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Objectives

Considering the high incidence rates of denture stomatitis, research that providing dental biomaterials with antifungal property are essential for clinical dentistry. The objectives of the present study were to investigate the effect of zinc dimethacrylate (ZDMA) modification on the antifungal and cytotoxic properties, as well as the variance in surface characteristics and other physicochemical properties of polymethyl methacrylate (PMMA) denture base resin.




Methods

PMMA with various mass fraction of ZDMA (1 wt%, 2.5 wt% and 5 wt%) were prepared for experimental groups, and unmodified PMMA for the control. Fourier-transform infrared spectroscopy (FTIR) was applied for characterization. Thermogravimetric analysis, atomic force microscopy and water contact angle were performed to investigate the thermal stability and surface characteristics (n=5). Antifungal capacities and cytocompatibility were evaluated with Candida albicans (C. albicans) and human oral fibroblasts (HGFs), respectively. Colony-forming unit counting, crystal violet assay, live/dead biofilm staining and scanning electron microscopy observation were performed to assess antifungal effects, and the detection of intracellular reactive oxygen species production was applied to explore the possible antimicrobial mechanism. Finally, the cytotoxicity of ZDMA modified PMMA resin was evaluated by the 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay and live/dead double staining.




Results

The FTIR analyses confirmed some variation in chemical bonding and physical blend of the composites. Incorporation of ZDMA significantly enhanced the thermal stability and hydrophilicity compared with unmodified PMMA (p < 0.05). The surface roughness increased with the addition of ZDMA while remained below the suggested threshold (≤ 0.2 µm). The antifungal activity significantly improved with ZDMA incorporation, and cytocompatibility assays indicated no obvious cytotoxicity on HGFs.




Conclusions

In the present study, the ZDMA mass fraction up to 5 wt% in PMMA performed better thermal stability, and an increase in surface roughness and hydrophilicity without enhancing microbial adhesion. Moreover, the ZDMA modified PMMA showed effective antifungal activity without inducing any cellular side effects.
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1 Introduction

As the population aged, improving the quality of life among them has caused great concern due to the difficulty aged people faced on a day-to-day basis. One of the most common issues in aged individuals is the teeth loss. Restorative dentistry has been the outstanding solution to restore such oral functions, and resin-based polymeric systems are widely applied in this area (Kostić et al., 2022). Poly methyl methacrylate (PMMA) is one of the most widely utilized of resin-based polymeric material due to its unique properties, including cost-effectiveness, well cytocompatibility, aesthetics, ease of manipulation, etc (Zafar, 2020). However, there are a number of concerns in the application of PMMA resin, such as its high porosity, surface hydrophobic and roughness (Matsuo et al., 2015; Walczak et al., 2020), which are susceptible to lead dental plaque deposition. In addition, poor denture hygiene contributes to inflammation in oral mucosa. All of these drawbacks are prone to lead denture stomatitis.

Denture stomatitis is a multifactorial oral disease, mainly caused by Candida albicans (C. albicans) infection. Candida-associated denture stomatitis has been found in up to 60% of denture wearers, being the most common oral mucosal issue related with denture base. To overcome such undesirable deficiency, considerable research about PMMA denture base resin modification have been studied, including incorporating nanoparticles, fibers or other fillers, utilizing copolymers to polymerize with PMMA resin matrix and curing in different conditions, etc (Gad et al., 2020; Karatepe and Ozdemir, 2020; Aati et al., 2022). The modified methods of PMMA based denture resin with monomer additives have been reported before (Kanie et al., 2004; Elzahar et al., 2022). For instance, the quaternary ammonium salts (QAS) monomer was a successful approach used in the restorative dentistry to overcome biofilm formation (Melo et al., 2014; Cao et al., 2018).

In addition to this, a novel metal-containing methacrylate monomer has been applied in dental materials recently. The incorporation of metal methacrylate including silver, zinc, calcium and dibutyltin-containing methacrylate into dental resin matrix allowed the materials to exert novel bioactive properties (Rubin Cocco et al., 2018; da Silva Barboza et al., 2021). The ability of these monomers to become immobilized in the main polymer chain and antibacterial effects contribution by metallic elements make them possess potential application value in resin-based polymeric dental material modification. Previous studies have demonstrated that zinc-based dental materials performed broad-spectrum antibacterial activity and biological safety, and thus it is expected that zinc-containing methacrylate will show a feasible antimicrobial effect against oral pathogenic bacterial without impacting biocompatibility. Zinc dimethacrylate (ZDMA), existing in the form of homopolymerized polysalt particles with diameters around 20 ~ 100 nm (Ambrožič et al., 2011), is a kind of metal crosslinking monomer with unsaturated carboxylic groups (the molecular structure of ZDMA was displayed in Figure 1) (Chen et al., 2013a). Two methacrylate (MAA-) groups are connected to the divalent Zn2+ through ionic bonds, and under certain conditions (such as in the presence of oxidation reduction or peroxide), the C=C bonds in MAA- groups can polymerize both with the matrix and itself (Xu et al., 2016; Wu et al., 2022). The ZDMA monomer has showed remarkable performance in clinical dentistry as modification ingredients of composites (Henn et al., 2011; Cocco et al., 2020). For instance, dental resin adhesive containing ZDMA performed great capacities of matrix metalloproteinase 2 (MMP-2) inhibition without impacting resin bond strength (Henn et al., 2012). In our previous study, ZDMA was incorporated into PMMA denture base resin and it demonstrated that modified PMMA resin containing mass fraction of ZDMA less than 5 wt% showed enhanced mechanical properties and also displayed great antibacterial property against Streptococcus mutans (S. mutans). However, there is still a limited information about its antifungal performance, physicochemical characters, surface characteristics and cytocompatibility of such modification.




Figure 1 | Molecular structure of zinc dimethacrylate.



Therefore, the aim of this study was to further evaluate the effect of ZDMA at various mass fraction (1 wt%, 2.5 wt% and 5 wt%) on the thermal stability, surface roughness and hydrophilic/hydrophobic properties, antifungal and cytocompatibility performance of PMMA denture base resin. It was hypothesized that 1) incorporating ZDMA into PMMA resin would increase the surface roughness and hydrophilicity compared with unmodified PMMA; 2) incorporation of ZDMA will provide effective antifungal activity without inducing any cellular side effects.




2 Materials and methods



2.1 Preparation of specimens

The PMMA resin (Nissin, China) and ZDMA particles (Sigma-Aldrich, USA) used in this study were all commercially available. PMMA resin were prepared using the room temperature denture base polymerizing acrylic powder and liquid following the manufacturer’s instructions. To develop the new metal methacrylate modified PMMA resin, ZDMA was added at 1 wt%, 2.5 wt%, and 5 wt% to the PMMA monomer. Mass fraction greater than 5 wt% of ZDMA were eliminated considering that the preliminary study (An et al., 2022) has indicated a significant decrease in mechanical properties. Therefore, PMMA modified with ZDMA (1 wt%, 2.5 wt% and 5 wt%) were applied for the experimental groups, and unmodified PMMA for the control. In total, four groups were performed in this study. The manufacturing methods of the specimens for each group are described briefly below. Different mass fraction of ZDMA was added into acrylic powder and mixed with turbine mixer. After completely mix, acrylic liquid was added into the combined powder to form a paste which was then used to fabricate specimens for experimental groups. The acrylic powder and liquid were directly mixed to fabricate specimens for control group.




2.2 Characterization



2.2.1 Fourier transform infrared spectroscopy (FTIR)

To investigate the effect of the ZDMA incorporation on the PMMA resin, the infrared spectra of transmittance of the specimens selected randomly from each group and ZDMA were recorded using FTIR (Nicolet iS5, Thermo Fisher Scientific, USA) with an attenuated total reflectance (ATR) sampling accessory. The wavenumber was set in the range of 550 to 4000 cm−1. For each spectrum 32 scans were recorded with resolution at 4 cm-1.




2.2.2 Thermogravimetric analysis (TGA)

TGA (Q-50, TA instrument, USA) was applied for thermal stability characterization. The thermal stability of each sample was observed from ambient temperature to 500°C under nitrogen flow at a heating rate of 10°C/min. The weight loss experienced by the specimens as a function of temperature provided the kinetic data, thermal degradation behavior and rate of degradation.




2.2.3 Surface roughness

Specimens (n=5 per group) with dimension of 2 mm in thickness and 10 mm in diameter were prepared for surface roughness examination. Atomic force microscopy (AFM, Multimode 8, Bruker Daltonics Inc, USA) was performed to detect the surface topography and roughness. AFM was used at a high resolution with a sharp silicon tip (0.5 N/m) in tapping mode. The surface topography of the specimens was obtained over an area 10 × 10 μm. The surface roughness of the specimens from each group was obtained with a systemic software (NanoScope Analysis 1.7, Bruker Daltonics Inc), and the data of arithmetic roughness (Ra) were compared. Ra represented the average distance from the roughness profile to the center plane of the profile.




2.2.4 Water contact angle

The water contact angle of the specimens (n = 5) was measured using contact angle goniometer (OCAH200, Dataphysics, Germany) by quickly recording (less than 1 min) the images of ultrapure water droplets (3.5 μL) on the flat surface at 20°C. Contact angle measurements were repeated three times at different positions for each sample to obtain average values.





2.3 Antifungal activity



2.3.1 Biofilm formation

For antifungal experiments, the specimens were fabricated as PMMA discs (diameter = 10 mm, thickness = 2mm) and prior to test, specimens were disinfected using 70% ethanol, washed in triplicate with phosphate buffered saline (PBS) and then placed under UV light for 30 mins. The antifungal activities of the specimens were evaluated by using C. albicans (ATCC 10231). C. albicans were provided by the China-Japan Friendship Hospital of Clinical Microbiology Laboratory, which were cultured in a Sabouraud Dextrose (SD) broth at 37 °C. Each PMMA disc was placed at the bottom of a 24-well plate and around 2 mL of C. albicans suspension (optical density, OD = 0.02, equivalent to 2 × 104 CFU/mL) was added in each well and incubated for 24 h in a humid environment at 37°C under 95% air and 5% CO2 to form mature fungi biofilm on the surface of the samples.




2.3.2 Colony-forming unit (CFU) counting

Following incubation, the specimens (n=5 per group) were washed twice with PBS to remove nonadherent fungi. The C. albicans biofilms adherent to the specimens were collected by scraping and sonication. The obtained biofilm suspensions were serially diluted, and 20 μL of diluted suspension was dropped onto SD solid medium plate and then incubated at 37°C for 24 h in anaerobic conditions. After 24 h, the colonies on the plate were counted for data analysis.




2.3.3 Crystal violet (CV) assay for biofilm biomass

CV assay is the most commonly used quantitative technique for detecting biomass accumulation in microplate method. Specimens (n=5 per group) with C. albicans biofilms were rinsed with PBS to remove nonadherent fungi and then air dried for 20 min. The air-dried specimens were submerged in 100% methyl alcohol for 15 min for fixation and then stained with 0.1% CV solution (C8470, Solarbio, China) for 15 mins. The bound dye was extracted from the stained cells with 95% ethanol solution. Biomass accumulation was then quantified by measuring the optical density of the CV/ethanol extract at a wavelength of 600 nm in a microplate reader (SpectraMax M5, Molecular Devices, USA).




2.3.4 Live/dead biofilm staining assay

The biofilm-coated specimens (n = 5 per group) were washed with sterile deionized water to remove non-adhered fungi. After rinsing with deionized water, the specimens with adhered C. albicans biofilms were stained with the LIVE/DEAD Yeast Viability kit (L7009, Thermo Fisher Scientific Inc, USA), followed by rinsing with deionized water to remove unnecessary fluorescence dye. The stained specimens were examined using an inverted epifluorescence microscope (Eclipse TE2000-S, Nikon, USA).




2.3.5 Scanning electron microscopy (SEM)

The biofilm-coated specimens (n = 5 per group) were employed to observe C. albicans adhesion population and biofilm morphology by SEM (Phenom ProX, Thermo Fisher Scientific Inc, USA). Each specimen was fixed with 2.5% glutaraldehyde at 4°C overnight, and then rinsed with PBS. After fixation, the samples were dehydrated in a graded series of ethanol solutions (30%, 50%, 70%, 80%, 90% and 100%), desiccation, sputter coated with Au−Pd alloy and then inspected by SEM.




2.3.6 Detection of intracellular reactive oxygen species (ROS) production

Intracellular ROS levels in C. albicans adhering to the specimen surface were measured by a fluorometric kit (Solarbio, China) using 2,7-dichlorofluorescein diacetate (DCFH-DA) probe as a ROS indicator as previously described (Pourhajibagher et al., 2020). Briefly, the C. albicans biofilms attached to the surface of specimens (n = 10 per group) were collected, washed with PBS for three times and then resuspended in PBS by adjusting the cell density to 106 CFU/mL. DCFH-DA at concentration of 10 μmol/L was added to the fungus suspension and incubated for 20 mins at 37 °C. The microbial cells were then collected by centrifugation at 12000 g for 5 mins and washed with PBS to remove any unnecessary DCFH-DA. The fluorescence spectrophotometer (Thermo Fisher Scientific Inc, USA) at an emission wavelength of 535 nm and an excitation wavelength of 488 nm was used to determine the fluorescence intensity of the target cells and the inverted epifluorescence microscope was applied for fluorescence observation.





2.4 Cytotoxicity



2.4.1 Cell culture

Human oral fibroblasts (HGFs; PCS-201–030, ATCC, USA) were cultured in fibroblast basal medium (FBM; SC 2301, WHELAB, USA) supplemented with 2% fetal bovine serum, 1% penicillin/streptomycin and 1% fibroblast growth supplement. The culture was incubated with 5% CO2 at 37°C under saturated humidity until 95% confluence was achieved. Cells between the 4 and 6 passages were used for subsequent experimental procedures.




2.4.2 Preparation of the extract

In total, 10 specimens were prepared for each group, leading to a total surface area of 13.2 cm2. The ratio of the specimen surface to the medium volume was 1.25 cm2/mL. The specimens were sterilized and then eluted with fresh FBM at 37°C for 24, 48 and 72 h. The obtained extracts were passed through 0.22 μm filters for the next cytotoxicity tests.




2.4.3 Detection of cell viability

To evaluate the cell viability of the new metal monomer modified PMMA, a 3-(4,5-dimethyl-thiazol-2- yl) -2,5-diphenyl-tetrazolium bromide (MTT) kit (M1020, Solarbio, China) was used according to ISO 10993. The cells were collected and seeded at a density of 105 cells/mL in 24-well plates. After proliferation, 100 μL aliquots of the various extracts obtained from each group were added to 96-well plates. After 24 h of cell culturing, the medium was removed and MTT solution was added. The incubation was cultured at 37°C for 4 h, and the OD value of the formazan product at 450 nm was measured using a microplate reader, since the absorbance of formazan reflects the cell metabolism. Cells without the extracts were cultured as negative control and the extracts containing medium and MTT solution without cells were cultured as blank group. The cell viability value was calculated using the following equation:

	

where OD(t) is the OD value of the extracts from all groups, OD(blank) is the OD value of the blank group, and OD(nc) is the OD value of the negative control group.




2.4.4 Live/dead double staining

HGFs were seeded at a density of 105 cells/well in 24-well plate. The extract from each group was added after 4 h of proliferation. After 24 h of incubation, a live/dead staining kit (L10119, Thermo Fisher Scientific Inc, USA) was utilized to assess the cytotoxicity of the extracts. Calcein-AM was a staining reagent for fluorescently labeling living cells with green fluorescence, and its working concentration was 1 μM. In addition, PI (3 μM) only stained dead cells and excited red fluorescence. Finally, dyed cells were visualized through inverted epifluorescence microscope.





2.5 Statistical analysis

The statistical data are expressed as the mean ± standard deviation. Statistical analysis was performed by using a statistical software program (IBM SPSS Statistics, v22.0 for Windows, IBM Corp, USA). Dependent variables were evaluated by one-way analysis of variance (ANOVA) followed by the Tukey honestly significant difference post hoc test (α=.05) for this study, given that the data were consistent with a normal distribution and variance homogeneity.





3 Results



3.1 Characterization



3.1.1 FTIR

Figure 2 shows the FTIR spectra (550 - 4000 cm−1) of the unmodified PMMA, ZDMA modified PMMA and ZDMA particles. The spectra of all groups were similar which exhibited the characteristic absorption peaks of PMMA (Karatepe and Ozdemir, 2020; Akhtar et al., 2021), such as the IR peaks at 2996.53 cm-1 and 2948.95 cm-1 representing the C-H asymmetric and symmetric stretching absorption peaks, that at 2849.52 cm-1 and 1730.77 cm-1 representing the CH2 and C=O stretching vibration absorption peak respectively. After ZDMA incorporation, ZDMA modified PMMA exhibited the characteristic absorption peaks of ZDMA, including the IR peaks at 1655.48 cm-1, 1610.36 cm-1 and 1425.38 cm-1, etc. The infrared spectra about ZDMA can be described that, the C=O and C-O have been homogenized due to the existence of Zn2+ which leading the two chemical bonds move to the absorption peaks of 1537.12 cm-1 and 1425.38 cm-1, and C=C bonds move its position to 1655.48 cm-1 due to conjugated with C=O (Ambrožič et al., 2011; Chen et al., 2013a). In addition, certain effects were noticed after ZDMA modification, such as transmittance being modified due to the cross-linking and physical blend leading the formation of new chemical bonds. One of the noteworthy IR peaks among the transmittance was the stretching vibration peak at 1208.32 cm-1. The generation of IR peak at 1208.32 cm-1 was due to the open of C=C double bond in ZDMA which confirmed the cross linking of ZDMA in the composite (Ambrožič et al., 2011; Chen et al., 2013b).




Figure 2 | FTIR spectra of unmodified PMMA, ZDMA modified PMMA and ZDMA.






3.1.2 TGA

In order to evaluate the thermal stability of each sample, TGA analysis has been carried out up to 500°C at the heating rate of 10°C/min in nitrogen atmosphere. The weight loss curves are shown in Figure 3 and the comparative study of TGA data for each group are displayed in Table 1. The thermogram of all samples displayed a three-step thermal degradation behavior (Adnan et al., 2021). The first weak weight loss step corresponds to chain scission resulting from hydrogen bonds. The second step is attributed to the scissions of the chains at the unsaturated ends while the later beginning of weight loss is due to the polymeric chain random scission. It is noticeable that the decomposing stage of ZDMA modified PMMA were significantly postponed compared with the unmodified PMMA. As shown in Table 1, the degradation temperature range in the three-step weight loss of ZDMA modified PMMA were all higher than that of the unmodified PMMA, and with the ZDMA mass fraction increased, the degradation temperature range increased gradually. T5, T10 and T50 representative the temperature of mass loss fraction at 5 wt%, 10 wt% and 50 wt%, respectively. In order to evaluate thermal stability, a reference point was selected as criterion, usually, at 5 wt% mass loss according to literature (Vedhanayagam et al., 2020). The TGA results indicated that T5 of ZDMA modified PMMA were all higher than unmodified PMMA and increased with the ZDMA mass fraction, implying that the thermal stability of ZDMA modified PMMA had been improved.




Figure 3 | TGA weight loss curves of each group.




Table 1 | Comparative study of TGA data for each group.






3.1.3 Surface roughness

The surface roughness was examined via AFM, and Figure 4 illustrates representative images and Ra values of each group. The control group showed the lowest Ra value (107.2 ± 2.76 nm). Compared with the control group, ZDMA modified PMMA groups have shown higher Ra values, 108.8 ± 2.59 nm, 110.1 ± 2.24 nm and 110.8 ± 1.63 nm, and there was an absence of statistically significant difference among these three experimental groups (p > 0.05). The 5 wt% ZDMA group (110.8 ± 1.63 nm) displayed the highest Ra values and significantly higher than the control group (p < 0.05).




Figure 4 | Surface roughness of each group. (A) Means ± standard deviations for Ra values of each group (*p < 0.05). (B) Representative AFM image of each group.






3.1.4 Water contact angle

The water contact angles of each group are exhibited in Figure 5. The control group showed the highest hydrophobicity with a contact angle of around 72.1 ± 1.4°. After ZDMA was incorporated into PMMA, as the mass fraction increased (1 wt%, 2.5 wt% and 5 wt%), the contact angle decreased gradually. The contact angle of 5 wt% ZDMA group (59.57 ± 1.53°) was the lowest among these groups and significantly lower than other groups (p < 0.001).




Figure 5 | The water contact angle measurements of different specimens. (A) Means ± standard deviations for contact angle of each group (*p < 0.05, **p < 0.01, ***p < 0.001). (B) Representative contact angle image of each group.







3.2 Antifungal activity



3.2.1 CFU

The amount of C. albicans colonies (CFU/ml) from each group are shown in Figure 6. The C. albicans colonies of the control group were much denser than those of other experimental groups (p < 0.001). For the specimens with ZDMA added, those with 5 wt% ZDMA mass fraction PMMA showed the lowest number of colonies among all groups, about 2-fold lower than the control.




Figure 6 | The number of C. albicans colonies detached from each group. (A) Representative images of C. albicans colonies of each group. (B) Means ± standard deviations for C. albicans colonies of each group ( **p < 0.01, ***p < 0.001).






3.2.2 Crystal violet assay

The C. albicans biomass accumulation was indicated by CV assay and the results are shown in Figure 7. The variance of the C. albicans biomass accumulation for each group was similar to the CFU results. Compared with the control group (2.67 ± 0.01), the biomass accumulation reduced with the ZDMA incorporation. When the mass fraction of ZDMA up to 5 wt%, the biomass accumulation was the lowest (2.07 ± 0.06), reduced significantly compared with the control group (p < 0.05).




Figure 7 | The visualization of C. albicans biofilm formation and means ± standard deviations for C. albicans biomass accumulation of the specimens for each group (*p < 0.05, **p < 0.01).






3.2.3 Live/dead staining

Representative live/dead staining images of the C. albicans biofilm on the surface from each group are shown in Figure 8. The live microbial cells were stained green while the microbial cells with compromised membranes were stained red, and the overlap of live and compromised membranes were stained orange. The control group was primarily covered with live microbial cells with green staining, while the proportion of red staining significantly increased in ZDMA modified PMMA groups, indicating that dead microbial cells obviously increased.




Figure 8 | Representative live/dead staining images of C. albicans biofilms on specimens of each group.






3.2.4 SEM observation

The morphology and distribution of the C. albicans adhered to the surface of each group observed by SEM are shown in Figure 9 and it is obvious that the biofilm of the control group was much denser than those in experimental groups. The C. albicans in the control group shrank less, exhibited a more complete plump shape and formed more contiguous and thicker biofilm covering the entire acrylic surface. The amounts of adhered C. albicans on the ZDMA modified PMMA surface reduced significantly and decreased as the mass fraction of ZDMA increased. Compared with the control group, ZDMA modified PMMA displayed a sparse and less C. albicans compact biofilm distributed on its surface.




Figure 9 | Representative scanning electron microscopy images showing morphologic changes of C. albicans on the specimens of each group: Images (A–D) represent SEM observation at 3000 magnifications. Images (E–H) represent SEM observation at 10000 magnifications.






3.2.5 Detection of intracellular ROS production

The levels of intracellular ROS in C. albicans were detected by DCFH-DA fluorescent probe in the present study. DCFH-DA itself has no fluorescence and it can pass through the cell membrane freely. Once inside, DCFH-DA is first hydrolyzed into DCFH by lipase, and then be oxidized to DCF, with strong fluorescence, by ROS. Accordingly, the production of ROS in cells can be examined by the DCF fluorescence intensity. The fluorescence intensity and representative staining images of each group are displayed in Figure 10. As shown in Figure 10A, there was almost no fluorescence production when the co-culture of C. albicans with unmodified PMMA. In the experimental groups, the fluorescence amount and intensity significantly increased with the incorporation of ZDMA. The data of fluorescence intensity detecting by fluorescence spectrophotometer are shown in Figure 10B. No fluorescence expression detected in the control group. The ROS fluorescence intensity in C. albicans adhering to the specimen surface of experimental groups was in direct proportionate to the increased mass fraction of ZDMA. The fluorescence intensity of 5 wt% ZDMA group was the highest, significantly higher than 1 wt% ZDMA group (p < 0.01).




Figure 10 | The expression of intracellular ROS in C. albicans. (A) Representative ROS fluorescence staining images from each group. (B) Means ± standard deviations for fluorescence intensity of each group (**p < 0.01).







3.3 Cytotoxicity

The in vitro cell viability and cytotoxic effect of the extracts from each group against HGFs were measured and imaged as shown in Figure 11. The relative cell viability reduced with the mass fraction of ZDMA increased among the experimental groups compared with the control group. The 5 wt% ZDMA group exhibited the lowest cytocompatibility, decreased by 19.1% at most and significantly lower than the control group (p < 0.05). With the extension of extracting time, the relative cell viability of each group all decreased. In the present study, the relative cell viabilities were all greater than 90%. The effect of the extracts from each group in different experimental time on HGFs cell proliferation activity were determined by live/dead cell staining kit, and live cells were dyed green with calcein AM while dead cells displayed red due to propidium iodide. Live/Dead double staining assay (Figure 11B) presented that the live cells (green) accounted for more than 90% of the total cells in all groups, but it was obvious that with the increase of mass fraction of ZDMA, the proportion of dead cells (red) increased significantly, particular in 5 wt% ZDMA group.




Figure 11 | Cytotoxicity results of the extracts from each group. (A) The cytotoxicity of the extracts from each group determined by MTT assay (*p < 0.05, **p < 0.01). (B) Representative images of live/dead double staining of HGFs seeded with the extracts for each group and different extracting time.







4 Discussion

PMMA is the most commonly utilized polymers in clinical dentistry due to its great physiochemical properties and cytocompatibility (Zafar, 2020). However, the use of PMMA resin in the oral provides more surfaces for microorganism adhesion and alters biofilms distribution, impacting its application and oral health (Gad et al., 2017). Many attempts have been proposed to overcome such deficiency, such as incorporating QAS monomer into PMMA resin matrix. Such quaternary ammonium compound incorporation was reported to be cytotoxic and impacting mechanical properties (Beyth et al., 2008; Pei et al., 2018). To address these issues, in our previous study, ZDMA, a versatile crosslinker, was incorporated into PMMA matrix to generate a novel kind of metal methacrylate modified PMMA resin, and it was found that when the mass fraction of ZDMA was no more than 5 wt%, ZDMA provided modified PMMA antibacterial action against S. mutans and mechanical properties enhancement. In this study, surface characteristics, antifungal property, cytocompatibility and other physiochemical properties were further detected, and the results indicated that the incorporation of ZDMA significantly affected C. albicans adhesion and activity, without impacting its cytocompatibility.

FTIR results in Figure 2 displayed that all groups contained the characteristic absorption peaks of PMMA, demonstrated that the main structural component of all specimens is the PMMA polymer (Muhammad et al., 2022). The appearance of new absorption peaks in experimental groups at 1425.38 cm-1, 1537.12 cm-1 and 1655.48 cm-1 related to ZDMA (Chen et al., 2013a) also confirmed itself blend modification with PMMA matrix. The resulting modified PMMA resin not only have both PMMA and ZDMA characteristic chemical bonds information, but also showing some new absorption peaks in the range of 1400 cm-1 to 550 cm-1. The appearance of these new transmittance revealed some chemical bonding and physical blend between ZDMA and PMMA in those modified composites (Elmergawy et al., 2021). One of the noteworthy IR peaks among the transmittance was the stretching vibration peak at 1208.32 cm-1. The C=C double bond of ZDMA opened and then the single bond C-(-C=O-)-O generated (Ambrožič et al., 2011; Chen et al., 2013b). The stretching vibration peak around 1208 cm-1 represented the generation of the single bond C-(-C=O-)-O. In the present FTIR spectrum (Figure 2), the appearance of IR peak at 1208.32 cm-1 revealed cross linking of ZDMA monomer in the composite. However, the FITR spectrum only confirmed the generation of cross linking in ZDMA, more specific results about cross linking degree or efficiency should be justified by other characteristic tests.

The thermal characteristics enhancement of the ZDMA modified PMMA resin could be observed studying the TGA results. ZDMA, a kind of ionic crystalline solid, is high in melting point and stable in chemical structure due to the strong interaction between positive and negative charges of the two ionic crosslink bonds (Xia et al., 2021). As it turns out that the second and third stage of the thermal degradation in all ZDMA modified specimens postponed, and the delay degradation stage may result from the incorporation of ZDMA which could increase the bond energy and stability of the composites (Chrysafi et al., 2020). Water contact angle is often used as an indicator for hydrophilic/hydrophobic properties of polymers surfaces. As illustrated in Figure 5, the contact angle of ZDMA modified PMMA were significantly lower compared with the unmodified PMMA, implying the incorporation of ZDMA increase the surface hydrophilicity of the composites. This may be partly attributed to the molecular structure of ZDMA. The hydrophilic functional groups, including carboxyl, hydroxy, carboxylate and acylamino groups, etc, impart hydrophilicity to the polymers (Zimudzi et al., 2018). ZDMA is a kind of unsaturated metal carboxylates, containing two unsaturated carboxylate groups (Chen et al., 2013b; Xia et al., 2021) (its structure was shown in Figure 1). The incorporation of ZDMA provided more hydrophilic groups than unmodified PMMA which may result in the hydrophilicity increase (Nonkumwong et al., 2018).

The application of PMMA denture base resin placing into oral changes the oral environment as well promotes the microbials formation and attachment on the composites surface. The most common isolated oral microorganisms from PMMA denture base resin are C. albicans, which is primarily leading to denture stomatitis, and S. mutans, which is mainly responsible for dental caries (Lapinska et al., 2020). Some studies have reported that S. mutans have a close association with increasing C. albicans biofilm formation (Pereira-Cenci et al., 2008). Therefore, it is crucial for ZDMA modified PMMA denture base resin to detect the potential antibacterial and antifungal effect against S. mutans and C. albicans. In our previous study, ZDMA modified PMMA has been proved to process antibacterial property against S. mutans while this study evaluated the antifungal effect on C. albicans. The amount of adherent and the activity of C. albicans on the ZDMA modified PMMA surface was significantly reduced by the addition of ZDMA, especially with the ZDMA mass fraction increased (as shown in Figures 5–8). The antifungal activity of ZDMA modified PMMA resin against C. albicans could be generally considered to be the contribution of the divalent Zn2+ connected with two methacrylate groups in ZDMA molecular structure. Zinc-containing dental materials, such as zinc oxide-eugenol cements and zinc ion coating implants, have been reported to show great antimicrobial performance against microbial strains (Arun et al., 2020; Yin et al., 2021). The ROS formation activated by Zn2+ is the key in microorganism inhibition (Wu et al., 2009). The excited electron catalyzed by Zn2+ react with the oxygen absorbed on the Zn2+, and then reduce the oxygen into ROS or hydroxyl radicals. Such ROS or hydroxyl radicals with strong redox activity would lead to the cell membrane and protease structure damage, microbial cell dysfunction, and ultimately exerting antimicrobial effects (Vedhanayagam et al., 2020; Yang et al., 2021). In the present study, the intracellular ROS fluorescence intensity were detected in C. albicans adhering to ZDMA modified PMMA surface but no fluorescence intensity in C. albicans on unmodified PMMA surface. These results uncovered that the ZDMA modified PMMA exerts its antifungal activity through Zn2+ induced ROS accumulation in C. albicans.

Moreover, apart from the active antimicrobial ingredients, another primary influence upon microorganism adhesion were the physicochemical property of the dental material surface, including van der Waals force, surface energy, hydrophobicity and roughness, etc (Lee et al., 2018; Kallem et al., 2021). Surface roughness is one of the key determinant factors in dental materials application. There are many previous studies have reported that surface roughness could substantially affect bacterial adhesion on the surface of polymers, susceptible to cause oral health issues (Zou et al., 2017). It was determined that the Ra value over 0.2 µm leading to an increase of microorganism attachment (Al-Harbi et al., 2019). In the present study, the surface of each sample remained unpolished to make the comparison even handed between groups. The AFM results in Figure 4 showed that the Ra values of ZDMA modified PMMA increased with the mass fraction of ZDMA increase. Among these experimental groups, the Ra values of 5 wt% ZDMA group increased by 3.4% compared with unmodified PMMA. Although, ZDMA incorporation increased the surface roughness of modified PMMA resin, it remained significantly below the suggested threshold of dental materials (Ra ≤ 0.2 µm) to avoid negative impact in application, such as microorganism adhesion and accumulation. In addition, an associated change with surface characteristic was the hydrophilicity enhancement in ZDMA modified PMMA resin. The hydrophilicity/hydrophobicity significantly influence the microorganism adherence and accumulation on materials surface (Hamid et al., 2021). The hydrophobic interaction occurs between the microbial surface and PMMA resin, leading the microbial cells to overcome the initial electrostatic repulsive forces between them (Krasowska and Sigler, 2014; Aati et al., 2022), thereby enhancing microbial biofilm adherence over the substrates. Another plausible explanation could be that hydrophobic surfaces favors proteins accumulation which provide specific binding sites for microbiomes and thus accelerating and facilitating their adhesion as well (An and Friedman, 1998). The surface hydrophilicity enhancement would lead to the formation of a tight water layer that create a physical barrier and then inhibit microbial adhesion. The results in the present study were consistent with the aforementioned studies, the amount of C. albicans adherence to the surface of the modified PMMA reduced significantly with the surface hydrophilicity enhancement, that confirmed by the CFU counting, biomass accumulation examining by CV assay, and the evident biofilm observation through SEM. The incorporation of ZDMA into PMMA matrix increased the composites hydrophilicity and then reduced the C. albicans attachment on its surface.

Biocompatibility of dental materials is a critical consideration for application in clinical (Caldas et al., 2019). In the present study, the inhibition about HGFs cell viability with ZDMA modified PMMA enhanced with the ZDMA mass fraction increase and the extension of extracting time. This may partly result from the incomplete cured residual monomer (Ausiello et al., 2013), including MMA and ZDMA, leaching out from resin matrix. The unpolymerized monomer can induce adverse effects in biological tissues through cell DNA damage, inhibiting cell cycle, et al (Issa et al., 2004). Apart from this, ZDMA modified PMMA resin can not only induce C. albicans to generate ROS to exerts its antifungal activity but also induce normal cells to product ROS leading to itself apoptosis, and this may impact biocompatibility. The results of cytotoxicity in the present study supports our inference about the inhibition in cell viability. In general, despite an inhibition in cell viability compared the unmodified PMMA resin, it was still all above 90% in all ZDMA modified PMMA, considered well biocompatibility according to the International Organization for Standardization (ISO) 10993-5 standard (Walters et al., 2016).

The achieved results in the present study verified the hypotheses that incorporating ZDMA into PMMA resin increased the hydrophilicity and roughness without enhancing microbial adhesion compared with unmodified PMMA; incorporating ZDMA into PMMA resin achieved great antifungal effects and without inducing any cellular side effects.




5 Conclusion

A novel metal methacrylate monomer modified PMMA denture base resin was developed in the present study. With the ZDMA mass fraction increased (up to 5 wt%), the thermal stability and surface hydrophilicity enhanced significantly, and the surface roughness also increased while remained below the recommended threshold. Moreover, ZDMA modified PMMA resin showed great antifungal activities without inducing any cytotoxic effects. Therefore, the modification of PMMA denture base resin with ZDMA monomer holds a promising future in clinical dentistry.
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it 388.29 ~ 460.26 96 Wt%
1 192,51 ~ 32331 12 wt%

2.5 wt% ZDMA 1 32331 ~ 389.55 60 wt% 266.67 31437 380.17
il 389.55 ~ 466.16 96 Wt%
1 20229 ~ 324.74 10 wt%

5 wt% ZDMA I 324.74 ~ 387.69 56 wi% 275.96 32474 38129
il 387.69 ~ 483.82 93 wt%
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