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Abstract

Candida-associated denture stomatitis is a recurring disease affecting up to 67% of denture 

wearers. Poly(methyl methacrylate) (PMMA) remains the main material employed in the 

fabrication of dentures due to its desirable physical, mechanical, and aesthetic properties. 

However, the improvement of its antimicrobial properties remains a challenge. To address this 

need, we developed PMMA composite filled with piezoelectric nanoparticles of barium titanate 

(BaTiO3) for therapeutic effects. Candida albicans biofilms were cultivated on the surface of 

the composites under continuous cyclic mechanical loading to activate the piezoelectric charges 

and to resemble mastication patterns. The interactions between biofilms and biomaterials were 
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evaluated by measuring the biofilm biomass, metabolic activity, and the number of viable cells. 

To explore the antifungal mechanisms, changes in the expression of genes encoding adhesins and 

superoxide dismutase were assessed using reverse transcription-polymerase chain reaction. With 

the addition of piezoelectric nanoparticles, we observed a significant reduction in the biofilm 

formation and interference in the yeast-to-hyphae transition compared to the standard PMMA. 

Moreover, we observed that the cyclic deformation of biomaterial surfaces without antifungal 

agents produced increased biomass, metabolic activity, and a number of viable cells compared 

to the static/no-deformed surfaces. Cyclic deformation appears to be a novel mechanobiological 

signal that enables pathogenicity and virulence of C. albicans cells with increased expression of 

the yeast-to-hyphae transition genes. The outcome of this study opens new opportunities for the 

design of antifungal dentures for improved clinical service and reduced need for cleaning methods.
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1. INTRODUCTION

Candida albicans is an opportunistic fungus commonly found within the oral cavity. It 

adheres to oral surfaces like mucosa and acrylic dentures.1 The excessive proliferation of C. 
albicans has been associated with denture-induced stomatitis (CADS).2 CADS is a common 

recurring disease affecting up to 67% of denture wearers.3 This disorder is characterized 

by the inflammation and erythema of the oral mucosal areas covered by the denture.2 The 

incidence of CADS is higher among the elder, women, and immunosuppressed individuals.4

Etiological factors of CADS include bacterial and yeast contamination, accumulation 

of denture plaque (biofilms), the continual wearing of removable dentures, and poor 

denture hygiene.2 CADS has a high rate of recurrence, even if treated with antifungal 

therapy.5 Candida infection has been linked with periodontal diseases, oral/gastrointestinal/
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pleuropulmonary infections, and even death.6 Traditionally, antifungal agents are used to 

treating CADS, although other methods, including changes in denture-wearing patterns and 

denture cleaning/disinfection, are also used.7 A major challenge is that C. albicans biofilms 

are highly resistant to antifungal drugs and host immune defenses due to complex biofilm 

architecture, accumulation of extracellular matrix, and increased expression of drug efflux 

pumps.8,9 Additionally, the effectiveness of antifungal therapies is limited2 since Candida 
biofilms are commonly embedded in denture imperfections that are hardly reachable by 

antifungal agents.2 Antifungal treatment may eradicate C. albicans contamination; however, 

unless dentures are regularly maintained, cleaned, and decontaminated, CADS will recur 

when therapy is discontinued.2

Poly(methyl methacrylate) (PMMA) is a biomaterial commonly used in partial and complete 

dentures due to its physical and mechanical properties, ease of fabrication, and reduced 

cost.10 A major limitation of PMMA is the lack of antifungal effects.10 Biofilms easily 

colonize PMMA due to the absence of ionic charges, surface pores and irregularities, and 

the presence of electrostatic and hydrophobic interactions.11 Surface pores and irregularities 

of the surface provide a larger surface area, facilitating bacteria colonization and biofilm 

maturation,12,13 while microbes with hydrophobic cell surface have been found to favor 

biofilm formation in hydrophobic material surfaces like PMMA.14

Recently, the use of denture materials with antifungal properties has been proposed as 

one approach to control CADS and overcome the limitations of traditional antifungal 

therapies.15,16 To prevent the formation of fungal biofilms over biomaterial surfaces, 

different strategies, including the release of antifungal ions and antibiotics and the use 

of anti-biofouling surfaces, have been proposed.16–20 For example, denture materials 

incorporated with different antifungal agents, including cationic polymers (e.g., poly-

(diallyldimethylammonium) chloride (PDDA)) and nanofillers (e.g., zinc oxide, silver, 

titanium dioxide, chitosan, copper, curcumin, graphene oxide).21 Common limitations of 

these strategies include the short service life of antifungal agents due to leaching and 

the necessity of recharging.22 In addition, the use of antimicrobials is limited since they 

cannot be administered for longer periods, as it often induces antimicrobial resistance and/or 

disrupts homeostasis of the microbiome.23

Piezoelectric materials produce electric charges in response to an applied mechanical load 

or vibrations (e.g., mastication loading). These smart materials have been successfully used 

in different biomedical applications, including drug delivery, tissue engineering, biosensors, 

and bone regeneration.24–26 For example, our recent work showed that piezoelectric charges 

offer bioactivity by forming mineral layers in proportion to the magnitude of the electrical 

charge.27 Piezoelectric materials have a significant advantage for therapeutical effects since 

electrical charges are produced continuously without the need for recharge for extended 

periods of time (e.g., +10 million cycles).28 Barium titanate (BaTiO3, BT hereafter) is a 

biocompatible piezoelectric ceramic commonly used for bone formation, cell proliferation, 

and differentiation.29,30 This biomaterial has been tested in different forms, including 

nanoparticles and composites.29,30 Our recent work revealed that piezoelectric charges 

from BT elicit antibacterial effects against Gram-positive bacteria.31 We fabricated dental 

composites by adding barium titanate fillers (a biocompatible piezoelectric compound) into 
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standard dental resins (Bis-GMA/TEGDMA). The electrical charges prevented the bacterial 

biofilm formation and reduced the viable cells compared to control composites. However, 

we still do not know whether the same antibacterial mechanism can be applied to fungal 

species such as C. albicans. Little is known about the antifungal effects of piezoelectric 

charges. This research aims to investigate the antifungal effects of piezoelectric charges in 

the hope of understanding its antifungal mechanism and efficacy. Herein, we report that 

our piezoelectric PMMA composite exhibits antifungal activity in vitro. This new antifungal 

mechanism is expected to mitigate some of the limitations of current antifungal dental 

materials by harnessing mastication forces to activate the charges necessary to elicit the 

antifungal effects for extended periods of time.

2. MATERIALS AND METHODS

2.1. Fabrication of PMMA Piezoelectric Composites.

PMMA composites were fabricated first by mixing a commercial PMMA powder (Original 

Truliner, Bosworth) with 40 wt %. of barium titanate nanoparticles (US Research 

Nanomaterials US3830, 200 nm). The powders were mixed using a planetary mixer 

(ARE-310, Thinky) for 5 min at 2000 rpm. Then, the liquid monomer and the powders 

were mixed thoroughly by hand in a 1:1 weight ratio. The BT filler concentration was fixed 

at 40% (wt/wt) since it was the maximum packing fraction of BT within the matrix and 

provided a wide range of electrical charges for study. The mixture was then poured into a 

mold with the desired shape and was left for 10 min to complete autopolymerization. As a 

control group, samples without BT fillers were prepared. Samples were stored in distilled 

water for 24 h at 37 °C before testing to release uncured monomers. The average roughness 

of the surface was verified to be <0.2 μm to prevent influences on the biomaterial–biofilm 

interactions (see Appendix-1). Before testing, samples were subjected to a high electric field 

(20 kV/mm) at 140 °C for 40 min (poling) to improve the efficiency of charge generation 

without affecting the properties of the polymer32 (Appendix-2).

2.2. Physical, Mechanical, and Electromechanical Characterization.

The PMMA composites and the control were characterized for their physical, mechanical, 

electromechanical, and wettability properties. The filler distribution was evaluated by 

scanning electron microscopy (SEM). In addition, the chemical composition and the 

degree of conversion (DC) were measured using Fourier transform infrared-attenuated total 

reflection (FTIR-ATR). The DC was determined from the ratio of the absorbance at the 

aliphatic C=C (1638 cm−1) and the carbonyl C=O (1720 cm−1) bonds for both polymerized 

and unpolymerized states. Second, the mechanical properties were determined using a three-

point bending configuration following the ISO 20795–1 for denture materials. Flexural 

strength (σ) and modulus (E) were calculated. Third, the electromechanical properties 

(i.e., electrical charge generation in response to applied mechanical stress) were measured. 

Samples were subjected to cyclic loading under a 3-point bending resembling mastication 

patterns (stresses of ~22 MPa, frequency of 2 Hz). A charge amplifier was connected to 

conductive electrodes bonded in the sample located at the compressive and tension surfaces. 

The electrical charge and mechanical load were recorded (Appendix-2). Fourth, the contact 
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angles were evaluated (Appendix-3). For all evaluations, N = 5 samples per group were 

tested.

2.3. C. albicans Biofilm Model.

The C. albicans strain (CAI4) was grown on a yeast extract peptone dextrose (YPD) 

(DF0428, Thermo Fisher) agar plate at 30 °C for 24 h under aerobic conditions. A single 

colony was harvested and suspended in 10 mL of YPD media and grown at 30 °C with 

continuous shaking for 20 h. The fungal suspension was then diluted to OD600 = 1.0 in 

phosphate-buffered saline (PBS) (1 × 108 CFU/mL). Sterilized rectangular beams (5 × 1 × 

18 mm3) were submerged in 3 mL of the PBS/cell suspension oriented with the negatively 

charged surface upward (i.e., compression) and incubated at 37 °C for 3 h to promote cell 

adhesion to the sample surface. Then, the samples were gently washed with PBS to remove 

the nonadherent cells. Next, the beams were placed in a 3-point bending fixture (span: 15 

mm) and submerged in 3 mL of RPMI 1640 (R1383, Sigma-Aldrich) supplemented with 

1.5% agar (BP1423, Fisher Scientific) and 2% glucose (G8270, Sigma-Aldrich) and buffered 

with MOPS at pH 7.0 (M3183, Sigma-Aldrich). Then, the samples were incubated at 37 

°C, and the cyclic loading was initiated for 24 h (Figure 2a). During the experiment, the 

load magnitude was adjusted to vary from −0.5 N to −5N(~22 MPa). This load magnitude 

enables a totally stable surface for the biofilm growth and does not create any surface 

defects on the samples (Appendix-4).33 After the incubation period, the growth medium was 

removed, the side surfaces of the beam were gently cleaned, and the samples were washed 

with PBS.

2.4. Biofılm–Biomaterial Evaluations.

Cell viability was assessed by counting the number of colony-forming units (CFU). Six 

10-fold serial dilutions were prepared and plated on YPD agar plates for 24 h at 30 °C 

under aerobic conditions. To assess the C. albicans biofilm biomass and metabolic activity, 

crystal violet and MTT assays were used, respectively, following previous protocols.34 To 

visualize and quantify the living and the dead bacteria on top of the samples, the biofilm 

was stained using the LIVE/DEAD BacLight viability kit (Thermo Fisher L7007) (6 μM for 

SYTO 9 and 30 μM for propidium iodide). The live and dead cells were observed using a 

fluorescence microscope (EVOS M5000) (Appendix-5). Fluorescence images were collected 

as a set of 50 z-stack traversing the biofilms. All images and stacks were captured with 

identical settings. All intensities were corrected for background fluorescence. To quantify 

the proportion of live and dead yeast, the color images were converted to grayscale images 

with pixel values from 0 to 255. Then, a similar threshold was applied to obtain black and 

white images. All pixels with values above the threshold (white pixels) were counted. The 

number of white pixels was computed separately for both live and dead images. To estimate 

the biofilm biovolume, we manually revised all of the images within the z-stack. We 

identified the first (lower boundary) and last (upper boundary) images showing appropriate 

fluorescence. The level of biofilm was calculated by multiplying the number of images 

within the identified range over the z-stack thickness. Data analysis and measurement of 

the biofilm thickness were performed using ImageJ. For each evaluation, four samples (N 
= 4) per group were tested. The yeast-to-hyphae transition was monitored under a light 

microscope after 4 h of biofilm growth under cyclic mechanical stimulation. The hyphae 
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formation (%) was calculated as the ratio of the number of cells with germ tubes and the 

number of total cells at six random locations.

2.5. RNA Extraction and Gene Expression Assays.

RNA was extracted from biofilms after the 24 h incubation period using the RNeasy 

Mini Kit (QIAGEN) according to the manufacturer’s instructions. RNA yield and quality 

were assessed using a NanoDrop (Thermo Fisher Scientific). Later, cDNA synthesis was 

performed using the iScript Reverse Transcription Supermix (Bio-Rad), following the 

manufacturer’s protocol, and the contaminating DNA was digested using TURBO DNA-free 

kit (Invitrogen). Real-time PCR was performed using a QuantStudio TM 3.0 Real-time 

PCR system (Applied Biosystems) and the iTaq Universal SYBR Green supermix (Bio-Rad) 

with predesigned primer genes associated with C. albicans biofilm, including ALS1, HWP1, 
GSC1, and SOD5.35,36 18s rRNA was used as a housekeeping gene37 (Appendix-6). The 

reverse transcription-polymerase chain reaction (RT-qPCR) was performed at 95 °C for 5 

min, followed by 40 cycles of 15 s at 95 °C and 1 min at 58 or 55 °C, depending on 

the primers used. The standard curve method was employed for relative quantitation, and 

genomic DNA was used to prepare a standard plot. Genomic DNA was extracted using the 

YeaStar Genomic DNA Kit (Zymo Research) after C. albicans was routinely grown in the 

YPD medium overnight.

2.6. Statistical Analysis.

All data are expressed as the mean ± standard deviations. Statistical differences in the results 

were evaluated using one-way ANOVA with a significance of 0.05. The Tukey post hoc test 

was used for multiple comparisons with a 95% confidence level.

3. RESULTS

A micrograph of the fracture surface of a selected piezoelectric composite sample is 

presented in Figure 1a. Piezoelectric fillers are distributed along the PMMA matrix without 

preferential deposition and with scattered agglomerations of sizes up to 9 μm. FTIR analysis 

confirmed the presence of BT and PMMA by showing their characteristic peaks at 530 and 

1437 cm−1, respectively (Figure 1b). The DC was found to be similar in both groups, with 

an average of ~73% (Figure 1c). The flexural strength and modulus are presented in Figure 

1d,e, respectively. The average flexural strength of the piezoelectric composites (~50 MPa) 

was statistically lower than that of the control (~65 MPa). Conversely, the flexural modulus 

of both groups was statistically similar, with an average of 1.8 GPa. This decrease in the 

mechanical properties has been previously reported for PMMA composites filled with high 

concentrations of nanoparticles and could be influenced by the filler distribution, particle 

size, and shape.38 The electrical charge density produced at the surface of the composites is 

shown in Figure 1f. As expected, no electrical charge was recorded for the PMMA group. 

On the contrary, higher charge density (~8.5 pC/cm2) was measured for the piezoelectric 

composites simulating mastication stress conditions (22 MPa, 2 Hz).

The interactions between C. albicans biofilms and biomaterials were evaluated under two 

loading conditions, including samples under continuous cyclic loading and no loading 
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(held static without mechanical stimulation). Activation of the cyclic mechanical loading 

promoted in the PMMA samples a significant increase of biofilm biomass (Figure 2b), 

metabolic activity (Figure 2c), and viable cells (Figure 2d) compared to the PMMA no-

load group. Under the same cyclic loading, piezoelectric composites showed a significant 

decrease in all microbiological evaluations (biomass, metabolic, and viable cells) compared 

to the commercial PMMA-loaded group, suggesting the activation of antifungal effects 

caused by the electric charges. Overall, the lowest biofilm biomass, metabolic activity, and 

CFU were observed for the PMMA no-load configuration. These findings were validated 

using fluorescence microscopy (Figure 2e). The highest number of live cells (green) was 

observed for the PMMA-loaded group (98%). An increased number of dead (red) fungal 

cells were observed in piezoelectric composites under mechanical loading (55%) compared 

to PMMA (1.7%). A similar trend was observed for the biofilm biovolume. Thicker biofilms 

were observed for the PMMA-loaded group, with a biovolume of 181 μm3/μm2. A reduction 

of 43% in the biofilm biovolume was observed for the mechanically stimulated piezoelectric 

composites (102 μm3/μm2).

Microscopic examination of the yeast-to-hyphae transition showed fully developed and 

robust hyphae in PMMA-loaded samples only (Figure 3b). In contrast, in the other groups, 

spherical yeast cells (Figure 3c) or/and oval and elongated pseudohyphae cells predominated 

(Figure 3a,d). This suggests that the addition of BT to the PMMA and the resulting 

mastication-induced electrical charges interfered with the morphological transition of C. 
albicans by inhibiting the formation of hyphae. These observations were further confirmed 

by the quantification of hyphae formation (Figure 3e). In the PMMA-loaded group, the 

incidence of yeast-to-hyphae transition was significantly higher (~88%) compared to the 

other evaluated groups (<20%).

To understand the mechanisms driving the changes of the biofilm–biomaterial interactions, 

the expression of ALS1 for cell-surface associated glycoproteins, HWP1 for hyphal-specific 

adhesion, GSC1 for production of extracellular matrix (β-1,3-glucan synthase), and SOD5 
for superoxide dismutase production were investigated (Figure 4). Significant differences 

between all groups (PMMA and the piezoelectric composite for both loading conditions) 

were found in the expression of ALS1 (Figure 4a) and GSC1 (Figure 4c) genes with the 

highest levels for the piezoelectric-loaded cases. On the other hand, the expression of the 

HWP1 gene was similar between the piezoelectric composite- and PMMA-loaded groups 

(Figure 4b). Interestingly, the expression of the GSC1 and SOD5 genes was highest for both 

piezoelectric composites and lowest for PMMA under loading conditions (Figure 4c,d).

4. DISCUSSION

Dentures with different antifungal agents have been proposed with the major limitation 

of offering short therapeutic action due to the leaching of agents.15 In this work, we 

proposed the use of a novel antifungal mechanism by utilizing piezoelectric materials. Our 

material does not rely on antifungal drugs or leaching agents since piezoelectric materials 

can produce electrical charges from vibrations/cyclic loading for extended periods of time 

without the need for recharging.28,39 For the first time, our work showed the antimicrobial 

effects of piezoelectric charges against C. albicans biofilms. In addition, for the first time, 

Montoya et al. Page 7

ACS Biomater Sci Eng. Author manuscript; available in PMC 2022 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



our results showed that cyclic mechanical loading (i.e., a mechanobiology signal) is an 

environmental factor affecting the biofilm growth and morphology of C. albicans biofilms, 

evidenced with increased virulence, biomass, metabolic activity, and viable cells.

Microbe–surface interactions are affected by different biomaterial properties, including 

chemistry, roughness/topography, surface energy, and charge.40 Specifically, for C. albicans, 

high hydrophobicity and surface roughness enhance the adhesion and proliferation of 

yeast.41 In our work, we subjected PMMA samples to cyclic loading/deformation 

throughout the incubation period. This cyclic deformation of the biomaterial surface appears 

to have enabled the pathogenicity and virulence of C. albicans, as evidenced in different 

results. First, the increased levels of biomass, metabolic activity, and viable cells (Figure 

2b–d), after comparing loaded and no-loaded groups. Second, cyclic loading contributed 

to the increased formation of hyphae (Figure 3e). This morphological switch between 

unicellular yeast and multicellular filamentous hyphal growth is known to play a role 

in the virulence of C. albicans evidenced with biofilm formation, phenotypic switching, 

and secretion of hydrolytic enzymes.42,43 This yeast-to-hyphae transition is known to be 

regulated by a range of environmental and nutritional cues, including pH, CO2, temperature, 

nutritional deprivation, and hypoxia.42,43 However, it was not known that cyclic loading 

(mechanobiology signal) on biomaterial surfaces contributed to this morphological switch. 

This condition is critical, especially when evaluating fungi–biomaterial interactions in 

microenvironments, where repetitive loading is present, such as oral dentures and catheters.

To confirm this observation, we explored the regulation of specific genes. The upregulation 

of the HWP1 gene is associated with the cell-wall protein that is required for normal 

hyphal development,44 which was evidenced for all of the loaded groups (Figure 4b). In 

addition, the downregulation of the GSC1 gene suggests a decrease of the β-glucan levels 

after the yeast-to-hyphae transition (Figure 4c).45 Moreover, the upregulation of the ALS1 
gene has been associated with the formation of biofilms (Figure 4a) with higher biomass 

and resistance to removal46 (see Figure 2b). Taken together, the cyclic deformation of 

the PMMA surface contributed to an increased biofilm formation with increased hyphal 

production. Thus, the cyclic surface deformation is proposed as a new mechanosensing cue 

that triggers the transition from normal flora to pathogenic and opportunistic yeast infection. 

In simple terms, the act of eating using a denture appears to promote the yeast-to-hyphae 

transition, which enables the pathogenicity and virulence of C. albicans.

Electrostatic interactions influence the adherence of C. albicans to polymer surfaces.47 

The yeast cell wall is negatively charged by the phosphate and carboxyl groups.48 

Electrical charges at the biomaterial surface may alter the interaction with Candida cells.47 

Specifically, the prevention of cell adhesion is through the negative–negative charge 

interactions.49 Piezoelectric fillers produce electrical charges (“repulsion forces”) on the 

biomaterial surface activated by cyclic loading. These repulsive interactions were evidenced 

by the lower levels of biofilm biomass, metabolism, and viable cells on the piezoelectric 

composite compared to PMMA-loaded samples (Figure 2). This type of electrostatic 

interaction causes the cell envelope to be displaced, leading to a loss of structural integrity 

and cell lysis, which also correlates with a higher number of dead cells.50 Our fluorescence 

microscopy results confirm this by showing an increased number of dead cells in the 
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piezoelectric composites (see Figure 2e). Furthermore, the upregulation of the ALS1 gene 

for the piezoelectric composite (Figure 4a) suggests that the antifungal mechanism is not 

related to reduced cell adhesion to the biomaterial surface. Taken together, the electrical 

charges produced by piezoelectric fillers are delaying the biofilm formation by inducing the 

death of cells without affecting the adhesion of cells on the surface of the biomaterial.

To explore the antifungal mechanism, we measured the expression of a superoxide 

dismutase gene (SOD5), which indicates both oxidative stress production and the yeast-to-

hyphae transition.51 The antimicrobial mechanism of compounds that generate electrical 

charges is through the induction of reactive oxygen species (ROS) production.52,53 The 

elevation of intracellular ROS induces oxidative damage to proteins, lipids, and DNA, which 

leads to cell death.54 Piezoelectric charges induced the upregulation of SOD5 with minimal 

hyphae formation, suggesting that the antifungal mechanism could be related to oxidative 

stresses. However, the PMMA-loaded samples reported the high formation of hyphae with 

the downregulation of SOD5, indicating that the mechanical stimuli have an unknown 

effect on the superoxide dismutase gene function, which warrants further investigation. 

The increase of SOD5 in the piezocomposite without cyclic loading appears to be related 

to the residual charge on the sample’s surface. However, direct measurement of the ROS 

production is required. Additional studies regarding the molecular antifungal mechanism, 

gene expression patterns, and identification of pathways specific to pathogenic C. albicans 
biofilms are encouraged to elucidate the complete antifungal mechanism.

For the first time, our work showed the antimicrobial effects of piezoelectric charges 

against C. albicans biofilms. A reduction in the number of viable bacteria was observed 

after PMMA samples produced ~8 pC of electrical charge on the biomaterial surfaces. 

Despite the exciting results, this study has limitations. The experiments were performed in 

the absence of saliva pellicle, which can influence the adhesion dynamics of C. albicans. 

We utilized RPMI media, which could induce hyphal development.55 Moreover, only one 

concentration of piezoelectric fillers was tested. Different nanoparticle concentrations, sizes, 

and surface treatments (i.e., silanization to improve mechanical properties) and distributions 

can render different mechanical properties, electrical charge magnitudes (Appendix-7), and 

thus, different microbiological and molecular responses (Appendix-8). Similarly, we choose 

one material (PMMA), one mechanical stress condition, and one strain of fungi. However, 

future studies should consider using a clinical inoculum that enables the study of the 

interactions between different microorganisms/pathogens after exposure to piezoelectric 

charges.56 In addition, dental materials (Appendix-9) with different matrixes and cyclic 

loading parameters (stress/frequency) verifying the antifungal mechanism warrant further 

investigation. Additional studies regarding changes of patterns of gene expression and 

identification of pathways specific to pathogenic C. albicans biofilms are encouraged to 

elucidate the full antifungal mechanism of piezoelectric charges. Finally, a systematic study 

to evaluate higher magnitudes (>8 pC) of electrical charges on the antimicrobials should 

be considered. With that in mind, this study initiated the understanding of the complex 

interactions between C. albicans, piezoelectric charges, and cyclic mechanical deformation, 

which would provide a new perspective for developing new strategies for preventing and 

treating yeast infections.
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5. CONCLUSIONS

For the first time, we propose the use of piezoelectric PMMA composites with antifungal 

effects for denture use. Our results showed that piezoelectric charges significantly reduced 

the biomass, metabolic activity, and viable cells compared to the commercial PMMA 

without charge generation. Piezoelectric charges also prevented the formation of hyphae. 

The antifungal mechanism from piezoelectric charges appears to be related to the 

accumulation of intracellular reactive oxygen species (ROS) and damage to the cell 

membrane. In addition, our results indicate that cyclic deformation on PMMA substrates 

without antifungal agents, where the biofilms were formed and yeast adhered, enabled 

pathogenicity and virulence of C. albicans. Cyclic loading alone contributed to an increased 

formation of biofilm with augmented hyphal production. We believe this is a new virulence 

mechanism that contributes to the progression of infection, which can be targeted for the 

development of new strategies for the treatment of yeast infections.
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Figure 1. 
Characterization of PMMA piezoelectric composites. (a) Micrograph of the fracture surface 

of a PMMA sample filled with 40% of BT. White arrows indicate piezoelectric fillers. 

(b) Selected FTIR spectra of the fracture surface of the commercial PMMA and the 

piezoelectric composite, indicating the characteristics peaks corresponding to the PMMA 

matrix (1437 cm−1) and BT filler (530 cm−1). (c) Degree of conversion of the commercial 

PMMA and the piezoelectric composites measured by Fourier transform infrared (FTIR) 

spectroscopy (p = 0.4204). (d) Flexural strength (p = 0.000) and (e) flexural modulus of 

the piezoelectric composites and the commercial PMMA (p = 0.8055). (f) Electrical charge 

density (Q per cm2) generated by PMMA piezoelectric composites subjected to a three-point 

bending cyclic loading of 5 N at 2 Hz (p = 0.000). For all tests, the error bars were obtained 

from N = 5 samples. Significant differences between the groups are expressed as *p < 0.05.
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Figure 2. 
Biofilms–biomaterial interactions of C. albicans. (a) Schematic of the biofilm model used 

to grow C. albicans biofilms over the samples under cyclic mechanical loading for 24 h. 

(b) Microbiological evaluations of C. albicans biofilms cultivated on the biomaterial surface 

with and without repetitive loading, including (b) biofilm biomass, (c) metabolic activity, 

and (d) cell viability (CFU). (e) Fluorescence microscopy z-stack images of C. albicans 
biofilms. Samples were stained with SYTO 9 (green) and propidium iodide (red) to indicate 

live and dead fungi, respectively. For all evaluations, the applied mechanical load (5 N) 

corresponds to an electrical charge of 8.5 pC/cm2 in the piezoelectric PMMA composite. 
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The error bars were obtained from N = 4 samples. Significant differences between groups 

are expressed as follows: *p < 0.05, **p < 0.001, or ***p < 0.0001.
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Figure 3. 
Yeast-to-hyphae transition. Photomicrographs showing the morphology of C. albicans when 

in contact with (a) PMMA-no-load (control group), (b) PMMA under cyclic loading, (c) 

piezoelectric composite no-load, and (d) piezoelectric composite with a repetitive load. In 

picture (b), we can observe a predominance of hyphae morphology compared to the other 

groups in which yeast cells predominated (a–c), demonstrating that piezoelectric charges 

interfered with the morphological transition of C. albicans, inhibiting hyphal formation. (e) 

Percentage of hyphae formation after 4 h of incubation. The error bars were obtained from N 
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= 6 measurements. Significant differences between the groups are expressed as follows: *p < 

0.05, **p < 0.001, or ***p < 0.0001.
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Figure 4. 
Changes in the expression of genes related to the biofilm formation of C. albicans. 

(a) ALS1 encoding cell-surface associated glycoproteins, (b) HWP1 related to hyphal-

specific adhesion, (c) GSC1 involved in the β-1,3-glucan synthesis and extracellular matrix 

production, and (d) SOD5 associated with superoxide dismutase production and oxidative 

responses. The relative gene expression was normalized to 18S ribosomal RNA levels 

(housekeeping). The error bars were obtained from N = 3 measurements. Significant 

differences between the groups are expressed as follows: *p < 0.05, **p < 0.001, or ***p < 

0.0001.
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