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Abstract

:

Colonization of temporary denture soft linings and underlying tissues by yeast-like fungi is an important clinical problem due to the negative influence on the process of prosthetic treatment. Typical hygienic procedures are often insufficient to prevent fungal infections, so in this study, an antimicrobial filler (silver sodium hydrogen zirconium phosphate) was introduced into acrylic soft liner at concentrations of 1, 2, 4, 6, 8 and 10% (w/w). The effect of this modification on antifungal properties against Candida albicans, cytotoxicity, Shore A hardness, tensile strength and tensile bond strength, sorption and solubility was investigated, considering the recommended 30-day period of temporary soft lining use. The most favorable compilation of properties was obtained at a 1 to 6% filler content, for which nearly a total reduction in Candida albicans was registered even after 30 days of sample storing. The tensile and bond strength of these composites was at the desired and stable level and did not differ from the results for the control material. Hardness increased with the increasing concentration in filler but were within the range typical for soft lining materials and their changes during the experiment were similar to the control material. The materials were not cytotoxic and sorption and solubility levels were stable.
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1. Introduction


Soft and elastic materials bonded to the surface of dentures or some other prosthetic devices in the oral cavity in order to reduce their traumatic impact on the underlying tissues are defined as denture soft linings. Their application allows for a more uniform distribution of forces transferred to the tissues under prosthesis and dissipation of some energy during work [1]. This plays a protective role mainly in relation to soft tissues because it helps relieve the mucosa from high local loads, which supports the prosthetic treatment process [2]. In ISO 10139 standards, soft relining materials are classified as long-term (more than 30 days) or short-term (a continuous period from 60 min up to 30 days), where the second group is clinically used as tissue conditioners and as temporary soft lining materials [3,4]. Tissue conditioners are plasticized, uncross-linked, viscoelastic gels characterized by a rapid loss of physicochemical properties [5,6] and placed on the surface of the prosthesis for a period of up to 7 days to restore the mucosa to a proper, healthy state [4]. Temporary soft lining materials are usually a cross-linked acrylic that are supplied by manufacturers as two-component “powder-liquid” systems, where “powder” is prepolymerized poly(ethyl methacrylate) (PEMA) with the initiator and ”liquid” consisted mixture of plasticizers (low molecular weight esters, such as dibutyl phthalate or ethyl acetate) with monomers such as methyl ethyl or butyl methacrylates, characterized by a longer side chain length, which reduces the glass transition temperature and hardness [7]. The properties of cross-linked materials are much more stable than for tissue conditioners [2]; however, they are still worse than for long term soft linings, especially when we take into account the tendency for hardening [8] and the values of sorption and solubility, which are too high to classify them as long-term materials [9]. It should be noted that ISO standards do not indicate any differences in physicochemical properties for tissue conditioners and other short-term soft liners, and moreover, cross-linked temporary soft liners are often used in place of tissue conditioners in cases where it is not practicable to replace the conditioner every few days [6]. Due to the low modulus of elasticity and the ability to dissipate energy during chewing, temporary relining materials are used in clinical practice for relining immediate dentures, in case of mucosa pain associated with the impact of a hard prosthesis, during implantological treatment and during treatment of mucosal injuries resulting, for example, from surgical procedures or denture function, to temporarily improve the fit of an ill-fitting denture until the development of a new one or as a diagnostic aid to determine whether the patient would prefer to use a long-term soft lining [10,11]. Classic soft lining materials belong to the group of polymeric dental materials, but clinical challenges make it necessary to take a creative approach and search for new solutions that will improve their properties. This progress can be achieved, as in the case of other types of dental materials, by developing composites containing a reinforcing phase that enhances the desired biofunctional features [12] and by a conscious design based on modern methodology [13].



Maintaining proper hygiene of dentures is essential for the success of prosthetic treatment, especially in the case of wounds of the mucosa; however, it is difficult if conditions in the oral cavity (temperature, humidity, low pH value, closed space between the mucosa and the prosthesis favoring the growth of pathogenic microflora) are considered [14]. Colonization of soft lining materials, mainly by yeast-like fungi such as Candida albicans (C. albicans), increases the risk of complications during treatment and limits its effectiveness. These microorganisms have been shown to colonize the surface of materials, but also to penetrate inside them [15]. Research indicates that hydrophilic acrylic soft linings show increased susceptibility to colonization [16], and the problem cannot be solved by the use of denture cleaning agents, which cause surface microdamage that increases the adherence of C. albicans and favors the colonization process [17]. For this reason, investigations focused on increasing the antimicrobial resistance of soft linings are considered particularly important. In the case of tissue conditioners, the solution most frequently proposed is the combination of treatment with pharmacotherapy [18] or the use of additives in the form of antibiotics [19] or natural oils [20,21] to materials, but these solutions are not effective in the case of prolonged use of other than tissue-conditioner short-term soft linings due to the leaching of active substances and increasing drug resistance of microorganisms [22]. It is believed that obtaining a more sustained antimicrobial effect without the risk of developing drug resistance is possible by introducing fillers with antimicrobial properties or by adding polymeric ingredients. It has also been shown that an antimicrobial effect can be achieved as a result of the use of magnesium oxide [23] or chlorhexidine nanoparticles [24], and chemical modification of the surface by long chain (hydrophilic or hydrophobic) can reduce the initial adherence of C. albicans [25]. However, in those investigations, only the initial antifungal effect (without stability in time) was tested, and the influence of these additives on other materials’ properties was not investigated. Special attention was paid to the addition of nanosilver. It was tested as an additive to long-term soft lining [26] or tissue conditioners [27]. For long-term materials, the stability of the antifungal effect was not tested [26], but for tissue conditioner, the antimicrobial effectiveness was obtained for 72 h, but only at high concentrations [27]. However, the introduction of nanosilver into soft lining was the cause of a decrease in mechanical properties [26]; moreover, a significant color change (dark discoloration) due to the plasmon effect on nanoparticles was observed [28] which is unacceptable for to practical reasons. Ferreira et al. [29] investigated the antifungal efficacy of silver-zinc zeolite nanoparticles incorporated into a temporary soft lining during the 30-day experiment and achieved some success whereby after a week the antimicrobial effect gradually decreased over time. The study did not analyze any properties other than microbiological. Kreve et al. [30] investigated the effect of nanostructured silver vanadate decorated with silver nanoparticles and showed an initial antifungal effect and an ambiguous effect (increase or decrease depending on the resin used) on tensile bond strength to denture base resins, but the stability of investigated properties was not tested.



The studies conducted so far indicate that the use of silver may contribute to the solution of microbiological problems related to the use of temporary soft linings; however, it is necessary to search for additives that will eliminate the unfavorable consequences of introducing, e.g., nanosilver. Such a carrier may be silver-sodium-hydrogen-zirconium phosphate, which has not been studied in this regard to date. The use of this white-in-color ceramic carrier, which releases silver ions to the environment, seems to be of particular interest, but it is necessary to determine the microbiological effect and mechanical properties in the expected life of the materials in the first stage of investigations. It should be emphasized that previous research on the use of silver or silver carriers focused on the assessment of microbiological properties in the initial state (with one exception), and the mechanical properties were usually not analyzed or analyzed only in the initial state. The aim of the present study was to investigate the antifungal and mechanical properties and their stability during the expected period of the use of experimental composite material for the temporary relining of dentures filled with silver-sodium-hydrogen-zirconium phosphate. The thesis was that it is possible to obtain increased antimicrobial resistance of the acrylic soft lining material by using a submicrometer filler in the form of silver-sodium-hydrogen-zirconium phosphate, while maintaining the advantageous properties of the starting material.




2. Materials and Methods


2.1. Materials Preparation


Vertex Soft (VS) (Vertex Dental, The Netherlands), a two-component (powder-liquid system) acrylic, declared by the manufacturer as temporary soft relining, was used as the modified material and the control material (CM) is the component heat-cured system where pre-polymerized powder is composed of poly(ethyl methacrylate) and benzoyl peroxide and liquid is a mixture of plasticizer (>80% w/w), methyl lmethacrylate (<20% w/w) and ethylenglycol dimethacrylate (<5% w/w). An antimicrobial filler (AF) was silver-sodium-hydrogen-zirconium phosphate with the total formula Ag0.46Na0.29H0.25Zr2(PO4)3 (Milliken Chemical, Spartanburg, SC, USA) containing approximately 10% silver (by weight) [31].



Figure 1 shows a schematic presentation of the composites’ preparation procedure. The filler was introduced into the material in two stages. The concentration of AF in the Vertex Soft powder (VSP) component was constant and limited to 1% because the use of the higher concentrations promotes the formation of an aggregation of filler particles on the surface of the particles of the modified powders [32]. AF to VS-P was mixed using a planetary ball mill (Pulverisette 5, Fritsch, Idar-Oberstein, Germany). The mixing time of 5 min with a rotation frequency of 400 rpm were used to introduce filler into 10 g of VS-P in a grinding bowl (volume 250 mL) with 50 pieces of 10 mm diameter ZrO2 balls; these parameters were determined in previous experiments [32]. All mass measurements were carried out on a Radwag AS/X analytical balance with an accuracy of 0.001 g. The material obtained in this form was suitable for long-term storage.



The mass concentration of AF in the Vertex Soft liquid (VSL) component was calculated to obtain the final mass concentration in composites of 1, 2, 4, 6, 8 and 10% after polymerization of the samples (Table 1) taking into account the proportions recommended by the manufacturer in which VSL and VSP components should be combined. Modified VSL was obtained with the use of a constant mass of the liquid (15 g) to keep the experimental conditions unchanged (identical conditions of combining VSL with AF). The weighed mass of VSL was placed in a glass test tube, then AF was introduced into it, the test tube was closed and shaken for about 30 s. The test tube was placed on a rack, immersing it in water to cool the system (temperature 16 to 18 °C) and subjected to ultrasonic homogenization in three sequences for a total of 90 s (Ultrasonic Homogenizer UP200St, Hielscher Ultrasonics, Teltow, Germany).



The samples were polymerized according to the manufacturer’s instructions immediately after ultrasonic homogenization was completed to prevent sedimentation of the AF in VSL. During the mixing of the components, the manufacturer’s recommended proportion of unmodified VSP to VSL was followed (VS-L/VS-P ratio is 1.273). The necessary mass of the materials was calculated on the volume of the molds in which polymerization was carried out, assuming at least 50% material loss during manual activities. The mass of the modified materials for making the mixtures was calculated from the equations:


    m   V S P A F   = 1.010101 ×   m   V S P    



(1)






    m   V S L A F   =   m   V S L     −       C   A F V S L     ×   m   V S L       1 −   C   A F V S L          



(2)




where: mVSPAF—mass of VSP with the addition of 1% AF, g; mVSP—mass of VSP necessary to obtain the material with the proportions of VSL to VSP recommended by the manufacturer, g; mVSLAF—mass of VSL with the addition of AF, g; mVSL—mass of VSL necessary to obtain the material with the proportions of VSL to VSP recommended by the manufacturer, g; cAFVSL—concentration of AF in the VSL component, %.



Test samples (excluding bond strength tests) were polymerized in stainless steel (316 L) molds using an insulator (samples for hardness tests) and/or spacers made of Teflon foil (other samples). The internal diameter of the mold for samples for hardness testing was 40 mm and its height was 6 mm. For scanning electron microscopy (SEM), microbiological tests and tensile strength tests 80 × 80 mm and 2 mm thick plates were made from which samples of appropriate shapes were cut.




2.2. Methods


2.2.1. Scanning Electron Microscope Investigations


The qualitative assessment of VSP morphology after mixing with AF and the qualitative analysis of AF particle dispersion in the composites were carried out with scanning electron microscopy investigations (SEM) (Supra 25, Zeiss, Berlin, Germany). For the powder samples, they were taken from randomly selected locations and placed on a carbon tape (Agar Scientific, London, UK). Filler dispersion in the polymerized composites was analyzed in cross sections obtained by breaking the sample previously cut to 1/3 of its thickness in liquid nitrogen. The samples were dried for 2 h at a temperature of 40 ± 1 °C in a desiccator containing silica gel freshly dried at 130 °C for 4 h. The samples were sputtered with gold. The accelerating voltage was 1 to 5 kV.




2.2.2. Antifungal Efficacy


Rectangular samples that measured 10 × 10 × 2 mm were stored in 500 ± 20 mL of distilled water (Avantor, Gliwice, Poland) for 24 h, 7 days and 30 days at 37 ± 1 °C. The water was changed every 3 days. After storage, the samples were dried at 37 ± 1 °C for 48 h in desiccators containing dried silica gel. The antifungal properties tests were carried out based on the previously described method [33]. Standard strains of Candida albicans ATCC 10231 (C. albicans) were used. Sterilized square samples were immersed individually in 1 mL of C. albicans suspensions containing approximately 1.5 × 105 CFU/mL (CFU, colony-forming units) in tryptone water. C. albicans was tested as a positive control, pure tryptone water was tested as a negative control. The samples were incubated in a shaking incubator for 17 h at 35 °C for C. albicans and then 20 μL of suspension was seeded in Sabouraud agar plates (bioMerieux, (Marcy l’Etoille, Lyon, France). Cultured plates were incubated at 35 °C for 17 h, the colonies were counted and composite antifungal efficacy of the compounds was calculated:


  A F E =     V   c   −   V   t       V   c     × 100 %  



(3)




where Vc is the number of viable colonies of the positive control (BLANK), CFU/mL, Vt is the number of viable colonies of the test specimen, CFU/mL.




2.2.3. Adherence of Candida albicans Cells


Fungal adhesion tests were performed by incubating rectangular samples that measured 10 × 10 × 2 mm stored in 500 ± 20 mL of distilled water (Avantor, Gliwice, Poland) for 24 h and 30 days at 37 ± 1 °C. The water was changed every 3 days. After storage, all samples were placed for 18 h in 1 mL of C. albicans ATCC 10231 suspension ~1.5 × 105 CFU/mL in tryptone water at 37 °C and the methodology described in the work [34] was then used with modifications regarding the substrate used to determine cell adherence. The samples were vortexed in 1 mL of sterile water, 100 µL of undiluted obtained suspensions were seeded onto Sabouraud agar plates (bioMerieux) (Marcy l’Etoille, Lyon, France) and incubated at 37 °C for 24 h. The number of cells was measured by counting the colonies (automatic colony counter ProtoCOL 3 PLUS, Synbiosis, Frederick, MD, USA).




2.2.4. Cell Viability Assay (MTT Assay)


The cell viability assay was performed in accordance with the EN ISO 10993-5:2009 standard [35] and the methodological details were fully described in previous work [34]. Rectangular samples that measured 10 × 10 × 2 mm of the composites were placed in 2 mL of culture medium used for the culture of fibroblasts of the L-929 line and incubated at 37 °C in an atmosphere of 5% CO2 for 2 or 10 days (2-day and 10-day extracts). Culture medium incubated at the same conditions was a control. A suspension of cell culture of the L-929 line (NCTC clone 929) purchased from the American Type Culture Collection, catalogue number CCL-1 (Manassas, VA, USA) with a final density of 1 × 105 cells/mL of medium was used. Finally, the viabilities of L-929 cells contacted with the extracts of the tested composites were evaluated. Mouse fibroblasts under in vitro culture conditions were incubated for 24 h with undiluted extracts and their viability was assessed using the bromo-3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium assay (MTT assay).



The DMSO was used to extract MTT formazan. The absorbance was determined at 550 nm using the Eon automatic plate reader (BioTek Instruments, Winooski, VT, USA). Cell viability (%) was calculated using the formula:


  C e l l   v i a b i l i t y =   A b   A k   × 100 %  



(4)




where: Ab—the absorbance of the test sample, Ak—the absorbance of the control.




2.2.5. Shore A Hardness


For Shore A hardness measurements 3 samples (40 mm in diameter and 6 mm in thickness) for each material were prepared and values were registered after 5 s of loading at 5 points of every sample as recommended in ISO 48-4:2018 [36] standard with digital durometer (Bareiss HPE II-A, Bariess, Oberdischingen, Germany). Tests were performed after 24 h, 7 days and 28 days of storing of samples in distilled water at 37 ± 1 °C. To take into account the influence of temperature on the hardness values of this type of material, 2 h before measurements, the samples were placed in steel molds that facilitated the maintenance of the temperature after being removed from the bath. After removing the sample from water, it was rapidly dried of visible moisture with filter paper, 3 measurements made within a maximum of 30 s, and the sample was placed in water for another 10 min, followed by the remaining 2 measurements.




2.2.6. Tensile Strength


The dumbbell-shaped samples of type 4 specified by ISO standard [37] were stored in distilled water at 37 ± 1 °C (24 h, 7 days and 28 days). For each composite/conditioning time, 10 samples were made. After storing, the samples were measured and tensiled with a cross-head speed of 10 mm/min until brake using a universal testing machine (Zwick Z020, Zwick GmbH & Com, Ulm, Germany). The ultimate tensile strength was calculated according to the equation:


    T   s   =   F   A    



(5)




where: TS—ultimate tensile strength, MPa; F—force at rupture, N; A—initial cross-sectional area, mm2.



Randomly selected fractures were sampled with gold and investigated with SEM at the accelerating voltage of 1 to 5 kV.




2.2.7. Tensile Bond Strength


Tensile bond strength (TB) to the denture base resin was examined according to the method presented in [3,33] with additional and necessary specifications for the preparation of samples. Samples of PMMA denture base resin (DBR) (Vertex RS, Vertex-Dental B.V., Zeist, The Netherlands) measuring 20 × 20 mm and 3.3 ± 0.2 mm thick were cured in accordance with the manufacturer’s instructions, wet ground with P500-grit abrasive paper to standardize the surface, air blasted with Al2O3 (110 µm) particles at 4 bar pressure and finally cleaned in an ultrasonic cleaner for 10 min. Dentures of the base material samples were conditioned in distilled water (37 ± 1 °C, 28 days), and then removed from water in pairs and dried. The control and experimental soft lining materials were placed in a polyethylene ring (inner diameter 11 mm, height 3 ± 0.1 mm) and compressed between two samples of denture base material, inserted between two brass flat bars that were twisted to apply pressure as is the case with the flasking method in a standard prosthetic procedure. After polymerization was conducted according to the manufacturer’s instructions, the samples were placed in distilled water at a temperature of 37 ± 1 °C for 24 h, 7 days, and 30 days. Ten samples were prepared from each composite. Two to three hours before the end of the storage time, the samples were removed from the water with handles in the form of M4 using reducers as it was described in the paper [33]. The samples were placed back in the water until the anticipated conditioning time was complete and finally were removed from the water, mounted in reducers in the jaws of the testing machine and a tensile test was performed at a cross-head speed of 10 mm/min. Tensile bond strength was calculated with the equation:


    T   B   =     F   m     A    



(6)




where: TB—tensile bond strength, MPa; Fm—maximal force, N; and A—the initial cross-sectional area (internal area of the polyethylene ring), mm2.



For each of the samples, the type of fracture was determined and classified as follows.



	
Type A: debonding of the material from the denture base material (adhesive fracture) with the possible presence of remnants of the soft lining material invisible to the naked eye and not protruding from the plate.



	
Type B—cohesive fracture: when only the soft lining was damaged (no zones indicating loss of bonding between the PMMA plate and the relining).



	
Type A*—similar to type A: with the difference that there were single, visible with the naked eye, areas of cohesive destruction, where none of the dimensions exceeded 1 mm.



	
Types A + B mixed fracture: when the fracture areas of types A and B were simultaneously represented.






Randomly selected fractures and interface morphologies between bonded materials obtained by breaking samples in liquid nitrogen were sputtered with gold and investigated with SEM at the accelerating voltage of 1 to 5 kV.




2.2.8. Sorption and Solubility


Five samples (50 mm in diameter, 1 mm in height) of each material prepared in stainless steel molds were dried inside desiccators with freshly dried silica gel at 40 ± 1 °C and weighed daily (Analytic Scale AS 60/220.X2.PLUS, Radwag, Poland) with an accuracy of 0.1 mg to achieve daily changes in the mass < 0.1 mg (m1). Directly after drying the samples were placed individually in 100 mL of distilled water for 7 days at 37 ± 1 °C. After storing, the samples were dried from visible moisture with filter paper, weighed (m2) and the drying was repeated as previously (m3). The water sorption (WSO) and the solubility (WSL) were calculated according to the following formulas:


  WSO =    m 2  −  m 3     m 1    × 100 %  



(7)






  WSL =    m 1  −  m 3     m 1     



(8)








2.2.9. Statistical Analysis


Statistical analysis of the results was performed using the PQStat version 1.6.6.204 (PQStat Software, Poland). The residuals distributions were tested with the Shapiro–Wilk test and the equality of variances was tested with the Levene test. One-way or two-way ANOVA with a possible F * correction (Brown–Forsythe) and Tukey HSD post hoc tests were used (α = 0.05) and the t-student test. The impact materials used in the fracture observed in the bond strength test were tested with the exact Fisher-Freeman-Halton test for tables R × C (α = 0.05). Antifungal efficacy test results were analyzed using non-parametric Kruskal–Wallis test (α = 0.05).






3. Results


The VSP particles were mostly 10 to 50 µm in diameter (Figure 2a). In Figure 2b,c, the surface of VSP with deposited AF particles was presented. Their number in relation to the entire surface of the VSP spheres was relatively small, which was consistent with the assumption, while the presence of both single AF particles and their small aggregations was observed. The filler dispersion on the AF particles was satisfactory. SEM observations also showed that a significant number of filler particles were pounded into the surface of the VSP particles (Figure 2c).



The morphologies after polymerization of the samples are presented in Figure 3. AF particles were distributed in areas between the prepolymerized spherical particles becoming of VSP. Single cubic particles and the aggregations of AF measuring 500 nm to 2 µm (composed of several dozen particles) were characteristic of composites from C1 to C4 (Figure 3a,b). Starting from C6, the distances between AF particles decreased and it is difficult to clearly state in what sizes the aggregations occur (Figure 3c,d). The areas between the particles were well filled with the polymerized material, no air bubbles or voids between the AF particles were observed. There was no tendency to increase the presence of the AF near the interface between VSP-derived particles and VSL-polymerized material. The SEM observations confirmed that the distribution of the filler may be determined as appropriate.



The results of the antifungal test and their statistical analysis are presented in Table 2 and in Figure 4a. For samples stored in distilled water for 24 h and 7 days, statistically significant differences in Vt values (p < 0.05) were observed. The median value of Vt for CO was at least several times higher than that for composites. For all materials, high AFE values (reduction compared to positive control) were registered. For CO, the median was 95.1% after 24 h and 94.5% after 7 days, for composites, the median values ranged from 98.8 to 100%. After 30 days, the Vt values differed statistically significantly (p < 0.05). The median Vt value for CO was several dozen times higher than that for composites. For CO, the median AFE value was 25.5%, with the minimum value −24.4% (an increase in the number of microorganisms in relation to the positive control). Statistical analysis showed that in the case of CO, storage in distilled water caused statistically significant changes in Vt values, while for all composites, the differences were not statistically significant.



Initially, the number of live C. albicans adhered to the surfaces (Figure 4b and Figure 5) decreased significantly after the introduction of AF (p < 0.0001 and p = 0.0006 for samples stored in distilled water for 24 h and 30 days, respectively). For composites with AF, the number of adhered live cells was over three times smaller than for CO, but after 30 days, this difference was smaller with much higher standard deviation values. The post hoc tests did not show statistically significant differences in the number of adhered cells for composites with different AF concentrations. After 30 days, the number of live, attached C. albicans cells increased significantly (p = 0.0154) for CO. A similar tendency was noted for composites, but the differences were statistically significant only in the case of the two highest concentrations.



The mean viability values of L-929 cells for the extracts are presented in Figure 6. For 2-day and 10-day extracts there was no statistically significant difference (p = 0.3895 and p = 0.0944, respectively) between the groups and all values were above 70%. The significant (p < 0.05) reduction in viability of cells due to the extension of extracting time were registered for materials most materials excluding C10, for which the reduction in viability was not statistically significant.



The mean Shore A hardness values are presented in Figure 7. AF concentration and storage time significantly increase hardness values (Table 3); however, for two composite materials, the influence of storage time was not statistically significant. The mean hardness values after 24 h of storage in distilled water ranged from 31.7 (C0) to 37.1 (C10). After 30 days, the mean values for the C0 and C10 materials were 32.7 and 38.6 Shore A, respectively. The mean values for the C10 composite after 24 h and 30 days of storage were 17% and 18% higher, respectively, than for the material C0. The increase in hardness values with storage was from 2% (C4) to 4% (C10).



The mean tensile strength values are presented in Figure 8. AF concentration significantly influenced mean tensile strength (Table 4); however, after 24 h of storage, differences were not statistically significant. After 7 days and 30 days of storage, the lowest mean tensile strength values were registered for C0 (5.0 MPa and 4.6 MPa, respectively), and the highest (5.6 MPa for both storage times) for C8. Storage time did not have a significant influence on tensile strength values.



SEM observations of fracture surfaces for materials from C0 (Figure 9a) to C4 (Figure 9b) showed similar morphologies; however, increasing the AF concentration increased the presence of areas of characteristic faults covered with AF (on samples indicated by red arrows) that indicate a local loss of load capacity of areas crated during polymerization of a modified VSL. Starting from the C6 (Figure 9c) to C10 material (Figure 9d), the shape of the faults became more irregular and their number and area increased.



The mean tensile bond strength values are presented in Figure 10. AF concentration significantly influenced mean TB values, but only after 30 days of storage (Table 5); storage time has a significant influence on the tensile bond strength values. For C8, statistically significant differences were recorded after 30 days compared to the starting point, but for the composite C10 the values differed, and statistically significant differences were observed after each storage time. The distributions of fracture types after bond strength tests are presented in Figure 11. The dominant type were A and A *, while the types A + B and B were observed, except for one sample, only for C0, C1 and C2 materials. After all storage times, statistically significant (p < 0.0001) differences in the distribution in types of fractures were observed along with an increase in AF, which was related to the increase in the percentage in type A * (24 h) or A (7 days and 30 days). The storage time had a statistically significant effect on the types of fractures of CO material (p = 0.0005), which was caused by the appearance of 40% type B fractures after 30 days. There was no statistically significant (p > 0.05) influence of storage time on the types of fractures for materials C1, C2 and C4. A statistically significant (p < 0.0001) influence of the storage time on the types of fractures for the materials from C6 to C10 was related to the successive increase in the percentage of type A.



The SEM morphologies of the DBM interface and soft lining without AF and with AF were presented in Figure 12a–c. For the composites (Figure 12b,c), the layer measuring from approximately 1 to 10 µm (yellow arrow) in direct contact with DBR along its entire length showed the presence of AF particles. Representative SEM images presenting morphologies of fractures after bond strength tests were presented in Figure 13. For CO samples, large areas of morphology obtained after alumina blast without the presence of soft lining material were observed; however, there were also micro and macro areas covered with the soft lining material (Figure 13a,b). As the AF concentration increased, the alumina-blasted surface was covered in an increasing proportion with a layer of composites showing the presence of a large number of AF particles (Figure 13c–e). Uncovered areas, showing the presence of a small number of AF particles on the surface, were still observed (Figure 13f), but for C8 and C10 were rare.



The mean sorption and solubility values are presented in Figure 14. The sorption values ranged from 1.01 to 1.11% and the differences were not statistically significant (p = 0.3087). The solubility values were from 0.08 to 0.1% and the influence of AF filler introduction was not statistically significant (p = 0.907). The mean sorption and solubility values calculated with EN ISO 10139-2:2016 standard formulas are presented in Figure S1. The sorption values ranged from 12.7 to 14.9 µg/mm3 and the solubility were from 1.0 to 1.2 µg/mm3.




4. Discussion


The purpose of the two-stage procedure of introducing the filler in the matrix (first into the powder and then into the liquid) was to reduce the possibility of aggregation. The advantage of incorporating AF into the powder is to obtain a stable mixture that is easy to store. However, when higher filler concentrations are used, a compact filler layer is formed on the surface of the prepolymerized particles with limited ability to migrate the filler particles into the polymerizing monomer. As a consequence, the dispersion is inhomogeneous and aggregation of the filler is observed in the boundary areas between the prepolymerized particles and the polymer formed from the liquid component, resulting in the formation of structural defects and a reduction in mechanical properties [38]. Limiting the concentration of AF in VSL facilitated rapid mixing of components using ultrasonic homogenization and then modified material handling (lower increase in viscosity of the composition), which was important due the fact of differences in the AF 2.91 g/cm3) [31] and VSL (0.95 kg/m3), causing a high risk of rapid sedimentation. The dispersion of AF in polymerized samples of materials should be assessed as satisfactory because the formation of filler clusters at the boundary areas created from VSL and developed in the form of VSP was not observed, which proves the correctness of the realized concept.



During the storage of samples, distilled water was chosen as a medium because the changes in mechanical properties and liquid absorption of dental acrylates in water are greater than after using artificial saliva [39], so it is more restrictive. Moreover, there is no commonly accepted composition of typical artificial saliva used for these types of experiments, and these media are usually recommended for research with metals, not polymer materials. For these reasons, the use of distilled water was the most rational choice in this phase of the experiment.



The reduction in the number of C. albicans colonies for CO in antifungal efficacy tests, which remained in the case of samples stored in distilled water for up to 7 days, at a level ranging from 86 to 97% was probably related to the release into the environment of material components such as peroxides (initiator used in acrylates) or residual monomers that can also exhibit antimicrobial properties [32,40,41]. However, already at the beginning of the experiment the median of CFU/mL for CO was at least 20 times lower than for the composites (4.3 CFU/mL vs. from 0 to 0.3 CFU/mL). In the investigated materials, the concentration of benzoyl peroxide is up to 1% and for other prosthetic materials that contain benzoyl peroxide, the initial antimicrobial efficacy has also been reported [42]. In addition, in the VSL, an addition of stabilizer such as hydrohinone can also be used, which also shows antimicrobial properties [43]. However, these properties were extinguished, as opposed to those observed for experimental composites for which they turned out to be stable in the 30-day period. The AFE values oscillating around 100% after storage suggest that the obtained effect would be maintained for the composites also in the case of extended aging time. Antimicrobial action of the used filler based on ion exchange of cations from the environment (e.g., Na+, Ca2+) with silver from the insoluble, inorganic carrier, but a controlled release of silver ions is activated under wet conditions [44] so dry samples do not show an antimicrobial effect. The release of silver can eliminate bacteria by varied mechanisms such as a reaction with the peptidoglycan component of the bacterial cell wall causing their puncture, disruption of cellular respiration and metabolic pathways after its penetration into cells, causing the creation of reactive oxygen species due to the disrupted DNA and its replication cycle [45]. The described mechanism of the release of silver ions, determining the antimicrobial properties, indicates that the obtained properties will not only expire with time, but may also depend on the liquid with which the composite is in contact.



The antifungal efficacy test indicates that the surrounding samples, under dynamic conditions, released the amount of antimicrobial silver ions sufficient to eliminate yeast-like fungi cells in the environment. However, it was equally important to check the ability of a pathogenic microorganism to survive on the tested surfaces in static conditions during an adherence test, where the ions released were not supported by samples/suspension movements because cells may also have deposited during the experiment. These results were less optimistic. The experiment also showed a significantly lower number of living cells adhering to the surface of the composite samples compared to CO, but the reduction in mean values ranged from 67 to 85% (@h h) and from 41 to 69% (30 days). This means that a significant number of cells survived on the surfaces but in their initial state after one month of storage (for CO 14 CFU/mm2 and 17 CFU/mm2, respectively, and for composites from 2 to 5 CFU/mm2, from 5 to 10 CFU/mm2, respectively). This situation could be caused by the lower exchange of silver ions with the environment under static conditions, but also by the morphology of the composites characterized by the presence of filler-free areas (Figure 3). The other cause may be the formation of a biofilm composed, among others, of dead cells and components of culture medium. It should be noted that current laboratory experiments are under precisely defined experimental conditions, which is a departure from clinical conditions. The limitation was that the antimicrobial properties of the proposed composites were evaluated after basic storage in distilled water. Due to the discussed mechanism of silver-releasing form filler, the chemical composition of storing liquid may influence antimicrobial properties and its stability. So, in future, additional experiments for chosen filler concentrations should be prepared using an environment characterized by a composition closer to real conditions, e.g., in mucin-containing artificial saliva [46]. Composites should also be investigated in the context of the amount of aggregated biofilm, which formation on soft liners is an essential problem [47]. In the current experiment, we used the basic test based on the suspension of C. albicans, which is a promising starting point for further research. Under real conditions, for example, preadsorption on the surface of the salivary proteins, which influence the initial adhesion of microorganisms [48], may also limit the release of silver ions and, in consequence, gradually decrease [49] or even fully inhibit antifungal action. Future experiments with biofilm formation should give a better reference of results to real conditions and look particularly promising if we consider that experimental soft linings with antimicrobial fillers have not been investigated in that context until now. In addition, the available results refer to a biofilm based on C. albicans as the most important pathogenic microorganism [50], when synergistic interactions between different microorganisms can also have an influence on the condition of the polymicrobial biofilm [51,52].



Due to the fact that the toxicity of silver ions released into the environment has been reported in numerous studies [53] to confirm the beneficial properties of the proposed composites cytotoxicity tests were performed. The cytotoxicity of dental materials containing used filler was not investigated previously. This experiment showed that cell viability for both extraction times exceeded 70%, so none of the materials showed cytotoxic properties [35]. Furthermore, there were no significant differences in cell viability for CO and composite materials. The reduction in viability of cells due to the extension of extracting time was registered for control and experimental materials, which is consistent with other studies on the cytotoxicity of acrylic linings [54], and may be related to the increasing concentration of released components with cytotoxic potential such as plasticizers [55], residual monomers [56] and benzoyl peroxide (initiator) [57].



Most of the previous research on the modification of short-term soft materials linings was related to the introduction of leachable antibiotics or essential oils [20,21]; however the achieved stability was not investigated and the use of antibiotics is criticized due to increasing drug resistance of microorganisms [22]. The use of materials that release metal ions with antimicrobial properties to the environment seems to be of particular interest in this context, because in this case, the mechanisms and the rate of killing the microbial cells prevent the development of mechanisms of resistance to them [58]. It should be emphasized that in the case of prosthetic materials, some works suggest the use of monomers with antimicrobial properties, which, after being incorporated into the polymer network, are not leached [59]. Such a solution seems to be interesting for a durable and stable prevention of colonization of the surface of dentures by microorganisms, but it seems to be less beneficial in the case of supporting the treatment of infected mucosa, because the formation of the salivary film, a deposition of salivary proteins or other substances present in the oral cavity on the surfaces will inhibit the antimicrobial effect in this direction. Moreover, the use of materials with a limited duration of antimicrobial effect is justified because the current direct effect on tissues (e.g., on the condition of mucosa) of continuous exposure to materials with antimicrobial properties is unknown. This risk is not adequately recognized, although there are studies indicating the cytotoxic or genotoxic potential of many materials considered for use in this type of application [60]. The composites should be tested in this respect in the future, although the toxicological data for AF indicate that they should not show cytotoxic properties. [31].



The hardness of soft lining materials is considered to be one of the most clinically important properties due to their influence on the rehabilitation role because softer materials, characterized by lower modulus of elasticity, adapt more easily to the unevenness of the denture bearing area and better distribute the chewing forces transferred to mucosa [61]. The control material and the composites tested showed a hardness similar to that obtained for other soft lining materials [62]. However, the obtained values were lower than those usually registered for acrylic soft lining, including vs. [8] due to the carrying out measurements on samples with a temperature of 37 °C, in contrast to other works, where samples at room temperature were used [8]. Additional measurements for CO samples at room temperature show comparable hardness values than in other works, from 48 Shore A (24 h) to 49.3 Shore A (7 days) [62]. These differences are due to the chemical composition of the starting material used, which determines the glass transition temperature and indicates that the hardness of acrylic soft lining materials should be investigated at their working temperature (~37 °C), because the results obtained in samples at room temperature do not correspond to real functional properties. The dynamics of hardness changes during the experiment for CO and composites was comparable not only to that previously registered for vs. [8,63], but also for those for some silicone long-term soft lining materials [62]. This shows the high stability of the experimental materials and the limited release of components, such as plasticizers, into the environment, which is a disadvantage of many acrylic soft liners [64]. Differences in hardness of CO and composites did not exceed six units on the Shore A scale, indicating that, in practice, these materials are similar. The increase in hardness as a result of the incorporation of fillers into elastomeric polymeric materials was not desirable; however, it was expected because of the reduction in the possible movement of the chains. A similar effect was also observed for other soft lining materials after the introduction of ZnO, TiO2 or CeO2 [65].



The tests showed a statistically significant increase in tensile strength for the C8 compared to the C10 and a reduction for the C10 compared to the C8 composite. A similar trend was demonstrated by Han et al. [65], where, after introducing ceramic nanofillers, the first increase in tensile strength was recorded for lower contentions and then a decrease was registered. These results remain in agreement with previous reports that ceramic particles can effectively reinforce composites with elastomeric matrix; however, it is important to maintain filler concentration at an appropriate level due to the large specific surface area and high surface energy of the particles [66], which show a tendency to aggregate. This leads to a reduction in the interaction between the particles and the polymer matrix [67] and formation of inhomogeneities in the material, which act as structural defects decreasing the strength properties [68]. These results correspond to the SEM observations of the fractures after the tests. With an increasing AF concentration, the number of faults covered with a large number of particles increased, especially for the C8 and C10 composites. This indicates that the C8 material has reached the filler limit value, above which the negative consequences of its introduction prevail. However, the tensile strength of the C10 material, after the longest storage time, was still statistically significantly higher than that of the CO material. This indicates that elastic matrices present high tolerance to the structural defects created by particles, which stay in accordance with the results by Jabłońska-Stencel et al. [33] for silicone elastomer based composites.



The key property determining the functioning of soft lining materials is the bond strength to the denture base material. A statistically significant effect of the filler introduction on the bond strength was recorded only after 30 days of storage, and the storage time showed a significant effect for C8 and C10. With increasing AF concentration, the higher percentage of A-type fractures increased, and B-type decreased. The SEM observation of fractures showed that disconnection took place for these materials in large areas by the destruction of the layer formed during the polymerization of modified VSL staying in direct contact with the denture base and, consequently, a loss of connection between composites with the denture base material. This zone was subject to preferential destruction which was especially visible in the case of materials from C6 to C10. However, this tendency was registered after 7 days, and was strong after 30 days which may indicate an accelerated degradation of the area of connection, e.g., by migration of water at the boundaries of the AF particle-modified material. This supposition corresponds well to the fact that the decrease in bond strength values for C8 and C10 composites with the simultaneous change in the fracture types was registered only for the longest storage time. An increase in the number of aggregations may additionally intensify this process. Moreover, noted reasons for the decrease in the tensile bond strength are also indicated by the increased or unchanged values in the tensile strength of the composites.



At the same time, the registered bond strength values for all analyzed composites were sufficient to ensure proper functioning of the lining and correspond to the typical values for this type of material [62].



During immersion in water or saliva from soft denture linings, plasticizers and other soluble components, such us monomers are leached out and water is absorbed due to the properties of polymer net and is expressed in laboratory sorption and solubility tests [69]. Possibly low values for these properties are desirable because of their influence on mechanical properties, stability of dimensions, aesthetic, hygiene and Candida growth [70]. The introduction of AF did not cause significant changes in water absorption and solubility, and the original properties of the modified material were retained. These results also correspond well to the results of cytotoxicity tests, where the material extracts showed unchanged properties. The ISO 10139-1:2016 standard for short-term soft lining materials does not require testing for water sorption and solubility; however, ISO 10139-2:2016 for long-term materials establishes a limit for 20 µg/mm3 and 3 µg/mm3, respectively, so all investigated materials met these requirements. This proves the excellent properties of the tested materials. The values for CO are also consistent with the results obtained by Inoue et al. [71].



Taking into account the fact that aesthetic features are important for dental materials, it should be noted that the introduction of filler was not a cause of brown discoloration, which is typical after nanosilver incorporation [72], but the materials brightened (Figure S2) due to the white color of the filler. A similar effect after the introduction of a silver-releasing ceramic filler was observed by Stencel et al. [73]. In our opinion, the changes were fully acceptable, but, if necessary, they can be removed by the appropriate addition of pigments. Visual assessment did not show any color changes during the experiment, although there is a risk of such changes by silver ions release, their deposition on the surface and oxidation [73].



A limitation is that in the presented initial stage of the experiment, we used static tests for the mechanical properties’ evaluation, which was sufficient, but in future, the influence of the introduced filler on viscoelastic properties should also additionally be investigated. In this regard, complex modulus E* dependent on two components, storage modulus E′ (elastic component of material behavior) with loss modulus E′′ (dissipative component) and the amount of energy dissipated during the cycle expressed by damping factor tan δ (called also loss tangent) are determined. Soft denture liners with relatively high values of tan δ and E′ give better improvements in the increase in masticatory function, but materials having both high cushioning effect and elastic properties have not been developed. Soft linings with a higher tan δ value can absorb more energy during mastication, but on the other hand, worsening elastic recovery during the cyclic mastication due to viscous flow may introduce new “inaccuracies” by deformation of relining which may lead to loss of fit during chewing and less viscous materials can better maintain its softness cycling loading [2].




5. Conclusions


The experimental composites, intended for temporary denture soft linings, achieved satisfactory microbiological and mechanical properties during in vitro testing. The most favorable compilation of microbiological and mechanical properties was obtained for composites of C1 to C6 for which nearly complete reduction in C. albicans was registered after 30 days of storage of the samples. Adherence of C. albicans was significantly reduced compared to CO. The materials showed no cytotoxic potential. The tensile strength and bond strength of these composites were at the desired and stable level and did not differ from the results for the control material or other available results for commercially available materials of this type. Hardness values increased with the increasing concentration of AF, but were within the range typical for this type of soft linings materials and their changes during the experiment were similar to the control material. Sorption and solubility were stable.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ma17040902/s1, Figure S1: Photograph of samples of the control material and composites in their initial state and after conditioning, visible progressive lightening of the materials after the introduction of the filler. Figure S2: Mean sorption (a) and solubility (b) calculated uising EN ISO 10139-2:2016 formulas (wsp is sorption, wsl is solubility, ml is the initial mass of dried sample, µg; m2 is the mass after storing, µg, and m3 is the mass after the second drying, µg and V is the volume of the sample, mm3).





Author Contributions


Conceptualization, G.C. and I.K.; Data curation, G.C. and A.M.; Formal analysis, G.C. and I.K.; Investigation, G.C., I.K., W.P., I.B.-R. and A.M.; Methodology, G.C., I.K., W.P. and A.M.; Resources, G.C.; Supervision, G.C. and Z.C.; Visualization, G.C.; Writing—original draft, G.C., I.K. and A.M.; Writing—review & editing, G.C. and I.B.-R. All authors have read and agreed to the published version of the manuscript.




Funding


The adherence test used laboratory equipment from the Silesia LabMed, Centre for Research and Implementation, Medical University of Silesia in Katowice.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.




Acknowledgments


The authors would like to thank Elżbieta Bobela for technical assistance in carrying out the microbiological research.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Anusavice, K.; Shen, C.; Rawls, H.R. Phillips’ Science of Dental Materials, 12th ed.; Saunders: St. Louis, MO, USA, 2013; ISBN 978-0-323-24205-9. [Google Scholar]

	



Chladek, G.; Żmudzki, J.; Kasperski, J. Long-Term Soft Denture Lining Materials. Materials 2014, 7, 5816–5842. [Google Scholar] [CrossRef] [PubMed]

	



EN ISO 10139-2:2016; Dentistry—Soft Lining Materials for Removable Dentures—Part 2: Materials for Long-Term Use. ISO International Organization for Standardization: Geneva, Switzerland, 2016.

	



EN ISO 10139-1:2018; Dentistry—Soft Lining Materials for Removable Dentures—Part 1: Materials for Short-Term Use. ISO International Organization for Standardization: Geneva, Switzerland, 2018.

	



Parker, S.; Braden, M. The Effect of Particle Size on the Gelation of Tissue Conditioners. Biomaterials 2001, 22, 2039–2042. [Google Scholar] [CrossRef] [PubMed]

	



McCabe, J.F.; Walls, A.W.G. Applied Dental Materials, 9th ed.; Wiley-Blackwell: Hoboken, NJ, USA, 2008; ISBN 978-1-4051-3961-8. [Google Scholar]

	



Goiato, M.C.; dos Santos, D.M.; de Medeiros, R.A.; Vechiato Filho, A.J.; Sinhoreti, M.A.C.; da Silva, E.V.F.; Moreno, A.; Goiato, M.C.; dos Santos, D.M.; de Medeiros, R.A.; et al. Tensile Bond Strength of a Soft Liner to an Acrylic Resin after Primer Application and Thermocycling. Mater. Res. 2015, 18, 1183–1187. [Google Scholar] [CrossRef]

	



Białożyt-Bujak, E.; Wyszyńska, M.; Chladek, G.; Czelakowska, A.; Gala, A.; Orczykowska, M.; Białożyt, A.; Kasperski, J.; Skucha-Nowak, M. Analysis of the Hardness of Soft Relining Materials for Removable Dentures. Int. J. Env. Res. Public. Health 2021, 18, 9491. [Google Scholar] [CrossRef] [PubMed]

	



Maciel, J.G.; Sugio, C.Y.C.; de Campos Chaves, G.; Procópio, A.L.F.; Urban, V.M.; Neppelenbroek, K.H. Determining Acceptable Limits for Water Sorption and Solubility of Interim Denture Resilient Liners. J. Prosthet. Dent. 2019, 121, 311–316. [Google Scholar] [CrossRef] [PubMed]

	



Hashem, M.I. Advances in Soft Denture Liners: An Update. J. Contemp. Dent. Pract. 2015, 16, 314–318. [Google Scholar] [PubMed]

	



ELsyad, M.A.; Shaheen, N.H.; Ashmawy, T.M. Long-Term Clinical and Prosthetic Outcomes of Soft Liner and Clip Attachments for Bar/Implant Overdentures: A Randomised Controlled Clinical Trial. J. Oral Rehabil. 2017, 44, 472–480. [Google Scholar] [CrossRef]

	



Yadav, R.; Meena, A.; Lee, H.-H.; Lee, S.-Y.; Park, S.-J. Tribological Behavior of Dental Resin Composites: A Comprehensive Review. Tribol. Int. 2023, 190, 109017. [Google Scholar] [CrossRef]

	



Yadav, R.; Singh, M.; Meena, A.; Lee, S.-Y.; Park, S.-J. Selection and Ranking of Dental Restorative Composite Materials Using Hybrid Entropy-VIKOR Method: An Application of MCDM Technique. J. Mech. Behav. Biomed. Mater. 2023, 147, 106103. [Google Scholar] [CrossRef]

	



Spiechowicz, E.; Mierzwińska, N.E. Grzybice Jamy Ustnej; Wydawnictwo Medyczne Med Tour Press International: Warsaw, Poland, 1998. [Google Scholar]

	



Bulad, K.; Taylor, R.L.; Verran, J.; McCord, J.F. Colonization and Penetration of Denture Soft Lining Materials by Candida albicans. Dent. Mater. 2004, 20, 167–175. [Google Scholar] [CrossRef]

	



Kang, S.-H.; Lee, H.-J.; Hong, S.-H.; Kim, K.-H.; Kwon, T.-Y. Influence of Surface Characteristics on the Adhesion of Candida albicans to Various Denture Lining Materials. Acta Odontol. Scand. 2013, 71, 241–248. [Google Scholar] [CrossRef]

	



Huh, J.-B.; Lim, Y.; Youn, H.-I.; Chang, B.M.; Lee, J.-Y.; Shin, S.-W. Effect of Denture Cleansers on Candida albicans Biofilm Formation over Resilient Liners. J. Adv. Prosthodont. 2014, 6, 109–114. [Google Scholar] [CrossRef]

	



Dorocka-Bobkowska, B.; Medyński, D.; Pryliński, M. Recent Advances in Tissue Conditioners for Prosthetic Treatment: A Review. Adv. Clin. Exp. Med. 2017, 26, 723–728. [Google Scholar] [CrossRef]

	



Iqbal, Z.; Zafar, M.S. Role of Antifungal Medicaments Added to Tissue Conditioners: A Systematic Review. J. Prosthodont. Res. 2016, 60, 231–239. [Google Scholar] [CrossRef] [PubMed]

	



Krishnamoorthy, G.; Narayana, A.I.; Peralam, P.Y.; Balkrishanan, D. To Study the Effect of Cocos Nucifera Oil When Incorporated into Tissue Conditioner on Its Tensile Strength and Antifungal Activity: An in Vitro Study. J. Indian. Prosthodont. Soc. 2019, 19, 225–232. [Google Scholar] [CrossRef] [PubMed]

	



Vankadara, S.K.; Hallikerimath, R.B.; Patil, V.; Bhat, K.; Doddamani, M.H. Effect of Melaleuca Alternifolia Mixed with Tissue Conditioners in Varying Doses on Colonization and Inhibition of Candida albicans: An In Vitro Study. Contemp. Clin. Dent. 2017, 8, 446–450. [Google Scholar] [CrossRef] [PubMed]

	



Iyer, M.; Gujjari, A.K.; Gowda, V.; Angadi, S. Antifungal Response of Oral-Associated Candidal Reference Strains (American Type Culture Collection) by Supercritical Fluid Extract of Nutmeg Seeds for Geriatric Denture Wearers: An in Vitro Screening Study. J. Indian. Prosthodont. Soc. 2017, 17, 267–272. [Google Scholar] [CrossRef] [PubMed]

	



Kanathila, H.; Bhat, A.M.; Krishna, P.D. The Effectiveness of Magnesium Oxide Combined with Tissue Conditioners in Inhibiting the Growth of Candida albicans: An in Vitro Study. Indian J. Dent. Res. 2011, 22, 613. [Google Scholar] [CrossRef] [PubMed]

	



Garner, S.J.; Nobbs, A.H.; McNally, L.M.; Barbour, M.E. An Antifungal Coating for Dental Silicones Composed of Chlorhexidine Nanoparticles. J. Dent. 2015, 43, 362–372. [Google Scholar] [CrossRef]

	



Price, C.; Waters, M.G.J.; Williams, D.W.; Lewis, M.a.O.; Stickler, D. Surface Modification of an Experimental Silicone Rubber Aimed at Reducing Initial Candidal Adhesion. J. Biomed. Mater. Res. 2002, 63, 122–128. [Google Scholar] [CrossRef] [PubMed]

	



Habibzadeh, S.; Omidvaran, A.; Eskandarion, S.; Shamshiri, A.R. Effect of Incorporation of Silver Nanoparticles on the Tensile Bond Strength of a Long Term Soft Denture Liner. Eur. J. Dent. 2020, 14, 268–273. [Google Scholar] [CrossRef] [PubMed]

	



Nam, K.-Y. In Vitro Antimicrobial Effect of the Tissue Conditioner Containing Silver Nanoparticles. J. Adv. Prosthodont. 2011, 3, 20–24. [Google Scholar] [CrossRef] [PubMed]

	



Chladek, G.; Kasperski, J.; Barszczewska-Rybarek, I.; Żmudzki, J. Sorption, Solubility, Bond Strength and Hardness of Denture Soft Lining Incorporated with Silver Nanoparticles. Int. J. Mol. Sci. 2012, 14, 563–574. [Google Scholar] [CrossRef]

	



Ferreira, A.N.; D’Souza, K.; Aras, M.; Chitre, V.; Parsekar, S.; Pinto, M.J.W. Long Term Antifungal Efficacy of Silver-Zinc Zeolite Nanoparticles Incorporated in Two Soft Denture Liners—An in Vitro Assessment. Dent. Res. J. 2022, 19, 12. [Google Scholar] [CrossRef]

	



Kreve, S.; Oliveira, V.C.; Bachmann, L.; Alves, O.L.; Reis, A.C.D. Influence of AgVO3 Incorporation on Antimicrobial Properties, Hardness, Roughness and Adhesion of a Soft Denture Liner. Sci. Rep. 2019, 9, 11889. [Google Scholar] [CrossRef] [PubMed]

	



Silver Sodium Hydrogen Zirconium Phosphate. National Industrial Chemicals Notification and Assessment Scheme (Nicnas), Full Public Report, File No STD/1081, 11 March 2004. Available online: https://www.industrialchemicals.gov.au/sites/default/files/STD1081%20Public%20Report%20PDF.pdf (accessed on 14 February 2024).

	



Chladek, G.; Basa, K.; Mertas, A.; Pakieła, W.; Żmudzki, J.; Bobela, E.; Król, W. Effect of Storage in Distilled Water for Three Months on the Antimicrobial Properties of Poly(Methyl Methacrylate) Denture Base Material Doped with Inorganic Filler. Materials 2016, 9, 328. [Google Scholar] [CrossRef]

	



Jabłońska-Stencel, E.; Pakieła, W.; Mertas, A.; Bobela, E.; Kasperski, J.; Chladek, G. Effect of Silver-Emitting Filler on Antimicrobial and Mechanical Properties of Soft Denture Lining Material. Materials 2018, 11, 318. [Google Scholar] [CrossRef]

	



Chladek, G.; Barszczewska-Rybarek, I.; Chrószcz-Porębska, M.; Mertas, A. The Effect of Quaternary Ammonium Polyethylenimine Nanoparticles on Bacterial Adherence, Cytotoxicity, and Physical and Mechanical Properties of Experimental Dental Composites. Sci. Rep. 2023, 13, 17497. [Google Scholar] [CrossRef]

	



ISO 10993-5; Biological Evaluation of Medical Devices—Part 5: Tests for in Vitro Cytotoxicity. ISO International Organization for Standardization: Geneva, Switzerland, 2009.

	



ISO 7619-1:2010; Rubber, Vulcanized or Thermoplastic—Determination of Indentation Hardness—Part 1: Durometer Method (Shore Hardness). ISO International Organization for Standardization: Geneva, Switzerland, 2010.

	



EN ISO 37:2017; Rubber, Vulcanized or Thermoplastic—Determination of Tensile Stress-Strain Properties. ISO International Organization for Standardization: Geneva, Switzerland, 2017.

	



Chladek, G.; Pakieła, K.; Pakieła, W.; Żmudzki, J.; Adamiak, M.; Krawczyk, C. Effect of Antibacterial Silver-Releasing Filler on the Physicochemical Properties of Poly(Methyl Methacrylate) Denture Base Material. Materials 2019, 12, 4146. [Google Scholar] [CrossRef]

	



Jagini, A.S.; Marri, T.; Jayyarapu, D.; Kumari, R. Effect of Long-Term Immersion in Water and Artificial Saliva on the Flexural Strength of Two Heat Cure Denture Base Resins. J. Contemp. Dent. Pract. 2019, 20, 341–346. [Google Scholar] [CrossRef]

	



Gratzl, G.; Paulik, C.; Hild, S.; Guggenbichler, J.P.; Lackner, M. Antimicrobial Activity of Poly(Acrylic Acid) Block Copolymers. Mater. Sci. Eng. C Mater. Biol. Appl. 2014, 38, 94–100. [Google Scholar] [CrossRef]

	



Muñoz-Bonilla, A.; Fernández-García, M. Polymeric Materials with Antimicrobial Activity. Prog. Polym. Sci. 2012, 37, 281–339. [Google Scholar] [CrossRef]

	



Nikawa, H.; Jin, C.; Makihira, S.; Egusa, H.; Hamada, T.; Kumagai, H. Biofilm Formation of Candida albicans on the Surfaces of Deteriorated Soft Denture Lining Materials Caused by Denture Cleansers in Vitro. J. Oral Rehabil. 2003, 30, 243–250. [Google Scholar] [CrossRef]

	



Ma, C.; He, N.; Zhao, Y.; Xia, D.; Wei, J.; Kang, W. Antimicrobial Mechanism of Hydroquinone. Appl. Biochem. Biotechnol. 2019, 189, 1291–1303. [Google Scholar] [CrossRef]

	



Tan, S.; Zhang, L.; Liu, Y.; Shi, Q.; Ouyang, Y.; Chen, Y. Antibacterial Activity of Silver-Carried Sodium Zirconium Phosphate Prepared by Ion-Exchange Reaction. J. Ceram. Soc. Jpn. 2008, 116, 767–770. [Google Scholar] [CrossRef]

	



Sim, W.; Barnard, R.T.; Blaskovich, M.A.T.; Ziora, Z.M. Antimicrobial Silver in Medicinal and Consumer Applications: A Patent Review of the Past Decade (2007–2017). Antibiotics 2018, 7, 93. [Google Scholar] [CrossRef] [PubMed]

	



Łysik, D.; Niemirowicz-Laskowska, K.; Bucki, R.; Tokajuk, G.; Mystkowska, J. Artificial Saliva: Challenges and Future Perspectives for the Treatment of Xerostomia. Int. J. Mol. Sci. 2019, 20, 3199. [Google Scholar] [CrossRef] [PubMed]

	



Baygar, T.; Ugur, A.; Sarac, N.; Balci, U.; Ergun, G. Functional Denture Soft Liner with Antimicrobial and Antibiofilm Properties. J. Dent. Sci. 2018, 13, 213–219. [Google Scholar] [CrossRef] [PubMed]

	



Miyake, A.; Komasa, S.; Hashimoto, Y.; Komasa, Y.; Okazaki, J. Adsorption of Saliva Related Protein on Denture Materials: An X-Ray Photoelectron Spectroscopy and Quartz Crystal Microbalance Study. Adv. Mater. Sci. Eng. 2016, 2016, e5478326. [Google Scholar] [CrossRef]

	



Müller, R.; Eidt, A.; Hiller, K.-A.; Katzur, V.; Subat, M.; Schweikl, H.; Imazato, S.; Ruhl, S.; Schmalz, G. Influences of Protein Films on Antibacterial or Bacteria-Repellent Surface Coatings in a Model System Using Silicon Wafers. Biomaterials 2009, 30, 4921–4929. [Google Scholar] [CrossRef] [PubMed]

	



Moraes, G.S.; Cachoeira, V.S.; Alves, F.M.C.; Kiratcz, F.; Albach, T.; Bueno, M.G.; Neppelenbroek, K.H.; Urban, V.M. Is There an Optimal Method to Detach Candida albicans Biofilm from Dental Materials? J. Med. Microbiol. 2021, 70, 001436. [Google Scholar] [CrossRef]

	



Valentini, F.; Luz, M.S.; Boscato, N.; Pereira-Cenci, T. Biofilm Formation on Denture Liners in a Randomised Controlled in Situ Trial. J. Dent. 2013, 41, 420–427. [Google Scholar] [CrossRef]

	



Kim, H.-E.; Liu, Y.; Dhall, A.; Bawazir, M.; Koo, H.; Hwang, G. Synergism of Streptococcus Mutans and Candida albicans Reinforces Biofilm Maturation and Acidogenicity in Saliva: An In Vitro Study. Front. Cell. Infect. Microbiol. 2020, 10, 623980. [Google Scholar] [CrossRef]

	



Akter, M.; Sikder, M.T.; Rahman, M.M.; Ullah, A.K.M.A.; Hossain, K.F.B.; Banik, S.; Hosokawa, T.; Saito, T.; Kurasaki, M. A Systematic Review on Silver Nanoparticles-Induced Cytotoxicity: Physicochemical Properties and Perspectives. J. Adv. Res. 2018, 9, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



de Andrade Lima Chaves, C.; de Souza Costa, C.A.; Vergani, C.E.; Chaves de Souza, P.P.; Machado, A.L. Effects of Soft Denture Liners on L929 Fibroblasts, HaCaT Keratinocytes, and RAW 264.7 Macrophages. Biomed. Res. Int. 2014, 2014, 840613. [Google Scholar] [CrossRef]

	



Naarala, J.; Korpi, A. Cell Death and Production of Reactive Oxygen Species by Murine Macrophages after Short Term Exposure to Phthalates. Toxicol. Lett. 2009, 188, 157–160. [Google Scholar] [CrossRef]

	



Song, Y.H.; Song, H.J.; Han, M.K.; Yang, H.S.; Park, Y.J. Cytotoxicity of Soft Denture Lining Materials Depending on Their Component Types. Int. J. Prosthodont. 2014, 27, 229–235. [Google Scholar] [CrossRef]

	



Babich, H.; Zuckerbraun, H.L.; Wurzburger, B.J.; Rubin, Y.L.; Borenfreund, E.; Blau, L. Benzoyl Peroxide Cytotoxicity Evaluated in Vitro with the Human Keratinocyte Cell Line, RHEK-1. Toxicology 1996, 106, 187–196. [Google Scholar] [CrossRef] [PubMed]

	



Makvandi, P.; Gu, J.T.; Zare, E.N.; Ashtari, B.; Moeini, A.; Tay, F.R.; Niu, L.-N. Polymeric and Inorganic Nanoscopical Antimicrobial Fillers in Dentistry. Acta Biomater. 2020, 101, 69–101. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, K.; Baras, B.; Lynch, C.D.; Weir, M.D.; Melo, M.A.S.; Li, Y.; Reynolds, M.A.; Bai, Y.; Wang, L.; Wang, S.; et al. Developing a New Generation of Therapeutic Dental Polymers to Inhibit Oral Biofilms and Protect Teeth. Materials 2018, 11, 1747. [Google Scholar] [CrossRef]

	



Agnihotri, R.; Gaur, S.; Albin, S. Nanometals in Dentistry: Applications and Toxicological Implications-a Systematic Review. Biol. Trace Elem. Res. 2019, 197, 70–88. [Google Scholar] [CrossRef]

	



Pisani, M.X.; de Malheiros-Segundo, A.L.; Balbino, K.L.; de Souza, R.F.; de Paranhos, H.F.O.; Lovato da Silva, C.H. Oral Health Related Quality of Life of Edentulous Patients after Denture Relining with a Silicone-Based Soft Liner. Gerodontology 2012, 29, e474–e480. [Google Scholar] [CrossRef] [PubMed]

	



Safari, A.; Vojdani, M.; Mogharrabi, S.; Iraji Nasrabadi, N.; Derafshi, R. Effect of Beverages on the Hardness and Tensile Bond Strength of Temporary Acrylic Soft Liners to Acrylic Resin Denture Base. J. Dent. 2013, 14, 178–183. [Google Scholar]

	



Mese, A.; Guzel, K.G. Effect of Storage Duration on the Hardness and Tensile Bond Strength of Silicone- and Acrylic Resin-Based Resilient Denture Liners to a Processed Denture Base Acrylic Resin. J. Prosthet. Dent. 2008, 99, 153–159. [Google Scholar] [CrossRef] [PubMed]

	



Kim, B.-J.; Yang, H.-S.; Chun, M.-G.; Park, Y.-J. Shore Hardness and Tensile Bond Strength of Long-Term Soft Denture Lining Materials. J. Prosthet. Dent. 2014, 112, 1289–1297. [Google Scholar] [CrossRef] [PubMed]

	



Han, Y.; Kiat-amnuay, S.; Powers, J.M.; Zhao, Y. Effect of Nano-Oxide Concentration on the Mechanical Properties of a Maxillofacial Silicone Elastomer. J. Prosthet. Dent. 2008, 100, 465–473. [Google Scholar] [CrossRef] [PubMed]

	



Zidan, S.; Silikas, N.; Alhotan, A.; Haider, J.; Yates, J. Investigating the Mechanical Properties of ZrO2-Impregnated PMMA Nanocomposite for Denture-Based Applications. Materials 2019, 12, 1344. [Google Scholar] [CrossRef]

	



Zhang, X.-Y.; Zhang, X.-J.; Huang, Z.-L.; Zhu, B.-S.; Chen, R.-R. Hybrid Effects of Zirconia Nanoparticles with Aluminum Borate Whiskers on Mechanical Properties of Denture Base Resin PMMA. Dent. Mater. J. 2014, 33, 141–146. [Google Scholar] [CrossRef]

	



Ergun, G.; Sahin, Z.; Ataol, A.S. The Effects of Adding Various Ratios of Zirconium Oxide Nanoparticles to Poly(Methyl Methacrylate) on Physical and Mechanical Properties. J. Oral Sci. 2018, 60, 304–315. [Google Scholar] [CrossRef]

	



El-Hadary, A.; Drummond, J.L. Comparative Study of Water Sorption, Solubility, and Tensile Bond Strength of Two Soft Lining Materials. J. Prosthet. Dent. 2000, 83, 356–361. [Google Scholar] [CrossRef]

	



Dutta, A.; Sharma, M.; Kumar, S.; Chowdhary, Z.; Bumb, P.; Kumar, C. Effect of Water Sorption and Solubility on Two Soft Denture Lining Materials Stored in Three Different Mediums. Int. J. Prosthodont. Restor. Dent. 2023, 13, 129–136. [Google Scholar] [CrossRef]

	



Inoue, M.; Nakajima, H.; Akiba, N.; Hibino, Y.; Nagasawa, Y.; Sumi, Y.; Minakuchi, S. Influence of Monomer Content on the Viscoelasticity, Water Sorption and Solubility of Experimental Fluorinated Soft Lining Materials. Dent. Mater. J. 2015, 34, 70–77. [Google Scholar] [CrossRef] [PubMed]

	



Kasraei, S.; Sami, L.; Hendi, S.; AliKhani, M.-Y.; Rezaei-Soufi, L.; Khamverdi, Z. Antibacterial Properties of Composite Resins Incorporating Silver and Zinc Oxide Nanoparticles on Streptococcus Mutans and Lactobacillus. Restor. Dent. Endod. 2014, 39, 109–114. [Google Scholar] [CrossRef] [PubMed]

	



Stencel, R.; Kasperski, J.; Pakieła, W.; Mertas, A.; Bobela, E.; Barszczewska-Rybarek, I.; Chladek, G. Properties of Experimental Dental Composites Containing Antibacterial Silver-Releasing Filler. Materials 2018, 11, 1031. [Google Scholar] [CrossRef]








[image: Materials 17 00902 g001] 





Figure 1. A schematic presentation of the composites preparation procedure; AF—antimicrobial filler, VS-L—Vertex Soft liquid component, VS-P—Vertex Soft powder component, MMA—methyl lmethacrylate, EGDMA—ethylenglycol dimethacrylate, PEMA—poly(ethyl methacrylate), BPO—benzoyl peroxide. 
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Figure 2. The prepolymerized spherical particles of VSP (a) and their surface after introducing 1% AF using a planetary ball mill (b,c). 
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Figure 3. SEM microphotographs showing the morphologies of the cross-sectional area of polymerized C1 (a,b) and C6 (c,d) samples. 
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Figure 4. Representative images of cultured plates after incubation with suspensions of the C. albicans ATCC 10231 after antifungal tests (a) adherence tests (b). 
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Figure 5. The number of C. albicans bacteria adhered to composites’ surface. 
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Figure 6. The viability of L-929 cells after 24 h of incubation with the 2-day and 10-day extracts. 
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Figure 7. Mean hardness values with standard deviations for the tested materials. 
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Figure 8. Mean tensile strength with standard deviations for tested materials. 
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Figure 9. SEM microphotographs presenting the fracture morphologies after the tensile strength test for CO (a), C4 (b), C6 (c) and C10 (d). 
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Figure 10. Mean tensile bond strength with standard deviations for tested materials. 
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Figure 11. Impact of AF introduction on fracture type after bond strength tests. 
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Figure 12. Morphologies of the interface (yellow arrow) between denture base resin and unmodified soft lining material (a), C2 (b) and C10 (c) composites. 
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Figure 13. Images (SEM) showing the fractures of the morphologies after tensile bond strength tests for CO (a,b), C2 (c) and C10 (d–f) materials. The following codes were used to show exemplary areas: SL—soft lining material, ABDBR—alumina-blasted denture base resin (not covered by SL), SLDBR—denture base resin covered by SL. 
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Figure 14. Mean sorption (a) and solubility (b) with standard deviations for tested materials. 
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Table 1. Codes of investigated materials with the concentrations of filler.
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	Material Code
	Final Mass Concentration of AF in Material, %
	Mass Concentration of AF in VSP, %
	Mass Concentration of AF in VSL, %





	CO
	0
	0
	0



	C1
	1
	1
	1



	C2
	2
	1
	3.3



	C4
	4
	1
	7.6



	C6
	6
	1
	11.7



	C8
	8
	1
	15.6



	C10
	10
	1
	19.4










 





Table 2. Antifungal efficacy and the number of viable colonies of Candida albicans ATCC 10231 of the test specimen for control material and tested composites stored in distilled water and Kruskal–Wallis test results (α = 0.05) *.
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Time

	
Vt, × 102 CFU/mL

	
AFE, %




	
CO @

	
C1 #

	
C2 #

	
C4 #

	
C6 #

	
C8 #

	
C10 #

	
CO

	
C1

	
C2

	
C4

	
C6

	
C8

	
C10






	
24 h @

	
Med

	
4.3

	
0

	
0

	
0

	
0.3

	
0

	
0

	
95.1

	
100

	
100

	
100

	
99.7

	
100

	
100




	
Max

	
8

	
0

	
1

	
0

	
0.5

	
0.5

	
0.5

	
96.5

	
100

	
100

	
100

	
100

	
100

	
100




	
Min

	
3

	
0

	
0

	
0

	
0

	
0

	
0

	
90.7

	
100

	
98.8

	
100

	
99.4

	
99.4

	
99.4




	
7 d @

	
Med

	
4.8

	
1

	
0

	
0

	
0

	
0.5

	
0

	
94.5

	
98.8

	
100

	
100

	
100

	
99.4

	
100




	
Max

	
11.5

	
2

	
0.5

	
0

	
0

	
1

	
0.5

	
97.1

	
100

	
100

	
100

	
100

	
100

	
100




	
Min

	
2.5

	
0

	
0

	
0

	
0

	
0

	
0

	
86.6

	
97.7

	
99.4

	
100

	
100

	
98.8

	
99.4




	
30 d @

	
Med

	
64

	
0

	
0.5

	
0.5

	
0.3

	
0

	
0

	
25.6

	
100

	
99.4

	
99.4

	
99.7

	
100

	
100




	
Max

	
107

	
0.5

	
1

	
1

	
2

	
0

	
0

	
52.9

	
100

	
100

	
100

	
100

	
100

	
100




	
Min

	
40.5

	
0

	
0

	
0

	
0

	
0

	
0

	
−24.4

	
99.4

	
98.8

	
98.8

	
97.7

	
100

	
100








* significantly different results in row or column at the p < 0.05 level were marked @, results that do not differ statistically significantly at the p ≥ 0.05 level were marked #.













 





Table 3. The results of one-way ANOVA and Tukey’s HSD post hoc tests for Shore A hardness *.
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Material Code

	
Storing Time




	
24 h

	
7 Days

	
30 Days




	
(p < 0.0001)

	
(p < 0.0001)

	
(p < 0.0001)






	
C0 (p = 0.05)

	
A; a

	
A; a,b

	
A; b




	
C1 (p = 0.0059)

	
B; a

	
B; a,b

	
B; b




	
C2 (p = 0.1577)

	
B; -

	
B; -

	
B; -




	
C4 (p = 0.1505)

	
C; -

	
C; -

	
C; -




	
C6 (p = 0.0447)

	
C; a

	
C; a,b

	
C; b




	
C8 (p = 0.0221)

	
D; a

	
D; a,b

	
D; b




	
C10 (p = 0.0156)

	
D; a

	
E; b

	
D; b








* The different uppercase letters (A–E) for each column and the lowercase letters (a,b) for each row show significantly different results at the level of p < 0.05.













 





Table 4. Results of analysis of variance and Tukey’s HSD post hoc tests for tensile strength *.
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Material Code

	
Storing Time




	
24 h

(p = 0.1646)

	
7 Days

(p = 0.0252)

	
30 Days

(p = 0.0002)






	
C0 (p = 0.4161)

	
-

	
A

	
A




	
C1 (p = 0.072)

	
-

	
A,B

	
A




	
C2 (p = 0.1703)

	
-

	
A

	
A




	
C4 (p = 0.1252)

	
-

	
A,B

	
A,B




	
C6 (p = 0.2738)

	
-

	
A,B

	
A,B




	
C8 (p = 0.9173)

	
-

	
B

	
B




	
C10 (p = 0.7359)

	
-

	
A,B

	
A,B








* The different uppercase letters (A,B) for each column show significantly different results at the level of p < 0.05.













 





Table 5. Results of analysis of variance and Tukey’s HSD post hoc tests for tensile bond strength *.
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Material Code

	
Storing Time




	
24 h

	
7 Days

	
30 Days




	
(p = 0.169)

	
(p = 0.1799)

	
(p = 0.0038)






	
C0 (p = 0.281)

	
-

	
-

	
A,B; -




	
C1 (p = 0.7639)

	
-

	
-

	
A,B; -




	
C2 (p = 0.4551)

	
-

	
-

	
B; -




	
C4 (p = 0.0777)

	
-

	
-

	
A,B; -




	
C6 (p = 0.0581)

	
-

	
-

	
A,B; -




	
C8 (p = 0.0381)

	
a

	
a,b

	
A; b




	
C10 (p < 0.0001)

	
a

	
b

	
A; c








* The different uppercase letters (A,B) for columns and lowercase letters (a–c) for rows show significantly different results at the level of p < 0.05.
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