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In virtue of the advantages, such as aesthetics, designability, convenient removal, and comfortable experience, invisible orthodontics (IO) have been widely recognized and accepted by the public. However, most of the membranes currently used for IO only meet the requirement of shape retention. Other vital functions, like antibacterial and antifouling activities, are neglected. Herein, antibacterial composite membranes (ACMs) containing polypropylene (PP), thermoplastic polyurethane (TPU) and poly (hexamethylene guanidine) hydrochloride-sodium stearate (PHMG-SS) were facilely manufactured through the hot-pressing membrane forming technology. ACMs were conferred with favorable transparency (∼70% in the visible light range) and excellent antibacterial ability. Experiment results demonstrated that bactericidal rates of ACMs against Staphylococcus aureus, Escherichia coli and Streptococcus mutans were larger than 99.99%. Noticeably, the amount of protein adhered on the surface of ACMs was only 28.1 μg/cm2, showing ideal antifouling performance. Collectively, the mutifunctional ACMs in the study are expected to be prominent alternatives for existing IO.
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1 INTRODUCTION
In recent decades, the health and whitening of teeth has received widespread attention (Sims et al., 2020). Orthodontics is becoming extensively popular as the most efficient and simplest treatment method for teeth restoration. Orthodontics can not only prevent teeth from oral problems (including periodontitis, caries, tooth loss, etc.), but also can achieve the effect of teeth whitening and improve the self-confidence of patients (Burden, 2007; Chaturvedula et al., 2021). At present, compared with traditional orthodontics, invisible orthodontics (IO) has gradually become the mainstream with its advantages of aesthetics comfort and ease of use. However, the antibacterial ability of the membrane used in traditional IO is insufficient or even missing, which makes it easy for microorganisms to accumulate, adhere and proliferate in oral environment (Schlafer et al., 2012). When wearing IO, the flow rate of saliva between IO and the dental mucosa will slow down, seriously affecting the self-cleaning of teeth and oral tissues, which will further lead to the growth of bacteria (Kuramitsu et al., 2007; Kolenbrander et al., 2010). Therefore, the development of functional membrane with antibacterial and antifouling properties for the application of IO is of great significance for the prevention of bacterial adhesion and colonization, thereby promoting the oral health and safety during orthodontic treatment.
Among the several parameters affecting the clinical performance of IO, the membranes used for the manufacture of the IO play a crucial role (Bichu et al., 2023). According to literature reports, poly (methyl methacrylate) (PMMA), poly (ethylene terephthalate-1,4-cyclohexanedimethanol) (PETG), polypropylene (PP), thermoplastic polyurethane (TPU), polycarbonate (PC) and ethylene vinyl acetate (EVA) have been applied in IO fabrication (Gardner et al., 2003; Kwon et al., 2008; Zhang et al., 2011; Lombardo et al., 2017). However, the IO membranes prepared through conventional process usually have no antibacterial and low antifouling abilities. Therefore, various strategies have been adopted to prevent the growth and colonization of bacteria between IO and teeth, such as adding antibacterial agents, antibacterial coatings and constructing self-cleaning surfaces (Milionis et al., 2020; Zhang et al., 2020; Worreth et al., 2021). Xie et al. presented a strategy for modifying orthodontic devices, which took quaternary ammonium modified gold nanoclusters as an antibiotic reagent to prevent bacterial contamination and biofilm formation (Xie et al., 2020). Cheng reported an interpenetrating polymer network (IPN) structured antibacterial layer that was prepared on dental base materials containing quaternary ammonium salt monomers (HMDQAs), polyurethane dimethacrylate oligomers (BIHs) and functionalized SiO2 nanoparticles, and this coating exhibited good transparency, excellent antibacterial activity and low cytotoxicity (Cheng et al., 2019). However, antibacterial coatings usually involve unstable fastness and influence on the physical properties of the substrate material, and the coating agents were often dissolved in toxic organic solvents, which were not environmentally friendly, and may further damage the surface structure of the coating substrate, and other related issues.
Polypropylene (PP) is considered an important polymer material due to its ease of processing, cheap price, high chemical resistance and good mechanical properties, which has been widely used in medical equipment, building materials, transportation and other fields (Zhao et al., 2021). As the demand for healthy life increasing, materials such as polymer membranes with antibacterial activity have attracted much attention in the medical and health fields, and their excellent antibacterial properties can alleviate or even solve the problem of infection and disease transmission (Huang et al., 2007). At present, the simplest processing method that can impart antibacterial capacity to PP is through the melt blending with antibacterial agents. Chen et al. fabricated antibacterial PP by incorporating silver nanoparticles, when the amount of silver nanoparticles reached 8wt%, 100% of E. coli and more than 99% of S. aureus were killed (Chen et al., 2020). Besides, dodecyl mercaptan functionalized silver nanoparticles were introduced into PP membrane by melt-blending, and the inhibition rates of the antibacterial PP membrane against E. coli S. aureus reached 100% and 84.6%, respectively (Cao et al., 2018). However, due to the non-polar nature of PP, it often faces the uneven dispersion when combined with inorganic powder, and also undergoes the weaknesses, such as poor wear resistance, low weather resistance, and difficult functionalization. Therefore, it is often compound with other polymer chips. Thermoplastic polyurethane (TPU) commonly exhibits excellent impact strength, flexibility and excellent wear resistance. It can improve the mechanical properties of the composites by blending with PP (Bakare et al., 2008). Therefore, by designing organic antibacterial PP/TPU composite membranes (ACMs) with low price and excellent processing performance, endowing them with excellent mechanical properties (such as breaking strength, tensile deformation, wear resistance, etc.), which can be applied for manufacturing invisible braces and other biomedical devices.
In present study, PP, TPU and organic PHMG-SS antibacterial agent were employed to prepare ACMs through the facile hot-pressing technology. The obtained ACMs were characterized in terms of mechanical, morphological and surface features. The results indicated that the ACMs exhibited favorable transparency, excellent antibacterial performance, protein adhesion resistance, and ideal cytotoxicity, and it is expected to be applied as the membrane substrate for IO.
2 MATERIALS AND METHODS
2.1 Materials
Polypropylene (PP) (S2040) was purchased from Shanghai Secco Petrochemical Co., Ltd., thermoplastic polyurethane (TPU) (Elastollan®, Mw∼220000) was purchased from BASF (China) Co., Ltd., and poly (hexamethylene guanidine) hydrochloride-sodium stearate (PHMG-SS) antibacterial compound was prepared with reference to our previous literature (Zhang et al., 2021), potassium dihydrogen phosphate, sodium chloride, potassium chloride, agar powder, yeast extract powder and other reagents were from Chengdu Kelong Chemical Co., Ltd., and tryptone was from Beijing Aoboxing Biotechnology Co., Ltd.; Staphylococcus aureus (S. aureus, ATCC6538), Escherichia coli (E. coli, ATCC8739) were provided by the Functional Fiber Research Laboratory of Sichuan University, and Streptococcus mutans (S. mutans) was provided by West China Hospital of Sichuan University.
2.2 Preparation of ACMs
PP, TPU and PHMG-SS were dried for 12 h to remove moisture. PP and TPU with a total mass of 10 g (different proportions) were mixed for membrane formation through hot-pressing, and PHMG-SS was added during the membrane formation process with two ratios, including 0.5% and 1.0% relative to total mass. The parameter settings are as follows: lamination temperature ∼210°C, lamination including preheating 3 min, precompression 3 min, and pressurization 5 min, exhaust ∼2 times, and the applied pressure was 15 bar/cm2. After the pressing, the mould was withdrawn, and the membranes were collected after cooling naturally at room temperature. Specifically, ACMs were denoted according to the compositions, and named as PxTy, where x, y represent the mass fraction of PP and TPU, for example, when the ratio of PP and TPU was 4:6, the amount of PHMG-SS added were 0, 0.5% and 1%, which were named P4T6, P4T6 (0.5%) and P4T6 (1%), accordingly.
2.3 Characterization of ACMs
The optical transparency of the ACMs was characterized by an UV-visible-near-infrared spectrometer (PerkinElmer 1,050, United States), and the surface wettability was measured by a contact angle goniometer (HARKE-SPCAX 1, China). The mechanical properties of ACMs were tested by a strength tester (YM06E, China). The sample width was 5 mm, the clamp distance was 10 mm, and the tensile speed was 10 mm/min. Each sample was tested five times, and the average values of breaking strength and elongation at break were recorded. The thermal stability of the ACMs was tested by thermogravimetry analysis (PerkinElmer TGA 8000, United States). The test temperature was ranging from 30°C to 800°C, and the heating rate was 10°C/min. The surface potential of the ACMs was tested by a solid/membrane surface ZETA potentiometer (Anton Paar, SurPASS2, Austria). Field emission scanning electron microscopy (SEM, SU3500, Japan) was used to characterize the surface and cross-sectional morphologies of the ACMs. Atomic Force Microscope (AFM, Dimension ICON, Germany) was used to observe the surface roughness of the ACMs, and NanoScope Analysis 1.8 was used for analysis.
2.4 Protein adsorption performance test
All membranes (1 cm × 1 cm) were pre-wetted in Phosphate Buffered Saline (PBS, pH = 7.4) buffer, and then placed in bovine serum albumin (BSA) solution at room temperature for 12 h. After being gently washed with PBS for 5 times, the membranes were placed in 1 mL of PBS and shaken at room temperature for 2 h to elute the protein adsorbed on the membranes surface. Then, the protein elution solution from each membrane was added to the 96-well plate containing the bicinchoninic acid (BCA) reagent and then left at room temperature for 30 min. The amount of adsorbed protein was determined by testing the absorbance at 562 nm by using a microplate reader (Multiskan FC, Thermo, United States). Each sample was tested five times.
2.5 Determination of minimum inhibitory concentration
The antibacterial test refers to the shaking method (Zhou et al., 2022). The bacteria were cultured in liquid culture medium at 37°C to logarithmic-phase, and the bacterial suspension was diluted to 105∼106 CFU/mL with sterile PBS. Then 1, 5, and 10 mg of the ACMs were mixed with 1 mL of the diluted bacterial solution, and the blank control was the bacterial solution without ACMs. Afterwards, the mixtures were cultivated at 37°C for 12 h, and the bacteria solution were diluted to an appropriate concentration by 10-fold dilution method and spread onto the agar plates for the final colony counting.
2.6 Antibacterial kinetic test
Similar to above process, the bacteria were cultured to logarithmic-phase, then diluted to 105∼106 CFU/mL with PBS, 10 mg of P4T6 (1%) membranes were added to bacterial solution for co-culture, and antibacterial tests were carried out with different contact periods (1 h, 2 h, 4 h, 8 h). 100 μL of the bacterial solution was diluted and spread onto the agar plates for the final colony counting and the number of recorded colonies was applied to calculate the antibacterial ratios.
2.7 Live and dead bacteria staining
The bacteria were cultured to logarithmic-phase, the ACMs were added to the bacterial solution for incubation at 37°C for 24 h, and the free-standing bacteria on the surface of the membrane were gently removed with PBS, and then the membranes were stored in the dark. SYTO 9 and PI were used to double-stain the membranes under dark conditions and the staining of bacteria were observed by confocal laser scanning microscope (CLSM) (Liu et al., 2022). Furthermore, the deposited bacteria after washing on the membranes were immobilized through 2.5% glutaraldehyde aqueous solution for 4 h, then dehydrated in ethanol gradient solutions (25%, 50%, 75%, 100%), and each gradient ethanol was placed for 15 min to achieve the dehydrated bacteria. Finally, the adhesion and structural of bacteria were observed by SEM.
2.8 Antibacterial stability test
In order to simulate the application environment of the human oral cavity, the ACMs were soaked in artificial saliva for different periods (6, 12 h) under 37°C, and then washed with distilled water, dried at room temperature. After that, the antibacterial effect was again investigated according to the above antibacterial test process.
2.9 Antibiofilm property (crystal violet staining)
The ACMs were completely immersed in the suspensions containing S. aureus, E. coli and S. mutans (2*108 CFU/mL, 1 mL) for 48 h to form biofilms on the surface. After the membranes were cleaned with PBS to remove the free-standing bacteria, 1 mL of methanol was added to fix them for 15 min in the dark. After that, the methanol was sucked off and evaporated naturally, then the ACMs were incubated with 0.1% crystal violet solution for 15 min, and the unbound crystal violet was washed away by PBS. Then, 1 mL of 95% ethanol was added to dissolve the crystal violet, and the absorbance of the dissolved crystal violet solution was measured at 490 nm using a microplate reader. Each sample was tested five times.
2.10 Cytotoxicity
According to the GB/T16886.5-2003 standard, mouse skeletal muscle cells L929 and cell counting kit-8 assay (CCK-8) were used to detect the cytotoxicity of the ACMs. Firstly, the ACMs were soaked in the DMEM medium containing 10% FBS and 1% penicillin streptomycin at 37°C for 12 h to obtain the ACMs extracts. Simultaneously, L929 cells were seeded on a 96-well plate at 5,000 cells/well, and then cultured in a CO2 incubator at 37°C for 12 h to allow the cells to adhere to the bottom. Then, the DMEM medium was replaced with the ACMs extracts, and the 96-well plates were placed in the incubator for further 3 days. After each day, 200 μL of CCK-8 was added into each well for incubation in the dark for 2 h. Finally, the absorbance values were recorded at a wavelength of 490 nm, and the formula for calculating cell viability was as follows:
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Among them, AW, AN, AB are the absorbance value of the sample, negative control and blank control at wavelength of 490 nm, respectively. Each sample was tested five times.
3 RESULTS AND DISCUSSION
3.1 Characterization of ACMs
Due to the water absorption feature of TPU, if the moisture content is too high, a large number of bubbles will be generated during hot-pressing, which will negatively affect the membrane-forming process. Therefore, PP and TPU have been dried before pressing, and the contents of moisture are shown in Supplementary Table S1. The mechanical properties of composite membranes are summarized in Figure 1A, and it can be found that when P4T6 exhibits the relatively best mechanical properties in terms of tensile strain and strength which are 360.5% and 7.1 MPa, respectively. After adding PHMG-SS, the mechanical properties only slightly decrease (Figure 1B). The reason is that the addition of PHMG-SS may cause stress concentration, which lead to the decline of mechanical properties.
[image: Figure 1]FIGURE 1 | (A) Mechanical properties of composite membranes with different ratios; (B) Mechanical properties of the ACMs; TG (C) and DTG (D) curves of ACMs.
Figures 1C, D show the thermal analysis results of the ACMs. The maximum thermal decomposition temperature of the pure composite membrane exhibits two peaks, which are 352.0°C and 462.7°C, respectively, indicating that the membrane contains two substances (referring to PP and TPU). After the addition of PHMG-SS, both the decomposition temperature and the thermal stability decreased. The possible reason is that the SS components can accelerate the degradation of PP/TPU (Richert et al., 2019), but the ACMs still maintain good thermal stability which can satisfy the thermal sterilization process.
3.2 Surface topography analysis
From the SEM images of the surface and cross section of ACMs shown in Figure 2; Supplementary Figure S4, the surface of P4T6 is smooth, and the cross-section does not show obvious phase separation, indicating that the melt processing compatibility between TPU and PP. According to the measurement, the thickness of P4T6, P4T6 (0.5%), and P4T6 (1%) are 98.3, 98.0 and 93.9 μm, respectively, which indicate that PHMG-SS has no significant effect on film thickness. As the content of PHMG-SS increases, the surface of the membranes gradually becomes rougher, because PHMG-SS influences the interaction between PP and TPU macromolecular chains, and a small amount of unmelted PHMG-SS may also increase the surface roughness of the ACMs. This result was further verified by AFM test. According to the images of AFM (Figures 2C, F, I), the Rq values of P4T6, P4T6 (0.5%), and P4T6 (1%) are 27.6, 32.1 and 40.2 nm, respectively, where Rq represents the root mean square roughness. The lower the Rq value, the smoother the surface of the membranes.
[image: Figure 2]FIGURE 2 | SEM images of the surfaces and cross-section of P4T6 (A,B), P4T6 (0.5%) (D,E), and P4T6 (1%) (G,H), and AFM images of the surfaces of P4T6 (C), P4T6 (0.5%) (F), and P4T6 (1%) (I).
3.3 Surface wettability and antifouling performance
The water contact angle (WCA) is an important indicator of surface wettability. As shown in Figure 3A, the WCAs of pure PP and TPU are 97.1° and 94.6°, while that of P4T6 is 108.1°. Compared with pure PP and TPU, the WCA of their blender increase due to the increased roughness. When PHMG-SS was incorporated into the system, the hydrophobicity decreased, which can be attributed to the presence of hydrophilic guanidine groups in PHMG-SS. However, the WCA value (95.7°) of P4T6 (1%) is slightly higher than that (94.9°) of P4T6 (0.5%). The possible reason is the influence from the geometrical surface roughness and hydrophilic guanidine groups.
[image: Figure 3]FIGURE 3 | (A) Water contact angle of different membranes; (B) BSA standard curve; (C) BSA adsorption amounts; Surface potentials (D), UV (E) and visible light (F) transmittance of the ACMs.
The static protein adsorption performance can reflect the antifouling performance of the ACMs. The BSA standard curve is shown in Figure 3B, and the fitting curve is [image: image]. By substituting the absorbance of the BSA eluate of the ACMs into the standard curve, the BSA adsorption amounts of various membranes are summarized in Figure 3C. The protein adsorption capacity of the positive control (cellulose acetate membrane) is 64.6 mg/cm2, while the protein adsorption capacities of other membranes are lower than 40 μg/cm2, indicating good antifouling performance of the prepared membranes. The surface potentials are shown in Figure 3D, because both ACMs and protein are negatively charged, thus there exists electrostatic repulsion between them, so it shows good resistance to protein adhesion. The BSA adsorption amounts of P4T6, P4T6 (0.5%), and P4T6 (1%) are 36.8, 34.2 and 28.1 μg/cm2, respectively. As the content of PHMG-SS increases, the antifouling performance also gradually increases, because the guanidine groups on PHMG-SS can combine with water molecules and form a hydration layer (Regev et al., 2022). Besides, the hydrophilic property of the membrane surface is also an important factor affecting protein adsorption, and the introduction of PHMG-SS leads to an increase in hydrophilicity (Yuan et al., 2021). In summary, the reduction of protein adsorption is attributed to the PHMG-SS. Considering the application scenario, friction resistance test was conducted for ACMs. As shown in Supplementary Figure S5, after 1,000 times of friction, the weight of the three samples still remains above 99%, showing excellent wear resistance. In addition, owning to long-term application in the oral environment, the antifouling properties of materials are highly susceptible to be affected. Hence, the antifouling stability of the resulting membranes was investigated. As shown in Figure 3C, there is no significant change in the amount of BSA adsorbed by the membranes after all the treatments, including the soaking in in artificial saliva for 1, 3, 7 Days, and after 1,000 times of friction, indicating their good stability.
The optical transparency of IO directly affects its aesthetics. In this study, the optical transparency of the ACMs was characterized by UV-visible spectroscopy. Considering the aesthetics of IO, we fabricated the ACMs with low roughness and good transparency, due to a relatively smoother surface can improve its transparency (Zhong et al., 2021)). Figure 3E shows the transmittance spectra of P4T6, P4T6 (0.5%) and P4T6 (1%). In fact, the transmittance curves of the three samples are very close at 300–800 nm, and reached 60% at 500 nm, which was similar to commercial sample (CS). In addition, as shown in Figure 3F, the words on the paper can be clearly seen through the ACMs. Therefore, the ACMs exhibit good optical transparency close to the commercial product, which can meet the transparency requirements of IO.
3.4 Characterization of antibacterial properties
As a common broad-spectrum antibacterial agent, PHMG shows good antibacterial properties against S. aureus and E. coli (Zheng et al., 2020). S. mutans, a bacterium that widely exits in environment, will secrete acidic substances to corrode tooth enamel, which is one of the main cariogenic bacteria. Therefore, the antibacterial properties of the membranes were investigated with S. aureus, E. coli, and S. mutans. The antibacterial results of P4T6 (0.5%) and P4T6 (1%) against the above three bacteria are shown in Figure 4A, and the MIC values of P4T6 (1%) against S. aureus, E. coli and S. mutans (∼106 CFU/mL) are all less than 10 mg (reference to GB/T20944.3-2008). Both ACMs exhibit bactericidal rates of 99.999% for E. coli and S. aureus, and a bactericidal rate of 99.997% for S. mutans, indicating their extraordinary antibacterial properties. Overall, the antibacterial effect of ACMs against E. coli is better than S. aureus and S. mutans, which may be attributed to the thicker peptidoglycan layer of the cell walls of Gram-positive bacteria (S. aureus and S. mutans) than that of Gram-negative bacteria (E. coli), and this layer can protect them from antibacterial agents (Yang et al., 2021).
[image: Figure 4]FIGURE 4 | (A) Minimum inhibitory concentration of ACMs investigation; SEM (B) and CLSM (C) images of bacteria on ACMs.
The adhesion of S. aureus, E. coli and S. mutans on ACMs were observed by SEM. As shown in Figure 4B, the morphologies of S. aureus, E. coli and S. mutans on the surface of P4T6 are intact and independent, contrastively, three types of bacterial cells on the surface of P4T6 (1%) membrane rupture, partially collapse and fuse together, indicating that P4T6 (1%) exhibits a destructive effect on the bacterial cells, which finally cause bacterial death as PHMG containing positively charged and hydrophobic alkyl groups can act on negatively charged bacterial membranes, leading to bacterial lysis and death (Jiang et al., 2018). Furthermore, with increasing the content of PHMG-SS, the number of bacteria adhered to the surface of the membrane also decrease, demonstrating that the ability of ACMs on preventing bacterial adhesion. Also, the surface electronegativity of ACMs may benefit the reduction of antibacterial adhesion owing to the electrostatic repulsion interaction.
In addition, the antibacterial activity of the ACMs was analyzed by fluorescence staining experiment. Syto 9 can label all bacteria with intact and damaged membranes, while PI can only label damaged bacterial cells with high permeability (Yang et al., 2020; Wang et al., 2023), and the introduction of PI will cause the decrease in the fluorescence intensity of Syto 9. Therefore, when dyed by the mixed solution of Syto 9 and PI, the bacteria with complete membrane structure will show green fluorescence, and the bacteria with damaged membrane structure will show red fluorescence. Images of bacteria after fluorescent staining are shown in Figure 4C. In the control group (P4T6), live S. mutans (green fluorescence) can be found presented in green color. With increasing the content of PHMG-SS, the number of live bacteria decreased and the number of dead bacteria presented in red color increased, and there is almost no green fluorescence on P4T6 (1%) membrane, which means that S. mutans were all killed. Meanwhile, with the introduction of PHMG-SS, the fluorescence intensity decreases, which is consistent with the above antibacterial adhesion observed by SEM. Moreover, the photos of fluorescent stained S. aureus and E. coli treated by P4T6 (1%) are shown in Supplementary Figure S6.
3.5 Antibacterial kinetics and antibiofilm performance
The sterilization rates of ACMs against S. aureus, E. coli and S. mutans at different contact periods are shown in Figure 5A, P4T6 exhibits no antibacterial effect, but as expected, P4T6 (1%) membrane exhibits an antibacterial ability which is positively correlated with contact time (Figure 5B). After 4 h of contact, >99% bacterial were killed. In addition, after the treatment with artificial saliva for 6 and 12 h, the antibacterial ability of P4T6 (1%) still remains above 90% against three types of bacteria (Figure 5C), indicating the antibacterial property of P4T6 (1%) is relatively stable which may benefit the practical application needs of orthodontic patients and can ensure the oral health.
[image: Figure 5]FIGURE 5 | (A) Antibacterial kinetics of P4T6 (1%); (B) Sterilization curves with different contact periods; (C) Bactericidal ability after artificial saliva treatment (6, 12 h); (D) Biofilm growth ratios after crystal violet staining.
The antibiofilm performance of the ACMs are summarized in Figure 5D; Supplementary Figure S7. Taking the commercial sample as a comparison, with increasing the content of PHMG-SS, the biofilm growth ratios are significantly reduced, and the biofilm growth ratios of the three bacteria after the treatment by P4T6 (1%) (14.05% for S. mutans, 47.55% for E. coli, 51.47% for S. aureus) are much lower than those by the control group. On the one hand, the guanidine group on the surface of ACMs kill bacteria and inhibit the formation of biofilms; on the other hand, the hydrophobic surface also prevents the adhesion of bacteria. In brief, P4T6 (1%) can effectively inhibit the formation of biofilms on its surface.
3.6 Cytotoxicity
In addition, in order to further evaluate the safety of the ACMs on the human body, cytotoxicity experiments are conducted using the extracts of P4T6, P4T6 (0.5%), P4T6 (1%) and hydroquinone, respectively. The experimental results (Figure 6) show that the cell viability of all ACMs groups are above 80%, and the relative growth ratio of the P4T6 (1%) group is the lowest, but still higher than 75%. According to the standard toxicity class (GB/T16886.5-2003), their cytotoxicity belongs to class 1, which means ACMs meet the biosafety requirements.
[image: Figure 6]FIGURE 6 | Cytotoxicity test results at P4T6, P4T6 (0.5%), P4T6 (1%) and hydroquinone (positive control).
4 CONCLUSION
In this study, ACMs with favorable transparency and excellent antibacterial performance were prepared by one-step hot-pressing membrane forming technology. The bactericidal rates against S. aureus, E. coil and S. mutans can reach 99.999%, 99.999%, and 99.997%, respectively. In addition, study have also revealed that ACMs had great antifouling property, which can effectively prevent the adhesion and growth of bacteria, and excellent biocompatibility (the cell viability was above 75%). Therefore, the ACMs designed and prepared in this study can be a potential alternative product to commercial IO.
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