documented that mechanical properties of elastomeric ligatures can vary with color [8, 11, 47, 48]; this is why 

transparent modules were selected in the present study, which may be considered a limitation. Moreover, elastomeric 

mechanical behavior is influenced by moisture, as Halimi et al. reported differences between modules exposed and unexposed 

to artificial saliva [49]. Time-dependent mechanical degradation also affects elastomer capacity [50], and given that modules 

are typically replaced every four weeks, future research should investigate potential long-term changes in mechanical 

performance [51]. 

It is important to note that isolated bacterial strains were used in this study, and no significant differences in bacterial growth 

were observed. Kamarudin et al. employed a similar methodology and demonstrated the effectiveness of elastomers coated 

with chlorhexidine (CHX) for prolonged antimicrobial release [52]. Another study also reported favorable results for CHX 

coatings on elastomers, showing antimicrobial activity without negatively affecting mechanical performance [14]. Similarly, 

Uysal et al. highlighted the antimicrobial benefits of incorporating chitosan into toothpaste to reduce white spot lesions in 

patients undergoing orthodontic treatment [27]. 

The literature presents mixed outcomes regarding the efficacy of different antimicrobial agents, consistent with the present 

findings. For example, Benson et al. investigated fluoridated elastomeric ligatures but found them ineffective in limiting oral 

bacterial growth [53], and Doherty et al. reported that fluoride-releasing modules with sustained release did not provide 

anticariogenic benefits [54]. Likewise, the use of silver-coated elastomers has been explored, yet no significant antimicrobial 

effects were observed [55]. In contrast, the current study successfully applied chitosan coatings to elastomeric modules, 

though questions regarding their long-term stability and sustained efficacy remain and require further research. 

It is also worth noting that adding a coating is only one factor influencing the mechanical behavior of elastomeric modules. 

The cell viability results support the biocompatibility of the coatings, with the CS-GTA crosslinked group exhibiting slightly 

higher viability compared to the CS-only coating. 

Creating an in vitro environment with two or more bacterial strains better mimics natural oral biofilm conditions. Sharma et 

al. reported that the color of elastomeric ligatures can affect microbial adhesion [8], while Shi et al. demonstrated the 

effectiveness of chitosan as a scaffold for controlled drug release [56]. Similarly, Garner et al. confirmed the potential of 

chitosan nanoparticles as a silicone coating against C. albicans [57]. Padois et al. produced orthodontic polyurethane chains 

with a CH-loaded layer, achieving comparable antimicrobial outcomes [58], and D’Almeida et al. observed antibacterial 

effects of chitosan coatings against S. epidermis [26]. Sarasam et al. also developed chitosan matrices that successfully 

inhibited S. mutans growth, although they were less effective against A. actinomycetemcomitans [59]. 

Conversely, other studies have shown limited antimicrobial effects with different agents. Doherty et al. found that prolonged 

fluoride release from elastomers did not prevent caries [56], and Kim et al. reported no significant antibacterial effect from 

silver-coated modules [57]. These results underscore that cariogenic bacteria may respond differently and independently. 
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Cytotoxicity studies indicate that chitosan exhibits low toxicity. Frigaard et al. demonstrated minimal cytotoxicity of chitosan 

nanoparticles [60], and Raviña et al. found that chitosan-g-poly(ethylene glycol) nanoparticles effectively delivered gene 

molecules without harmful effects [61]. The oral cavity has been identified as a safe site for chitosan nanoparticle application, 

and these nanoparticles have also shown selective cytotoxicity against cancer cells without affecting normal cells. Factors 

such as pH may influence cytotoxicity, warranting further investigation [62]. 

Additional in vitro MTT assays with chitosan and its derivatives confirm low toxicity compared to other antimicrobial agents, 

such as chlorhexidine (CHX), which has documented cytotoxic effects on human fibroblasts, myoblasts, and osteoblasts [63–

66]. According to ISO 10993-5 [67], materials are considered non-cytotoxic if cell viability exceeds 70 percent. In this study, 

chitosan-based coatings achieved cell viability above 85%, indicating they are biocompatible and suitable for potential 

intraoral applications. 

Conclusions 

Chitosan (CS) coatings, both alone and crosslinked with glutaraldehyde (GTA), were successfully applied to elastomeric 

modules without substantially compromising their mechanical properties. Although the addition of GTA caused a minor 

decrease in yield stress, the overall mechanical performance of the modules remained satisfactory. 

It should be emphasized that factors such as long-term durability of the coatings, environmental conditions including 

humidity, temperature, pH, and potential color changes in the elastomers were not examined in this study and warrant further 

investigation in future research. 

Regarding antimicrobial efficacy, both CS and CS-GTA coatings effectively inhibited the growth of S. mutans, S. sobrinus, 

and their combined cultures, with no significant difference observed between the two coatings. This study focused on bacterial 

strains primarily associated with dental caries; thus, additional research is needed to evaluate the effects on other oral 

microorganisms. 

Finally, both experimental coatings demonstrated acceptable levels of cell viability and, when compared to chlorhexidine, 

provided strong antimicrobial activity while maintaining biocompatibility. These findings indicate that chitosan-based 

coatings are a promising approach to reducing bacterial colonization on orthodontic elastomeric modules without negatively 

affecting their mechanical integrity. 
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