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The corrosion resistance and antibacterial properties of fixed orthodontic devices are insufficient in the complex oral cavity, which delays tooth movement and causes enamel demineralization. To overcome the challenges, this research constructs a series of polydopamine-graphene oxide (PDA-GO) nanocoatings on representative NiTi archwires via self-assembly. The morphology, chemical structure, and multifunctional properties of coatings showed tunability dependent on the PDA/GO ratio. Optimized PDA-GO coatings with uniform and dense characteristics prolonged the diffusion path for the corrosive medium and reduced Ni dissolution in NiTi alloys. Meanwhile, the applied coatings endowed NiTi alloys with antibacterial activity against Streptococcus mutans due to the surface structures and inherent properties of PDA-GO. In vitro cytotoxicity tests further verified their good biocompatibility. This bio-inspired nanocomposite coating provides a practical reference for modification of dental metal surfaces to better behave in the intraoral environment.
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1 INTRODUCTION
Equiatomic nickel-titanium (NiTi) alloys are frequently employed in orthodontic treatment to align and level dentition. Orally placed for more than 3 months, NiTi archwires continuously interact with saliva proteins, corrosive ions, bending stress, and microorganisms (Ghazal et al., 2015; Wang et al., 2023; Zhang et al., 2023). However, they are ineffective in preventing corrosion and lack antimicrobial qualities, leading to reduced service efficiency and several clinical complications. For example, orthodontic stress intensifies the corrosion behavior of NiTi wires in saliva, further increases the friction coefficient, and prolongs treatment process (Krishnan et al., 2012). Health issues, such as cytotoxicity and allergic responses, may result from excessive Ni2+ release into oral cavity (Močnik et al., 2017). Additionally, orthodontic fixtures hamper oral hygiene, combined with adhered bacteria, which poses a risk of enamel demineralization and periodontal diseases (Venkatesan et al., 2020). In this regard, materials science-oriented investigations should pay more attention to the concerns and modifications of dental metals and alloys.
The past couple of decades have witnessed the booming development of nanomaterials in metallic surface design, which could meet the requirements of diverse oral treatment (Moses and Mandal, 2022). Notably, graphene oxide (GO) is suitable for orthodontic mechanical scenario because of its excellent strength and elastic deformation (Yang et al., 2022). The large surface area and special layered structure give it unique advantages in filling pores and improving corrosion resistance of the coating (Zhou et al., 2022). GO can also endow metal surfaces with antibacterial activity through membrane damage and oxidative stress (Lee et al., 2018; Mazinani et al., 2021). However, the bonding durability on metal surface of GO remains a challenge (Han et al., 2018). Some natural compounds have been used to modify substrates to enhance long-term stability, such as mussel-inspired polydopamine (PDA) (Cheng et al., 2019). Combining biomimetic PDA with GO was reported to achieve Ti alloys with tribological properties for orthopaedic applications (Wang et al., 2019); however, the feasibility of these nanosystems as orthodontic coatings in oral environment requires emphatic investigation.
Self-assembly is an environmentally benign strategy for manufacturing multi-component coatings while preserving the substrates’ mechanical properties (Sun et al., 2023; Tanaka et al., 2023). It provides a powerful method to exploit desired functionality based on intermolecular interactions (Lee et al., 2019). Herein, the PDA-GO coatings were conducted on orthodontic NiTi alloys by self-assembly technology, aiming to optimize the corrosion-resistant and antibacterial properties of intraoral orthodontic materials (Figure 1). The dose-dependent process and the regulation mechanism were investigated and discussed, which laid a considerable foundation for designing efficient fixed appliances and provided guidance for developing advanced dental alloys.
[image: Figure 1]FIGURE 1 | Schematic illustration of the PDA-GO modified orthodontic NiTi archwires. (A) Metallic fixed appliances can induce specific changes in oral environment. Stress corrosion under salivary corrosion medium impacts tooth movement and releases excess Ni2+. Also, a decreased pH promotes development of bacteria-induced enamel demineralization and periodontal diseases. The most commonly used NiTi alloys have poor corrosion resistance and no antibacterial behavior, which requires modification. (B) The modification process and mechanisms of forming PDA-GO coatings from precursors in a self-assembly reaction. (C) PDA-GO coatings encourage excellent anti-corrosion performance while preventing bacterial infection.
2 MATERIALS AND METHODS
2.1 Characterization of GO
The morphology and dimension of GO nanosheets (XFNANO Materials Tech Co., China) were detected by SEM (Zeiss Sigma 300, Germany) and AFM (Dimension Icon, Germany), respectively. Raman spectroscopy (Renishaw, United Kingdom) was used to determine the molecular structure of GO at 514 nm wavelength. The functional groups of GO were measured by XPS (Thermo Fisher K-Alpha, United States).
2.2 Fabrication and characterization of PDA-GO-coated NiTi alloys
Ni-55.75 wt% NiTi alloys (10 × 10 × 2 mm3) and 0.019 × 0.025-inch NiTi archwires with a 13-mm length were obtained from Baoji Titanium Industry (China). The NiTi metals were ground with sandpaper, cleaned with acetone, anhydrous ethanol, and deionized water, and dried for later use. The fresh GO solution (0.2, 0.5, 1.0, 1.5, and 2.0 mg/mL) was ultrasonically dispersed and mixed with an equal volume of 2 mg/mL dopamine hydrochloride in pH 8.5 Tris-HCl buffer to prepare a co-deposition solution. A series of PDA-GO coatings were performed via the self-assembly reaction at 25 °C. After 24 h, the obtained PDA-GO-coated NiTi alloys were rinsed with distilled water and dried at 40 °C. The samples prepared by 0.2, 0.5, and 1.0 mg/mL GO were denoted as PDA-GO1, PDA-GO2, and PDA-GO3, respectively.
The surface morphology and composition of modified NiTi alloys were identified by SEM and EDS. AFM was employed to detect the three-dimensional morphology and roughness. The functional groups were characterized by FTIR. XPS characterized the element content and chemical bonds of PDA-GO-coated NiTi alloys. Mechanical stability and adhesion performance were assessed through the tape-peeling test following the ATSM D3359 standard (Yang et al., 2019). Briefly, the surface form the grid by vertical scratches and was pressed with 3 M adhesive tape, which was examined by optical imaging after the tape was pulled up.
2.3 Corrosion resistance performance
2.3.1 Stress corrosion tests
The bending stress of NiTi wire under orthodontic application was simulated using a three-point bending model. The mechanical constant applied to the archwire was 3.0-mm stress when immersed in artificial saliva at 37 °C (Liu et al., 2014). After 4 weeks, the leaching solution was collected, and the release of Ni2+ was detected by an inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700s, United States). After the archwire was unloaded and dried, the corrosion morphology was characterized by SEM, and the surface elements were detected by EDS.
2.3.2 Electrochemical corrosion experiments
During electrochemical tests, different NiTi samples were welded with copper wire and packaged with epoxy resin as the working electrode in a three-electrode system (Metrohm Autolab PGSTAT302N, Swiss). Prior to the potentiodynamic polarization test, the samples were kept in artificial saliva at 37 °C for 0.5 h to obtain a steady state. Tafel polarization curve scanning rate was 1.0 mV/s, voltage range was −1.5 to 1.5 V (vs. Ag/AgCl). The corrosion potential (Ecorr) and corrosion current density (Icorr) were obtained by Tafel extrapolation method.
2.4 Antibacterial activity assays
2.4.1 Live/dead staining
Streptococcus mutans (S. mutans, ATCC25175) were incubated with different NiTi samples for 24 h. According to the Live/Dead bacterial kit (Thermo Fisher Scientific Inc., United States) instructions, each sample was stained with a mixed Brain Heart Infusion (BHI) liquid medium containing STYO9 and PI reagents and incubated for 15 min. The dead bacteria were marked as red, while the live bacteria were marked as green under confocal laser scanning microscopy (CLSM, Leica, Germany).
2.4.2 SEM
After 24 h of co-culture with S. mutans, the NiTi samples were washed with PBS and fixed with 2.5% glutaraldehyde for 2 h. After alcohol gradient dehydration and drying, the number and morphology of bacteria on the sample were observed by SEM. Three fields of view images were taken for each substrate.
2.4.3 Colony forming unit (CFU) counting
According to GB/T 2591 standard, 50 μL of bacterial solution (1.0 × 105 CFU/mL) was added to 24-hole plates, with three parallel samples in each group. The surface of the sample was completely immersed, covered with polyethylene film, and incubated in an anaerobic environment for 24 h. The biofilm was dissociated by ultrasonication in PBS for 3 min, and the bacterial solution was diluted in a series of gradients. 50 μL was coated on the BHI solid medium and cultured anaerobically for 24 h. The corresponding CFU values and sterilization efficiency were calculated.
2.5 Biocompatibility assessment
Based on ISO10993-12 standard, the extraction DMEM medium was obtained at 3 cm2/mL (volume ratio of NiTi surface area to extraction liquid). To evaluate cell proliferation activity, mouse fibroblast L-929 cells were seeded in 96-well plates at a density of 5×103 cells/well and cultured in an incubator at 37 °C for 24 h. The cell lines present in this study were obtained from Zhongqiao Xinzhou Co., Ltd., Shanghai China. 100 μL extract from different samples was added to each well, and DMEM medium was added to the blank control group. After 1, 3, and 5 days of co-culture, the reagents were added according to the instructions of CCK-8 (Dojindo, Japan) and incubated for 1 h. The absorbance at 450 nm was measured. Live/dead staining assays were used to assess the morphology of L-929 cells. Cells were cultured with extract for 5 days and stained with a Calcein-AM/PI Double Stain Kit (Solarbio, China). Then, cells were imaged under an inverted fluorescence microscope (DMI8A, Leica). To evaluate ROS production, L-929 cells were inoculated into 6-well plates at a density of 2×105 cells per well, and extracts of different groups were added. After 24 h of co-culture, a diluted 100 μL DCFH-DA (Sigma-Aldrich, United States) probe was added to each well. After incubation, the fluorescence intensity was detected by flow cytometry (ThermoFisher DxFLEX, United States).
2.6 Statistical analysis
Data are represented as mean ± standard deviation, and statistical analyses were realized by GraphPad Prism. Significant differences were identified by one-way analysis of variance (ANOVA) or a two-sided unpaired Student’s t-test. p < 0.05 indicated statistical significance.
3 RESULTS AND DISCUSSION
3.1 Characterization of GO
Characterization of nanomaterials is crucial for developing biocompatible nanocoatings. SEM reveals that the commercially obtained GO is lamellar with wrinkles on the surface (Figure 2A). The thickness of GO sheet measured by AFM is around 1.0 nm (Figure 2B). According to Raman spectra, GO has two typical peaks, D peak and G peak, which are positioned at 1,350 cm−1 and 1,581 cm−1, respectively (Figure 2C). The ratio of their intensities is 0.85. The XPS-determined percentage of O element in GO is 31.86%, while the remainder is C element (Figure 2D). GO benefits from various hydrophilic oxygenic groups, including C-O (286.2 eV), C=O (288.3 eV), and O-C=O (289.1 eV), which provide active sites for covalent or non-covalent modification and endow it with high bioavailability (Figures 2E, F) (Hashemi et al., 2018). However, flaky GO nanosheet is easily wrinkled, and direct application will lead to poor adhesion between the coating and metal substrate (Han et al., 2018). The GO-based nanocomposite coating is more adaptable to modified NiTi archwires in orthodontic scenarios.
[image: Figure 2]FIGURE 2 | GO characteristics. (A) SEM image of GO. (B) Representative AFM image. (C) Raman spectra. (D,E) Elements and functional groups detected by XPS. (F) Chemical struture of GO.
3.2 Coating morphology analysis
Inspired by mussel chemistry, self-polymerized PDA emanates as a versatile modifier with strong adhesion towards substrate surfaces due to the presence of catecholamine. In the self-assembly nanosystems, PDA and GO vividly serve as mortar and brick, respectively. Nanocomposites cannot be stuck on substrate at a low ratio of PDA/GO, while the fixed depositions (‘brick’) are limited at a high ratio (Yu et al., 2023). Based on the biomedical potential of GO, this study aims to explore the medical function of NiTi alloys in oral scenarios obtained by varying GO concentrations.
As shown in SEM images, the surface of bare NiTi sheet possessed some obvious scratches (Figure 3A). The wrinkled deposits were relatively evenly distributed when the GO solution was in the range of 0.2 mg/mL-1.0 mg/mL in the co-deposition system (Figures 3B–D). An increase in GO concentrations (1.5 and 2.0 mg/mL) resulted in agglomerated and stacked aggregates (Figures 3E, F), indicating that the excessive PDA-GO tended to form on the surface protrusions. Some uncovered areas were found in these two groups, which were not conducive to improving the following anti-corrosion performance of NiTi alloys. Therefore, 1.5 and 2.0 mg/mL were not included in the subsequent study.
[image: Figure 3]FIGURE 3 | Coating morphology analysis. (A) SEM images of uncoated NiTi. (B–F) Modified NiTi assembled in DA solution with 0.2–2.0 mg/mL GO. (G) Enlarged SEM surface micrographs and EDS spectra of PDA-GO1, PDA-GO2, and PDA-GO3. (H) AFM images and roughness detection. Rq: the root mean square roughness.
Based on the SEM and AFM results, scatter deposition covered areas of the PDA-GO1 sample (0.2 mg/mL) with a roughness Rq value of about 24.99 nm (Figures 3G, H). More corrugated deposits in axial directions were observed on the surface of PDA-GO2 (0.5 mg/mL). EDS tests revealed that Ni and Ti element contents decreased compared to that of PDA-GO1, indicating that composite coating was fixed on a wider range of NiTi surface after introducing more GO. For the PDA-GO3 (1.0 mg/mL) sample, AFM displayed a uniformly pleated structure with a slightly increased Rq value, owing to more surface deposition of PDA-GO sheets. In line with our findings, Zhu et al. found that a compact lamellar PDA-GO microstructure was visible under increased GO concentration (Zhu et al., 2017). The different topographies might be attributed to the supplemented defects by appropriate proportion of PDA/GO. During the process, self-assembled PDA adsorbed certain amounts of flexible GO and cross-linked to co-deposit on the substrate (Li et al., 2023). Taken together, morphology analysis demonstrated that a greater GO concentration in a particular range provides a stable solution environment for PDA-GO to diffuse and self-assemble dense and well-arranged layers on NiTi surface.
3.3 Chemical structure and adhesive property
To explore the interaction between PDA and GO, we further analyzed the chemical characteristics of the as-prepared NiTi alloys. FTIR spectra suggested that PDA-GO1 had characteristic peaks at 1,737, 1,623, and 1,029 cm−1, corresponding to the stretching vibration peak of C=O, C=C, and C-O, respectively (Figure 4A). The presence of these oxygen-containing functional groups and aromatic rings indicated the GO layers were successfully grafted. With the increase in GO concentration, the characteristic peak of C=O gradually decreased, suggesting that GO was partially reduced by PDA (Han et al., 2022). Compared to that of other groups, the spectrum of PDA-GO3 showed an N-H band at 1,508 cm−1, which was derived from the amino group of PDA. The broad peak at 3,100–3,500 cm−1 may be caused by -OH (Zhao et al., 2019).
[image: Figure 4]FIGURE 4 | Chemical structure and adhesive property. (A) FTIR spectroscopic analysis. (B) Element compositions measured by XPS. (C) C1s XPS spectra of PDA-GO3. (D) Optical microscope images of adhesive tests.
Five element peaks, including C1s, N1s, O1s, Ti2p, and Ni2p, were found on the NiTi-surface-assembled PDA-GO coatings via XPS analysis (Figure 4B). Among them, PDA-GO3 possessed the highest N content, accounting for 6.91%, with an emerged C-N peak at 285.5 eV (Figure 4C). It implied PDA covalently attached to GO on the modified NiTi surface, piling and interpenetrating the layers. Meanwhile, dense distribution of oxygenic groups offered anchoring sites for PDA-GO reaction (Chen et al., 2020). Mechanically, PDA stems from the oxidation, intramolecular cyclization and rearrangement of dopamine, serving as a stabilizer in GO reduction. GO with abundant oxygenic groups could be introduced to the surface by dopamine and may bind to NiTi alloy through π−π stacking and covalent interaction (Jia et al., 2016). Simultaneously, more GO nanosheets as oxidants promoted the nucleation and growth of the PDA film so that the composite coatings completely covered the NiTi alloy, which corresponded well with SEM observations.
Previous coatings, such as alumina, titanium dioxide, and hydroxyapatite, are easily cracked and will be partially peeled off, making them unsuitable for current clinical practice (Araujo et al., 2022). Tape-peeling test was utilized to evaluate the mechanical stability and bonding strength according to ASTM D3359 standard (Shen et al., 2019). As shown in Figure 4D, the PDA-GO1 coating was partially detached from the substrate and the scratch area, and the area percentage was about 12.5%, while the PDA-GO2 and PDA-GO3 coatings displayed no detached or delaminated sediment. The adhesion levels between the latter coatings and the metal substrate were both regarded as 5A, which could be attributed to the compact and aligned structure during the self-assembly process (Figure 4D). This kind of excellent mechanical stability and adhesive performance of coated NiTi lays the foundation for long-term stability while correcting misplaced teeth in orthodontic treatment.
3.4 Corrosion resistance performance
3.4.1 Stress corrosion tests
The oral cavity is a harsh corrosive environment for orthodontic devices, in which mechanical and chemical stresses damage their service life and orthodontic efficacy. To investigate the anti-corrosion potential of PDA-GO coated NiTi, a three-point stress model combined with an artificial saliva corrosion medium was performed, which realistically simulated the service state of archwires in the inoral cavity (Figure 5). SEM showed that corrosion pits and cracks were observed on bare NiTi, suggesting the dissolution of substrate by artificial saliva under 3-mm dislocation for 4 weeks (Figure 6A). Among the modified samples, the PDA-GO1 surface was rough with a relatively high proportion of Ni and Ti elements (Figure 6B). Under the same stress and saliva conditions, the other two samples showed a relatively intact and smooth surface with the granular products composed of calcium and phosphate from saliva, which obtained potent resistance to further development of corrosion (Figures 6C, D). GO possesses ultra-high tensile strength and elastic modulus, and maintains the integrity of its structure even if the archwires undergo stress deformation (Tasnim et al., 2017). Additionally, the binding affinity of PDA not only compensates for the GO defects through bond interactions but also firmly chelates metal ions (Zhu et al., 2022).
[image: Figure 5]FIGURE 5 | Schematic illustration of bending stress models in artificial saliva designed to simulate intraoral conditions.
[image: Figure 6]FIGURE 6 | Anti-corrosive properties of PDA-GO coatings. (A–D) SEM morphology observations and EDS elemental tests of different substrates, including bare NiTi, PDA-GO1, PDA-GO2, and PDA-GO3, after stress corrosion. (E) Corresponding Ni2+ concentration. **p < 0.01; ***p < 0.001 compared with NiTi group. (F) Representative cyclic potentiodynamic polarization curves of PDA-GO modified NiTi. (G) The proposed protection mechanisms during the corrosion process. Certain amounts of GO could chemically and physically bond with PDA and form a labyrinth-like superposition on NiTi surface, significantly reducing the contact area between the orthodontic appliances and corrosion medium.
After 4 weeks of immersion in artificial saliva, the release of Ni2+ in PDA-GO2 and PDA-GO3 samples was 12.90 and 9.47 μg/L, respectively (Figure 6E). Compared with bare NiTi, PDA-GO modified NiTi exhibited remarkable anti-nickel release properties in saliva scenario. Similar results were reported in titanium dioxide-modified NiTi alloys via anodic oxidation technology, but large-scale device manufacture would be difficult (Xu et al., 2019). This research adopted self-assembly to mildly coat PDA-GO, which avoids the oxidation of considerable Ni into the coating and directly reduces Ni2+ dissolution. Appropriate GO sheets in PDA-GO3 were wrapped up to effectively form a close lamellar structure for mitigating serious corrosion. Accordingly, interaction of assembly and the well-dispersed morphology make PDA-GO provide stable barrier protection to intraoral stress and salivary environment.
3.4.2 Electrochemical corrosion
Electrochemical corrosion has been considered to be the main reason for Ni2+ dissolution in NiTi alloys (Shabalovskaya et al., 2009), which were examined under the saliva medium in the following study. For the polarization curve, the smaller Icorr reflects a slower corrosion rate and good corrosion resistance. As shown in Table 1 and Figure 6F, the Ecorr of the unmodified NiTi sample was −171.70 mV, and the Icorr was 3.54 × 10−6 A/cm2. In marked contrast, Icorr decreased in the PDA-GO coating samples. In particular, the Icorr of PDA-GO3 sample decreased to 5.3 × 10−7 A/cm2, outperforming other films. The gathered data showed that PDA-GO modification made NiTi alloy have better corrosion resistance in oral corrosion medium. GO sheets were deposited on NiTi by PDA modification under the action of self-assembly, and the saliva electrolyte tended to approach the substrate through unevenness and defects between different layers (Chu et al., 2019). The PDA-GO1 coating had defects with low adhesive properties, which limited improvement in corrosion resistance. Consistent with the stress corrosion results, PDA-GO3 sample possessed the best protective performance in saliva environment, which reflected the influence of PDA/GO parameters on corrosion resistance of NiTi. Specifically, increased GO concentration contributes to orderly accumulating multiple layers during the deposition process, and more GO sheets are crosslinked to seal the NiTi surface by the interlocking effect with PDA, thereby prolonging the diffusion path of corrosive electrolytes (such as chloride ions) into the substrate (Figure 6G) (Zhao et al., 2019). Other factors, such as the interlayer spacing and lattice structure of PDA-GO, might affect corrosion behavior of the coatings, which needs future study (Alkhouzaam et al., 2021).
TABLE 1 | Ecorr and Icorr values calculated from potentiodynamic polarization curves.
[image: Table 1]3.5 Antibacterial activity
Orthodontic brackets and archwires create retention sites for bacterial growth due to their irregular surfaces; thus, proper modification is urgently desired to reduce microbial affection. S. mutans, the most critical cariogenic bacteria, was listed as the primary research object of antibacterial testing (Peng et al., 2022). Live/dead bacteria fluorescence staining showed that considerable green-stained live bacteria were observed on the uncoated NiTi surface, with almost no dead bacteria (Figure 7). However, the application of PDA-GO coating decreased the number of live bacteria and increased dead bacteria, exhibiting the property of effectively killing the adhered bacteria after 24 h of contact with modified NiTi.
[image: Figure 7]FIGURE 7 | Live/dead results.
SEM images indicated that more S. mutans adhered to the surface of bare NiTi, and grew in clusters with a relatively intact surface morphology (Figure 8A). In contrast, adherent bacteria decreased on the PDA-GO1, and no apparent aggregation was observed. PDA-GO2 found sporadic bacteria with changed morphology. On the surface of PDA-GO3, the integrity of S. mutans was destroyed at the interface in contact with the coating, as reflected in the exuded cellular content. The results revealed the concentration-dependent bactericidal potential of PDA-GO together with a decreased number of total adherent bacteria. Similarly, the number of bacteria adhered to the surface of bare NiTi was the highest in the CFU experiment (Figure 8B). The number of bacteria in the PDA-GO1 and PDA-GO2 groups gradually decreased, while the bacteria observed corresponding to PDA-GO3 were the least, showing superior antibacterial ability through interfering cell membranes (Zheng et al., 2018). According to the quantitative evaluation (Figure 8C), the antibacterial rates of each PDA-GO coating sample were 33.4%, 77.7%, and 93.1%, respectively, suggesting the tendency for more dead bacteria dependent on GO concentration.
[image: Figure 8]FIGURE 8 | Antibacterial activity assays. (A) SEM analysis. (B) CFU results and (C) relative antibacterial rates. *p < 0.05; ***p < 0.001 compared with NiTi group. (D)The anti-adhesive and killing effect of PDA-GO coated NiTi alloys.
Although efficient antibacterial coatings have been proposed, quite a few present defects, such as complex manufacturing processes or unsatisfied biocompatibility, which seriously hinder clinical applications. As an antibiotic-free antibacterial agent, the mechanism of GO includes two categories: oxidative stress and physical membrane damage such as nanoknife and encapsulation (Gao et al., 2022). It has been proposed that the more GO layers in GO composites, the stronger the oxidative stress in cells (Qiu et al., 2017; Mahmoudi et al., 2019). The increase in GO concentration may induce more PDA-GO layers with higher intracellular ROS levels, producing peroxides that affect the respiratory chain reaction, and destroy the integrity of bacterial membranes. These function cooperatively in the prominent antibacterial performance of PDA-GO3 (Figure 8D). The developed composite nano-coating optimizes the antibacterial properties of orthodontic NiTi alloys by increasing the PDA-GO component, which provides a viable preventive measure against orthodontic complications. Future research may involve elucidating how the PDA-GO alters antibacterial effects at the molecular level.
3.6 Biocompatibility properties
The biological security of GO composites needs to be highly valued for future clinical translation. To quantitatively determine the cytotoxicity, CCK-8 experiment was performed using L-929 cells, a common ideal in vitro model for detecting materials’ biocompatibility (Yu et al., 2017; Nedeljkovic et al., 2022). Based on the results, the relative cell survival rate decreased with the prolongation of culture time. Notably, the cell viability in the PDA-GO3 group at 5 days significantly decreased to about 85% (Figure 9A), which was still acceptable cytotoxicity. The results qualified the modified NiTi as biosafety, with 70% viability being a mark for safe devices (Łyczek et al., 2023). Live/dead staining was carried out to further visualize the cell responses. As shown in Figure 9B, most of the extract-treated L-929 cells were green stained and alive, which was in accordance with the CCK-8 results. Cells in the PDA-GO groups presented a spindle-shaped morphology, similar to cells in the control group. Accordingly, the coatings exhibit not only great bacteriostatic effects, but also appropriate biocompatibility, which may be due to differences in the sensitivity of the cell lines used, the degree of interaction with cells, and the complexity of cellular responses (Zhao et al., 2016). Eukaryotic cells have been shown to be flexible and adaptable to different surfaces, leading to a superior survival rate (Butler et al., 2023). Bacterial membranes possess a higher population of negative intrinsic curvature lipids than mammalian cell membranes and are more likely to be damaged (Zhu et al., 2018). Antibacterial properties correlate positively with a certain range of GO concentration, but the concentration is not as high as possible in terms of biocompatibility. Thus, optimizing the bioefficacy of dental alloys requires a delicate balancing act between the cytotoxicity and bioactivity of different nanocomposite designs (Zheng et al., 2018).
[image: Figure 9]FIGURE 9 | Biocompatibility assessment. (A) CCK-8 results. (B) Live/dead fluorescence staining after L-929 cells were cultured for 5 days in different NiTi extract. (C) Cell ROS production was evaluated and quantified. *p < 0.05; ***p < 0.001 compared with NiTi group.
GO-based nanocomposite can induce cytotoxicity through oxidative stress, and the ROS productions of different samples were also judged. PDA-GO coated NiTi stimulated cellular ROS production more than that in bare NiTi, and gradually increased with more GO concentration. From Figure 9C, the intracellular ROS level in PDA-GO3 was about 1.35 times that of the unmodified NiTi group (*p < 0.05). Modified NiTi remained safe for L-929 cells and met ISO 10993-5:2009 requirements for medical devices. This may be related to the fact that the amount of ROS induced is lower than the cell antioxidant threshold (Richtera et al., 2015). In addition, the phenolic hydroxyl and amino groups of PDA can interact with most molecules and proteins, enhancing the materials’ affinity with cells (Liu et al., 2021). PDA-GO coatings applied in NiTi had a high guarantee of safety, but they still lacked clinical trials and long-term follow-up observation.
4 CONCLUSION
This study explores an effective means to optimize orthodontic NiTi archwires by preparing PDA-GO coatings. The morphology, chemical structure, and multifunctional properties are adjusted appropriately by changing the ratio of PDA/GO. PDA-GO is yarn-wrinkled and unevenly distributed at a low GO concentration, which has limited effect on improving properties of NiTi alloys. By appropriately increasing GO concentration, a uniform and dense lamellar structure was obtained. The inherent attributes and special structure of PDA-GO endow the substrate with anti-corrosion property in oral environment and antibacterial capacity against oral cariogenic bacteria. PDA-GO nanocoatings on NiTi alloy combine manufacturing simplicity, adhesive performance, excellent corrosion resistance, reliable antibacterial, and biocompatible properties, which are potential for application as an effective and protective material for orthodontics.
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