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Influence of thermocycling on the
antifungal properties of 3D printed
denture base material containing
zwitterionic and quaternary
ammonium compounds
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Denture stomatitis, primarily caused by the colonization of Candida albicans biofilms,

remains a persistent clinical challenge. This study investigated the effects of incorporating
2-methacryloyloxyethyl phosphorylcholine (MPC) and dimethyl dioctadecyl ammonium bromide
(DDAM) into 3D-printed denture base resins to enhance their antifungal properties and evaluate

their impact on flexural strength, even after undergoing thermocycling. Following simulated thermal
aging (10,000 thermal cycles), all groups exhibited a decline in antifungal efficacy, with the most
pronounced reduction observed in the 2% DDAM group. Notably, statistical analysis confirmed
significant differences between before- and after-aging states, highlighting the impact of thermal
aging on antifungal performance. In contrast, the flexural strength was better maintained in the MPC
group, whereas an optimal balance between antifungal efficacy and mechanical performance was
achieved in the combination group (1% MPC +1% DDAM). Thermocycling demonstrated the long-term
durability of the experimental resins, with a slight decline in antifungal activity over time. This study
highlights the potential of MPC and DDAM as functional additives to enhance the antifungal properties
of 3D-printed denture base resins while maintaining acceptable flexural strength, offering a promising
strategy for addressing denture stomatitis.
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Medical technology advancements and expertise have significantly increased human life expectancy, resulting in
a growing aging population!. Consequently, the increased prevalence of complete edentulism has posed a critical
global health concern®. Removable full dentures remain the standard treatment for patients with complete
edentulism®. Poly methyl methacrylate (PMMA) has been the material of choice for denture base materials
over the past few years due to its favorable properties, including biocompatibility, esthetic appeal, versatility, low
cost, and ease of fabrication*>. However, despite these advantages, the poor antimicrobial properties of PMMA
have been considered a notable limitation, which increases the risk of oral infections and the development of
unpleasant odors®.

Previous studies have reported that a significant proportion of denture wearers experience denture stomatitis,
a fungal infection predominantly caused by Candida albicans’. This infection is exacerbated by microbial
adhesion to the denture surfaces®. Various methods have been proposed to mitigate these issues, including the
use of denture cleansers and the incorporation of antifungal agents into denture base materials’. However, these
approaches have limitations, such as altering the denture surface properties, increasing roughness, and potentially
contributing to the development of drug resistance!”. Moreover, the frequent use of antifungal medications
increases the risk of developing drug resistance!!. Modifying denture materials is a promising alternative to
prevent microbial adhesion'2. Materials such as 2-methacryloyloxyethyl phosphorylcholine (MPC), a hydrophilic
and biocompatible polymer, have demonstrated protein-repelling properties and reduced microbial adhesion
when incorporated into denture resins'*~!°. Furthermore, quaternary ammonium compounds (QAMs), a class
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of antibacterial agents, have gained attention for their ability to combat oral pathogens'®. These compounds
can be immobilized within resin matrices, providing long-lasting, contact-based antimicrobial effects without
leaching!”.

Although several previous studies have explored the mechanical properties and antifungal efficacy of three-
dimensional 3D-printed denture base materials, few have investigated the effects of both MPC and DDAM
incorporation, particularly in comparison to each other. Furthermore, no studies have evaluated the longevity
of these properties after thermocycling. By addressing these gaps, this study provides valuable insights into the
sustained antifungal performance and mechanical stability of these materials over time.

This study aimed to develop an antifungal 3D-printed denture base material by incorporating MPC, a
protein-repellent agent, and dimethyl dioctadecyl ammonium bromide (DDAM), an antifungal agent to prevent
C. albicans adhesion. The following null hypotheses were tested: (1) between 3D-printed denture base resins
containing MPC and those containing DDAM, there would be no significant differences in the antifungal
efficacy or flexural strength and (2) even after thermocycling, the antifungal efficacy and flexural strength of
3D-printed denture base resin containing MPC and DDAM would not show significant differences.

Materials and methods

Materials

A commercial 3D printable PMMA material for denture (NextDent Denture 3D +; 3D Systems, Soesterberg,
Netherlands) in a light pink hue (LOT:WW251N04) was used to manufacture the denture base resin used in
this study. The resin was used as the carrier for the protein-repellent monomer MPC and the antifungal agent
DDAM. MPC and DDAM were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further
purification.

Formulation of the 3D-printed denture base resin incorporated with MPC and/or DDAM

The preparation process involved dissolving MPC and DDAM powders in ethanol at a 1:4 ratio, followed by
sonication at 40% amplitude for 20 min (Q500 sonicator, Qsonica, USA). The mixture was stirred at 800 rpm
at 50 °C for 48 h to ensure homogeneous dispersion of the additives. Degassing was performed under vacuum
(7-8 mTorr) for 2 h. A schematic illustration of the mixing and printing protocol is shown in Fig. 1. Specimens
were fabricated using the NextDent 5100 3D printer (NextDent, 3D Systems, Netherlands) with a 50 um layer
thickness, followed by UV post-curing at 350-500 nm for 30 min. Before antifungal testing, all specimens were
sterilized using an ethylene oxide (EO) gas sterilizer according to the manufacturer’s instructions.

A digital balance (XS105, Metter-toledo AG, Greifencsee, Switzerland) was used to weigh the PMMA, which
was then mixed with MPC and DDAM at a mass ratio of 2.0 wt%. The detailed filler content of the experimental
group is listed in Table 1. For 3D printing, cylindrical specimens measuring 10 x2 mm were sketched using
Exocad Dental CAD software (version 3.2 Elefsina, build 9036, exocad GmbH, Darmstadt, Germany; http://ww
w.exocad.com). Post-printing, the specimens were washed with isopropanol to remove any remaining denture
resin and stored for further post-curing in a high-performance photocuring unit (Next Dent LC-3D print box,
3D systems, Soesterbeg, The Netherlands) at 350-500 nm ultraviolet light for 30 min.

Fourier-transform infrared spectroscopy (FT-IR)
Fourier-transform infrared spectroscopy (FT-IR, INVENIO, Bruker, Billerica, MA, USA) analysis was performed
to characterize the chemical composition of the MPC and DDAM powders and to analyze 3D-printed denture
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Fig. 1. Demonstration of the preparation process of 3D-printed denture base resin incorporating MPC and/or
DDAM.

Scientific Reports |

(2025) 15:39690 | https://doi.org/10.1038/s41598-025-23174-w nature portfolio


http://www.exocad.com
http://www.exocad.com
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Groups PMMA (wt%) | MPC (wt%) | DDAM (wt%)
Control 100 - -
2% MPC 98 2 -
2% DDAM 98 - 2
1% MPC+1% DDAM | 98 1 1

Table 1. The weight percentage of MPC and/or DDAM based on the 3D-printed denture base resin content in
the sample group.

base resin specimens in four groups: control, 2% MPC, 2% DDAM, and 1% MPC+ 1% DDAM. Spectra were
collected in the range of 400 to 2000 cm™! and analyzed using the IR Lab Solution OPUS software (Version 8.5,
Bruker Optik GmbH, Ettlingen, Germany; https://www.bruker.com/en/products-and-solutions/infrared-and-r
aman/opus-spectroscopy-software.html).

The thermocycling procedure

Specimens were divided into two groups: one without thermocycling and the other subjected to 10,000 cycles in
distilled water between 5 and 55 °C with a dwell time of 30 s at each temperature, using thermocycling machine
(ThermoCycling Tester, R&B Inc., Daejeon, Korea). For the CFU test, specimens were evaluated before (n=3)
and after (n=3) thermocycling. For the flexural strength test, specimens were evaluated before (n=>5) and after
(n=5) thermocycling in each of the four groups. For the CLSM analysis, specimens were evaluated before (n=1)
and after (n=1) thermocycling.

Colony forming units (CFU)

C. albicans (ATCC 10231) were used to evaluate the antifungal effects of the 3D-printed denture base resin
incorporated with MPC and DDAM. Frozen C. albicans colonies were thawed and cultured in Sabouraud
dextrose broth (SD broth; MBcell, Seoul, Korea) at 37 °C for 24 h. The fungi were further cultivated by inoculating
an isolated colony into the SD broth and incubating at 37 °C for 24 h. The culture was then diluted with SD broth
to prepare a C. albicans suspension with a concentration of approximately 1 x 10° CFU/ml.

For the CFU test, disc-shaped specimens were fabricated with dimensions of 10 mm in diameter and 2 mm
in thickness. For each group, three specimens before thermocycling (n =3) and three after thermocycling (n=3)
were used. The test was performed in three replicates, resulting in a total of 72 specimens across all four groups.
Prior to the CFU test, all specimens were sterilized using an ethylene oxide (EO) gas sterilizer according to the
manufacturer’s protocol. After dilution to approximately 1x 10° CFU/mL, 1 mL of the C. albicans suspension
was placed onto each sterilized specimen and incubated in a 24-well plate at 37 °C for 24 h to allow biofilm
formation under static conditions.

Confocal laser scanning microscopy (CLSM) analysis

CLSM was used to analyze C. albicans attached to the specimens. For each group, one specimen before (n=1)
and one after (n=1) thermocycling were examined, resulting in a total of eight specimens across all four
groups. After washing with phosphate-buffered saline (PBS) to remove non-attached fungus, the specimens
with attached fungus were stained using the “LIVE/DEAD” Yeast Viability Kit (SYTO 9 and propidium iodide,
Molecular Probes, Engene, OF, USA) for 30 min. The specimens were then rinsed with PBS and observed under
20 x magnification using a confocal microscope (LSM 980, Carl Zeiss, Thornwood, NY, USA).

Flexural strength

The flexural strength was evaluated according to ISO 20,795-1. Rectangular bar-shaped specimens were printed
with dimensions of 64 mm in length, 10 mm in width, and 3.3 mm in height. A total of 40 specimens were used
for the test—five specimens before thermocycling (n=>5) and five after thermocycling (n=5) for each of the four
groups. The specimens were then stored in distilled water at (37+1) °C for (50+2) h. After conditioning, the
specimens were tested using a universal testing machine (Instron 5942, Norwood, MA, USA), with a 1 kN load
applied at a crosshead speed of 5 mm/min. The flexural strength (o) was calculated using the following equation:

3F1

77 22 M

where F denotes the maximum load applied to the specimen (N), /is the distance between the supports (50 mm),
and b and h are the width and height (mm) of the specimen.

Statistical analysis

Statistical analysis was conducted using IBM SPSS Statistics 28.0 software (IBM, Armonk, NY, USA). All data
were tested for homogeneity using Levene’s test, One-way analysis of variance (ANOVA) followed by Tukey’s
post hoc test was conducted to compare differences among the experimental groups. In addition, paired t-tests
were performed to evaluate the differences between pre-aging and post-aging conditions within each group for
both flexural strength and CFU. A p value of <0.05 was considered statistically significant.
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Results

FT-IR

FT-IR spectroscopy was performed to analyze potential chemical interactions between the control resin (PMMA
100%) and specimens containing 2% MPC, 2% DDAM, or a combination of both (1% MPC+ 1% DDAM). The
analysis focused on identifying changes in peak intensities and positions, particularly around the characteristic
absorption bands such as~1720 cm™! (C=0),~2950 cm™ (C-H), and 1000-1500 cm™! (C-C-O and C-N),
which indicate possible bond formation or molecular interactions between the polymer matrix and incorporated
agents. The resulting spectra were compared to identify any structural changes induced by the additives (Fig. 2).

In the control group, characteristic PMMA peaks were observed, including a strong ester carbonyl (C=0)
stretching band near 1720 cm™!, C-O-C asymmetric stretching in the range of 1140-1190 cm™, and C-H
stretching vibrations around 2950 cm™.

Upon the incorporation of MPC, subtle changes in peak intensity and position, particularly around
1720 cm™!, were observed. These alterations suggest potential interactions between the ester groups in MPC and
the PMMA matrix. Additionally, new or enhanced vibrational modes in the 1000-1500 cm™' region may reflect
the introduction of phosphate-containing functionalities from MPC.

Similarly, the incorporation of DDAM significantly altered the spectral profile in both the 1720 cm™ and
1000-1500 cm™ regions, which is likely attributable to the presence of amine or quaternary ammonium
functional groups.

When both MPC and DDAM were incorporated (MPC+DDAM), the spectrum exhibited more complex
changes in the same characteristic regions. These findings suggest that MPC and DDAM not only interact
with PMMA but may also influence each other’s incorporation, potentially leading to synergistic effects or the
formation of new chemical linkages.

Overall, FT-IR analysis confirms that the incorporation of MPC, DDAM, and their combination induces
measurable chemical changes in the PMMA matrix, likely due to molecular interactions and bond formation
between the additives and the resin.

CFU

The colony forming units (CFU) of C. albicans attached to the specimen surface are presented in Fig. 3. The
CFU were highest in the control group both before- and after-aging. Compared with the control group, the
2% MPC, 2% DDAM, and 1% MPC+ 1% DDAM groups exhibited significantly lower CFU (p <0.05). Among
these, the combination group (1% MPC+ 1% DDAM) showed the lowest CFU both before- and after-aging.
Following thermocycling (10,000 cycles), paired t-test analysis revealed significant increases in CFU for the
control (p=0.014), 2% MPC (p=0.001), 2% DDAM (p=0.003), and 1% MPC+ 1% DDAM (p=0.003) groups,
indicating reduced antifungal performance after-aging. Nevertheless, despite the overall decrease in antifungal
activity, the 1% MPC+1% DDAM group consistently maintained the lowest CFU, demonstrating superior
durability and antifungal effectiveness compared to the other groups.

CLSM analysis

Additionally, CLSM images obtained after thermocycling demonstrated that antifungal effects were retained
even after-aging (Fig. 4). In the Live/Dead assay, a large number of fungi were observed in the control group,
whereas a relatively small number of live fungal cells were observed in all experimental groups. The results
revealed that integrating MPC and DDAM not only reduced the attachment of fungi compared to the control
group but also killed them on contact.

Flexural strength

The flexural strength of the control and experimental groups (2% MPC, 2% DDAM, and 1% MPC+ 1% DDAM)
was evaluated before- and after-aging, as shown in the graph (Fig. 5). The flexural strength values of the MPC
and DDAM groups varied compared to the control group. Before-aging, the control group exhibited the highest
flexural strength, while the 2% DDAM group showed the lowest values. After-aging, a significant reduction
in flexural strength was observed in the 2% MPC (p=0.035) and 2% DDAM groups (p=0.021), whereas no
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Fig. 2. FT-IR analysis (a) Powder MPC and DDAM. (b) 3D-printed denture base resin incorporating MPC
and/or DDAM. (c) Enlarged view of the characteristic regions (~ 1720 cm™ and 1000-1500 cm™) highlighting
subtle intensity changes and chemical interactions with the PMMA matrix.
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Fig. 3. Effects of MPC and DDAM on C. albicans CFU (10° per disk). The bars with capital letters reveal
significant differences between the before-aging groups, and the lowercase letters indicate significant
differences between the after-aging groups (p <0.05). Asterisks (*) indicate statistically significant differences
between the before- and after-aging conditions within each group (paired t-test, p <0.05).
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Fig. 4. Confocal laser scanning microscope (CLSM) images for the Live/Dead viability testing of each
fabricated specimen before- and after-aging. Green indicates live cells and red indicates dead cells. The scale for
all images shown was 50 pm.
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Fig. 5. Flexural strength of the 3D-printed denture base resin. Horizontal dotted lines (yellow) indicate the
minimum requirement for the denture base resin in accordance to ISO 20,795-1. The bars with capital letters
denote significant differences between the before-aging groups, and the lowercase letters indicate significant
differences between the after-aging groups (p <0.05). Asterisks (*) represent significant differences between the
before- and after-aging conditions within the same based on paired t-test (p <0.05).

significant changes were found in the control (p=0.210) and MPC+DDAM groups (p=0.525). Among the
after-aging conditions, the MPC+DDAM group demonstrated intermediate flexural strength (67.68 MPa),
which was statistically comparable to the control. The MPC-only group maintained higher flexural strength
compared to the DDAM group, indicating a more favorable balance between strength and biofunctionality. With
the exception of the after-aging 2% DDAM group, all groups satisfied the ISO 20,795-1 minimum requirement
of 65 MPa for denture base resins.

Discussion
Although a formal power analysis was not performed, the sample sizes were determined based on previous
similar studies, and were deemed sufficient to detect significant differences.

FT-IR analysis indicated minor chemical interactions between MPC/DDAM and the PMMA matrix, possibly
explaining the slight reductions in flexural strength due to network alterations.

Future work will explore varying concentrations and ratios of MPC and DDAM incorporation to optimize
both antifungal efficacy and mechanical properties.

The effects of adding MPC and DDAM to a 3D-printed denture base resin were analyzed in this study. The
results rejected the first null hypothesis because of a significant difference in the antifungal effect and mechanical
properties between the 3D-printed denture base resin incorporating MPC and the 3D-printed denture base
resin incorporating DDAM. Furthermore, the second null hypothesis was also rejected because even after
thermocycling, the addition of MPC and DDAM negatively affected the mechanical properties of the 3D-printed
denture base resin.

The FT-IR analysis revealed significant chemical interactions between PMMA and the additives MPC, DDAM,
and their combination (MPC + DDAM). The addition of MPC resulted in shifts and intensity changes near the
C=0 stretching region (~ 1720 cm™!) and introduced new vibrational modes in the 1000-1500 cm™! range, likely
due to interactions between MPC’s phosphate groups and the PMMA matrix'®. DDAM incorporation notably
changed in the same regions, attributed to interactions involving its cationic and amine functional groups®.

When combining MPC and DDAM, the spectrum exhibited more complex changes, demonstrating
synergistic interactions between the additives and PMMA?®. These modifications indicate the successful
integration of the additives into the polymer matrix, altering its chemical structure and potentially enhancing
its bioactivity. The observed chemical changes could play a key role in improving the antifungal and functional
properties of the composite material.

Denture stomatitis is characterized by erythematous lesions on the oral mucosa, particularly on the palatal
denture-bearing mucosa, caused by close prolonged contact with the removable denture?!. Denture stomatitis
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may occur due to factors such as inadequate oral hygiene, prolonged denture use, reduced salivary flow, and
certain systemic conditions. However, the colonization of C. albicans biofilms is widely recognized as the primary
cause of this fungal infection??. Developing 3D-printed denture base resins with antifungal properties that
inhibit C. albicans biofilm formation is a promising approach to preventing denture stomatitis and improving
oral health outcomes.

Several studies have revealed that hydrophilic surfaces effectively decrease protein adsorption and prevent
bacterial biofilm formation. MPC, a methacrylate containing a phospholipid polar group in its side chain, is
one of the most commonly used biocompatible and hydrophilic biomedical polymers?»*!. Incorporating MPC
into 3D-printed denture base resins significantly reduced the adhesion of C. albicans. However, its impact on
mechanical properties, particularly the flexural strength, must not be overlooked. Flexural strength is a critical
property of the denture base resin, as it represents the primary mechanism behind clinical failures®®. Ensuring
sufficient flexural strength is vital for the durability and functionality of denture bases under masticatory loads?.
Studies have demonstrated that incorporating hydrophilic and biocompatible polymers like MPC frequently
results in a trade-off between antimicrobial properties and mechanical strength due to changes in the resin
matrix structure?’.

Similarly, integrating QAMs, such as DDAM, into the resin matrix enhanced its antifungal properties by
killing C. albicans through a contact-active mechanism?®. DDAM achieves this through its ability to disrupt
microbial membranes via contact-killing?. In our study, this bactericidal mechanism was further supported by
the CLSM images, which revealed not only reduced fungal adhesion but also clear evidence of fungal cell death,
particularly in the DDAM-containing groups. Among these, DDAM, a lipoid amine with a molecular weight
of 631, has promising properties. It consists of two 18-carbon alkyl chains and two methyl groups attached
to a positively charged quaternary ammonium structure. Gall first identified the antimicrobial and adjuvant
properties of DDAM in a study examining over 100 chemical agents*’. However, this also decreased the flexural
strength, which aligns with previous findings indicating that modifications to the resin composition can reduce
the mechanical integrity>'.

Thermocycling, performed for 10,000 cycles to simulate aging, revealed that while the antifungal efficacy
slightly decreased due to aging, the antifungal activity was still maintained at significantly lower levels compared
to the control in all experimental groups. Statistical analysis, including paired t-tests, revealed significant
increases in CFU after-aging in all groups: control (p=0.014), 2% MPC (p=0.001), 2% DDAM (p=0.003), and
1% MPC+1% DDAM (p=0.003) groups. However, the degree of increase varied among groups. Notably, the
1% MPC + 1% DDAM group demonstrated both antifungal efficacy and durability, showing the lowest CFU and
relatively stable performance before- and after-aging.

Paired t-test results for flexural strength analysis after-aging showed significant reductions in the 2% MPC
(p=0.035) and 2% DDAM (p=0.021) groups, whereas no significant differences were observed in the control
(p=0.210) and 1% MPC+ 1% DDAM groups (p=0.525). Such results of reduction in flexural strength are likely
due to hydrothermal degradation and polymer network changes at higher levels of MPC or DDAM?2. Although
the 2% MPC group exhibited slightly higher flexural strength than the MPC+DDAM (M + D) group, the latter
demonstrated markedly lower CFU, indicating superior antifungal performance, while the reduction of flexural
strength was not significant compared to the 2% MPC or 2% DDAM group. Overall, the M + D group provided
the most favorable balance between antifungal efficacy and mechanical durability.

Despite these challenges, the antifungal efficacy of MPC and QAM highlights the potential of these additives
in improving the overall performance of denture base materials®>. However, further optimization of the MPC and
QAM concentrations is required to achieve a balance between antimicrobial properties and mechanical strength.
This could involve exploring alternative synthesis methods or using copolymers to mitigate the negative impact
on the mechanical properties while preserving the strong antifungal effects.

In addition, the long-term effects of these modifications should be investigated under simulated oral
conditions. The durability and functionality of modified denture bases are influenced by factors such as
temperature fluctuations, pH variations, and enzymatic activity in the oral cavity. Future studies evaluating their
performance in vivo will provide more comprehensive insights into their clinical applicability. Furthermore,
expanding the scope to include patient-reported outcomes, such as comfort, esthetics, and wear resistance, will
help determine the clinical value of these modified resins.

In conclusion, although incorporating MPC and DDAM into 3D-printed denture base resins is promising
for addressing denture stomatitis challenges, further studies are required to optimize the material properties.
Balancing antimicrobial efficacy with mechanical durability is critical for ensuring the success and sustainability
of these innovations in prosthodontics.

Conclusions

The development of antimicrobial 3D-printed denture base materials incorporating MPC and DDAM has
significant clinical implications. By reducing C. albicans colonization, these materials could decrease the
prevalence of denture stomatitis, thereby improving the oral health and quality of life of denture wearers.
Furthermore, the potential to reduce reliance on chemical denture cleansers or antifungal medications may
enhance patient compliance and long-term cost-effectiveness.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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